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Parthenogenesis is an asexual mode of reproduction that is rare in nature compared to sex. Parthe-
nogenetic animals are derived from sexual progenitors, but little is known about how transitions to
parthenogenesis evolve and persist. One hypothesis is that selection promotes transitions to
parthenogenesis when males are rare or when mating is impossible (the mate scarcity hypothesis).
However, we hypothesized that selection might also favour sex-to-parthenogenesis transitions when
sexual interactions are costly (the sexual conflict hypothesis). These hypotheses lead to contrasting
predictions about the nature of maleefemale interactions and their effects on female fitness. To test
these hypotheses, we conducted a series of life history and behavioural experiments on the faculta-
tively parthenogenetic spiny leaf stick insect, Extatosoma tiaratum. As predicted by sexual conflict
theory, we found that females appeared to neutralize the costs of sex by utilizing counterevolved
resistance traits: male-paired females resisted matings by curling their abdomens and kicking their
legs during copulation attempts, prereproductive virgin females produced an antiaphrodisiac that
repelled males, and parthenogenetic females made themselves inconspicuous to males by altering
their pheromonal signals. Although measures of offspring viability point to possible advantages of
sexual reproduction, females that were experimentally switched from a parthenogenetic to a sexual
reproductive mode suffered elevated mortality and egg production costs that were not observed in
exclusively parthenogenetic or exclusively sexual females. Our results suggest that females can benefit
by avoiding mating in at least some circumstances, therefore supporting the hypothesis that sexual
conflict mediated by female resistance could contribute to the evolution of facultative
parthenogenesis.
© 2014 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Parthenogenesis occurs when embryos develop from unfertil-
ized ova. Although rarer than sex (De Meeûs, Prugnolle, & Agnew,
2007), parthenogenetic reproduction has evolved multiple times
in angiosperms (Richards, 2003) and in all major animal groups
except mammals (Avise, Quattro,& Vrijenhoek, 1992). Phylogenetic
evidence suggests that the vast majority of parthenogenetic species
evolved recently from sexual ancestors (Butlin, 2002). But the se-
lective forces that may favour or impede evolutionary transitions
from sex to parthenogenesis remain poorly understood (Archetti,
2010; Corley, Blankenship, & Moore, 2001; D'Souza & Michiels,
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2010; Engelstaedter, 2008; Hadany & Beker, 2007; Moore &
Moore, 2003; Yamauchi & Kamite, 2003).

Facultative parthenogenesis is the capacity to reproduce either
sexually or asexually (Normark, 2003) and is considered an
important evolutionary stepping stone in transitions from obligate
sex to obligate parthenogenesis (Schwander, Vuilleumier,
Dubman, & Crespi, 2010). Although it is unclear how facultative
parthenogenesis evolves, selection is thought to promote occa-
sional parthenogenetic reproduction if mating is impossible or
opportunities to mate are rare (Kramer & Templeton, 2001;
Schwander et al., 2010; Stalker, 1956). This hypothesis (hereafter
referred to as the mate scarcity hypothesis) assumes that sex is the
selectively favoured or ‘preferred’ mode of reproduction, and that
females that engage in parthenogenetic reproduction merely
make the best of a bad (i.e. mateless) situation. Although the mate
scarcity hypothesis has some empirical support (e.g. Kramer &
Templeton, 2001; Schwander et al., 2010), its assumption that
evier Ltd. All rights reserved.
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sex invariably confers higher fitness than parthenogenesis in
facultative species is problematic in light of theoretical and
empirical evidence of the ‘two-fold cost’ of sex (e.g. D'Souza &
Michiels, 2010; Jokela, Lively, Dybdahl, & Fox, 1997; Maynard
Smith, 1978; Yamauchi & Kamite, 2003), and theoretical studies
suggesting that rare sex can confer the same benefits as frequent
sex (Green & Noakes, 1995; D'Souza & Michiels, 2010). The mate
scarcity hypothesis also fails to account for the additional costs of
sexual conflict (see Lehtonen, Jennions, & Kokko, 2012) and the
important role that sexual conflict plays in life history evolution
(see Connallon, Cox, & Calsbeek, 2009).

Sexual conflict may offer an additional or alternative set of
conditions under which selection can favour facultative partheno-
genesis. Kawatsu (2013) showed mathematically that the coexis-
tence of sexual and asexual reproduction in facultative systems can
be maintained by antagonistic coevolution between male coercion
and female resistance. Following Kawatsu (2013), we propose that
the benefits of parthenogenesis relative to sex in facultative species
might be amplified when the costs to females that do not resist
mating are large (hereafter referred to as the sexual conflict hy-
pothesis). If parthenogenetically reproducing females incur large
costs as a consequence of switching to sex, for example, then fe-
male resistance to mating could evolve and thereby maintain
parthenogenetic reproduction, as long as the costs of resistance are
not so great as to negate any benefits gained (see Rowe, Arnqvist,
Sih, & Krupa, 1994).

The sexual conflict and mate scarcity hypotheses yield sharply
contrasting predictions. According to themate scarcity hypothesis,
virgin and parthenogenetically reproducing females should
generally benefit from mating, especially if they have been unable
to find a mate for a long time. Virgin and parthenogenetically
reproducing females should strongly attract mates if sex is bene-
ficial, and should therefore show few signs of resistance when
mating opportunities arise. Virgin females might also be expected
to delay onset of parthenogenetic reproduction in anticipation of
the arrival of mates. In contrast, the sexual conflict hypothesis
predicts that females should exhibit a high degree of mating
reluctance by either avoiding sex entirely, or avoiding switching to
sex once parthenogenetic reproduction has commenced. Addi-
tionally, females that make themselves unattractive to potential
mates or that stop signalling their reproductive status might be
favoured by selection if mating is costly. If parthenogenesis is
favoured over sex, females might also be expected to hasten the
onset of parthenogenetic reproduction. Finally, in at least some
contexts, females should achieve higher fitness through parthe-
nogenetic reproduction than through sexual reproduction. The
fitness benefits of mating avoidance may be direct (e.g. enhanced
longevity or fecundity) and/or indirect (e.g. enhanced offspring
quality).

The Australian spiny leaf stick insect, Extatosoma tiaratum, is a
facultatively parthenogenetic species whose life history and ecol-
ogy have been interpreted as being broadly consistent with the
mate scarcity hypothesis (Schneider & Elgar, 2010). However, no
one has yet tested for sexual conflict in this species. Very little is
known about the sex ratio of wild populations, but it is assumed
that parthenogenetic production of all-female offspring and the
relatively short life span of males result in a female-biased opera-
tional sex ratio (Schneider & Elgar, 2010). Unlike males, which are
fully capable of flight, E. tiaratum females possess vestigial wings
and are flightless (Brock, 2001). Males possess clasping organs
(modified cerci) that facilitate copulation (personal observation).
The characteristic posture of females (curling the abdomen over the
back) is thought to be an antipredator defence, although it also
occurs during courtship and could therefore play a role in female
resistance to mating. Both sexes produce a nontoxic repugnatorial
secretion that is limited in its effectiveness as a predator repellent
(Carlberg, 1985, 1987), but could play a role in sexual signalling
(Strong, 1975).

We carried out an experimental investigation of sexual behav-
iour and reproductive performance in E. tiaratum to test the con-
trasting predictions of the sexual conflict and mate scarcity
hypotheses. First, we compared fitness components (including egg
output, hatching success and offspring juvenile viability) of
unmated females that reproduced parthenogenetically and mated
females exposed to males either prior to or following the start of
parthenogenetic oviposition. Second, we tested for antagonistic
pheromone signalling. Third, we looked for evidence of female
behaviours and chemical defences that function to deter or repel
male mating attempts.

METHODS

Animal Maintenance

Focal female and male individuals were obtained as hatchlings
and young instar nymphs from a professional insect breeder
(Insectpets, Gisborne, Victoria, Australia). A small number of
supplementary individuals were also obtained from amateur
breeders in the Greater Sydney Region, Australia. All individuals
were the North Queensland race of E. tiaratum tiaratum (Brock,
2001). Nymphs were initially fed Agonis flexuosa leaves and
housed in a single 12-litre plastic terrarium, but were later
segregated by sex into groups of no more than 10 same-sex in-
dividuals. At maturity, males were housed in 40-litre plastic tubs
each containing no more than 20 individuals at a time. Mature,
focal females were housed individually in plastic cylinders with
fibreglass fly screen lids (diameter: 20 cm; height: 40 cm; see
mmc2 Supplementary Fig. S1). Stock females were housed
communally in a large glass tank (76 � 47 cm and 50 cm high)
covered with fly screen. Leaves of A. flexuosa and various species of
Eucalyptus were fed to adult stick insects and replaced weekly. All
leaves were sprayed once a day with tepid water. Female body
length at time of death was determined by measuring abdomen
tip to antennae base using a ruler.

Experiment Design

All experimental assays were conducted in the laboratory at
room temperature (20e25 �C) from March to August 2013, and
were based on three treatment groups, established as follows.
Fifteen focal females of roughly equal size and age were haphaz-
ardly allocated 1 week after their final moult to each of three
treatment groups: ‘sexual’, ‘parthenogenetic’ and ‘interrupted’.
Depending on the treatment, focal females were paired with
either same- or opposite-sex individuals for 3 consecutive days
per week: Sexual females were paired with males, parthenoge-
netic females were paired with stock females to control for density
effects, and interrupted females were initially paired with stock
females, but, following an initial 5 weeks of parthenogenetic
reproduction, were paired with males. The switch to sex was
initiated at 5 weeks to ensure that interrupted females had fully
invested in the parthenogenetic pathway before males were
introduced. At the end of the 3-day pairing period each week,
males and stock females were removed from all focal-female en-
closures. A subset of nine focal females from each of the three
treatments was used for all assays except for those for pheromone
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and defence gland secretions which utilized all 15 sexual and
parthenogenetic females plus individuals from two additional
treatments: ‘male’ and ‘prereproductive virgin female’. These two
extra treatments were included so that chemical and pheromonal
attraction dynamics between opposite- and same-sex pairs could
be comprehensively investigated. The prereproductive treatment
group consisted of 15 newly mature females yet to start ovipo-
siting, chosen haphazardly from female-only breeding stocks and
housed individually in the same kinds of cylindrical enclosures as
other focal females. Males were chosen haphazardly from male
stocks as required.

Female Life History Responses

Focal females in this assay were paired with males or control
females for a maximum period of 15 weeks, except for two 2-week
periods late in the experiment when an unrelated assay not re-
ported in this paper was performed on focal females. Mating rate,
longevity and reproductive output were recorded for each female
for 12 consecutive weeks from the onset of oviposition. The
number of days from imaginal moult to first oviposition was also
noted. Copulation was determined by counting spermatophores,
which are dropped by females after mating (Clark, 1974). To avoid
the confounding factor of eggs of control females, only eggs of
focal females were counted and weighed during the 4-day period
per week that females were unpaired. To quantify egg hatching,
hatchling survival to second instar and offspring sex ratio, eggs of
each female were placed into separate plastic hatcheries (diam-
eter: 110 mm; height: 120 mm) containing damp coco-peat, and
sprayed weekly with tepid water. Offspring data were collected
over a period of approximately 6 months from first hatching
(September 2013 to March 2014). Newly hatched nymphs were
housed in their respective maternal lines in separate plastic cy-
lindrical enclosures (diameter: 110 mm; height: 210 mm). All
offspring were fed A. flexuosa leaves, and sexed upon moulting to
second instar.

Behavioural Responses

Female abdominal curling
To determine whether abdominal curling is used by females to

resist copulations, abdomen curling behaviours were recorded for
parthenogenetic females following initial pairings with stock fe-
males, and for interrupted and sexual females following initial
pairings with males. Observations were made 12 h before and 4, 28
and 52 h after the start of each pairing per week, over 13 weeks.
Degree of abdominal curling was quantified using four abdomen
shape categories: 0 ¼ obtuse thoraxeabdomen angle
(90� < x � 180�); 1 ¼ L-shaped thoraxeabdomen angle
(45� < x � 90�); 2 ¼ U-shaped thoraxeabdomen angle
(0� < x � 45�); 3 ¼ abdomen tightly coiled over thorax (see mmc3
Supplementary Fig. S2), with a greater degree of abdomen curling
interpreted as a more defensive posture. All behavioural observa-
tions were carried out by N.W.B. at night (when insects were most
active) under red light illumination.

Attractiveness of male and female pheromones
We measured the responses of males, parthenogenetic, sexual

and prereproductive females to odours produced by individuals of
each of these treatment groups. Four assays were performed in
total, one for each responder class. Although trials in which sig-
nallers and responders belonged to different treatment groups
were of primary interest, trials in which signallers and responders
belonged to the same treatment group were included as controls
(i.e. one control for each assay). Responder individuals were
placed in glass tanks (76 � 47 cm and 50 cm high) whose bases
had been subdivided into thirds using a black marker. Eucalyptus
leaves that had been previously exposed to signaller individuals
and therefore carried odours (‘treated’ leaves) were placed at one
end of the tank, and control leaves of the same age that had not
been exposed to any stick insects were placed at the other end (see
mmc4 Supplementary Fig. S3). Responders were initially placed at
the base of a bunch of bare Eucalyptus twigs positioned between
the treated and control leaves, and left in the glass tanks for 24 h.
Because the defecation rate in E. tiaratum is constant (Carlberg,
1988), the number of droppings under treated and control leaves
was quantified as an index of the length of time spent on these
leaves. Trials for each signaleresponse combination were per-
formed weekly over 15 weeks using different responder in-
dividuals for each replicate. Some signaller individuals from
treatment groups that experienced highmortality were used more
than once. The sequence in which trials were conducted each
week and the side of the glass tank in which treated leaves were
placed were randomized. Glass tanks werewiped cleanwith soapy
water and dried between trials.

Male response to repugnatorial secretions
Many phasmatids release repugnatorial fluids on to the surface

of the body from glands in the prothorax when subjected to stress
or attack (Scudder, 1876). Since previous work suggested that the
repugnatorial fluids of E. tiaratum are ineffectual at deterring
predators (Carlberg, 1985, 1987), an assay was performed to test
whether females use repugnatorial fluids to ward off males. Leaves
were taken from the enclosures of signaller individuals and split
equally into two bunches. Signaller individuals were then placed
on one of the leaf bunches (‘treated’ leaves) and their abdomens
prodded with a finger for 1 min to initiate the secretion of
repugnatorial fluids onto leaves. The other set of leaves was used
as a control. Both sets of leaves thus carried signaller pheromones,
but only the treated leaves carried repugnatorial secretions. Re-
sponses to treated and control leaves were then assessed using the
same procedure as described for the pheromone assays, but only
male responses were measured. Fifteen replicates were obtained
for each type of signaller (one replicate per week) using different
responder males for each replicate. Some signaller individuals
from treatment groups that experienced high mortality were used
more than once.

Data Analyses

Treatment effects on female longevity were investigated using
survival analysis, with females that were alive at the end of the
experiment treated as censored observations. Female ‘age’ was
defined as time since imaginal moult. A single parthenogenetic
female died before males were introduced to the interrupted
treatment (i.e. when parthenogenetic and interrupted treatment
females were still treated identically). Since this female's longevity
did not contribute any information about differences between the
parthenogenetic and interrupted treatments, we ran an additional
analysis that excluded this female.

Although raw data from the abdominal curling assay were
ordinal, parametric t tests were performed on means for indi-
vidual females (which were continuously distributed) to assess
treatment effects. One-way ANOVAs were used to assess differ-
ences between treatments in total egg output per female, mean
mass of all eggs produced per female, total number of hatched
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eggs per female and total number of second-instar nymphs per
female. In addition, to examine age-specific treatment effects,
weekly egg output per female and weekly mean egg mass per
female were analysed using linear mixed models that incorpo-
rated Poisson and normal error structures, respectively. For fe-
males that died before the end of the experiment, data were
included up to the point of death, such that the mean weekly
values did not reflect variation in female longevity. Treatment
was modelled as a categorical fixed effect, number of egg
collection days per week was added as a covariate, and female
identity and week of oviposition were modelled as random ef-
fects to account for repeated measures (see Crawley, 2013). In
addition, a binary dummy variable (before week 5 versus after
week 5) was included in the models as a fixed effect to assess
whether the point in time that males were introduced to inter-
rupted females corresponded to changes in weekly egg output
and egg mass. In these analyses, a treatment)dummy interaction
effect would indicate that changes in reproductive output or egg
mass were unequal in the three treatment groups. Because we
detected a significant interaction for weekly egg output, we then
compared egg output before versus after week 5 separately
within each treatment group to determine which treatment(s)
were driving the observed interaction. In egg output analyses, a
unique code for each observation was modelled as an additional
random effect to control for overdispersion.

Data from pheromone and repugnatorial secretion assays
were analysed using linear mixed models with Poisson error
structures to test for leaf treatment effects within each signal-
lereresponder combination, with signaller type modelled as a
fixed categorical effect, and signaller identity, trial, date of trial
and a dummy variable for overdispersion included as random
effects. Generalized linear fixed-effects models with quasi-
Poisson error structures were used to analyse egg hatching and
nymph survival data, with egg output per female included as a
covariate in the model of egg hatching, and number of eggs
hatched per female included as a covariate in the model of
nymph survival.

Linear mixed model analyses were performed using the glmer
function (lme4 package) in R (version 3.0.2; R Core Team, 2013).
The statistical significance of fixed and interaction effects was
tested by excluding each effect frommixedmodels and conducting
likelihood ratio tests. Generalized linear fixed-effects model ana-
lyses were performed in R using the glm function, with analyses of
deviance performed using the anova.glm function. Other analyses
were computed using STATISTICA 7 version 7.1 (StatSoft, Inc.,
2005). Descriptive data in the Results are reported as mean-
s ± SEs and all P values for statistical tests are two tailed unless
otherwise stated.

RESULTS

Female Life History Responses

There was a marked difference in the latency of sexually and
parthenogenetically reproducing females to oviposit after pairing.
Mated females took significantly longer to start ovipositing than
unmated females (mated: 51.78 ± 3.733 days, N¼ 9; unmated:
39. ± 1.598 days, N¼ 18; t test: t25 ¼ �3.67, P¼ 0.001). All females
started ovipositing by 70 days after their final moult (range 32e70
days).

More than half the females in the interrupted treatment
group died soon after being paired with males (Fig. 1). The dif-
ference in survival rate between interrupted and parthenogenetic
females was marginally nonsignificant (CoxeMantel test:
C ¼ �1.79, P ¼ 0.074). However, when a female that died prior to
the introduction of males to the interrupted treatment was
excluded, interrupted females exhibited a significantly lower
survival rate than parthenogenetic females (CoxeMantel test:
C ¼ �2.42, P ¼ 0.015). There was no significant difference in
survival rate between sexual and parthenogenetic females when
the above-mentioned female was included (CoxeMantel test:
C ¼ �0.544, P ¼ 0.587) or excluded (CoxeMantel test: C ¼ 1.374,
P ¼ 0.170), nor was there a difference in survival rate between
sexual and interrupted females (CoxeMantel test: C ¼ �1.430,
P ¼ 0.153).

There was no significant treatment effect on the mean mass of
all eggs produced per female (sexual: 0.038 ± 0.002 g; inter-
rupted: 0.041 ± 0.001 g; parthenogenetic: 0.038 ± 0.002 g;
ANOVA: F2,24 ¼ 0.622, P ¼ 0.546) or on weekly mean egg mass per
female (likelihood ratio test: c2

2 ¼ 1:443, P ¼ 0.486). Likewise,
treatment had no significant effect on total egg output (i.e. total
number of eggs laid in the first 12 weeks of oviposition) per fe-
male (sexual: 74.556 ± 7.645; interrupted: 66.444 ± 5.838;
parthenogenetic: 60.778 ± 9.058; ANOVA: F2,24 ¼ 0.824, P ¼ 0.451)
or on weekly egg output per female (likelihood ratio test:
c2
2 ¼ 3:026, P ¼ 0.220).
Changes in weekly egg mass after week 5 (when males were

introduced to the interrupted treatment) did not differ between
treatments (treatment)pre versus post week 5 dummy variable:
likelihood ratio test: c2

2 ¼ 3:651, P ¼ 0.161). Thus, there was no
evidence that mating affected egg mass of interrupted females.
However, egg output changed unequally among the three treat-
ment groups after the fifth week of oviposition (treatment)pre
versus post week 5 dummy variable: likelihood ratio test:
c2
2 ¼ 7:640, P ¼ 0.022). This interaction effect was driven by the

sharp decline in egg production of interrupted females (Fig. 2):
weekly egg output of interrupted females during the first 5 weeks
of reproduction was significantly higher than during the following
7 weeks of reproduction (likelihood ratio test: c2

1 ¼ 5:776,
P ¼ 0.016), but weekly egg production did not differ between the
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first 5 weeks and the following 7 weeks within sexual or parthe-
nogenetic treatments (likelihood ratio test: parthenogenetic:
c2
1 ¼ 0:600, P ¼ 0.439; sexual: c2

1 ¼ 2:230, P ¼ 0.135). Because egg
output did not differ between treatments during the first 5 weeks
of oviposition (likelihood ratio test: c2

2 ¼ 3:056, P ¼ 0.217), the
sharp decline in egg output of interrupted females after the
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Note that the trend towards lower early hatching rate in the parthenogenetic treatmen
parthenogenetically produced eggs. Triangles represent data points for individual females;
introduction of males cannot be attributed to higher egg output
prior to male introduction.

Female body length did not differ between treatments (sexual:
11.211 ± 0.237 cm; interrupted: 11.200 ± 0.286 cm; parthenoge-
netic: 11.211 ± 0.178 cm; ANOVA: F2,24 ¼ 0.001, P ¼ 0.999). Ovipo-
sition rate covaried positively with body size in sexual females
(linear regression: r ¼ 0.676, F1,7 ¼ 5.883, P ¼ 0.046), but not in
interrupted or parthenogenetic females (linear regression: inter-
rupted: r ¼ 0.192, F1,7 ¼ 0.269, P ¼ 0.620; parthenogenetic:
r ¼ �0.504, F1,7 ¼ 2.383, P ¼ 0.167). Egg mass was not correlated
with female body size in any treatment (linear regression: sexual:
r ¼ �0.222, F1,7 ¼ 0.363, P ¼ 0.566; interrupted: r ¼ �0.164,
F1,7 ¼ 0.192, P ¼ 0.674; parthenogenetic: r ¼ �0.143, F1,7 ¼ 0.146,
P ¼ 0.714).

There was no significant treatment effect on the total number
of hatched nymphs produced per female (sexual: 48.222 ± 10.873;
interrupted: 36.111 ± 6.925; parthenogenetic: 22.556 ± 9.971;
ANOVA: F2,24 ¼ 1.862, P ¼ 0.177), nor did treatment significantly
affect the number of hatched nymphs when egg output per female
was accounted for (analysis of deviance: c2

2 ¼ 3:084, P ¼ 0.214),
although there was a trend towards lower hatching in the
parthenogenetic treatment (Fig. 3). The interval of time between
initial oviposition and first hatching of parthenogenetically pro-
duced eggs was longer than for sexually produced eggs (sexual
median: 153.5 days; interrupted median: 188 days; parthenoge-
netic median: 207 days; KruskaleWallis test: H2 ¼ 13.713,
P ¼ 0.001), suggesting that parthenogenetic eggs take longer to
hatch.

There was no significant effect of treatment on total number of
offspring per female surviving to the second instar (sexual:
14.00 ± 2.920; interrupted: 15.111 ± 2.946; parthenogenetic:
7.222 ± 3.811; ANOVA: F2,24 ¼ 1.724, P ¼ 0.200). However, there
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was a significant effect of treatment on the number of offspring
surviving to the second instar when the number of hatched
nymphs was accounted for (analysis of deviance: c2

2 ¼ 6:607,
P ¼ 0.038). This effect was driven by differences in hatchling-to-
second-instar survival between parthenogenetic and interrupted
treatments (analysis of deviance: c2

1 ¼ 5:141, P ¼ 0.023; Fig. 3),
whereas hatchling-to-second-instar survival did not differ between
sexual and parthenogenetic treatments (analysis of deviance:
c2
1 ¼ 0:250, P ¼ 0.617), or between sexual and interrupted treat-

ments (analysis of deviance: c2
1 ¼ 2:290, P ¼ 0.130).

The sex ratio of sexually produced second-instar nymphs was
even (50.4% male), whereas all the parthenogenetically produced
second-instar nymphs were female. As expected, interrupted fe-
males produced an offspring sex ratio intermediate between the
sexual and parthenogenetic treatments (21% male). It is not clear
whether interrupted females continued to produce some offspring
parthenogenetically after switching to sex.
Before pairing During pairing

Figure 5. Mean ± SE abdominal curling indices of parthenogenetic, interrupted and
sexual females before and during pairings with males or stock females. Higher scores
denote a higher degree of abdomen curling (see Methods for details). Dissimilar
letters above columns indicate significant differences at P < 0.05, based on
independent-sample t tests, between observation times within treatment. Columns
with asterisks denote treatments within observations that are significantly different
from each other at P < 0.05.
Behavioural Responses

Female abdominal curling
During copulation, females clung onto leaves with their legs

while males held on to the dorsal side of the female abdomen
(see Fig. 4). Males used their modified cerci to clasp onto the
ventrodistal end of female abdomens, effectively preventing fe-
males from curling their abdomens during spermatophore
transfer (see Fig. 4). In both the sexual and interrupted treat-
ments, female mating rates were highest during the first 24 h of
pairing each week. However, males never achieved more than
Figure 4. Copulating spiny leaf stick insects. Copulation involves the transfer of a large
white spermatophore (labelled A). The male stays mounted on top of the female and
grips onto the ventrodistal end of the female's abdomen with his genital clasping or-
gan (labelled B). In this position, the female is unable to curl her abdomen to resist
mating. Drawing: David Sindel.
one copulation per 3-day weekly pairing. Sexual and interrupted
females exhibited strong resistance behaviours when paired with
males, resisting matings by curling their abdomens tightly over
their back out of reach of male clasping organs, and kicking their
mid- and hindlegs to try to dislodge males (see mmc1
Supplementary video).
Table 1
Results of likelihood ratio tests for the effect of signaller pheromone on responder
behaviour

Signaller Responder Chi-square df Estimate P

Male F(PRV) 4.727 1 ¡1.533 0.030
F(sex) F(PRV) 0.873 1 �0.635 0.350
F(parth) F(PRV) 0.297 1 0.421 0.586
F(PRV) F(PRV) 2.067 1 1.057 0.151

F(sex) Male 9.032 1 1.668 0.003
F(PRV) Male 9.455 1 1.283 0.002
F(parth) Male 0.634 1 0.634 0.426
Male Male 0.049 1 0.116 0.826

Male F(sex) 0.059 1 0.193 0.809
F(PRV) F(sex) 1.666 1 0.927 0.197
F(parth) F(sex) 0.060 1 0.175 0.806
F(sex) F(sex) 1.308 1 �0.699 0.253

Male F(parth) 3.657 1 3.121 0.056
F(sex) F(parth) 0.001 1 �0.020 0.973
F(PRV) F(parth) 0.036 1 0.146 0.849
F(parth) F(parth) 0.280 1 �0.341 0.596

For each signallereresponder combination, mixed models with/without leaf
treatment were compared. Signallereresponder combinations highlighted in bold
are those for which the number of droppings beneath treatment and control
leaves was significantly different, with positive fixed-effect estimates indicating
attraction of responders to signaller pheromones, and negative estimates indi-
cating repulsion. Female treatment groups are abbreviated as follows: F(PRV) ¼
prereproductive virgin females; F(sex) ¼ sexual females; F(parth) ¼ parthenoge-
netic females.
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Before pairings, sexual females exhibited a higher mean degree
of abdominal curling than parthenogenetic females (t test:
t15 ¼ �2.394, P ¼ 0.030; Fig. 5). However, abdominal curling before
pairings did not differ between interrupted and sexual females (t
test: t15 ¼ �1.431, P ¼ 0.173), or between interrupted and parthe-
nogenetic females (t test: t14 ¼ �2.03, P ¼ 0.842). Abdominal curl-
ing scores of all treatment groups before pairings were significantly
lower than scores obtained 4 h into pairings (paired t tests: sexual:
t8 ¼ �4.900, P ¼ 0.001; parthenogenetic: t7 ¼ �3.522, P ¼ 0.010;
interrupted: t7 ¼ �3.203, P ¼ 0.015). However, only interrupted
females sustained elevated abdominal curling scores over the
entire pairing period: scores obtained 28 h (paired t test:
t7 ¼ �3.542, P ¼ 0.009) and 52 h into pairings (paired t test:
t7 ¼ �4.080, P ¼ 0.005) were significantly higher than scores before
pairings. In contrast, abdomen curling scores in the sexual and
parthenogenetic treatments declined to levels before pairings over
the same period, such that there was no difference between
abdomen curling scores before pairings and either 28 or 52 h into
pairings (paired t tests: sexual: both t8 < �0.719, both two-tailed
P > 0.492; parthenogenetic: both t7 < �2.225, both two-tailed
P > 0.061).
NSNSLongevity Decreased

Figure 6. Schematic diagram of the potential reproductive pathways of E. tiaratum.
Bold circles indicate females that attract males with their scents. Spikes around
circles indicate females that can repel males with repugnatorial secretions. Arrows
with and without male symbols indicate reproduction via sex and parthenogenesis,
respectively. The box summarizes treatment effects on estimated fitness compo-
nents. Prereproductive virgins (V) that are inseminated become sexual reproducers
(S) and continue to attract males (left branch). If prereproductive virgins avoid
mating, they become parthenogenetic reproducers (P) and no longer produce male-
attracting scents (right branch). But if females that have already started reproducing
parthenognetically subsequently mate with a male, they switch from parthenoge-
netic to sexual reproduction (horizontal branch), which results in reduced egg pro-
duction and shortened life span, but higher nymph survival. (‘NS’ indicates that no
effect of female reproductive pathway (sexual, parthenogenetic or interrupted) was
detected).
Attractiveness of male and female pheromones
Analyses of dropping counts from pheromone assays identified

significant leaf treatment effects (Table 1, Appendix Fig. A1). Males
spent significantly more time on leaves that carried pheromonal
scents of sexual females and prereproductive females than on
control leaves that carried no scents, indicating that males were
attracted to leaves that carried sexual and prereproductive female
scents. However, males did not spend significantly more or less
time on scented leaves that had been exposed to parthenogenetic
females than on control leaves. Males were also unaffected by the
scents of other males compared to controls (Table 1, Appendix
Fig. A1).

Male pheromonal scents did not significantly attract or repel
sexual females, but parthenogenetic females exhibited a near-
significant preference for leaves bearing male scents. The
odours of other females had no appreciable effect on the amount
of time that sexual and parthenogenetic females spent on leaves.
Prereproductive females spent significantly more time on
control leaves than on leaves that carried male
pheromonal odours, indicating that prereproductive females
were repelled by male scents. Prereproductive females were
unaffected by the pheromonal scents of other females (Table 1,
Appendix Fig. A1).
Table 2
Results of likelihood ratio tests for the effect of signaller repugnatorial secretion on
responder behaviour

Signaller Responder Chi-square df Estimate P

F(PRV) Male 10.181 1 ¡1.876 0.001
F(sex) Male 0.752 1 0.488 0.386
F(parth) Male 0.087 1 �0.166 0.768
Male Male 1.204 1 0.615 0.273

For each signallereresponder combination, mixed models with/without leaf treat-
ment were compared. The signallereresponder combination highlighted in bold
indicates that the number of droppings beneath treatment and control leaves was
significantly different, with negative fixed-effect estimates indicating that re-
sponders were repelled by signaller secretions. Female treatment groups are
abbreviated as follows: F(PRV) ¼ prereproductive virgin females; F(sex) ¼ sexual
females; F(parth) ¼ parthenogenetic females.
Male response to repugnatorial secretions
Analyses of dropping counts from the repugnatorial secretion

assay (Table 2, Appendix Fig. A2) showed that males were signif-
icantly repelled by leaves that carried repugnatorial secretions of
prereproductive virgin females. However, the amount of time that
males spent on leaves that carried sexual or parthenogenetic fe-
male repugnatorial secretions was not significantly different from
the amount of time that they spent on control leaves. Similarly,
males did not spend more or less time on treated leaves that
carried repugnatorial secretions of other males than on control
leaves that did not carry repugnatorial secretions (Table 2,
Appendix Fig. A2).

DISCUSSION

Our findings are broadly consistent with the predictions of the
sexual conflict hypothesis that facultative parthenogenesis may
be maintained by sexual conflict rather than mate scarcity. We
found that females that were forced to switch from partheno-
genesis to sex (interrupted females) incurred costs of reduced egg
output and increased mortality (see Fig. 6). However, eggs of
interrupted females showed a trend towards higher early
hatching success, and the offspring of interrupted females were
more likely to survive to the second instar than offspring of
parthenogenetic females, suggesting that indirect benefits might
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compensate to some extent for the direct costs of reproductive
switching. None the less, parthenogenetic females stopped sig-
nalling their reproductive status to males, and females forced to
switch from parthenogenesis to sex exhibited exaggerated and
sustained defensive behaviour (abdomen curling) in the presence
of males. These results suggest that parthenogenetic females are
selected to avoid males and, if they encounter males, to minimize
mating rate.

Further evidence for the sexual conflict hypothesis was found
in the behaviour of prereproductive females, which appeared to
possess adaptations to reduce the likelihood of encountering
males. Although males were strongly attracted to prereproductive
female pheromones, prereproductive females were repelled by
male odours and, in addition, produced a repugnatorial secretion
that was capable of repelling males. Although many phasmatids
are known to secrete toxic chemicals from prothoracic glands in
order to ward off predator attacks (Eisner, 1965; Scudder, 1876),
the effect of the prereproductive female repugnatorial secretion
on males in this case cannot be explained simply as male avoid-
ance of an alarm pheromone. Such an explanation is inconsistent
with our results because males were not repelled by the repug-
natorial secretions of other males or reproductive females. This
suggests that the repugnatorial secretion produced by pre-
reproductive virgins could function as an antiaphrodisiac,
although prereproductive females were not assessed as to
whether they produce their secretion during actual intersexual
encounters. These results suggest that while males are selected to
be eager to pursue mating with prereproductive females, such
females may be selected to evade males.

Little evidence was found in support of the predictions of the
mate scarcity hypothesis. This hypothesis predicts that females
reared without males should be eager to mate when given the
opportunity to do so, and should delay parthenogenetic ovipo-
sition to increase their chances of locating a mate (e.g. see
Schneider & Elgar, 2010). Instead, we found that E. tiaratum fe-
males appeared to resist mating by curling their abdomens away
from male clasping organs and kicking males with their legs, and
mated females took significantly longer to start ovipositing than
females reproducing parthenogenetically. In addition, partheno-
genetic females did not engage in leg-kicking behaviours when
paired with stock females, and exhibited less pronounced
abdomen curling behaviour, supporting the interpretation of fe-
male abdomen curling and leg kicking as sexually antagonistic
behaviours.

Evidence of antagonistic pheromone signalling in E. tiaratum
also contradicted the prediction of the mate scarcity hypothesis
that selection should favour females that attract mates. Males
were significantly attracted to the pheromones of prereproductive
virgins and sexual females, but not the pheromones of parthe-
nogenetic females. This suggests that parthenogenetic females
stop signalling their reproductive state. A similar result was ob-
tained by Schneider and Elgar (2010) in their life history study of E.
tiaratum. However, our study suggests that males also produce
scents and that prereproductive virgins are repelled by these
scents. Although these findings are consistent with sexual conflict,
it is unclear why prereproductive females should attract males
only to repel them. One explanation might be that prereproductive
females produce a pheromone detectable by males not because
selection favours the sexual reproductive mode in females, but as
a pleiotropic side-effect of selection for secretion of high levels of
fertility-promoting hormones (such as juvenile hormone; Barth,
1962; Wyatt & Davey, 1996). Alternatively, mating might be ad-
vantageous in certain circumstances, and so females might be
selected to produce pheromones when the costs of mating are
lowest (e.g. prior to the onset of parthenogenetic reproduction).

While prereproductive virgin females were repelled by male
scents, and sexual females were indifferent to male scents,
parthenogenetic females exhibited a near-significant attraction to
male scents. If confirmed by further research, such a response by
parthenogenetic females would be surprising, given that parthe-
nogenetic females do not signal their reproductive status to males,
and mating appears to be highly costly for such females. Further
investigation is required to verify this response and to determine its
consequences for the probability of switching from parthenoge-
netic to sexual reproduction.

While our findings suggest that mating is costly for females
that have already commenced parthenogenetic reproduction, it is
not clear whether selection on prereproductive females favours
the sexual or parthenogenetic reproductive mode (Fig. 6).
Although prereproductive females appear to possess a suite of
adaptations that function to reduce the probability of mating,
and sexually reproducing females resist male advances, we did
not find evidence of a fitness cost of sex when mating
commenced prior to the onset of parthenogenetic reproduction.
Over the first 12 weeks of adult life, sexual females did not
exhibit significantly reduced longevity, egg hatching or nymph
survival to the second instar. Indeed, we observed a trend to-
wards better offspring performance in sexual females than in
parthenogenetic females, although egg-hatching results for
parthenogenetic females may have been negatively biased by the
long diapause of parthenogenetically produced eggs, some of
which would have been incorrectly scored as unviable when the
experiment was terminated (Hadlington, 1966). However, such a
delay in egg hatching could potentially represent a cost of
parthenogenetic reproduction. Further research is required to
achieve a more comprehensive comparison of the fitness of
sexual and parthenogenetic reproductive strategies. In particular,
it is important to obtain estimates of fecundity throughout the
entire female life span. For example, sexual reproduction could
impose latent survival costs that only become apparent at older
ages. It is also important to assess offspring viability and growth
rate throughout nymphal development as well as the mean
performance of adults produced by sexual and parthenogenetic
reproductive modes. Assessment of adult males is essential in
this regard. Because parthenogenetic females produce all-female
broods whereas sexual females produce offspring of both sexes,
the relative net fitness of the sexual strategy will depend in part
on the contribution of sons to maternal fitness in natural
populations.

One limitation of our study is that it is unclear whether the
extent of the sexual conflict we observed reflects the level of
antagonistic interactions that actually occur in the wild. Never-
theless, our results are consistent with the hypothesis that
sexually antagonistic signallerereceiver coevolution may play a
role in the evolution and maintenance of facultative partheno-
genesis. Our results suggest that prereproductive virgin females
can potentially avoid sex via secretion of antiaphrodisiacs and
avoidance of male odours. Since females that have started
reproducing parthenogenetically are no longer attractive to
males, such females appear to have the opportunity to continue
to reproduce exclusively via parthenogenesis. Thus, partheno-
genesis may persist in natural populations of E. tiaratum as a
consequence of sexual conflict mediated by antagonistic signal-
ling and female resistance. Further studies are required to
establish how effective female resistance behaviours are under
more ecologically relevant conditions.
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Although it has been estimated that less than 1% of higher
eukaryotic species reproduce parthenogenetically (De Meeûs et al.,
2007), the actual incidence of parthenogenesis is poorly known
(D'Souza & Michiels, 2010). If sexual conflict can promote the
evolution and maintenance of facultative parthenogenesis, then,
given the ubiquity of sexual conflict (Arnqvist & Rowe, 2005), the
capacity to reproduce parthenogenetically might actually be more
common than currently thought. Parthenogenesis might be
possible in a range of taxa, but only rarely observed because males
typically force females to mate. This might explain, for example,
why parthenogenesis occurs in many Drosophila species, but the
incidence of parthenogenetic reproduction within most of these
species is so low (Markow, 2013).

It is also possible that facultative parthenogenesis is rare
because males tend to ‘win’ sexual conflicts more frequently than
females, by achieving matings despite female resistance, as the
modelling by Kawatsu (2013) suggests. A parthenogenetic strat-
egy might only persist if it actually allows females to avoid the
costs of sex. If harassment by males cannot be avoided, then fe-
males might gain very little from parthenogenesis and might
actually incur greater costs if resistance results in increased
harassment, or if it fails to prevent matings. Thus, sexually
antagonistic coevolution might help to explain why obligate sex
is so widespread compared to parthenogenesis. It has been sug-
gested that sex is a kind of evolutionary trap because adaptations
associated with sex and recombination greatly reduce the prob-
ability of successful parthenogenetic reproduction (Corley et al.,
2001; Engelstaedter, 2008; Moore & Moore, 2003; Neiman,
2004). Male coercion may contribute to this trap: once sex
evolves, it might continue to persist simply because coercive
males prevent females from initiating or continuing partheno-
genetic reproduction.
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Figure A1. Mean dropping counts ± SE of males, sexual females, parthenogenetic females and prereproductive virgin females in response to signaller pheromones. Treated leaves (T) carried signaller odours; control leaves (C) carried no
odours. Asterisks denote significant differences at P < 0.05 between treatment and control dropping counts.
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Figure A2. Mean dropping counts ± SE of males in response to the repugnatorial secretions of signallers. Treated leaves (T) carried signaller secretions; control leaves (C) carried no
secretions. Asterisk denotes significant difference at P < 0.05 between treatment and control dropping counts.
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