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Abstract

Animals have evolved intriguing mating strategies, through sexual selection, that
presumably maximize their lifetime reproductive success. Sexually cannibalistic systems
are afascinating mating system in which to study the evolution ofreproductive behaviour.
This allows us to understand how male and female mating strategies evolve through the
inter-relationship of sexual selection and sexual cannibalism. Even though sexually
cannibalistic mating systems are widely used in describing female mating strategies,
evidence for male mating strategies in such systems is sparse. Therefore, this thesis
investigates how sexual selection and sexual cannibalism shape pre- and post-mating
strategies in the false garden mantid Pseudomantis albofimbriata with a focus on male
mating behaviour. More specifically, this research provides evidence for; 1) the selection
of male traits that aid in effective and efficient mate location where males with more
trichoid sensilla on their antennae locate females more quickly, 2) context dependent
strategic male mating resource investment in response to sexual cannibalism (but not
female quality), 3) potential post-copulatory paternity assurance mechanisms through a
prolonged female refractory period. Finally, my thesis provides evidence and
explanations for why males do not reject highly risky females in a sexually cannibalistic
mating system. My thesis makes contributions to behavioural ecology and evolution, as it

explores and describes this intriguing mating system from the male perspective.
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Introduction

Darwin’s (1859) theory of natural selection failed to describe some conspicuous male
traits that are problematic for their survival (Andersson and Iwasa, 1996). As a solution
to explain these male traits, Darwin (1871) introduced the theory of sexual selection,
which is defined as selection on traits for competition to access a mating partner rather
than for survival. Secondary sexual traits which often appear at maturity of an animal (e.g.
peacock tails and lion’s manes), are known to play a major role in competition over mates
(Andersson, 1994). Sexual selection is composed of two major evolutionary forces; mate
competition and mate choice (Andersson and Iwasa, 1996). As female reproductive
investment (i.e. gamete production,bearingand rearing young) generally outweighs male
investment, males are predicted to be the sex that competes over access to females (male
competition). Conversely, females select a mate based on various phenotypic and
behavioural male traits (female choice) (Bateman, 1948, Parker et al,, 1972). However,
sex role reversal is not uncommon among animals where males invest more in
reproduction than females and females compete over males (reviewed in Bonduriansky,

2001, Edward and Chapman, 2011).

Contests are the most commonly reported type of mate competition, and are
responsible for the evolution of male traits, such as weapons. However, there are many
other forms of mate competition such as scramble competition and endurance rivalry
(Andersson and Iwasa, 1996). Although Darwin (1871) introduced the concept of female
choice (which progresses through to female preference for conspicuous male traits), he
failed to suggest an underlying mechanism. Instead, subsequently developed genetic
models explained why females prefer these traits (Kirkpatrick, 1982, Andersson and

Simmons, 2006).



Darwin’s theory mostly considered sexual selection (competition or choice) as it leads
up to mating butnot beyond (pre-copulatory sexual selection). It was not until the 1970s
(e.g. Parker, 1970a, Parker, 1970c) that our understanding of selection on traits and

mechanisms that occur after copulation developed (post-copulatory sexual selection).

Pre-copulatory sexual selection

Sexual selection that occurs prior to copulation is composed of two major mechanisms;
male-male competition and mate choice. At this stage males are competing with each
other in order to obtain a female for mating and females select males based on various

male traits.

Pre-copulatory male - male competition

Pre-copulatory male competition is thought to be responsible for the evolution of most
conspicuous male traits that increase a male’s likelihood of obtaining a mate by
successfully competing with other males. Male contests often involve males directly
fighting with each other where stronger/dominant males gain an advantage over their
weaker/sub-ordinate counterparts, and hence gain access to females (Le Boeuf, 1974,
Ligon etal,, 1990, Jormalainen etal.,, 1994). Some animals have evolved different types of
weaponry to fight with conspecifics to obtain mates. These weapons are mainly used to
defend critical resources (e.g. female feeding or egg laying sites) that control the mating
opportunities for males (see Emlen, 2008). Endurance rivalry is another form of pre-
copulatory male-male competition where males that are sexually active forlonger periods
than others gain the advantage of having more mates (Andersson, 1994, Judge and

Brooks, 2001, Lidgard et al,, 2005, Higham et al,, 2011).



Male mating success does not always rely on physical strength to win direct
contests with rivals. Some males, especially invertebrates, are in a race to find a mate and
their mating success is determined by how quickly and effectively they can locate a
female, which is known as scramble competition (Andersson, 1994, Herberstein et al,,
2017). In these systems, the male that first locates and approaches the female will often
gain an advantage in mating first with that female. Scramble competition is responsible
for the evolution of male traits which aid in quickly locating females, such as increased
mobility (small body size), early maturation (protandry), and effective sensory systems
(Vencl, 2004, , Kasumovic and Andrade, 2009, Moya-Larano et al,, 2009, Barry, 2013,

Herberstein et al. 2017).

Pre-copulatory mate choice

a) Female choice

Pre-copulatory female choice is the well-known form of mate choice where females select
males based on their physical and behavioural traits (Kirkpatrick, 1982). Female choice
is thought to be responsible for the evolution of sexually dimorphic traits in animals, such
as bird tail length (Balmford et al, 1994). This process is the result of two major

mechanisms:

1) Run-away sexual selection: females prefer an arbitrary trait in males and both
the female preference and the male trait are heritable (Kirkpatrick, 1982). Therefore,
females bear daughters who prefer this arbitrary trait and sons that exhibit the trait (see
Hedrick, 1988). Often, the male trait becomes more conspicuous. Evolution of multiple
ornaments (black throat and belly feather, yellow eye markers and spiked tail feathers)
in male sage grouse is a good example of run-away sexual selection in animals

(Vehrencamp et al,, 1989, Pomiankowski and Iwasa, 1993).



2) Good genes hypothesis: this hypothesis predicts that females select male traits
that confer good genes and hence a probable increase in the viability of their offspring
(Hamilton and Zuk, 1982). Therefore, it is notan arbitrary trait or random preference as
in run-away selection, instead females select males for their genetic quality. A somewhat
related mechanism is the handicap principle where females select males with handicaps,
such as costly elongated male bird tails (Jennions, 1993), as these males are signalling the

possession of good genes that enable them to survive in spite of the handicap trait (Zahavi

and Zahavi, 1999).

b) Male choice

Pre-copulatory male mate choice is not widely reported in animals. However, male mate
choice can evolve if reproduction is costly to males and if females vary greatly in
reproductive quality (Trivers, 1972, Dewsbury, 1982). For example, male two spotted
gobies (Gobiusculus flavescens) prefer to mate with brightly coloured females and display
intense courtship behaviours towards these females (Amundsen and Forsgren, 2001).
Males may reject or accept females of varying reproductive qualities due to pre-
copulatory mate choice (Berglund and Rosenqvist, 2001, Barry et al,, 2010) or they may
change their courtship and/or copulatory behaviours towards preferred females

(Amundsen, 2000, Amundsen and Forsgren, 2003, Tudor and Morris, 2009).

Post-copulatory sexual selection

The existence of post-copulatory sexual selection was only recognised recently (Birkhead
and Pizzari, 2002). Both male-male competition and mate choice can continue after

copulation in the forms of sperm competition (Parker, 1970a, Parker, 1984) and cryptic

mate choice (Eberhard, 1996, Bonduriansky, 2001).



Sperm competition

If females mate with more than one male (polyandry), sperm from two or more males
compete within the female reproductive tract for the fertilization of the ova (Parker,
1970a). Polyandry is more common than previously thought (Arnqvist and Nilsson, 2000,
Simmons, 2001a, Griffith et al, 2002), consequently sperm competition is also
widespread among animals (see Simmons, 2001b). In polyandrous systems, males are
under the continuous threat of sperm competition and have evolved different defensive

and offensive strategies in response (Simmons, 2001b).

Mate guarding and mating plugs are the most common types of male defensive
strategies to avoid sperm competition (Parker, 1970a, Parker, 1970b, Simmons, 2001b,
Snow et al, 2006). For example, male sugarcane rootstalk borer weevils Diaprepes
abbreviatus remain mounted on the female in copula for more than 16 hours as a mate
guarding strategy, as prolonged mate guarding reduces female remating (Harari et al,
2003). Some male spiders (e.g. Argiope keyserlingi) break off their genital parts within the
female reproductive opening to serve as mating plugs and prevent the female from
remating (Uhl et al, 2010, Herberstein et al, 2012). Further, ejaculatory components
(accessory gland products and/or sperm by itself) of some males, especially insects, are

known to function as inhibitors of female receptivity for subsequentmales (Scott, 1986,

Simmons, 2001b, Radhakrishnan and Taylor, 2007).

Offensive strategies include the removal of rival sperm from the female
reproductive tract using specialized genitalia (Waage, 1979, Waage, 1986), influence of
sperm usage by females through seminal fluid components (den Boer et al, 2008, den
Boer etal, 2010) and strategic ejaculation (Kelly and Jennions, 2011). For example, male
flour beetles Tribolium castaneum are capable of removing rival-male sperm from the
female reproductive tract using their genital structures (Haubruge etal., 1999). Strategic

ejaculation is a widespread male behaviour shown mainly by insects where males allocate



their sperm depending on the risk and intensity of sperm competition; when the risk of
sperm competition is high, males ejaculate more sperm and when the intensity of sperm
competition is high they transfer less sperm to their partners (Parker and Pizzari, 2010,
Kelly and Jennions, 2011). For example, Mediterranean fruit fly Ceratitis capitate transfer
more sperm to their mates in the presence of a rival male during copulation due to
increased risk of sperm competition (Gage, 1991) and male bush crickets transfer less
sperm when they mate with highly fecund large females as the intensity of sperm

competition is high (Simmons and Kvarnemo, 1997).

Cryptic female choice

Female choice can continue even after copulation in the form of cryptic female choice,
where polyandrous females bias fertilisation by favouring specific males (Eberhard,
1996). Cryptic female choice is difficult to distinguish from other post-copulatory sexual
selection mechanisms, such as sperm competition, as both of these mechanisms occur
within the female reproductive tract and result in variation in fertilisation success for
males. However, some experimental studies have been able to use novel methodsin order
to distinguish cryptic female choice from other post-copulatory mechanisms (Edvardsson
and Arnqvist, 2000, Pizzari and Birkhead, 2000, Holwell, 2007, Schneider and Lesmono,
2009). For example, female jungle fowl (Gallus gallus domesticus) selectively prefer to
fertilize their eggs with the sperm of dominant males and eject subordinate male sperm
after mating (Pizzari and Birkhead, 2000). Edvardsson and Arnqvist (2000) found that
male red flour beetles that rub the female abdomen faster during copulation gain higher
fertilisation success. Initially it was not clear whether fast leg rubbers are better sperm
competitors or whether females preferentially fertilize their eggs with sperm of fast leg
rubbers. To distinguish between these two, they conducted mating trials by manipulating

the female perception of leg rubbing rate by shortening male legs and found increased



fertilization for fast leg rubbers is a result of cryptic female choice, but not of sperm
competition (Edvardsson and Arnqvist, 2000). Observations of internal female
reproductive anatomy also provide indirect evidence for the possibility of cryptic female
choice in animals. For example multiple sperm storage structures in the Australian
redback spider Letrodectus hasselti facilitates female control of paternity when they mate

with multiple partners (Snow and Andrade, 2005).

Cryptic male choice

Male mate choice can also continue after mating in the form of cryptic male choice
(reviewed in Bonduriansky, 2001, Edward and Chapman, 2011). Cryptic male choice is
predicted to evolve under similar conditions as male mate choice: when females vary
greatly in their reproductive quality and consequently resultin varying male reproductive
success (Edward and Chapman, 2011). Rather than overt mate choice, males vary
investment into the ejaculate strategically depending on female quality (Engqvist and
Sauer, 2001, Reinhold et al, 2002). For example male scorpion flies Panorpa cognata
produce bigger nuptial gifts when they copulate with highly fecund females and may
copulate for longer, transferring more sperm (Engqvist and Sauer, 2001). However, as
with cryptic female choice, it is difficult to distinguish cryptic male choice from sperm
competition as both mechanisms may cause deferential reproductive investment in

males.



Introduction to study species

Praying mantids are a group of predatory insects varying from cursorial hunters to sit-
and-wait predators (Svenson and Whiting, 2004). Many of them exhibit scramble
competition polygynous mating systems where males do not engage in any combat but
scramble to locate females quickly (Maxwell 1999). Mantids use both chemical (long
distance) and visual (short distance) cues in locating females (Roeder, 1935, Edmunds,
1975, Robinson and Robinson, 1979, Maxwell 1999, Hurd etal,, 2004, Perez, 2005, Barry
et al, 2010). Female praying mantids are capable of multiple mating, and multiple
paternity has been recorded for some species (Barry et al, 2011, Umbers et al,, 2011,
Watanabe etal,, 2011), setting the stage for sperm competition (Prokop and Vaclav, 2005,
Allen et al, 2011). They are also well known for their sexually cannibalistic behaviour in
which females kill and consume their partners before, during, or immediately after
copulation (Maxwell, 1999, Prokop and Vaclav, 2005, Lelito and Brown, 2006, Barry etal,
2008, Lelito and Brown, 2008, Prokop and Vaclav, 2008, Maxwell et al, 2010, Brown et

al, 2012).

This thesis examines pre- and post-copulatory sexual selection in the sexually
cannibalistic false garden mantid Pseudomantis albofimbriata. It is a common mantid
species native to Australia and distributed throughout eastern Australia (Holwell et al,
2007). These are seasonal mantids that adults can only find in summer months from
December - March. Males and females are present in two colour morphs - green and
brown - in the wild. They are sexually size dimorphic; females are approximately double
the size of males (Barryetal, 2008) and have shortwings compared to the fully developed
wings of males. Therefore, female P. albofimbriata are less mobile. They emit sex
pheromones to attract males from a long distance (Holwell etal,, 2007, Barry etal., 2010).
Male P. albofimbriata are scramble competitors with well-developed antennae possessing

numerous sensory hairs (i.e. sensilla) that detect female emitted sex pheromones



effectively (Holwell etal,, 2007). Juvenile nutrition affects male body size, and hence their
scramble competition ability as, in this species, large males are more successful in locating
females compared to smaller males (Barry, 2013). Even though it is predicted that male
antenna morphology may play a crucial role in scramble competition in this system

(Barry, 2013), experimental evidence is still lacking.

Female false garden mantids often attract multiple males simultaneously via the
initial pheromone plume (Barry, 2010) and can mate with multiple partners (Barry etal,,
2011). Soon after mating, female P. albofimbriata become chemically unattractive (Barry
et al, 2011). However, rates of polyandry, the period of chemical unattractiveness of
mated females, and how females react to the presence of multiple males in close visual
rangeis yetto be determined. Further, if female P. albofimbriata mate multiple times, male
strategies against post-copulatory sexual selection mechanisms such as sperm

competition and cryptic mate choice are also under-documented (but see Allen et al,

2011).

Female false garden mantids are well known for their cannibalistic tendencies and
females in poor condition cannibalise their partners as a foraging strategy to increase
their nutritional status and reproductive output (i.e. pre-copulatory cannibalism) (Barry
et al, 2008). However, nearly half of the males that are attacked by females can still
initiate copulation and transfer sperm successfully whilst being eaten (Barry et al,, 2009,
Jayaweera et al, 2015). Although pre-copulatory cannibalism is considered an extreme
form of sexual conflict, studies focusing on the risk factors of cannibalism and its effect on

pre-and post-copulatory male behaviour are relatively scarce (but see Barry et al., 2008,

Barry etal, 2009, Barry, 2010).
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Chapter outline

Animals have evolved intriguing mating strategies that to maximize their lifetime
reproductive success. However, little is known about the underlying forces responsible
for the evolution of such strategies. My Ph.D. research investigates how sexual selection
and sexual cannibalism shape pre and post-mating strategies in praying mantids, with
special focus on male mating behaviour using both behavioural and microscopic

approaches.

Chapter 1 describes male antenna morphology and its effect on scramble competition in
Pseudomatis albofimbriata. This study describes different types of sensillae on male false
garden mantid antennae using scanning electron microscope images and is the first study
to show the effect of male antenna morphology on scramble competition. I identified six
different types of antennal sensilla on male P. albofimbriata antennae and three of them
(basiconic, coelacapitular and campaniform) have never been described before for male
false garden mantids. I introduced new nomenclature for grooved basiconic sensillae by
comparison with major antennal sensilla nomenclature systems and with sensillae on
other praying mantid species. This chapter is published in The Science of Nature. The co-
author Katherine L. Barry provided supportin designing and conducting the experiment

and also provided helpful feedback and suggestions regarding the manuscript.

Chapter 2 investigates the risk of sexual cannibalism and its effect on male approach and
mating behaviour in false garden mantids. This is the first study to test and show that
female mating status has an effect on sexual cannibalism in a praying mantid mating
system. Behavioural experiments showed that females in poor body condition and mated

females are more likely to cannibalise their partners. However, males did not show any
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risk avoidance behaviours and approached females regardless of the risk of sexual
cannibalism. This chapter is published in Animal Behaviour and co-authored by Darshana
N. Rathnayake and Kaytlyn S. Davis, who provided supportin conducting experiments and
Katherine L. Barry who provided help in designing and conducting experiments, and in

manuscript preparation.

Chapter 3 explores the effect of sexual cannibalism on male ejaculatory expenditure in
false garden mantids. This is the first study to show an increase in sperm transfer in
response to sexual cannibalism in a praying mantid mating system. Sperm transfer trials
revealed that cannibalised males transfer significantly more sperm to their partners,
thereby maximizing their reproductive success fromthe only/last mating in their lifetime.
This study showed that removal of the head might act as the main cue that triggers the
increased sperm transfer by cannibalised males. The co-author Katherine L. Barry
provided helpful suggestions on experimental design, data interpretation and the
manuscript preparation and Marie E. Herberstein provided helpful suggestions for

manuscript preperation.

Chapter 4 investigates the effect of female quality on male ejaculatory expenditure and
reproductive success in false garden mantids. Even though male P. albofimbriata prefer
females in good body condition at the pre-copulatory stage, the results of this chapter
showed that male preference does not continue during/after mating and males transfer
their spermregardless of female quality. In a single mating scenario, reproductive success
depends only on the number of eggs that a female carries and not on the number of sperm
transferred, which explains the lack of strategic ejaculation in response to female quality

in the present study. This chapter is published in Plos One and co-authored by Katherine
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L. Barry, who provided supportin designing and conducting experiments, interpretation

of results, and in manuscript preparation.

Chapter 5 examines the unreceptivity of mated females and female multiple mating
tendencies in the P. albofimbriata mating system. Results of field enclosure studies
confirmed that mated female P. albofimbriata become chemically unattractive to other
males for an average of eight days. The unreceptivity of mated females is likely a male-
induced strategy as it might secure single paternity of all eggs laid in the first clutch.
However, if the female attracts multiple males, the males stay near the female or mating
pair until their chance for mating. In this scenario, females mate with multiple partners.
This chapter is submitted to Austral Entomology and currently under review. Co-authors
Darshana N. Rathnayake, Barbara Dean and Katherine L. Barry were involved in data

collection and provided helpful suggestions on experimental design and the manuscript.
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Abstract

Strategic ejaculation by males, especially insects, is predicted under several scenarios
such as under the risk of sperm competition and as part of cryptic male choice. However,
limited future mating opportunities may also cause strategic ejaculation in animals. In
precopulatory cannibalistic systems, females gain a reproductive advantage to the
detriment of males. Theory predicts strong selection on males to counteract female
aggression in a way to maximize their reproductive success from the final mating
opportunity in their life time, but direct evidence of such strategies is sparse. We used the
sexually cannibalistic false garden mantid Pseudomantis albofimbriata to test the effect of
precopulatory cannibalism on male sperm allocation. We predicted cannibalised males
would transfer more sperm to their mates as they do not have any future mating
opportunities. If cannibalised males do transfer more sperm to their mates, we were also
interested in determining the cue that triggers these males to increase their sperm
transfer (i.e. whether the loss of the head causesincreased spermallocation). To test these
hypotheses, we compared the number of sperm transferred by males in non -cannibalistic
matings, in cannibalistic matings, and in experimentally manipulated headless matings.
Cannibalised and headless males behaved similarly and transferred significantly more
sperm than uncannibalised males. These results suggest cannibalised males invest
more/all of their sperm in the current mating and the removal of the head (and therefore

the primary ganglion) might play a role in triggering this increased sperm allocation.

Key words: cannibalism, headless males, Pseudomantis albofimbriata, strategic

ejaculation
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Introduction

Males of variety of animal taxa have evolved optimal sperm allocation strategies with
respect to mating context (e.g. depending on the risk and intensity of sperm competition)
which maximize their lifetime reproductive success (Gage, 1991, Gage and Baker, 1991,
Yusa, 1994, Marconato and Shapiro, 1996, Fuller, 1998, Allen etal., 2011, Gress and Kelly,
2011, Lupold et al,, 2011). It is selectively beneficial for males to allocate their ejaculate
strategically depending on the mating context, as sperm production can impose
significant costs (Dewsbury, 1982). Post-copulatory sexual selection mechanisms such as
cryptic male choice and sperm competition have been identified as the major causes of
strategic ejaculation in animals (Bonduriansky, 2001, Parker and Pizzari, 2010).
Theoretical and empirical evidence predicts and shows that males invest more mating
resources in high quality/fecund females, resulting in greater reproductive success
(Bonduriansky, 2001, Engqvist and Sauer, 2001, Reinhold et al., 2002). Similarly, in
support of predictions, males adjust their ejaculatory components relative to the risk and
intensity of sperm competition (Shapiro et al, 1994, Gage and Barnard, 1996, Simmons

and Kvarnemo, 1997, Simmons, 2001, Mallard and Barnard, 2003, Simmons et al., 2007).

In addition to female quality and the risk of sperm competition, the
availability /probability of future mating opportunities is also likely to result in strategic
ejaculation. Life history theory (Stearns, 1976) predicts that older males should invest
more mating resources in the current mating as the probability of having another mating
is low. Accordingly, it has been shown that male mating investment in Drosophila
pseudoobscura increases with age (Dhole and Pfennig, 2014). Similarly, a model
developed by Galvani and Johnstone (1998) predicts that males should allocate less
sperm early in the breeding season as there will be future matings, and that they should
invest more sperm towards the end of the breeding season as the number of available

mates reduces dramatically.
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In sexually cannibalistic mating systems, the probability of future mating
opportunities depends solely on whether the male is attacked and killed by the female.
For cannibalised males who are capable of transferring sperm to females while being
eaten (copulatory cannibalism), the current mating will be their last and/or only mating
opportunity (Elgar and Nash, 1988, Barry et al,, 2009, Wu et al,, 2013, Jayaweera et al,,
2015). Therefore,itis likely that cannibalised males will invest more in the currentmating
than uncannibalised males (who may have future matings), in order to maximize their
reproductive success. Even though there have been many studies conducted on pre-
copulatory mating strategies in sexually cannibalistic systems (Maxwell, 1999,
Herbersteinetal, 2002, Schneider and Elgar, 2002, Fromhage and Schneider, 2005, Lelito
and Brown, 2006, Barry et al, 2008, Lelito and Brown, 2008, Barry et al., 2009, Barry,
2010, Barry et al, 2010, Maxwell et al,, 2010, Roggenbucketal,, 2011, Brown etal, 2012,
Kralj-Fiser et al, 2012, Barry, 2013, Barry, 2015) studies that investigate the effect of
cannibalism on post-copulatory mating strategies are not very common (but see,
Andrade, 1996, Schneider and Elgar, 2001, Fromhage etal,, 2003, Nessleretal,, 2009). For
example, cannibalised male spiders generally invest more in the current mating in terms
of increased copulation duration compared to uncannibalised males (Andrade, 1996,
Schneider and Elgar, 2001, Fromhage et al, 2003). By increasing the length of the
copulation, cannibalised male spiders may transfer more spermto their partners. Further,
cannibalised male Orb-web spiders, Argiope lobata, break off their genitalia within the
female reproductive tract significantly more often than uncannibalised males, as it
functions as a mating plug and guarantees their paternity (Nessler et al,, 2009). Due to
genital damage (e.g. Herberstein et al,, 2012, Zimmer et al, 2014) and their peculiar
reproductive morphology (Herberstein etal, 2011), male modern spiders generally have
only two mating opportunities in their life time. By contrast, other sexually cannibalistic
insects such as praying mantids are capable of multiple matings in nature (Barry et al,

2011, Umbers et al, 2011, Watanabe et al, 2011). Therefore, it is likely that praying
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mantids have evolved much stronger ejaculatory strategies in response to sexual

cannibalism than spiders.

In the current study we used the sexually cannibalistic false garden mantid
Pseudomantis albofimbriata to determine the effects of sexual cannibalism on male sperm
allocation. False garden mantids show precopulatory cannibalism and only half of
cannibalised males succeed in transferring sperm to females (Barry et al, 2009,
Jayaweera et al, 2015). For those males that are successful in mating, the current
opportunity will be the final mating, as opposed to males that escape cannibalism and may
mate in the future. We predicted that cannibalised males would transfer more sperm to
their partners than non-cannibalised males, thereby maximizing their lifetime
reproductive success. If cannibalised males do transfer more sperm, we also investigate
the cue that triggers increased sperm transfer and we predicted decapitation as such a

cue.

Methods

Study species and study sites

The false garden mantid Pseudomantis albofimbriata is a common mantid species
distributed throughout Eastern Australia. Juvenile mantids (N = 150) were collected in
December 2014 -January 2015 from Ku-ring-gai Bicentennial Park, West Pymble (33945’
37.76"S,151008' 20.88"E) and Yamba Reserve, Ryde (33949'0"S 1519 6' 0"E), Australia.

All individuals were found on the leaves and flowers of Lomandra longifolia bushes.
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Ethics statement

No permits were required for the described field collections/studies by New South Wales
state law for the collection of invertebrates from locations outside of a national park. The

study did not involve endangered or protected species.

Rearing, measuring and sexing mantids

Mantids were reared individually within inverted transparent plastic cups (425 ml) of
which the bottom end was replaced by mesh to facilitate better airflow. They were reared
ata controlled temperature (25 - 26°C), light (14h) and humidity (55%) under laboratory
conditions. Juvenile mantids were fed with two small crickets Acheta domestica (body
mass = 0.040 £ 0.001 g, N = 20) three times per week until maturity, and watered daily.
Once they became adults, the pronotum length (i.e. fixed size) was measured using
electronic callipers and mass was recorded to three decimal places using a PB303-S
DeltaRange scale. Individuals were sexed using differences in wing morphology. After
adult eclosion, both males and females continued with the usual diet of two small crickets

three times per week.

Mating trials

Mating trials were conducted during the morning hours (0830 - 1130) in February -
March 2015. Mating trials were conducted on logs fixed to Perspex frames (30 cm x 50
cm). First the female was introduced onto a log and she was given five minutes to settle
into the novel environment. Then a male was introduced 5 cm away from the female.
There were three different types of mating trials; 1) Normal matings without sexual
cannibalism (N = 20), where females were fed normally and mating trials were conducted

just after feeding the female. In these trials the male was introduced 5 cm behind the
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female to prevent cannibalism. 2) Cannibalised matings (N = 20), where females were
used atleast one day after feeding and males were introduced fromthe frontofthe female,
maximising the probability of sexual cannibalism (see Barry et al. 2009). 3) Headless
mating (N =15), where trials were conducted in a similar way to normal mating, however,
once a male mounted and intromitted, his head was cut off using sharp scissors. In this
treatment male heads were cut ~ 5 - 10 minutes after a successful intromission as
generally the male head is fully separate from the body 5 - 10 minutes after intromission
in normal cannibalism trials (A. Jayaweera, personal observations). All mating pairs were
observed and copulation duration was recorded. The age of individuals was controlled so
that on the day of the trial, females were 24.0 £ 0.57 (N = 55) days post-adult emergence
and males were 21.69 * 0.79 (N = 55) days post-adult emergence. Consequently, there
was no significant difference in female and male age among treatments (Kruskal-Wallis
test; [female age]: x2=3.60, P=0.165, df = 2; [Male age]: x?=4.666, P=0.097, df = 2, Table

1).

Sperm counting methods

After the mating terminated, the female was immobilized with CO2 gas and dissected
alongthe mid-dorsal line from posterior to anterior without damaging the interior organs.
Her abdomen was fully opened by pinning the body wall to a wax tray. Next, the
spermatophore was isolated (if present) and placed into a 1.5 mL Eppendorf tube
containing 30 pL of Grace’s Insect Medium (Grace’s Insect Medium, Supplemented (x1),
liquid, Life Technologies, Carlsbad, CA 92008). The spermatheca was then located and
separated using fine forceps and placed onto a wax board containing 30 pL of Grace’s
Insect Medium. The spermatheca was macerated very gently with small pins (for 90
seconds) under a dissecting microscope. After maceration, the contents of the

spermatheca were pipetted out of the wax board into a 1.5 mL Eppendorf tube with
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Grace’s Insect Medium. An additional 70 pL of Grace’s Insect Medium was added to the
spermatheca to make the total dilution 100 pL. The spermatheca was soaked for 10
minutes in Grace’s Insect Medium, allowing the majority of sperm to come into solution
(see Gress and Kelly, 2011). Twenty pL of the spermatheca sample was pipetted into a
new 1.5 mL Eppendorftube, taking care not to transfer large clumps into the new tube.
The solution was then stained with 5 pL of Synergy Brands (SYBR) Green 1 nucleic acid
gel stain (1 pl SYBR Green 1 (10,000x concentrate in DMSO) + 49 pl of Grace’s Insect
medium) for 10 mins. After that, 10 pL of the sample was pipetted out into a
haemocytometer (Neubauer improved double net ruling SVZ2NIOU) and the number of
sperm were counted in all grid squares under a fluorescence microscope. Sperm were
identified easily, as sperm heads were dark green in colour under the FITC fluorescence
channel. The same procedure was repeated to count the number of sperm within the
spermatophore, except it was macerated by three quick ruptures with fine forceps. The
total numbers of spermfound in the spermatheca and the spermatophore were calculated
separately by dividing the sum of sperm by grid volume (0.9 pL) and then multiplying by
the dilution factor (100 pL). Finally, the total number of sperm transferred by each male
was calculated by adding the number of sperm found in the spermatheca to the number

of sperm in the spermatophore.

Data analyses

Data were analysed using SPSS 21.0 for Windows and were checked for normal
distribution (Kolmogorov-Smirnov test) before analysis. Unless otherwise stated, all
values are mean + standard error and all statistical tests are two tailed. We performed a
Kruskal-Wallis testto compare female age, male age and copulation duration between the
three different treatments. A one way ANOVA test was used to determine the difference

in total number of sperm transferred between the three different treatments. Post hoc
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tests (Tukey HSD) were performed to determine the difference in total sperm number
between the treatment groups. We performed general linear models to determine the
relationships between total sperm number and copulation duration, male size, male

condition, female size and female condition for each treatment.

Results

In all normal mating without cannibalism (N = 20), cannibalised mating (N = 20) and
headless mating (N = 15) trials, males successfully intromitted and transferred sperm to
their females. We found a significant difference in the total number of sperm transferred
between the three differenttreatments (one way ANOVA; F=5.764,df=2,P=0.005, Table
1, Figure 1). Post hoc tests confirmed that cannibalised males and headless males
transferred significantly higher numbers of sperm than normally mated males (Tukey
HSD; [cannibalised matings vs. normal matings]: P = 0.033; [headless matings vs. normal
matings]: P = 0.008). However, there was no significant difference in total sperm number
between cannibalised mating and headless matings (Tukey HSD; P = 0.729). We found no
significant difference in copulation duration between the different treatments (Kruskal-
Wallis test; x2= 3.708, df = 2, P = 0.157, Table 1, Figure 2). The total number of sperm
transferred was independent of copulation duration, male size, male condition, female

size and female condition (Table 2).

48



Discussion

As predicted, cannibalised males transferred a significantly higher number of sperm to
their mates than non-cannibalised males. Specifically, cannibalised males transferred
twice as much sperm as those males that were not cannibalised. These data suggest that
cannibalised males terminally invest their mating resources in the current mating as
predicted by life history theory (Stearns, 1976). Sexual cannibalism is an extreme form of
sexual conflict in this mating system (Barry et al, 2008, Barry et al,, 2009, Jayaweera et
al, 2015) and increased sperm transfer by cannibalised males may counteract the costs
imposed on males by the females. Itis possible that the normally mated males partitioned
ejaculatory components between current and future mating opportunities. Female
praying mantids do not appear to be sperm limited and receive sufficient sperm from a
single mating to fertilise all eggs (Jayaweera and Barry, 2015). Therefore, non-
cannibalised males may partition their ejaculate for future matings. However, sperm
number may have an effect on the reproductive success if females mate with multiple
males (Parker, 1990, Parker et al,, 1990, Parker and Pizzari, 2010). Unmated female P.
albofimbriata attract multiple males simultaneously to their initial pheromone plume
(Barry, 2010, Barry, 2013, Barry and Wilder, 2013, Barry, 2015), raising the probability
of multiple matings. However, polyandry is likely to be a relatively rare phenomenon in
this mating system as a single mating is the most common scenario compared to multiple
matings in both natural and semi-natural environments (K. Barry & A. Jayaweera,

unpublished data).

Similar to previous findings, we found that sperm number is independent of male
size, male condition, female size and female condition (Jayaweera and Barry, 2015). This
result may be due to the narrow range of variability in males used in the current study
(i.e. all males were on the same feeding treatment throughout their development). We did

not find any difference in the copulation duration between cannibalised and non-
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cannibalised males. Copulation duration is often linked to the number of sperm
transferred, but only in those animals that transfer free flowing sperm during copulation
(reviewed in Andrade, 1996, Schneider and Elgar, 2001, Simmons, 2001, Engqvist and
Sauer, 2003, Fromhage et al, 2003). As praying mantids transfer sperm in units called

spermatophores,the number of sperm transferred does not relate to copulation duration.

Interestingly, we found that males from the headless treatment behaved very
similarly to cannibalised males, transferring a significantly higher number of sperm
compared to non-cannibalised males. In P. albofimbriata, females usually attack the
thoracic region of the male (Barry et al 2009) and eventually the male head is separated
from the rest of the body (this generally occurs ~10 minutes after cannibalism begins; K.
Barry & A. Jayaweera, personal observations). As separation of the head from the rest of
the body is the common link between the cannibalised and headless male treatments, we
suggestthatremoval ofthe head (either during the initial stages of cannibalism or through

artificial decapitation) may act as a trigger additional sperm transfer.

While it is easy to understand how increasing sperm transfer may be an adaptive
male behaviour in cannibalistic species, we must also consider the possibility of non-
adaptive explanations. Roeder (1998), previously observed that surgical decapitation or
cutting the nerve cord transversely causes increased sexual activity in some insects. For
example, in praying mantids (e.g. Mantis religiosa), decapitation or removal of the
oesophageal ganglion resulted in continuous sexual activity (S- bending of male abdomen
and walking movements to position themselves along the female body) in males and
increased egg laying in females (Roeder, 1935, Roeder, 1998). This decapitation effecthas
beeninterpreted as anendogenous behaviour resulting from an intrinsic instability of the
central nervous system (Roeder, 1998). Therefore, it is possible that increased sperm
transfer by cannibalised /headless males may be the result of a loss of coordination in the

central nervous system. This proposal is supported by observations of non-cannibalistic
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species such as cockroaches, where the removal of the terminal ganglion results in intense
sexual behaviour similar to that seen in male mantids (Roeder, 1998). Thus, the most
likely explanation for the increased sperm transfer by cannibalised male mantids is that
it was initially a non-adaptive response due to alack of neuron control, but that the nature
of this mating system (i.e. occurrence of sexual cannibalism) makes it secondarily
adaptive by improving the reproductive success for cannibalised males.

Whether decapitation specifically, or damage more generally, is the cue
responsible for the observed increased sperm transfer is not entirely clear. Therefore, we
are planning to extend this study by implementing various injury treatments and a focal
cooling of brain (using a thermoelectric device without damaging the head) and counting

the subsequent number of sperm transferred.
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Table 1. Comparison of female age, male age, number of spermtransferred and copulation

duration among treatments

Normal Cannibalised & Headless

matings mated matings
Female age/days 22.55 £ 0.44 23.55 +0.54 26.53 +1.76
Male age/days 19.30 £ 1.24 22.50 £ 1.24 23.80 £ 1.56

Total sperm transferred

Copulation duration/minutes

34155 + 3903

375.65 £ 12.45

64761 + 9592

384.75 £ 18.20

74488 + 12406

421.73 £ 30.00
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Table 2. Relationship between the total number of sperm transferred and copulation

duration, male morphology (size and condition) and female morphology (size and

condition).
Treatment F P Effect
size
Copulation Normally mated without cannibalism 1.234 0.285 0.081
duration
Cannibalised and mated 0.210 0.654 0.015
Headless and mated 0.860 0.378 0.087
Male size Normally mated without cannibalism 0.160 0.695 0.011
Cannibalised and mated 1.066 0.319 0.071
Headless and mated 3.677 0.087 0.290

Male condition Normally mated without cannibalism 2.287 0.153 0.140

Cannibalised and mated 1978 0.181 0.124

Headless and mated 2.147 0.177 0.193

Female size Normally mated without cannibalism 1.428 0.252 0.093
Cannibalised and mated 1.696 0.214 0.108

Headless and mated 2115 0.180 0.190

Female condition Normally mated without cannibalism 0.523 0.481 0.036
Cannibalised and mated 0.442 0.517 0.031

Headless and mated 2310 0.163 0.204
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Figure 1. Total number of sperm transferred by normally mated, cannibalised and mated

and headless mated male P. albofimbriata.
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Abstract

Strategic ejaculation is a behavioural strategy shown by many animals as a response to
sperm competition and/or as a potential mechanism of cryptic male choice. Males invest
more mating resources when the risk of sperm competition increases or they invest more in
high quality females to maximize their reproductive output. We tested this hypothesis in the
false garden mantid Pseudomantis albofimbriata, where females are capable of multiply
mating and body condition is an indicator of potential reproductive fitness. We predicted
male mantids would ejaculate strategically by allocating more sperm to high quality females.
To determine if and how males alter their ejaculate in response to mate quality, we manipu-
lated female food quantity so that females were either in good condition with many eggs (i.e.
high quality) or poor condition with few eggs (i.e. low quality). Half of the females from each
treatment were used in mating trials in which transferred sperm was counted before fertilisa-
tion occurred and the other half of females were used in mating trials where fertilisation oc-
curred and ootheca mass and total eggs in the ootheca were recorded. Opposed to our
predictions, the total number of sperm and the proportion of viable sperm transferred did not
vary significantly between female treatments. Male reproductive success was entirely de-
pendent on female quality/fecundity, rather than on the number of sperm transferred. These
results suggest that female quality is not a major factor influencing postcopulatory male mat-
ing strategies in P. albofimbriata, and that sperm number has little effect on male reproduc-
tive success in a single mating scenario.

Introduction

According to Darwin’s theory of sexual selection, females are the choosy sex whereas males
compete with each other for female mates [1]. However, it was subsequently suggested that
males might also become choosy when the associated costs of reproduction are high; for exam-
ple when parental investment is significantly higher for males [2] or if females vary greatly in
quality [3,4]. Intrasexual competition and male mate choice may continue during and/or after
copulation in the form of sperm competition [5] or cryptic male choice [6,7]. These
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postcopulatory selective forces shape male mating strategies and are predicted to influence
male reproductive success. Strategic ejaculation, where males tailor the ejaculate in response to
variation in potential reproductive benefits [8], has been given much attention in the sperm
competition and male mate choice literature during the last decade. Strategic ejaculation is like-
ly to have evolved mainly as a defensive mechanism to overcome sperm competition [9-11],
but also as a potential method of postcopulatory mate choice, where males cryptically invest
more ejaculate into high quality females [12]. Although the sperm competition and cryptic
male choice hypotheses are independent, it is important to note that they are not mutually ex-
clusive. Indeed, except in rare instances where females are sperm limited, differential ejaculate
expenditure as a result of cryptic male choice will coincide with sperm competition.

Sperm competition models predict that males should increase their mating investment
when the risk of sperm competition (i.e. probability of competition) increases [11,13,14], but
that they should decrease their mating investment when the intensity of sperm competition
(i.e. absolute number of competitors) increases [9]. Male-male competition, female mating his-
tory and female quality have been identified as the most probable indicators of sperm competi-
tion and likely relate to the subsequent potential for strategic ejaculation [8,15]. Males of some
species do indeed manipulate their ejaculate when competitors are present before or during
copulation [16-20]. Risk and intensity of sperm competition can vary greatly with female mat-
ing history and the average mating rate of females in a particular mating system. Therefore, as
suggested by Engqvist and Reinhold [10], males should invest comparatively more sperm in
virgin females when the mating rate is high and when the mating rate is low they should invest
more sperm in already mated females. And finally, female quality is associated with sperm
competition because body condition may predict a female’s likelihood of re-mating with other
males: higher quality females are more likely to receive attention from additional males than
lower quality females. Empirical evidence coming mainly from insects indicates that males tai-
lor their ejaculate strategically in response to female quality, presumably to counteract the risk
or intensity of sperm competition [18,20-25].

Cryptic male choice plays a significant role in strategic ejaculation in animals [4,12]. It is
more likely to evolve in response to the indicators of female fecundity, genetic compatibility,
relatedness or female mating status (reviewed in [7]). Female quality is an indicator of potential
reproductive ability/output of a particular female and can be measured in several ways such as
age, size, condition or fecundity [4]. Since high quality females will have a higher potential re-
productive fitness [6,26,27], it is selectively beneficial for males to invest more mating resources
into those females that maximise reproductive success. For example, male scorpionfly Panorpa
cognata produce larger salivary masses when copulating with highly fecund females, and fe-
males feed on the salivary masses during copulation [28]. Therefore, by increasing the size of
the nuptial gift, males may copulate for longer and subsequently transfer more sperm.

Praying mantids are an ideal group in which to investigate the response to sperm competi-
tion and/or cryptic male choice because females are capable of multiple copulations [29-31],
females store sperm in a sac-shaped spermatheca [32], and numerous males are often simulta-
neously attracted to the pheromones emitted by a single female [27,33-35]. However, very few
studies have attempted to determine if and how male mantids respond to the risk of sperm
competition (but see [36,37]). Prokop and Vaclav [36] found that male Mantis religiosa in-
crease their copulation duration when the perceived risk of sperm competition is high (i.e.
when the sex ratio is male biased). Copulation duration is often linked to the number of sperm
transferred (reviewed in [6]), so the authors suggest that male M. religiosa mantids do indeed
respond to the level of sperm competition risk. However, the link between copulation duration
and sperm number is mostly relevant for species in which males transfer free-flowing sperm,
so these results should be considered with caution. To date, there has only been one study that
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has directly tested the effect of sperm competition on strategic sperm allocation in praying
mantids. Allen et al. [37] found that false garden mantids Pseudomantis albofimbriata transfer
more sperm when the perceived risk of sperm competition is high (i.e. when the sex ratio is
male biased), indicating that males are indeed capable of strategic ejaculation when they per-
ceive an increased risk of intrasexual competition. Studies that investigate other factors (i.e. fe-
male mating status and female quality) are still required to fully understand the range of male
responses in praying mantids.

In the current study, we used the sexually cannibalistic false garden mantid Pseudomantis
albofimbriata to investigate the effect of female quality (i.e. body condition/fecundity) on male
ejaculatory expenditure and reproductive success. Female quality is a major factor shaping the
precopulatory mating strategies of this species [26,34,38-40]. Female body condition is posi-
tively related to female fecundity and negatively related to the propensity for cannibalism [26],
and therefore males prefer good quality females in both close range (visual or chemical cues;
[39]) and long distance (only chemical cues; [34,40]) mate choice trials. However, little is
known about the influence of female quality on postcopulatory male mating strategies in this
species. Therefore, our primary objective in this study was to determine whether male mantids
allocate their sperm strategically in response to female quality. We predict that male P. albofim-
briata will allocate more mating resources to high quality females via (1) the total number of
sperm transferred, and/or (2) the proportion of viable sperm transferred. Our second objective
was to link the amount of sperm transferred with actual reproductive success by comparing
egg sac mass, total eggs in the egg sac and the percentage of eggs in the egg sac between high
and low quality females. Finally, we determined whether male traits had an effect on sperm
transfer or on actual reproductive success.

Methods
Study species and study sites

The false garden mantid Pseudomantis albofimbriata is a common mantid species distributed
throughout Eastern Australia. Juvenile mantids (N = 130) were collected in December
2013-January 2014 from Ku-ring-gai Bicentennial Park, West Pymble (33° 45' 37.76"S, 151° 08'
20.88"E) and Yamba Reserve, Ryde (33°49'0" S 151° 6' 0"E), Australia. All individuals were
found on the leaves and flowers of Lomandra longifolia bushes.

Ethics statement

No permits were obtained for the described field collections/studies because New South Wales
state law does not require specific permissions for the collection of invertebrates from locations
outside of a national park. The study did not involve endangered or protected species.

Rearing, sexing and measuring mantids

Mantids were reared individually within inverted transparent plastic cups of which the bottom
end was replaced by mesh to facilitate better air flow. They were reared at a controlled tempera-
ture (25-26°C), light (14h) and humidity (55%) in laboratory conditions. Juvenile mantids
were fed with two small crickets Acheta domesticus (body mass = 0.040 + 0.001 g, N = 20) three
times per week until maturity and watered daily. Once they became adults the pronotum length
(i.e. fixed size) and mass were recorded, and individuals were sexed using differences in wing
morphology. After adult eclosion, males continued with the usual diet of two small crickets
three times per week, whereas females were allocated to one of the two feeding regimes: high
quantity or low quantity. Females on the high quantity treatment (N = 30) were given three
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small crickets three times per week, and individuals on the low quantity treatment (N = 32) re-
ceived one small cricket three times per week. Both males and females were weighed immedi-
ately preceding mating trials using digital scales. Body condition was calculated as body mass
divided by fixed size, and was used as a measure of female quality.

Mating trials

Mating trials were conducted in a large, high-ceilinged laboratory during the morning hours
(0830-1130) in February-March 2014, and individuals were introduced onto a potted Loman-
dra sp. plant. First, the female was introduced onto a plant and was given five minutes to settle
into the novel environment. Then a male was introduced 5 cm behind the female and precau-
tions were taken to avoid cannibalism. Copulation was interrupted 3.5 hours after intromission
(spermatophore transferred at ~ 3 hours [37]) and both the female and male were reweighed.
After successful mating, approximately half of the females from each feeding treatment were
used in sperm transfer trials (N = 29) and the other half were used in reproductive success trials
(N =33). In order to measure sperm number, females had to be euthanized and dissected
which precluded collecting data on fertilisation rates. There was no significant difference in fe-
male body condition between sperm transfer trials (0.057 + 0.004 g/mm) and reproductive suc-
cess trials (0.053 £ 0.003 g/mm; Mann-Whitney U test: Z = -0.120, N = 62, P = 0.905).

Aim 1. Do males allocate more sperm to high quality females?

The age of individuals was controlled so that on the day of the trial, females were 25.31 + 0.65
(N =29) days post-adult emergence and males were 26.17 + 1.09 (N = 29) days post-adult
emergence. After mating and sperm counting was complete, the female was dissected (see
below for methods), and the number of large mature and small immature eggs in both ovaries
was counted under a stereomicroscope. On the day of the mating trial, high food quantity treat-
ment females were in significantly better condition (0.080 + 0.003 g/mm, N = 14) than low
food quantity females (0.035 + 0.001 g/mm, N = 15, t-test: t,; = 12.95, P < 0.001). High quanti-
ty females had also produced significantly more mature eggs (91.29 + 6.8) than low quantity fe-
males (22.33 + 4.5; Mann-Whitney U test: Z = -4.596, N = 29, P < 0.001). Further, female body
condition significantly predicted the number of mature eggs found in a female’s ovaries (linear
regression: b = 1453.80, * = 0.773, F;, 55 = 91.787, P < 0.001). Therefore, high quantity and
low quantity female groups were renamed as ‘high quality’ and low quality’ respectively.

After successfully mating, the female was immobilized with CO2 gas and dissected along
the mid-dorsal line from posterior to anterior without damaging the interior parts. Her abdo-
men was fully opened by pinning the body wall to a wax tray. Next, the spermatophore was iso-
lated and placed into a 1.5 mL Eppendorf tube containing 30 uL of Grace’s Insect Medium
(Grace’s Insect Medium, Supplemented (x1), liquid, Life Technologies, Carlsbad, CA 92008).
The spermatheca was then located and separated using fine forceps and placed onto a wax
board containing 30 uL of Grace’s Insect Medium. The spermatheca was macerated very gently
with small pins under the dissecting microscope. After maceration, the contents of the sperma-
theca was pipetted out with the Grace’s Insect Medium into a 1.5 mL Eppendorf tube. An addi-
tional 70 uL of Grace’s Insect Medium was added to the spermatheca to make the total dilution
100puL. The spermatheca was soaked for 10 minutes in Grace’s Insect Medium, allowing the
majority of sperm to come into solution [41]. Twenty uL of the spermatheca sample was pi-
petted into a new 1.5 mL Eppendorf tube, taking care not to transfer large clumps into the new
tube. The solution was then stained with 5 pL of diluted Propidium Iodide (PI) (11.25 pL of PI
(Img/mL) + 3.75 pL of Grace’s Insect Medium) for 15 mins in order to discriminate between
live and dead sperm. Five uL of Synergy Brands (SYBR) Green 1 nucleic acid gel stain (1 pl
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SYBR Green 1 (10,000x concentrate in DMSO) + 49 ul of Grace’s Insect medium) was added
to the same sample and left for 10 mins. After that, 10 pL of the sample was pipetted out into a
haemocytometer (Neubauer improved double net ruling SVZ2NIOU) and live/dead sperm
were counted in all grid squares under a fluorescent microscope. Live and dead sperm were
identified easily as live sperm fluoresced in green and dead sperm fluoresced in red. The same
procedure was repeated to count the number of sperm within the spermatophore, except it was
macerated by three quick ruptures with fine forceps. The total number of sperm found in the
spermatheca and the spermatophore were calculated separately by dividing the sum of live and
dead sperm by grid volume (0.9uL) and then multiplying by the dilution factor (100pL). Final-
ly, the total number of sperm transferred by each male was calculated by adding the number of
sperm found in the spermatheca to the number of sperm in the spermatophore.

Aim 2. Do males mating with high quality females gain higher
reproductive success?

The age of individuals was controlled so that on the day of the experiment, females were

24.03 £ 0.55 (N = 33) days post-adult emergence and males were 21.94 + 0.79 (N = 33) days
post-adult emergence. Immediately preceding mating trials, high food quantity treatment fe-
males were in significantly better condition (0.070 + 0.003 g/mm, N = 16) than low food quantity
females (0.037 + 0.001 g/mm, N = 17, Mann-Whitney U test: Z = -4.827, N = 33, P < 0.001).
Since female body condition positively correlates with fecundity in praying mantids ([26,34,42]
current study), high food quantity and low food quantity female groups were renamed as ‘high
quality’ and ‘low quality’ respectively. After successful mating, the pair was labelled as mated in-
dividuals and placed back into their individual plastic cups. Females continued with their origi-
nal feeding treatment and were allowed to lay an ootheca (egg sac). Once laid, the number of
days taken to lay an ootheca and its mass were recorded. In addition to absolute ootheca mass,
we used the percentage of eggs in the ootheca as an additional measure of male reproductive suc-
cess. Therefore, once laid, females were dissected under a stereomicroscope and the number of
large dark yellow coloured mature eggs (immature eggs can be easily distinguished as they are
small and white or pale yellow in colour) remaining in her ovaries were counted. A few weeks
later, oothecae were also dissected and the total number of eggs in each ootheca was counted
under a stereomicroscope. Finally, the proportion of total eggs in the ootheca was calculated by
dividing the total number of eggs in the ootheca by the total number of mature eggs produced by
the female (i.e. total eggs in the ootheca plus the number of mature eggs remaining in her
ovaries).

Aim 3. Does male phenotype affect sperm transfer and/or male
reproductive success?

We determined whether male phenotype (i.e. fixed size and condition) had an effect on sperm
allocation (i.e. total number of sperm transferred and proportion of viable sperm) and to total
eggs in the ootheca and the percentage of eggs in ootheca in P. albofimbriata by relating male
traits to sperm allocation and to percentage of eggs in oothecae.

Data analysis

Data were analysed using SPSS 21.0 for Windows and were checked for normal distribution
(Kolmogorov-Smirnov test) before analysis. All non-normally distributed variables were log
transformed and checked again for normality before proceeding. All stated values are

mean * standard error and all statistical tests are two tailed. General linear models (GLM) were
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used to determine the effect of female treatment and male phenotype on the total number of
sperm transferred and the proportion of viable sperm (in sperm transfer trials). Effect sizes and
confidence intervals (at the 0.05 level) for female quality and male phenotype were also gener-
ated. Regression analyses were performed to determine the effect of female body condition on
the number of sperm transferred in sperm transfer trials. We performed a t-test to determine
the difference in mean number of days taken by high quality and low quality females to lay
their first ootheca in reproductive success trials. Mann-Whitney tests were carried out to com-
pare the ootheca mass, total eggs in the ootheca and the percentage of eggs in the ootheca be-
tween female treatments in reproductive success trials. We performed non-parametric
correlations to figure out the relationships among female body condition, weight of first oothe-
cae and the total eggs in oothecae in reproductive success trials and also to relate male traits
(i.e. fixed size and body condition) to total eggs in oothecae and percentage of eggs in oothecae.

Results
Aim 1. Do males allocate more sperm to high quality females?

From the 29 trials, all males mounted females within the first hour of introduction and all males
successfully transferred ejaculates to their mates within 3.5 hours. There was no significant differ-
ence in the log total number of sperm or the proportion of live sperm transferred (‘percent sperm
viability’) between high quality and low quality females in Pseudomantis albofimbriata (Table 1;
and see Fig 1). When comparing the variance (SE) as a percentage of the mean, variation of both
the total number of sperm transferred (High quality -17.60%, Low quality—17.75%) and the per-
cent sperm viability (High quality—14.69%, Low quality—14.33%) was very similar between
treatments. We also found that effect sizes of female quality on log total number of sperm and

on percent sperm viability were very close to zero and both confidence intervals overlapped zero,
confirming that there was no effect of female quality on log total sperm transferred and on the
percent sperm viability (Table 1). Female body condition did not predict the total number of
sperm transferred across female treatments (linear regression: b = -2.035, = 0.036, Fi 5=
0.996, P = 0.327) or within each female treatment (linear regression: [High quality] b = -0.575,

7 =0.001, F; 13 =0.007, P=0.937; [Low quality] b = 14.429, 1* = 0.089, F, 14 = 1.273, P = 0.280).

Table 1. Effect of female quality on sperm allocation (total sperm number and percent sperm viability) and on reproductive success (days taken to
lay an ootheca, ootheca mass and percentage of eggs in ootheca) in P.albofimbriata.

High Low Statistics Effect size 95% confidence intervals
Lower bound Upper bound

Log total sperm number 4.21 £0.08 4.33 £ 0.06 Fy=1.114, P = 0.301 0.043 -0.097 0.299
Percent sperm viability 26.24 + 3.85 27.56 + 3.95 F;=0.003, P =0.958 0.001 -10.731 11.326

Days to lay an ootheca 4,50 £ 0.69 10.94 + 1.31 t3; = -4.366, P < 0.001

Ootheca mass 0.367 £ 0.03 0.135 £ 0.01 Z=-4.901, P <0.001

Total eggs in ootheca 75.00+5.31 32.06+1.98 Z =-4.867, P <0.001

Percentage eggs in ootheca 54.60 + 1.85 96.41 + 3.09 Z=-4.616, P <0.001

F-values were derived from general linear models using female treatment as a factor. Mann-Whitney tests were performed to compare the ootheca mass,
total eggs in ootheca and percentage of total eggs in ootheca between female treatments. A t-test was used to compare the number of days taken to lay
an ootheca between treatments. Significant P values are highlighted in bold.

doi:10.1371/journal.pone.0124209.t001
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Fig 1. Comparison of Sperm transfer and proportion of eggs laid between female treatments. Female quality had no significant effect on the total
number of sperm transferred by males (P = 0.301) or on the percentage of viable sperm (P = 0.958) in sperm trials. However, the percentage of eggs in
oothecae was significantly different between female treatments (P < 0.001) in reproductive success trials, where low quality females laid a higher proportion
of eggs than high quality females.

doi:10.1371/journal.pone.0124209.g001

Aim 2. Do males mating with high quality females gain higher
reproductive success?

All pairs (N = 33) were mated without sexual cannibalism and all females laid an ootheca suc-
cessfully after mating. There was a significant difference in the number of days taken to lay the
first ootheca between female treatments where high quality females laid ootheca significantly
faster than low quality females (Table 1). Also high quality females produced a significantly
heavier first ootheca compared to low quality females (Table 1). As expected, female body
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Table 2. Effect of male phenotype (fixed size and condition) on sperm allocation and reproductive success in P. albofimbriata.

Male phenotype Statistics Effect size 95% confidence intervals
Lower bound Upper bound

Log total sperm number Fixed size F;=0.116, P =0.736 0.005 -0.144 0.202

Condition Fi=2.749,P=0.110 0.099 -89.003 9.509
Percent sperm viability Fixed size F;=0.073, P =0.790 0.003 -10.841 8.397

Condition Fy=1.931,P=0.177 0.072 -4612.640 868.722
Total eggs in oothecae Fixed size P =0.105 0.287

Condition P =0.884 -0.026
Percentage of eggs in oothecae Fixed size P =0.240 -0.210

Condition P =0.575 0.101

F-values were derived from general linear models using male fixed size and condition as covariates. P-values for the relationships between male traits
with total eggs in ootheca and the percentage of eggs in ootheca were derived from non-parametric correlations.

doi:10.1371/journal.pone.0124209.t002

condition had a significant positive correlation with the mass of the first ootheca (Spearmen’s
correlation: * = 0.890, N = 33, P < 0.001). We also found a significant difference in total eggs
within the ootheca between female treatments, where high quality females had significantly
more eggs in the ootheca than low quality females (Table 1). Further, there was a significant
positive correlation between female body condition and the total eggs in the ootheca (Spear-
men’s correlation: > = 0.877, N = 33, P < 0.001). The percentage of total eggs in the ootheca
was significantly different between female treatments (Table 1). Furthermore, we found a sig-
nificant positive correlation between ootheca mass and the total eggs in that ootheca (Spear-
men’s correlation: r* = 0.958, N = 33, P < 0.001).

Aim 3. Does male phenotype affect sperm transfer and/or male
reproductive success?

There was no significant effect of male phenotype (fixed size and condition) on the total num-
ber of sperm transferred, or on the percentage of viable sperm transferred (Table 2). Further ef-
fect sizes of male phenotype on the total number of sperm and percent sperm viability were
very close to zero and both confidence intervals overlapped zero, confirming the fact that there
was no effect of male phenotype on either of the two variables (Table 2). We also found no sig-
nificant effect of male phenotype on the total eggs in the ootheca and on the percentage of total
eggs in ootheca (Table 2).

Discussion

Contrary to prediction, we found no effect of female quality on the ejaculatory expenditure of
male praying mantids, Pseudomantis albofimbriata. That is, males did not significantly vary
the total number of sperm or the proportion of viable sperm transferred when paired with a
high quality or a low quality female. Effect sizes and confidence intervals confirm these results.
Variation in the total number of sperm and percentage of viable sperm was also very similar
between treatments. Further, we found no significant relationship between female body condi-
tion and the total number of sperm transferred by males. Our finding is inconsistent with the
general pattern shown for many insect groups in which males allocate their ejaculate strategi-
cally in response to female quality [18,20,24,25].

Since polyandry in P. albofimbriata has not been directly observed in the wild (but see [29])
and mated females become chemically unattractive to males soon after mating [29], it may be
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that polyandry, and hence sperm competition, is not a common occurrence and therefore
males do not respond to its perceived risk. However, in P. albofimbriata [34] and in praying
mantids more generally [33,35], multiple males may be simultaneously attracted to the initial
pheromone plume of a single female, increasing the likelihood of multiple mating. Further-
more, a recent study found that males strategically ejaculate in response to the perceived risk of
sperm competition associated with sex ratio biases [37], which suggests male P. albofimbriata
do sense and respond to sperm competition via strategic ejaculation in certain contexts. There-
fore, the absence of strategic ejaculation by male mantids in the current study is most likely due
to female quality being a poor indicator of the risk of sperm competition in this system. Since
praying mantids (including P. albofimbriata) exhibit a scramble competition polygynous mat-
ing system where males race to find virgin females and often arrive simultaneously
[29,34,43,44], inter-male competition may act as a more appropriate indicator of the risk of
sperm competition in this system. Alternatively, it may be that male mantids need longer than
the 3.5 hours afforded to them in the current study to perceive sperm competition risk and
modulate their ejaculate accordingly (see [18,20,45]). The treatments used in the aforemen-
tioned study showing strategic ejaculation in P. albofimbriata [44] were continued for an ex-
tended period during development (for nearly two weeks) and therefore, males had more time
to modulate spermatophore production in response to the mating context.

Female condition is generally a good indicator of female fecundity in insects [4] and males
may be able to achieve greater reproductive success by selectively allocating more sperm to
good condition females as they produce more eggs that may require more sperm to fertilise
them. Male mantids (including P. albofimbriata) have a preference for good-condition females
rather than poor-condition females in a precopulatory scenario [27,34,39], but surprisingly
males did not show a similar preference in the postcopulatory context during the current
study. Differences in precopulatory and postcopulatory male mate choice have been observed
in some other insect groups, for example male bush crickets Kawanaphila nartee prefer larger
females in precopulatory choice [46], but transfer more sperm to smaller females [24]. In the
current study (and see [34,47]), high quality females produced a significantly higher number of
mature eggs compared to low quality females, and males transferring the least number of
sperm (total sperm 3444) still transferred many more than was necessary to fertilize the most
fecund female’s egg load (total eggs 173). Therefore, it may not be selectively beneficial for
males to allocate more sperm to high quality females, but still important to find a high quality
female in the precopulatory arena as she will be more fecund and less likely to cannibalise
[26,48].

In our reproductive success trials, high quality females laid significantly heavier first oothe-
cae within a shorter time period compared to low quality females. Poor condition females had
fewer mature eggs in their ovaries compared to good condition females ([34] current study),
hence, it is likely that poor quality females delay laying the ootheca to allow more time for fur-
ther egg production. As expected we found a significant positive correlation between female
body condition and first ootheca mass—this result is consistent with previous studies con-
ducted on the same species [26] and on the praying mantid Hierodula membranacea [42]. Fur-
ther, we found significant positive correlations between female body condition and total eggs
in the ootheca and also between ootheca mass and total eggs in the ootheca. Also high quality
females put significantly more eggs in their ootheca than low quality females. These results
confirm that female condition has a significant effect on the reproductive output of praying
mantids [26,42]. The percentage of eggs in the ootheca was significantly different between fe-
male treatments. That is, low quality females laid almost all available mature eggs and high
quality females laid only half of their mature eggs (the other half of mature eggs remained
unfertilised in their ovaries). Poor condition females may fertilise more mature eggs because

PLOS ONE | DOI:10.1371/journal.pone.0124209 May 13,2015 9/183

72



@’PLOS | ONE

More Sperm to Fat Females?

they are less attractive to males [27,39] and are therefore less likely to gain additional mating
opportunities. High quality females may instead prefer to partially delay fertilisation so as to
obtain additional mates, thereby increasing the genetic diversity of offspring [31]. Alternative-
ly, high quality females might simply choose to lay multiple oothecae so as to literally not put
‘all of their eggs in one basket’, thereby reducing the risk of offspring predation. We found no
significant link between the total number of sperm transferred and any of the indicators of ac-
tual reproductive success (i.e. first ootheca mass and number of eggs in ootheca), demonstrat-
ing a disconnect between sperm transfer and reproductive success for males in a single mating
scenario. Reproductive success for male P. albofimbriata is mostly dependent on female condi-
tion/fecundity in a single-male scenario, however sperm number is likely to have an effect on
reproductive success if females mate multiply. According to the fair raffle principle, males who
transfer more sperm should gain a higher proportion of fertilisations in a multiple mating sce-
nario ([49,50] reviewed in [11]).

Sperm allocation may vary with male phenotype [51-53]. For example in domestic crickets
Acheta domesticus, sperm number correlates with male body size/pronotum length [52] or
body weight [51]. However, we found no evidence for a relationship between male phenotype
and sperm allocation in P. albofimbriata (see [54]). Effect sizes and 95% confidence intervals
confirmed these results. We also found no significant effect of male phenotype on total eggs in
the ootheca and on percentage of eggs in ootheca in reproductive success trials. Therefore it is
unlikely that females bias fertilisation, favouring males with specific phenotypes. However,
some studies have shown that females may exhibit cryptic choice based on male phenotype
and favour the sperm of males with specific traits [55,56]. The lack of an effect of male pheno-
type on sperm transfer and also on fertilisation success in the current study may be due to min-
imal variation in male size and body condition, as we did not manipulate male body size/
condition. Future studies that manipulate male size and condition will better determine if such
a relationships exists in P. albofimbriata.

In summary, the current study suggests that male P. albofimbriata mantids do not strategi-
cally adjust their ejaculate in response to female quality, providing evidence of a disconnect be-
tween their precopulatory and postcopulatory strategies. Furthermore, the amount of sperm
transferred does not play a significant role in the reproductive success of males in a single mat-
ing context. Male phenotype had no effect on sperm allocation or on reproductive success in P.
albofimbriata. Future studies focusing on strategic ejaculation in a multiple mating scenario
will be important in gaining a more complete understanding of postcopulatory male mating
strategies in praying mantids.
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Abstract

Multiple mating by females is a common phenomenon in nature. Polyandrous females
may benefit from genetically diverse progeny that may survive better in a changing
environment. Males in polyandrous systems, however, may not achieve their maximum
paternity. Therefore, males are predicted to evolve traits that prevent or reduce female
polyandry.Praying mantids are predatory insects where females can mate multiple times,
predicting male counter-strategies. However, the rate of polyandry and male strategies
against polyandry are rarely studied in these insects. In the current study, we used false
garden mantids, Pseudomantis albofimbriata, to quantify the rate of multiple matings
when several males are present within close visual range of an initially unmated female.
We further determined how long mated females stay unattractive after mating. We found
that in a scramble scenario the subsequently arriving males stay with a copulating pair
and attempt mating once the first male has completed copulation. These second
copulation attempts are often successful. If only one male is attracted then polyandry is
unlikely because the female will remain chemically unattractive on average for eight days
after mating, which is longer than the usual latency to lay the first egg sac. From previous
studies, we know that single male attraction is the most common scenario in this system
in both natural and semi-natural contexts. Therefore, polyandry seems to be context-

dependent and a relatively uncommon phenomenon in this system.

Keywords: female unattractiveness - multiple mating - pheromone - Pseudomantis

albofimbriata - reproductive success - scramble competition
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Introduction

Multiple mating by females (i.e. polyandry) is common among animals (Ridley, 1990,
Petrie et al,, 1998, Simmons, 2001a, Griffith et al., 2002). Polyandry is likely to occur in
contexts where females gain material (e.g. in the form of nuptial gifts) or genetic benefits
by copulating with multiple males (see Simmons, 2001a). Limited supply of viable sperm
is another factor that could select for polyandry (Bonduriansky, 2001, Jones, 2001,
Prestonetal, 2001). However, polyandry can impose costs as well as benefits for females.
For some species, mating with multiple males increases the energy spentin reproduction
for females, increases predation risk, and the risk of physical injury (Rowe, 1994,
Crudgington and Siva-Jothy, 2000, Arnqvist and Nilsson, 2000). For example, in bean
weevils Callosobruchus maculatus, polyandrous females had increased genital tract

damage and thereby reduced longevity (Crudgington and Siva-Jothy, 2000).

Apart from pre-copulatory mechanisms, the reproductive success of males in
polyandrous mating systems mainly depends on two post-copulatory mechanisms: sperm
competition and cryptic female choice. Sperm competition is the competition among
sperm from two or more males for the fertilization of ova within the female reproductive
tract (Parker, 1970). Female mate choice can continue after copulation in the form of
cryptic female choice where females bias the fertilisation of ova by favouring sperm of
preferred males (Eberhard, 1996). Therefore, males in polyandrous systems are
predicted to evolve traits that may prevent or limit polyandry, maximize paternity
through sperm competition and/or maximize the chance of fertilisations. For examples,
male St Andrew’s cross spiders (Argiope keyserlingi) remain on the female’s web for
several hours after mating as a mate guarding strategy which reduces female remating
(Herberstein et al, 2005). Similarly, male accessory gland products reduce female
receptivity and result in shorter copulations for mated female Queensland fruit flies

(Bactrocera tryoni) (Radhakrishnan and Taylor, 2007). Male aggression can also
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moderate female remating behaviour. For example, male chimpanzees behave
aggressively towards females, hence limiting female polyandry (Muller et al, 2007).
Finally, some male strategies do not moderate female behaviour but simply remove the
sperm from previous males. For example, male earwig Euborellia plebeja insert their
elongated genitalia into the female reproductive tract and remove the stored sperm from
the spermatheca (Kamimura, 2000). Even though cryptic female choice is difficult to
distinguish from other internal mechanisms such as sperm competition, some studies
have cleverly demonstrated that females select the sperm of preferred males when they
mate with multiple males (see Elgar et al,, 2000, Schneider et al,, 2015). For example, the
polyandrous spider Argiope lobata stores sperm selectively by favouring the sperm of
unrelated males (Welke and Schneider, 2009), and non-courting male A. bruennichi had a
reduced paternity share compared to courting counterparts in experimentally

manipulated courtship trials (Schneider and Lesmono, 2009).

Praying mantids are predatory insects in which females are capable of mating
multiple times (Barryetal, 2011, Umbers et al, 2011, Watanabe et al,, 2011). However,
how common polyandry is in praying mantids is undocumented for the vast majority of
species. To fully understand the mating dynamics of this group of insects, studies that
investigate the frequency of female multiple mating and male behaviour are crucial. On
the one hand polyandry in nature may be unlikely in praying mantids because in some
species females become chemically unattractive to males after mating (P. albofimbriata:
Barry etal, 2011), but on the other hand it is quite possible because numerous males are
often attracted to the initial pheromone plume of a calling unmated female (Lelito and
Brown, 2008, Barry, 2010, Maxwell etal., 2010a, Maxwell et al.,, 2010b, Barry, 2013, Barry
and Wilder, 2013, Barry, 2015). Here, we investigate the occurrence and/or frequency of
single versus multiple mating in false garden mantids Pseudomantis albofimbriata (Stal,

1860). Specifically, our study aims to (1) observe what happens after the first male b egins
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mating and there are other males in close proximity, (2) determine the length of time a
female is chemically unattractive after mating, and (3) investigate how often single and
multiple male attraction occurs (using data collected from previous studies) in the false

garden mantid mating system.

Methods

Study species and study sites

The false garden mantid Pseudomantis albofimbriata is a common mantid species
distributed throughout Eastern Australia. Juvenile mantids (N = 100) were collected from
December 2014 to January 2015 from Ku-ring-gai Bicentennial Park, West Pymble (339
45' 37.76"S, 1510 08' 20.88"E) and Yamba Reserve, Ryde (339 49' 0" S 151° 6' 0"E),
Australia. All individuals were found on the leaves and flowers of Lomandra longifolia

bushes.

Ethics statement

The New South Wales state law does not require specific permissions for the collection of
invertebrates from locations outside of a national park, such as in our study. The study

did not involve endangered or protected species.

Rearing, measuring and sexing mantids

Mantids were reared individually in inverted transparentplastic cups of which the bottom
end was replaced by mesh to facilitate better airflow. They were reared at a controlled

temperature (25 - 260C), light (14h) and humidity (55%). Juvenile mantids were fed two
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small crickets Acheta domestica (body mass = 0.040 + 0.001 g, N = 20) three times per
week until maturity, and watered daily. Once they matured to adulthood, the pronotum
length (in mm -ie. fixed size) and mass (in g - measured to three decimal places using
PB303-S DeltaRange) were recorded, and individuals were sexed using differences in
wing morphology. Female body condition was calculated as body mass divided by fixed
size. Adult males and females continued with the usual diet of two small crickets three

times per week.

Objective 1: Female behaviour in the presence of multiple males in close range

The aim of this experiment was to observe what happens after the first male begins
mating and there are other males in close proximity. Trials were conducted in March
2015, using unmated females approximately three weeks after adult eclosion. A single
female was introduced on to a potted Lomandra sp. plant placed in the centre of an
outdoor enclosure (3 x 3 x 2 m) on the Macquarie University campus. The enclosure had
mesh walls so that males could move freely. In each trial, five males randomly selected
from the laboratory population were released onto the floor of the enclosure equidistant
from the plant and each other (0.5 m). Males were marked carefully before release by
writing a number on the wings with a permanent marker. Each trial began before sunrise,
between the hours of 0500 and 0600. Regular behavioural observations (every 2 hours
from 0700 to 2200) were made for two days, noting which males approached the female
(a male was noted as approaching the female if it landed on the Lomandra sp. plant and
keen on the female by directing and oscillating its antenna towards her), which males
mounted the female and in what order, which males mated and whether or not they were
cannibalised. Two trials were conducted simultaneously in two separate enclosures and

the experiment was repeated four times each (total number of females: 8).
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Objective 2: Duration of long range unattractiveness for mated females

Mating trials (N = 15) were conducted approximately three weeks after female adult
eclosion, during the morning hours (0830-1130) in February-March 2015. Females and
males were weighed immediately before the experiment using digital scales (to three
decimal places using PB303-S DeltaRange). Mating trials were conducted on wood logs
(30 cm x 50 cm) affixed to a Perspex plane that prevented the mantids from walking off
the log. First the female was introduced onto the log and given five minutes to acclimatise,
then a male was introduced 5 cm below the female. Occurrence of sexual cannibalism and
the copulation duration (time to detach copula after the male initiated intromission) were
recorded for each trial. Soon after the copulation finished the mated female was placed in
a small cylindrical cage (30 x 20 cm diameter), covered with a thick black mesh to obstruct
visual cues. Subsequently, female cages were placed around the interior perimeter of a
large field enclosure (6 x 4 x 3 m) located on the Macquarie University campus. The
enclosures had mesh walls and gravel floor. We placed potted Lomandra longifolia plants
(N = 20) in the middle of the enclosure. A maximum of eight cages were placed in the
enclosures for each experiment. Males were randomly selected from the laboratory
population, released onto foliage in the centre of the enclosure, and allowed to move
freely aboutthe enclosure. The sex ratio was always 1:1, mimicking the natural sex ratio.
Female cages were checked for incoming males and egg sacs (oothecae) two times a day
(0800 and 2200) for a period of 14 days. Females were fed with small crickets Acheata
domestica two times per week. We considered a female as attractive if a male was found
on the female’s cage. We counted the number of males found on a female’s cage and
subsequently removed both the male and female and returned their individual cups to the
laboratory. The removed animals were replaced with new ones from the laboratory to
maintain the experimental population size and sexratio in the enclosure. Each animal was

only used once in the experiment.
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Objective 3: Frequency of single and multiple male attractions

The aim of this analysis was to investigate how often single and multiple male attraction
occurs in the P. albofimbriata mating system. Data collected from previous studies (Barry,
2010, Barry, 2013) on male attraction (the number of males attracted by a female in
natural and semi-natural attractiveness trials) in the P. albofimbriata system were
summarised as a way of estimating the likelihood of polyandry in natural (field) and semi-

natural (field enclosure) conditions.

Data analysis

Data were analysed using SPSS 21.0 for Windows and were checked for normal
distribution (Kolmogorov-Smirnov test) before analysis. Unless otherwise stated, all

values are mean * standard error and all statistical tests are two tailed.

Results

Objective 1: Female behaviour in the presence of multiple males in close range

In all trials, the female attracted her first male within 2 hours (57.12 + 12.51 mins). Seven
out of eight females attracted multiple males (Chi-square test: y¢ = 54.76, P < 0.001).
Females did not attract any further males once they had started the first mating. When
females attracted multiple males, these males generally mated with the female orlingered

near the female until the end of two-day observation period.

We observed female multiple mating in four out of eight trials during the two -day
observation period. When multiple males arrived at a female, we observed them mounted
simultaneously on a female in three out of eight trials. In these three trials, the second

and/or third males mounted while the female was already in copula with the first male.

84



These second and third males (N = 4 from three different trials) remained on the female
until she finished her first mating and they were successful in mating with the female once
the first male had moved away. In the 14 male-female interactions we observed, two
males were cannibalised and failed to mate. Of the twelve copulatory interactions, only
one encounter resulted in cannibalism while the remaining 11 males mated with the

female in the absence of cannibalism (Chi-square test: y2= 67.8, P < 0.001).

Objective 2: duration of chemical unattractiveness for mated females

From the total of 15 mated females, eight females attracted a male and seven females
failed to attract a male during the observation period. We did not find a significant
difference in female body condition and size (i.e. pronotum length) between attractive (N
= 8, body condition: 0.036 * 0.002 gmm-1, pronotum length: 15.48 + 0.278 mm) and
unattractive females (N = 7; body condition: 0.032 * 0.002 gmm-1, Mann-Whitney U test:
Z =-1.157, P= 0.247; pronotum length: 14.90 + 0.31 mm, t-test: ¢t13 =1.417, P = 0.180).
Females that attracted a male within the observation period (N = 8) took 8 days + 1.07 on
average to become attractive again after their initial mating. There was no difference in
the period of unattractiveness between cannibalistic (N =4, 7.75 + 0.95 days) and non-

cannibalistic females (N = 4, 8.25 + 2.10 days t-test: ts = -0.217, P = 0.835).

Fourteen out of 15 females used in trials laid an egg sac. Of those mated females
that attracted a male within the experimental period (N = 8), two females laid their first
egg sac on the same day they attracted a male, and the other five females laid one after
they attracted a male (one died without laying). Females who attracted a male during the
observation period laid their first eggs sac 13.14 * 1.64 (N = 7) days after mating and
females that did not attract a male during the observation period laid their first egg sac
16.00 = 1.44 (N = 7) days after mating. We also found no significant difference in the

number of days taken to lay the first egg sac between cannibalistic (N = 6, 13.50 * 1.89
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days) and non-cannibalistic females (N =8, 15.38 + 3.37 days, Mann-Whitney U test: Z = -

0.260, P = 0.795).

Objective 3: Frequency of single and multiple male attractions

According to the male attractiveness data collected from previous studies on P.
albofimbriata, single male attraction was more common than multiple male attractions in
both natural and semi-natural conditions (Table 1). The percentage of multiple male
attractions varied from 16% in the field to 24% in field enclosure conditions, whereas the

percentage of single male attractions varied from 76% in field enclosures to 84% in the

field.

Discussion

This study demonstrates that for P. albofimbriata, if multiple males are present within
close visual range, they generally linger near the female until their turn for mating and
females will generally mate with multiple males. However, if the female only attracts a
single male and subsequently mates with him, she will become chemically unattractive to
other males for a period of eight days on average. Therefore, these males may be achieve
100% paternity as females lay their first (and largest) egg sac 4-5 days after mating
(Jayaweera and Barry, 2015). These findings suggest that the occurrence of polyandry
depends on how many males an unmated P. albofimbriata attracts simultaneously. If a
female attracts only a single male from the initial pheromone plume, then polyandry is
unlikely. Since single male attraction is the most common scenario under both naturaland
semi-natural conditions, polyandry is likely to be a reasonably uncommon phenomenon

in the false garden mantids.
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Female praying mantids are capable of multiple male attractions from their initial
pheromone plume (Barry, 2010, Maxwell et al, 2010b), and also able to mate multiply
(Watanabe et al, 2011, Jayaweera et al,, 2015). Even though it is known that female P.
albofimbriata are capable of mating multiple times in the laboratory (Barryetal, 2011),
this is the first empirical evidence in a semi-natural environment. Multiple paternity
within a single egg sac was reported for the praying mantids Tenodera aridifolia
(Watanabeetal,, 2011) and Ciulfina klassi (Umbers etal,, 2011). Collectively, this suggests
that polyandry is a possibility for praying mantids, setting the stage for the selection of
males through post-copulatory sexual selection mechanisms such as sperm competition
and cryptic female choice. Female unattractiveness/unreceptivity after mating has been
identified primarily as a male strategy that reduces the likelihood of sperm competition
in polyandrous mating systems and has been observed in many different taxa of insects
(Simmons, 2001b). Decreasing the chance of female remating increases the probability of
sole paternity, which subsequently maximises male lifetime reproductive success. This is
especially relevant in the Pseudomantis mating system since there is a significant
paternity advantage to the second male to mate (Barry et al, 2011) suggesting that

unattractiveness in mated females may be a male strategy.

Males use  different  strategies/mechanisms to reduce  female
attractiveness/receptivity after mating. Sperm itself, accessory gland proteins, mating
plugs and physical stimulation of the female reproductive tract can cause unreceptivity in
mated females (Eberhard, 1996, Simmons, 2001b, Wedell, 2005, Radhakrishnan and
Taylor, 2007). For example, the presence of sperm in the female reproductive tract of
female wolf spider Schizocosa malitioza (Aisenberg and Costa, 2005), seminal fluid
proteins in Queensland fruit fly Bactrocera tryoni (Radhakrishnan and Taylor, 2007) and
mating plug proteins in Drosophila melanogaster (Bretman et al., 2010) reduce female

receptivity in mated females. Further, physical stimulation associated with mating,
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together with the presence of sperm in the spermatheca of the Gypsy moth Lymantria
dispar cause permanentunreceptivity of mated females (Raina etal,, 1994). Thereis some
evidence that cannibalised males generally transfer more spermto their mates (Schneider
and Elgar, 2001, Fromhage etal,, 2003, Jayaweera & Barry Unpublished data - Chapter 3),
suggesting that they are more effective in reducing female receptivity (through more
sperm and possibly through large amounts of accessory gland proteins). However, the
limited data in the current study do not indicate that this is actually the case in P.

albofimbriata.

While our study has demonstrated that female unattractiveness following mating
can effectively secure male paternity, future studies are required to identify the exact

mechanism that induces female unattractiveness.
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Table 1. Frequency of single male and multiple male attractions by female P.

albofimbriata Frequencies were derived based on data from previous studies on P.

albofimbriata. It includes percentages of single and multiple male attractions under semi-

natural (field enclosure) and natural (field) conditions recorded in a fixed observation

time (Barry, 2010, Barry, 2013)

Single male Multiple males Total

attractions attractions attractions
Field enclosure 63 (75.9%) 20 (24.1%) 83 (100%)
Field 16 (84.21%) 3 (15.79%) 19 (100%)

Total attractions 79 (77.45%)

23 (22.55%)

102 (100%)
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Figure 1. Multiple males simultaneously mounting a single female
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Summary and Conclusions

My Ph.D. thesis investigates the reproductive ecology and evolution in the false garden
mantid Pseudomantis albofimbriata mating system. More specifically it aims to identify
male mating strategies in response to sexual selection and sexual cannibalism, both prior
to and during/after copulation. This mating system provides unique and interesting
opportunities to study the evolution of male reproductive strategies in the existence of

extreme sexual conflict in the form of pre-mating sexual cannibalism.

Scrambling systems are one of the most common type of mating systems found
mainly among invertebrates, but, also in some vertebrates (Herberstein et al,, 2017).
Males in these systems are predicted to evolve traits that aid in effective and efficient mate
location such as increased mobility and early maturation. Even though effective sensory
systems are known to play a crucial role in scrambling mating systems, direct evidence of
the influence of sensory systems on scramble outcomes is sparse. Results of my research
suggest that male antenna morphology plays an important role in scramble competition
in P. albofimbriata, where males with more trichoid sensilla located females quickly
(Chapter 1). Effective mate location aids male false garden mantids not only in mating first
with the female, but, also in securing future mating opportunities, as unmated females are
less likely to cannibalise their partners compared to mated females (Chapter 2). In
addition, mating with a female first can protect against sperm competition as mated
females become chemically unattractive to males soon after mating for relatively a long
period (Chapter 5) making re-mating by slower males prior to ovipositing less likely.
Therefore, slower males may end up in risky mating interactions or even lose their

opportunity for any reproductive success by failing to find a partner to successfully mate.

Once a male locates a female and visually fixes onto her, males do not seem to

abandon a mating attempt, even , if the female is already mating with another male
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(Chapter5). Males approach femalesregardless of the risk of sexual cannibalism (Chapter
2). These findings suggest that cost of mate searching and rejecting a female for male P.
albofimbriata may outweigh the costofshared paternity or of engaging in high risk mating
interactions, as predicted by a recently published model (Barry and Kokko, 2010). It is
possible that the ecology of this species crucially affects the evolution and maintenance of
its mating system. Females occur at low density in a relatively complex vegetation. Male
P. albofimbriata may invest more energy in the mate searching phase to locate a female,

travelling long distances following female emitted cues (Barry et al, 2010).

The most interesting and important result of this study is the differential mating
resource investment by male P. albofimbriata relative to the mating context (Chapter 3 &
4). Previous studies on false garden mantids suggest that they are capable of strategic
ejaculation in response to the risk of sperm competition associated with the juvenile sex
ratio (Allen et al, 2011). However, results of my research suggest that strategic
ejaculation is further context dependent relative to the risk of sexual cannibalism. As
predicted by a terminal investment model (Stearns, 1976), male P. albofimbriata allocate
sperm strategically depending on whether they are being cannibalised, but, not in
response to the female quality. Even though there is some evidence that males adjust their
pre-copulatory behaviour (e.g. mate choice or approach behaviour) to counter the risk of
sexual cannibalism (Maxwell, 1998, Maxwell, 1999, Herberstein et al, 2002, Schneider
and Elgar, 2002, Fromhage and Schneider, 2005, Lelito and Brown, 2006, Barry et al,
2009, Barry et al, 2010, Brown et al,, 2012, Kralj-Fiser et al, 2012), post-copulatory
strategies in such systems are scant (but see, Andrade, 1996, Schneider and Elgar, 2001,
Fromhage et al, 2003, Nessler et al, 2009). For example, increased copulation duration
(Andrade, 1996, Schneider and Elgar, 2001, Fromhage etal,, 2003) and frequent genitalia
break off within the female reproductive tract (Nessler et al., 2009) were observed for

some cannibalised male spiders as a paternity assurance mechanisms. However, to our
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knowledge this is the first empirical evidence ofincreased sperm transfer by cannibalised
males in a praying mantid mating system (Chapter 3). Males are likely to maximize their
paternity through the only or last mating attempt in their life time by transferring more
sperm to their partners. More importantly, our results suggest that the loss of the head
during sexual cannibalism may be the trigger to increased sperm transfer by cannibalised
males (Chapter 3). Increased reproductive behaviour upon the decapitation or the
removal of sub-oesophageal ganglion is reported for some other insects as an innate
response for the lack of body control (Roeder, 1935, Roeder, 1998). Therefore, it may be
that cannibalised /headless males transfer more sperm to their partners due to the loss of
coordinationin the central nervous system. Thus, itis likely thatincreased spermtransfer
by cannibalised males may have evolved as a non-adaptive response, with a secondarily

adaptive response in this cannibalistic mating system.

Mated female unreceptivity/unattractiveness is recorded for a wide range of
insect taxa and it is mainly described as a male strategy (Simmons, 2001, Wedell, 2005,
Bretman et al, 2010). Accordingly, it is likely that males induce the observed lengthy
refractory period (eight days on average) in mated female P. albofimbriata. The selective
advantage is likely to be sole paternity of the firstand the largest egg sac produced by the
female (Chapter 5). Male ejaculatory components (sperm and/or accessory gland
proteins) are mainly responsible for the male induced female
unreceptivity/unattractiveness for many insect taxa (Aisenberg and Costa, 2005,
Radhakrishnan and Taylor, 2007,Bretman etal.,, 2010, Larson etal., 2012) and we suggest
similar mechanism may result the mated female unattractiveness in false garden mantid
mating system. However, the quantity of the ejaculate does not have an effect on the
female unattractiveness as we did notfind a difference in the period of unattractiveness
between cannibalistic and non-cannibalistic females (Chapter 5), even though

cannibalistic females received more sperm (and also may have received more accessory
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gland proteins) compared to non-cannibalistic females (Chapter 3). Therefore, future
studies isolating the actual mechanism that results in the unattractiveness of mated

female P. albofimbriata are crucial.

Overall, my research describes a mating system where the cost of mate searching
and rejecting the current mating opportunity may exceed the cost of engaging in high risk
mating interactions for males,and males are likely to maximize their reproductive success
through strategic sperm allocation and by reducing the probability for female remating.
Therefore, findings of my thesis highlight the importance of conducting studies that
investigate both pre- and post-copulatory mating strategies in a wide variety of mating
contexts. Furthermore, my research illustrates the power of combining fine scale
morphological studies with behavioural studies. For example, even though itis suggested
that male antenna may play a role in scramble competition in insects, previous studies
were mainly limited to the most prominent characteristics of the antennae such as overall
length. However, my research shows that the density of antennal sensilla seems to be
more important in scramble competition. In order to fully understand the mating
dynamics, especially the actual mechanisms behind observed mating behaviour of P.
albofimbriata, more detailed physiological, anatomical and molecular studies are
necessary. For example, future studies could undertake to determine the effect of
ejaculatory components on mated female unattractiveness by injecting females with
isolated sperm and male accessory gland products and thereby observing the period of
unattractiveness. Further, molecular analysis of multiple paternity in field collected egg

sacs will confirm the observed frequency of polyandry in nature for P. albofimbriata.
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