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Abstract 

Animal behaviour varies both among and within individuals. Individuals differ from one 

another in their average behavioural expression (among-individual variation) whilst also 

adjusting their behaviour over time in response to environmental changes (within-individual 

variation). In this thesis, I investigated some of the evolutionary causes and consequences of 

behavioural variation using the Australian field cricket (Teleogryllus oceanicus). Specifically, 

I assessed: (i) whether individual differences in life-history underlie among-individual 

variation in behaviour; (ii) the ways in which sexual selection might drive within-individual 

behavioural plasticity; and (iii) the potential for intergenerational behavioural plasticity. 

In Chapter 1, I assessed the hypothesis that among-individual differences in behaviour 

may be explained by life-history and physiological variation; referred to as the pace-of-life 

syndrome (POLS) hypothesis. Specifically, I sought to determine whether crickets express 

sex-specific POLS. In females, I observed a significant correlation between metabolic rate 

and behaviour whilst life-history traits varied independently. In males, however, there was no 

clear association between any behavioural, physiological, or life-history trait. Thus, although 

there was weak overall support for the POL hypothesis, these results suggest that T. 

oceanicus do display sex-specific trait covariance structures. Among-individual behavioural 

variation might therefore arise under differing selection pressures in males and females. 

Where my first chapter focussed on a potential mechanism underlying among-

individual behavioural variation, the remainder of the thesis assessed some of the causes of 

within-individual variation. In Chapters 2 and 3, I investigated the changes in female 

behaviour that occur after mating. To avoid polyandry, and the subsequent loss in fitness that 

likely occurs as a result of sperm competition, male insects are thought to manipulate the 

post-mating sexual receptivity of females. In Chapter 2, I first confirmed that this post-mating 

behavioural plasticity does occur in the previously unexamined T. oceanicus. Using 
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interference RNA to knockdown the expression of a series of seminal fluid protein genes, I 

then identified two proteins, ToSfp022 and ToSfp011, which appear to play a role in inducing 

female sexual refractoriness. The female refractory period in T. oceanicus therefore likely 

reflects a sperm competition avoidance tactic by males. 

Having confirmed that males can influence the remating behaviour of females via 

seminal fluid products, in Chapter 3, I then sought to determine whether males plastically 

adjust the extent to which they manipulate female post-mating behaviour according to their 

own perceived risk of sperm competition. I manipulated male exposure to the acoustic sexual 

signals of conspecific rivals, both prior to and during mating, and then measured female post-

mating behaviour. My findings indicate that males do plastically adjust their manipulation of 

female remating according to their competitive environment. Males made complex post-

copulatory strategic decisions, taking into account the immediate risk of sperm competition 

during mating relative to their long-term competitive environment.  

As emphasised in Chapter 3, variation in the sociosexual environment is an important 

source of phenotypic plasticity in T. oceanicus. In my final data chapter, I assessed whether 

socially cued plasticity extends across generations to impact the behaviour of offspring 

through environmentally mediated nongenetic inheritance. I varied both dam and sire 

perception of the density of conspecific males, and, after mating in a factorial design, raised 

their offspring across the same environments. Female offspring that were reared in an 

opposing environment to their parents exhibited a maladaptive behavioural response. Thus, 

these results show that nongenetic parental effects do have the potential to drive behavioural 

variability in offspring, but that such effects only arise as complex sex- and context-specific 

traits. 
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The results of this thesis broaden our understanding of why behaviour varies both 

within and among individuals, thereby providing novel insights into the evolutionary 

significance of behavioural variation.  
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Animal behaviour varies both within and among individuals. Individuals often modify their 

behaviour in response to changes in environmental conditions (‘behavioural plasticity’), but 

also differ consistently from one another in their average behavioural expression (‘animal 

personality’). Both levels of variation can substantially affect key evolutionary processes by 

impacting the outcome of natural and sexual selection. Establishing why individuals behave 

differently from one another and which factors drive within-individual plasticity will 

therefore provide a greater understanding of the evolutionary significance of behavioural 

variation. In this thesis, I use the Australian field cricket (Teleogryllus oceanicus), to 

investigate the causes and consequences of behavioural variation at both the within- and 

among-individual levels. The Australian field cricket is widely used in laboratory studies of 

sexual selection and is an ideal system for behavioural ecology research. Within-individual 

behavioural variation is frequently assessed in this species. For example, plasticity in female 

mate searching behaviour has been observed in response to changes in: age and residual 

reproductive value (Moschilla et al. 2018), mating experience (Tanner et al. 2019), and the 

social environment (Bailey and Zuk 2008). Further, crickets are frequently used in animal 

personality studies (Bell et al. 2009; Kralj-Fišer and Schuett 2014), and T. oceanicus 

specifically has been shown to exhibit consistent individual differences in behaviour (Rudin 

et al. 2017; Rudin et al. 2018; Rudin et al. 2019).  

Animal personality encompasses behavioural consistency at both the within- and 

among-individual levels. Individuals within a population can be consistently placed in rank-

order across behavioural tests (among-individual consistency), whilst also exhibiting partial 

behavioural stability across time and contexts (within-individual consistency) (Bell et al. 

2009; David and Dall 2016). Accordingly, assessments of animal personality can typically be 

grouped into two explanatory frameworks that focus on one level of consistency over the 

other: the intra-individual variability (IIV) framework, or the life-history (LH) framework 
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(David and Dall 2016). The IIV framework is predominantly concerned with determining 

why an individual’s behaviour may be consistent over time. Alternatively, the LH framework 

attempts to explain why individuals differ in their average behavioural expression by 

investigating the association between behaviour and life-history (Stamps 2007; Biro and 

Stamps 2008; Réale et al. 2010). In my first chapter, I use a LH based approach to assess 

empirically the causes of among-individual behavioural variation.  

Several evolutionary hypotheses have been proposed to explain why individuals differ 

in their average behavioural expression (Réale et al. 2007; Biro and Stamps 2008; Wolf and 

Weissing 2010; Sih et al. 2015). In Chapter 1, I investigate one of the most commonly 

discussed explanations: the pace-of-life syndrome (POLS) hypothesis. The POLS hypothesis 

is an extension of life-history theory which argues that life-history has co-evolved with 

behaviour and physiology so as to form a single integrated phenotype (Réale et al. 2010). 

Individual differences in life-history should therefore correspond to individual differences in 

behaviour and physiology. I use structural equation modelling to test for the presence of 

complex covariance structures between risk-taking behaviour, metabolism, and life-history 

traits in T. oceanicus. Further, I address an ongoing question in the field by determining 

whether the sexes express distinct associations between traits, and therefore whether the 

POLS is sex-specific.  

While Chapter 1 focuses on understanding the evolutionary significance of among-

individual differences in behaviour, the remainder of this thesis explores some of the 

potential drivers of within-individual behavioural variation. Behavioural plasticity enables an 

individual to maximise its fitness outcomes by optimally adjusting its behaviour to suit 

changing conditions. However, plasticity may not always be adaptive. When males and 

females of the same species differ in their optimal reproductive strategy, it may lead to 

adaptations in one sex that maladaptively adjust the behaviour of the other. For example, 



4 
 

although female insects often accrue fitness benefits through polyandry (Jennions and Petrie 

2000; Simmons 2005), males will likely suffer a reduction in fitness as a consequence of the 

resulting sperm competition (Parker 1970). Males are therefore expected to evolve 

adaptations that hinder a female’s ability to mate with rivals, maximising their own fitness at 

the expense of females. In chapters two and three, I investigate the ability of male T. 

oceanicus to manipulate female remating behaviour as a sperm competition avoidance tactic.  

In many insect species, females display a temporary reduction in their willingness to 

mate again after an initial mating (Markow 2002). This behavioural response is believed to be 

mediated by males. Studies in Drosophila indicate that a network of seminal fluid proteins 

(sfps) react with receptors within the female genital tract, directly inducing the post-mating 

reduction in female sexual receptivity (Chapman et al. 1995). However, our knowledge of 

what causes female sexual refractoriness outside of this species is limited. In Chapter 2, I 

initially observe the post-mating behaviour of female T. oceanicus to confirm whether 

females of this species exhibit a post-mating reduction in sexual behaviour. Then, using 

interference RNA to knockdown the expression of sfp genes, I examine the relationship 

between these ejaculatory products and the post-mating behaviour of females in an attempt to 

identify which, if any, proteins play a role in inducing the female refractory period. 

In Chapter 3, I expand upon this newly gained understanding of female refractoriness 

in T. oceanicus by asking whether males strategically adjust their manipulation of female 

remating according to the sociosexual environment. Selection is expected to favour plasticity 

in post-copulatory expenditure in response to the perceived level of sperm competition 

(Parker and Pizzari 2010; Kvarnemo and Simmons 2013). Males should increase their 

investment in post-copulatory strategies when exposed to sperm competition risk, but then 

decrease investment with an increase in sperm competition intensity. For example, males 

have often been shown to increase their allocation of sperm under an elevated risk of sperm 
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competition (Kelly and Jennions 2011). Further, male T. oceanicus are thought to make 

socially cued adjustments in the quality of their ejaculate via plasticity in the production and 

allocation of seminal fluid proteins, which in turn affect sperm viability (Simmons et al. 

2007; Gray and Simmons 2013; Simmons and Lovegrove 2017; Sloan et al. 2018). In 

Chapter 3, I investigate whether these strategic adjustments in post-copulatory allocation also 

extend to the male manipulation of female remating behaviour. Using intraspecific auditory 

cues, I experimentally manipulate a male’s perception of the presence of rivals throughout 

development and during mating. I then measure the remating behaviour of females to 

determine the extent to which males exhibit socially cued plasticity in this post-copulatory 

tactic. 

The social environment is likely a strong determinant of the intensity and direction of 

sexual selection, and as elucidated in Chapter 3, is an important driver of phenotypic 

plasticity (Kasumovic and Brooks 2011). Exposure to social cues might also lead to 

developmental plasticity, whereby an individual’s early experiences bring about lasting, 

irreversible changes in behaviour. For example, female T. oceanicus that experience low 

density of conspecific males during development are more receptive to mating opportunities 

as adults (Bailey and Zuk 2008; Ghalichi et al. 2020). Interestingly, a growing body of 

evidence indicates that the environment experienced by individuals might also induce 

phenotypic plasticity in their offspring via nongenetic mechanisms of inheritance 

(Bonduriansky and Day 2009; Day and Bonduriansky 2011). This environmentally-mediated 

nongenetic inheritance extends the concept of developmental plasticity across generations, 

allowing for the experience of parents to influence the phenotypic expression of offspring. In 

my final data chapter, Chapter 4, I assess whether the parental response to the social 

environment is nongenetically inherited by offspring. I manipulate the competitive and mate 
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choice environments of males and females, respectively, and observe whether manipulation 

of the parental social environment corresponds to variability in the behaviour of offspring.  

Finally, I provide a synthesis of my findings in the epilogue. I discuss the significance 

of these studies and how they contribute to our understanding of animal behavioural 

variation, and outline some potential avenues for future research. 
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CHAPTER ONE: SEX-SPECIFIC PACE-OF-LIFE SYNDROMES 

 

This chapter is presented as published in Behavioral Ecology, with minor changes to ensure 

consistency with the rest of the thesis. 

Citation: Moschilla JA, Tomkins JL, Simmons LW. 2019. Sex-specific pace-of-life 

syndromes. Behav Ecol. 30:1096–1105. 
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1.1 Abstract 

The pace-of-life syndrome (POLS) hypothesis considers an animal’s behaviour, physiology, 

and life history as non-independent components of a single integrated phenotype. However, 

frequent deviations from the expected correlations between POLS traits suggest that these 

relationships may be context, and potentially, sex dependent. To determine whether the sexes 

express distinct POLS trait covariance structures, I observed the behaviour (mobility, latency 

to emerge from a shelter), physiology (mass-specific metabolic rate), and life history (life 

span, development time) of male and female Australian field crickets (Teleogryllus 

oceanicus). Path analysis modelling suggested that POLS trait covariation differed between 

the sexes. Although neither sex displayed the complete integration of traits predicted by the 

POLS hypothesis, females did display greater overall integration with a significant negative 

correlation between metabolic rate and risk-taking behaviour but with life-history traits 

varying independently. In males, however, there was no clear association between traits. 

These results suggest that T. oceanicus do indeed display sex-specific trait covariance 

structures, emphasizing the importance of acknowledging sex in assessments of POLS.  
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1.2 Introduction 

Life history traits vary along a fast-slow continuum, referred to as the pace-of-life (POL). A 

slow POL is characterized by a long lifespan, slow development, and delayed reproduction, 

and a fast POL by a short lifespan, fast development, and investment into immediate 

reproduction (Dammhahn et al. 2018). To facilitate varying life-history strategies, life-history 

is expected to coevolve with behaviour and physiology, forming a single integrated 

phenotype referred to as a pace-of-life syndrome (POLS) (Ricklefs and WIlkelski 2002; 

Réale et al. 2010). For example, an animal’s behaviour may be mediated by the trade-off 

between current and future reproduction (Ricklefs and WIlkelski 2002). Those with low 

future expectations should display highly risk-prone behaviours in an attempt to maximize 

current reproduction, whereas those with high future expectations should conduct risk-averse 

behaviours, thus protecting their reproductive assets (Wolf et al. 2007; Réale et al. 2010). 

Furthermore, behaviour and life-history are believed to covary with the internal state and 

architecture (i.e. physiology) of an animal. For example, animal behaviour is believed to be 

strongly associated with sensitivity to stress (Koolhaas et al. 1999; Seltmann et al. 2012), 

hypothalamic-pituitary-adrenal (HPA) axis reactivity (Veenema et al. 2003; Killen et al. 

2013; Wingfield 2013), and importantly, metabolism (Careau et al. 2008; Biro and Stamps 

2010; Holtmann et al. 2017). 

Importantly, covariance among traits across the three POLS domains – behaviour, 

physiology, and life-history – is likely context-dependant (Hämäläinen et al. 2018; Immonen 

et al. 2018). The specific composition of a syndrome, as well as the strength or direction of 

trait covariances, is dependent on the specific selective pressures relevant to the population. 

Thus, as expected, empirical research assessing the predictions of the POLS hypothesis has 

observed considerable variability. While there are studies finding full support for the inter-

correlation of the three POLS domains under certain conditions in the predicted directions 
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(Careau et al. 2010; Niemelä et al. 2013; Niemelä and Dingemanse 2018), many more report 

inconsistent results (Royauté et al. 2018). Some have found only partial support (Krams et al. 

2017); correlations in directions opposite than those predicted (Bouwhuis et al. 2014), 

context-dependent support (Mathot et al. 2015; Monceau et al. 2017), or no overall 

association between POLS domains (Le Galliard et al. 2013; Kluen et al. 2014; Royauté et al. 

2015). Ultimately, the conditions that determine the direction and strength of trait 

associations in a population are difficult to predict and remain a major question in the POLS 

literature.  

Despite being considered a potentially significant source of within-species variation in 

POLS, the effect of sex on the POLS framework has been generally overlooked (Hämäläinen 

et al. 2018; Immonen et al. 2018; Royauté et al. 2018). Through sexual selection, males and 

females typically differ in their optimal life-history strategy (Bateman 1948; Bonduriansky et 

al. 2008; Adler and Bonduriansky 2014), leading to different optima along the pace-of-life 

continuum (Berger et al. 2014; Hämäläinen et al. 2018). For example, the sexes differ in their 

potential reproductive rate and future reproductive potential (Bateman 1948; Wedell et al. 

2006). The sex with lower expected potential for future reproduction (typically males) should 

invest more in current reproductive efforts by expressing more risk-prone behaviours, such as 

greater activity in the form of risky mate searching attempts. Thus trading resources away 

from somatic maintenance and maximizing investment in immediate reproduction, leading to 

a shorter lifespan and a ‘fast’ pace-of-life. Alternatively, if the other sex (typically females) 

has greater expected future reproductive potential, reproductive fitness will only be 

maximized over a longer time scale. They should therefore experience stronger selection on 

survival and forego immediate reproduction by expressing risk-averse behaviours, leading to 

a longer lifespan and a ‘slow’ pace-of-life (Hunt et al. 2004; Graves 2007; Bonduriansky et 

al. 2008; Hämäläinen et al. 2018).  
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Rather than simply varying in mean trait expression, the sexes may actually differ in 

the covariance structure between behaviour, physiology and life-history (Smith and 

Blumstein 2008; Hämäläinen et al. 2018). If one sex experiences additional selection 

pressures acting on the associative pathways between traits, the specific traits that form a 

POLS (Hämäläinen et al. 2018), or the strength and direction of the relationships between 

traits (Bouwhuis et al. 2014; Monceau et al. 2017) may vary between the sexes. For example, 

sex differences in the correlation between metabolism and behaviour may involve differential 

selection on the genetic architecture of metabolism in males and females. Metabolic rate is 

believed to be associated, in part, with mitochondrial DNA (mtDNA) (Đorđević et al. 2016; 

Immonen et al. 2018). Because mitochondria are maternally inherited, mtDNA responds to 

selection only through females, which often leads to the accumulation of male-harming 

mtDNA mutations (Gemmell et al. 2004). Consequently, males can show greater variation in 

mtDNA than females, potentially leading to sex-specific expression of metabolism (Camus et 

al. 2012; Immonen et al. 2018). Selection on males to restore and improve male-specific 

mitochondrial function should lead to a genetic architecture of metabolism that involves 

partly different genes and regulatory patterns in males and females, potentially leading to 

variation in the association between metabolism and behaviour between the sexes (Šíchová et 

al. 2014). However, in general, empirical assessments of POLS predictions in both sexes has 

received drastically little attention (Hämäläinen et al. 2018; Immonen et al. 2018). 

Temporal variation in environmental conditions and internal state may weaken or 

reverse associations between POLS traits (Réale et al. 2010; Stamps and Groothuis 2010). 

However, this potentially significant source of volatility has been predominantly ignored in 

the literature (Réale et al. 2010; Gifford et al. 2014). For example, although sex-specific 

POLS may arise due to differences in the reproductive potential of males and females, it is 

unknown how the covariance between POLS traits may be altered when changes in 
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reproductive potential with age causes behavioural plasticity (Wolf et al. 2007; Wilson et al. 

2010; Dammhahn 2012; Moschilla et al. 2018). The asset-protection principle argues that an 

individual’s risk-taking behaviour, such as mate searching in the face of a predatory threat, 

should depend upon the relative reproductive costs and benefits of that behaviour. The 

hypothesis proposes that because individuals with high reproductive potential will pay a 

greater cost from injury or death than individuals with low potential, they should engage less 

in risky behaviour (Clark 1994; Wolf et al. 2007). Further, this has been seen to induce 

behavioural plasticity, whereby, as an individual’s RRV declines with age, they display 

greater levels of risk-taking behaviour (Wilson et al. 2010; Dammhahn 2012; Ory et al. 2015; 

Moschilla et al. 2018). However, although support for the asset-protection principle has been 

observed in female crickets (Moschilla et al. 2018), with older females displaying greater 

levels of risk-taking behaviour, it is unknown whether this pattern of behavioural plasticity 

varies between the sexes. 

Here, I assess the presence of pace-of-life syndromes in the Australian field cricket, 

Teleogryllus oceanicus. Primarily, I sought to determine whether males and females display 

distinct integration of life-history, metabolism, and energetically expensive risk-taking 

behaviour. Although some research has observed contradictory results (Archer et al. 2012), 

studies of field crickets generally indicate that males express a faster POL than females, as 

evidenced by the shorter male lifespan (Hunt et al. 2004; Hunt et al. 2006; Zajitschek, 

Brassil, et al. 2009; Zajitschek, Bonduriansky, et al. 2009). It is hypothesised that this 

variability along the POL continuum will result in differences in the mean expression of 

POLS traits, with males expected to conduct greater risk-taking behaviour to achieve greater 

immediate reproductive success whilst suffering from decreased longevity compared to 

females. I also sought to observe the pattern of behavioural plasticity in response to the 

reduction in future reproductive potential with age, and (i) whether the patterns of 
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behavioural plasticity vary between males and females; and (ii) whether behavioural 

plasticity in response to age alters the correlation between risky behaviour and metabolic rate. 

Given the expectation of male crickets to pursue immediate reproduction over somatic 

maintenance, there may be less late-life investment into reproductive behaviours as is known 

to occur in females under the asset-protection principle (Moschilla et al. 2018). This is 

expected to lead to a less severe increase in risk-taking behaviour over the lifetime of a male 

as compared to females. 

 

1.3 Methods 

(a) Animals 

Crickets (Teleogryllus oceanicus), were drawn from an outbred laboratory stock population 

that originated from Carnarvon, Western Australia. Nymphs in their eighth instar were placed 

into individual plastic containers (7 x 7 x 5 cm), supplied with cat chow and water ad libitum, 

and monitored daily until the penultimate, and subsequently, the adult moults. Crickets were 

kept in a constant temperature room at 26 C on a 12:12 hr light:dark cycle. Seven days after 

the adult moult, a single non-experimental opposite sex cricket was placed into each 

individual's container and the pair were left to mate for a period of eight hours. Individuals 

spent the remainder of their life alone in their individual container. As individuals were not 

under observation during the eight hour copulatory period, I am unable to determine how 

many times mating occurred. Nevertheless, given the 70 minute male refractory period 

between successive matings (Loher and Rence 1978), it is estimated that pairs would have 

mated between 4 and 6 times during the eight hour period.  

A total of 198 crickets, 99 male and female, were randomly assigned into one of three 

groups representing different age classes: ‘early’, ‘mid’ and ‘late’ (33 males and females per 

group). The risk-taking behaviour and metabolic rate of each individual was measured once: 
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the ‘early’ group was assayed 14 days after the adult moult, the individuals from the ‘mid’ 

group at 28 days, and the ‘late’ crickets at 42 days. Fifteen of the 99 females and 28 of the 99 

males died before their assay day. Therefore, the final number of crickets per group were: 30 

females and 32 males in the ‘early’ group, 29 females and 24 males in the ‘mid’ group, 25 

females and 15 males in the ‘late’ group. 

Although within-individual consistency in risk-taking or metabolic rate was not 

measured here, previous published evidence has shown that these phenotypes are 

significantly repeatable in gryllid crickets. Studies in the house cricket Acheta domesticus 

have observed highly repeatable resting metabolic rate (R = 0.61) (Royauté et al. 2015). 

Further, using the same behavioural setup utilised here, in the same population of T. 

oceanicus, Rudin et al. (2017) observed repeatabilities of 0.607 for latency to emerge from 

the shelter and 0.657 for an estimate of mobility in the open arena in individuals not exposed 

to a change in dominance status. 

Two life-history traits were measured for each of the crickets: (i) development time, 

defined as the number of days as a penultimate instar nymph, i.e. from the day of the 

penultimate moult to the adult moult; and (ii) lifespan, defined as the number of days alive as 

an adult, i.e. from adult moult until natural death. Two estimates of body size were taken: 

pronotum width, measured using Mitutoyo CD-6 ASX callipers (precision: 0.01 mm); and 

mass, measured immediately prior to metabolic and behavioural assaying using a KERN PLS 

510-3 scale (precision: 0.001 g). Compared to mass, the pronotum width of insects is more 

robust to stochastic changes over time and is therefore considered a more accurate estimate of 

body size. Mass was therefore only used to calculate mass-specific MR and all additional 

statistical analyses where body size needed to be controlled for included pronotum width as 

an estimate. 
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(b) Behavioural trials 

The experimental arena for the behavioural trials (Figure 1.1) consisted of a 31cm deep 

plastic trough (32 x 46 cm at base) with a thin layer (~2cm) of fine sand covering the base, 

within which there was a single shelter made from PVC pipe (height: 8.5cm; diameter: 8cm) 

located in one corner. The shelter was fitted with a moveable door which enabled it to be 

opened from the outside by pulling an attached piece of string.  

 

 

Figure 1.1. Diagram of the arena used for behavioural trials including the position of the 

speaker used for broadcast of male call (modified from Moschilla et al. 2018). 

 

To record the movement of the crickets, a video camera (Panasonic WV-CL930) 

connected to a nearby PC was installed above the arena and the movement of the crickets was 

subsequently analysed from video recordings using EthoVision v8.5 (Noldus Information 

Technology Inc.). Using EthoVision, the arena was segmented into three separate areas, each 

representing different levels of mobility: ‘near’ was defined as the area within a 16 cm radius 

of the shelter in which the cricket was initially placed; ‘far’ was defined as the area within a 

16 cm radius of the opposite corner from the shelter; and ‘middle’ was defined as the area 
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between ‘near’ and ‘far’ (Figure 1.1). Using these areas as a guide, EthoVision quantified 

aspects of the cricket’s behaviour, including: time taken to emerge from the shelter, total 

distance moved in the arena, and the amount of time spent not only in the arena as a whole, 

but also in each pre-determined area (near, middle, far).  

Trials were conducted in a temperature controlled room (26ºC) under dimmed red 

light in order to ensure minimal external disturbance. Each behavioural trial began by placing 

an individual cricket into the shelter of the arena with the door closed. The cricket was 

allowed to acclimatize to the shelter for 60 seconds. A disturbance was then applied by 

tapping the outside of the shelter with a plastic rod 10 times, the purpose of which was to 

simulate a predatory risk (see Hedrick 2000; Rudin et al. 2017). Meanwhile, during the 

course of each trial, for both males and females, the mating calls of male crickets were 

broadcast from outside the arena at the opposite end from the shelter (Figure 1.1). Both 

female and male crickets approach the song of conspecifics (Kiflawi and Gray 2000). 

Typically, sedentary male crickets produce long-distance songs to attract locomotory females. 

However, males are attracted to the calls of conspecifics and typically broadcast their calls as 

part of a chorus, rather than alone (Campbell and Shipp 1979; Simmons 1988; Hissmann 

1991). Alternative mating tactics have also been observed. Male crickets often act as 

satellites, approaching calling conspecifics and silently intercepting females that have been 

attracted to the other male’s song. This alternative mating behaviour is believed to be plastic 

within individuals, with males readily switching between tactics (Simmons 1986; Hissmann 

1990; Tinghitella et al. 2009). In many cases, satellite behaviour may in fact be the preferred 

tactic as it is less energetically expensive than calling (Hack 1998). The use of broadcasted 

male song was therefore expected to evoke similar responses from males and females in the 

behavioural trials. Both sexes would be attracted to and approach the broadcasted male song 
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if the benefits of achieving that fitness gain outweighed the potential cost of predation by the 

predatory stimulus.  

Thirty seconds after the tapping stopped, the door of the shelter was opened and the 

trial began. Each individual was allowed 10 minutes to emerge from the shelter, and if, after 

the 10-minute period the cricket had still not emerged, the trial was ended for that individual. 

However, for those crickets that did emerge from the shelter, EthoVision would track their 

movement through the arena for a further 10 minutes. Each trial would therefore last for a 

minimum of 10 minutes, if the cricket did not emerge from the shelter, or up to a maximum 

of 20 minutes if the cricket emerged just prior to the end of the initial 10-minute period. The 

amount of time taken to emerge from the shelter, if at all, as well as the EthoVision tracking 

data provided an estimate of the risky behaviour for each cricket. Immediately after a cricket 

completed its behavioural trial, its metabolic rate was measured.  

 

(c) Metabolic rate 

Metabolic measurements were taken immediately after a cricket completed its behavioural 

trial. Flow-through respirometry was used to measure rates of CO2 production (VCO2; ml g-1 

h-1) as an index of metabolic rate (MR). Crickets were weighed prior to metabolic 

measurements being taken. Individuals were placed into 5 ml respirometry chambers 15 

minutes prior to metabolic sampling to allow for acclimatization. Chambers were constructed 

from 10ml plastic syringes and were small enough to restrict movement. Further, to minimize 

activity, all trials were conducted with the cricket chambers placed in a dark temperature 

control container set to 26 C. To measure CO2 emissions, the cricket respirometry chamber 

was consistently filled with dry, CO2 free air, produced by pumping air over a humidity 

absorber (Drierite, W.A. Hammond Drierite) and soda-lime granules (Sodasorb, Paragon 
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Care Group Pty Ltd) at a flow rate of 50 ml min-1. After exiting the cricket chamber, the air, 

infused with cricket produced CO2, progressed through to a CO2 analyser.  

All trials began and ended with a 15 minute period of baseline CO2 readings using an 

empty chamber. Following the initial baseline period, chambers with pre-placed crickets were 

supplanted into the system and CO2 samples were taken once a second for a total of 60 

minutes per individual. Immediately following the one hour sampling period, the crickets 

were returned to their individual housing containers. The baseline drift of the analyser was 

corrected during analysis using the baseline measurements at the beginning and end of each 

trial. Baseline-corrected VCO2 values were then converted into 5 minute running averages 

throughout the 60 minute trials whilst controlling for mass. The lowest running VCO2 average 

for each trial was taken as that individual’s metabolic rate and used for all subsequent 

analyses. 

Studies calculating animal resting metabolic rate (RMR) often discuss the importance 

of assessing immobilized individuals or else be unable to truly assess metabolism in the 

animals’ resting state (Kolluru et al. 2004; Royauté et al. 2015; Krams et al. 2017). Placing 

animals in a small chamber allowed us to inhibit movement but may have also resulted in 

greater levels of stress in the trialled individuals. Additionally, given that metabolic estimates 

were taken immediately after behavioural trial completion, it is possible that a long-lasting 

effect of behavioural treatment may have impacted the metabolic estimates. I therefore 

conducted an analysis to determine whether there was a time trend in the metabolic 

measurements. A linear model showed that there was no effect of time (F1,1654 = 0.19, P = 

0.664) on cricket metabolism. On average, the VCO2 values measured remained 

approximately consistent over the course of the 60 minute trials. Additionally, a non-

significant interaction effect suggested that the time trend did not differ between the sexes 

(F1,1652 = 2.75, P = 0.097). If behavioural treatment had impacted MR, it would be expected 
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that VCO2 values would decline over the 60 minute trial as the treatment effect wore off. 

Nevertheless, because it cannot be definitively concluded that my measures were of true 

resting metabolic rate, I instead refer to them simply as ‘metabolic rate’ (MR). However, by 

choosing the lowest 5 minute VCO2 running average as the measure of MR, I have obtained 

as close an estimate to resting metabolic rate as possible. 

 

(d) Statistical analyses 

Two behavioural measures were assessed: latency to emerge from a shelter following a 

predation threat, and mobility. Latency to emerge refers to the amount of time taken for an 

individual to leave its shelter following the disturbance; with those that did not emerge from 

the shelter after a ten minute period being assigned the maximum time allowed for emergence 

of 600 seconds. For those crickets that did emerge from the shelter (N = 122), the total 

distance moved, time spent in ‘near’ section of the arena, time spent in ‘middle’, time spent 

in ‘far’ and the total time spent in the open arena as a whole were entered into a principal 

component analysis (PCA) to obtain a single measure of mobility. The principal components 

analysis returned a single component with an eigenvalue greater than one which explained 

76.25% of the variance in the data, and was the only component retained for all subsequent 

analyses of mobility. Loadings for all variables were positive and approximately equal (Table 

1.1).  
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Table 1.1. Principal components analysis of the behaviours of crickets in the arena, including 

a total of 122 individuals (55 males and 67 females). There was only one PC with an 

eigenvalue of greater than one. 

 Principal Component 

Eigenvalue 3.31 

% of variance explained 76.25 

Behaviour loadings  

    Distance moved 0.449 

    Total time in arena 0.541 

    ‘Far’ duration 0.441 

    ‘Middle’ duration 0.480 

    ‘Near’ duration 0.285 

 

 

Initially, four independent samples t-tests were used to compare the life-history traits 

and size estimates of males and females. Then, to compare the MR of the sexes, a general 

linear model was conducted with an interaction between sex and age (14, 28 and 42 days), 

which were both entered as factors. To assess the patterns of behavioural variation, two 

additional general linear models were conducted, one for the latency to emerge from the 

shelter and the other for the mobility PC. Age class and sex were entered as factors and MR 

as a covariate. Using a custom R code that found the optimal power transformation to achieve 

normality of distribution, Box-Cox transformations were used where necessary to control for 

non-normal residuals. An interaction effect between age, MR and sex were also included in 

the models. To control for size, pronotum width was also included in the models as a 

covariate. Post hoc-analyses were conducted using Tukey’s HSD tests. 
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(i) Path analysis and structural equation modelling 

Path analysis allows for the estimation of partial correlation coefficients between two 

variables while simultaneously controlling for the effects of other variables in the model. A 

structural equation model (SEM) comparison approach was used to assess how the various 

behavioural, physiological and life-history traits might be linked within sexes (Dochtermann 

and Jenkins 2007; Dingemanse et al. 2010; Royauté et al. 2015; Santostefano et al. 2017). 

Seven a priori models of trait covariance were compared for both males and females (Figure 

1.2) using Akaike’s Information Criteria (AIC). A ∆AIC of greater than two suggested a 

significant difference in the relative quality between models. 
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Figure 1.2. Hypothesised a priori models of domain covariance for behaviour (latency to 

emerge from a shelter, mobility), physiology (mass specific metabolic rate) and life-history 

(development time, lifespan) in male and female Teleogryllus oceanicus. Aside from model 

1, all models include behaviours incorporated into a latent class variable and covarying life-

history traits. In model 1, all five traits are independent. In model 2 (no paths active), all three 

domains are independent. In model 3 (paths a and c active), life-history traits are correlated 

with MR but behaviour is independent. In model 4 (path e active), behaviours arise causally 

from the influence of MR while life-history remains independent. In model 5 (paths b and d 

active), behaviours arise causally from the influence of life-history while MR remains 

independent. In model 6 (paths b, d, and e active), behaviours arise causally from the 

influence of both MR and life-history separately. In model 7 (all paths active), behaviours 

arise causally from the influence of both MR and life-history, which are themselves 

correlated. All models include age-controlled values of behaviour and MR. 
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All models included five observed traits: two life-history traits (development time, 

lifespan), two behaviours (mobility PC scores, latency to emerge from the shelter) and one 

physiological trait (mass-specific MR). As physiological and behavioural measurements were 

taken at three different ages, all models included age controlled values of MR, latency to 

emerge and mobility. The age of the individuals, an exogenous ordinal variable, was 

converted to a simple coding scheme (14 = 1, 28 = 2, 42 = 3) and treated as a covariate (see 

Rosseel 2012; Rosseel 2014). Aside from the null model (model 1), all models included 

behaviours, latency to emerge from the shelter and mobility, that were incorporated into a 

latent class variable representing an estimate of the crickets’ risk-taking behaviour (Berlin et 

al. 2014). All univariate skewness and kurtosis values were below 2.0 and 7.0, respectively; 

thus, univariate normality was established (Finney and DiStefano 2013). Mobility values 

could only be calculated for those individuals that emerged from the shelter within 600s, 

resulting in missing values for the mobility of the non-emerging crickets (N = 33). Since the 

dataset did not include multiple accurate predictors of mobility, multiple imputation methods 

to estimate the missing values and thus allow for the inclusion of the non-emerging 

individuals were considered inappropriate. Therefore, given the default list-wise deletion 

method, the SEMs eliminated the non-emerging individuals entirely.  

To determine whether life-history and physiology traits impacted the non-emerging 

individuals differently, a binary logistic regression model was fitted to the data. Individuals 

that emerged from the shelter during their behavioural trial were assigned a value of ‘1’ and 

non-emerging individuals were assigned a ‘0’. Sex and age were included as factors, both 

life-history traits (development time, lifespan) as well as a size estimate (pronotum width) 

and mass-specific MR were included as covariate explanatory variables.  
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1.4 Results 

(a) Intersex differences in behavioural variation 

Independent samples t-tests showed that females lived longer than males (54.78 ± 1.881 vs 

37.25 ± 1.460 days; t196 = 7.042, P < 0.001), developed faster (13.42 ± 0.086 vs 14.72 ± 0.077 

days; t196 = 10.652, P < 0.001), were heavier (0.62 ± 0.010 vs 0.55 ± 0.010 g; t196 = 5.348, P < 

0.001), and had smaller pronotum widths (6.02 ± 0.033 vs 6.31 ± 0.030 mm; t196 = 5.933, P < 

0.001). Metabolic rate did not differ significantly between the sexes (female – 0.68 ± 0.039; 

male – 0.75 ± 0.034) (F1,149 = 1.780, P = 0.184) or across the three age classes (F2,149 = 1.011, 

P = 0.366). However, there was a significant interaction effect between sex and age (F2,149 = 

3.771, P = 0.025). In females, but not males, MR decreased with age. 

The optimal Box-Cox lambda of 0.44 provided normally distributed residuals 

(Shapiro-Wilk - P = 0.454) for the latency to emerge model. An initial general linear model 

of the latency to emerge from the shelter showed that there was no significant interaction 

between MR and age (F2,142 = 0.085, P = 0.919), sex and age (F2,142 = 0.391, P = 0.677), sex 

and MR (F1,142 = 0.117, P = 0.733), or an interaction between all three (F2,142 = 1.173, P = 

0.313). After removing the interaction terms there was a significant effect of age but not MR, 

sex or size on the crickets’ latency to emerge (Table 1.2). Older crickets emerged sooner 

from the shelter following a predatory threat, but this did not vary between the sexes and was 

not related to MR. Post-hoc Tukey tests revealed that there were significant differences 

between all three age classes; the oldest crickets emerged from the shelter significantly 

sooner than both the ‘early’ (HSD = 223.40, P < 0.001) and ‘mid’ life individuals (HSD = 

98.61, P = 0.037), as did the ‘mid’ life individuals compared to the early life crickets (HSD = 

124.79, P = 0.002). 
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Table 1.2. Results of the glms for the latency to emerge and mobility for the combined 

analysis including males and females as a factor of their metabolic rate (MR), age, sex and 

mass. NOTE. A Box-Cox transformation was required to resolve non-normal residuals in 

both models (exponent of 0.44 for latency to emerge and 1.16 in the mobility model). 

Behaviour  Estimate Df MS F P 

Latency to emerge Age  2 252.98 17.183 <0.001 

 MR -1.294 1 19.34 1.313 0.254 

 Sex  1 4.33 0.294 0.589 

 Pronotum width -14.803 1 32.82 2.229 0.138 

 Error  149 14.72   

Mobility Age  2 4.23 4.278 0.018 

 MR -0.597 1 2.02 2.044 0.158 

 Sex  1 0.28 0.282 0.598 

 Pronotum width -0.931 1 0.05 0.046 0.832 

 Error  62 0.99   

 

 

Of the 155 individuals (71 male and 84 female) that completed a behavioural trial, 33 

(16 male and 17 female) did not emerge from the shelter and so did not contribute to the 

analysis of mobility. The optimal Box-Cox lambda of 1.16 provided normally distributed 

residuals (Shapiro-Wilk - P = 0.938) for the mobility model. An initial general linear model 

on mobility showed that there was no significant interaction between MR and age (F2,55 = 

1.995, P = 0.146), sex and age (F2,55 = 0.844, P = 0.435), sex and MR (F1,55 = 0.086, P = 

0.771), or an interaction between all three (F2,55 = 0.891, P = 0.416). After removing the 

interaction terms, there was a significant effect of age but not MR, sex or size on the crickets’ 

mobility (Table 1.2). Post-hoc Tukey tests showed no significant difference between the 
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‘mid’ life individuals and either of the ‘early’ (HSD = 0.69, P = 0.179) or ‘late’ (HSD = 0.54, 

P = 0.359) life crickets, but the oldest (‘late’) crickets were significantly more mobile than 

the ‘early’ group (HSD = 1.23, P = 0.007). Generally, as crickets aged, they emerged from 

the shelter sooner and moved around the open arena more but MR was not related to these 

values and there was no difference in behaviour between the sexes (Figure 1.3). 

 

 

 

Figure 1.3. Variation in risky behaviour, latency to emerge from the shelter and mobility, 

across the three ages (14, 28 and 42 days old) in females (left) and males (right). There was 

no difference in behaviour between the sexes.  
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(b) Path analysis of intersex differences in POLS 

Trait correlation matrices used for subsequent path analyses are reported in Table 1.3. In 

males, modelling comparisons did not reveal a single most supported model with a ∆AIC of 

greater than 2.0 when compared to all other models (see Table 1.4). Therefore, which a priori 

model of POLS trait association best applies to male T. oceanicus cannot be wholly 

determined. However, importantly, for each of the most highly supported models, no path 

coefficient between any of the three POLS domains was considered significant (P > 0.05).  

 

 

Table 1.3. Correlation matrices between all traits used for path analysis modelling in males 

(N = 55) (below-diagonal) and females (N = 67) (above-diagonal).  

 

Development 

time 

Lifespan Latency to 

emerge 

Mobility MR 

Development time - -0.169 0.061 0.016 0.039 

Lifespan 0.179 - -0.057 0.072 -0.085 

Latency to emerge 0.189 -0.036 - -0.182 0.247 

Mobility -0.086 -0.202 -0.335 - -0.358 

MR 0.107 -0.130 0.134 0.007 - 
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Table 1.4. Model comparison results for males and females, respectively. AIC: Akaike’s 

Information Criterion. The best supported model for females is in bold. There was no most 

supported male model. 

Males Females 

Model AIC ∆AIC Model AIC ∆AIC 

Model 5 1621.861 0 Model 4 1976.291 0 

Model 6 1622.132 0.271 Model 2 1978.640 2.349 

Model 2 1622.217 0.356 Model 6 1980.285 3.994 

Model 4 1622.605 0.744 Model 3 1982.515 6.224 

Model 3 1623.515 1.654 Model 5 1982.593 6.302 

Model 7 1624.207 2.346 Model 7 1983.757 7.466 

Model 1 1631.334 9.473 Model 1 2002.492 26.201 

 

 

The best supported model for females, model 4, suggested integration between MR 

and behaviour separate from life-history traits (see Figure 1.4). The significant negative path 

coefficient between MR and behaviour (P = 0.043) suggests that females with low metabolic 

rate emerged from the shelter faster and displayed greater mobility than those with higher 

MR. Support for model 4 was unequivocal, with a ∆AIC of greater than 2 when compared to 

all other models. Unlike males, females were therefore considered to display a distinct trait 

covariance structure.   

A logistic regression of the binary emergence data suggested that there was a 

significant effect of age and MR, but not sex or any life-history trait on emergence (see Table 

1.5 for details). Older individuals had a greater probability of emerging from the shelter than 

younger individuals. Further, contrary to the results of the SEMs, the non-emerging 

individuals displayed lower MRs than crickets that did emerge. 
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Table 1.5. Results of the binary logistic regression model of the effects of life-history, 

physiology, sex and age on emergence. Individuals that emerged from the shelter within 600 

seconds were assigned a value of 1 and non-emerging crickets with a 0. 

Behaviour Variables Estimate Df P 

Emergence Lifespan -0.022 1 0.111 

 Development time 0.345 1 0.235 

 Pronotum width 7.248 1 0.330 

 MR 2.651 1 0.007 

 Sex  1 0.194 

 Age  2 <0.001 

 

 

 

 

Figure 1.4. The most supported structural model for females: model 4. Behaviours arise 

causally from the influence of MR while life-history traits covary independently. Estimated 

partial regression coefficients between POLS traits are shown. Bolded paths between traits 

are statistically supported (P < 0.05).  
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1.5 Discussion 

I attempted to determine whether T. oceanicus exhibits a pace-of-life syndrome, that is, the 

phenotypic integration of behaviour, physiology and life-history (Réale et al. 2010). Using 

path analysis model comparisons, a growing statistical technique in empirical studies of 

POLS (Krams et al. 2017; Santostefano et al. 2017), I observed limited support for the POLS 

hypothesis. Although the sexes differed in their POL, with males showing fast development 

and a short lifespan compared to females, in neither sex was this associated with risk-taking 

behaviour. In females, there was a substantive relationship between behaviour and MR. In 

contrast, males did not display a clearly identifiable association between any of the three 

POLS domains. 

The current study also build on previous work investigating the asset-protection 

principle as a potential source of state-dependent behavioural plasticity in crickets (see 

Moschilla et al. 2018). The trade-off between residual reproductive value and risky 

behaviour, commonly referred to as the asset-protection principle (Clark 1994), predicts that 

an individual’s risk-taking behaviour is dependent upon their relative reproductive assets 

(Wilson et al. 2010; Dammhahn 2012; Ory et al. 2015). This has previously been seen to 

induce behavioural plasticity in female crickets, whereby, as female RRV declines with age, 

females display greater levels of risk-taking behaviour (Moschilla et al. 2018). I show that 

male T. oceanicus also conduct more risky behaviour as they age, further supporting the 

asset-protection principle. Interestingly, this rate of increase in risk-taking did not differ 

significantly between the sexes, potentially suggesting that changes in reproductive potential 

with age might be approximately equal across male and female crickets. However, whether 

the lifetime variation in male behaviour seen here was solely in response to variability in 

reproductive potential or some other causal factor is unknown. Adult male crickets reared on 

high-protein diets invest more energy in calling during early adulthood, and have shortened 
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lifespans as a consequence (Hunt et al. 2004). However, following the initial period of 

pronounced calling effort, the proportion of calling males declines drastically with age (Hunt 

et al. 2004). A reduction in calling effort over time may be accompanied by an increase in 

satellite behaviour, with older males conducting greater risk-taking behaviour in an attempt to 

approach the songs of conspecifics.  

Frequent deviations from the expected correlations between behaviour, physiology 

and life-history suggests that these traits may evolve independently from one another and that 

their coevolution is context dependent (Careau and Garland 2012; Killen et al. 2013; Gifford 

et al. 2014; Mathot et al. 2015; Polverino et al. 2018; Salzman et al. 2018). One of the key 

contexts believed to influence the presence and structure of pace-of-life syndromes is sex 

(Dammhahn et al. 2018; Hämäläinen et al. 2018; Immonen et al. 2018; Royauté et al. 2018). 

Rather than simply varying in mean trait expression, the specific traits that form a POLS, as 

well as the strength and direction of the existing correlations, may be sex-specific (Smith and 

Blumstein 2008; Hämäläinen et al. 2018). Accordingly, despite the fact that males displayed 

a ‘fast’ POL compared to the ‘slow’ female strategy, there was no significant difference in 

the MR or behaviour of the sexes. Instead, females displayed a significant association 

between behaviour and MR, as opposed to males, where there was no single model which 

best described the association between POLS traits. Observing unpredicted or non-existent 

associations between traits is common in pace-of-life research (Le Galliard et al. 2013; 

Bouwhuis et al. 2014; Kluen et al. 2014; Royauté et al. 2015; Royauté et al. 2018), however, 

the somewhat ambiguous result seen here in males was unexpected. This finding could 

simply reflect the relative weakness of associations between domains in males. In contrast to 

females, males did not display a single significant path coefficient between domains in any of 

the seven a priori models. As such, no single model emerged as being of significantly greater 

quality than the rest. Nevertheless, given that there was a clearly supported model for females 
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with a significant inter-domain correlation, I suggest that there is variation in the covariance 

structures between the sexes. 

Although there was not a clearly identifiable association between metabolism and 

behaviour in males, females displayed a significant negative correlation between the two 

POLS traits. Potentially reflecting differential selection pressures acting on the genetic 

architecture of metabolism in males and females. For example, as discussed in greater detail 

in the introduction, males can show greater variation in mitochondrial DNA (mtDNA) than 

females. Selection on males to restore and improve male-specific mitochondrial function 

should lead to the involvement of partly different genes and regulatory patterns in males and 

females (Gemmell et al. 2004). Because mtDNA is believed to be associated with metabolic 

rate, this may lead to sex-specific expression of metabolism (Camus et al. 2012; Šíchová et 

al. 2014; Immonen et al. 2018). This has previously been seen to result in a differential 

strength in the correlation between metabolic rate and proactive behaviour between the sexes 

in bank voles (Myodes rutilus) (Šíchová et al. 2014). However, as I only assessed phenotypic 

correlations between traits without gathering any genetic information, it is unclear whether a 

differential in the genetic architecture of metabolism in the sexes adequately explains my 

results. 

Although the existence of inter-specific pace-of-life syndromes are well supported 

(Tieleman et al. 2005; Wiersma et al. 2007), my results add to the growing number of 

empirical studies that have failed to find consistent support for the POLS hypothesis across 

individuals (Le Galliard et al. 2013; Kluen et al. 2014; Mathot et al. 2015; Royauté et al. 

2015; Krams et al. 2017; for a meta-analysis, see Royauté et al. 2018). The absence of POLS 

observed here could be explained by the relatively weak among-individual correlation 

between life-history traits. The trade-off between development time and lifespan predicts that 

individuals will pay a cost for fast development in the form of a ‘lower quality’ soma, and 
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thus, a shortened lifespan (Stearns 1989; Santostefano et al. 2017). In turn, the reduction in 

lifespan should be facilitated by an increase in behavioural investment into immediate 

reproduction. However, within both sexes, I did not observe a strong correlation between 

development time and lifespan across-individuals, suggesting that clear differentiation along 

the fast-slow POL continuum is not apparent in the studied individuals. The lack of clear life-

history strategy across individuals suggests that there may not be distinct inter-individual 

behavioural tactics to pursue such strategies, potentially explaining the absence of clear 

among-individual POLS in either sex with integration of life-history and behaviour. 

The use of mating song in the behavioural trials may have disproportionately 

influenced the sexes. Although both males and females were expected to approach the calling 

stimulus, it may be that females experienced a greater incentive to search for the song. In 

contrast to females, where phonotactic behaviours are ubiquitous, not all males assessed 

would have acted as satellites and actively approached the calling song (Tinghitella et al. 

2009). This is supported by the fact that, despite females displaying a clearly ‘slower’ POL 

than males, this was not accompanied by a reduction in risk-averse behaviours compared to 

males. The use of mating song may therefore have disproportionately increased female risk 

taking behaviour, potentially resulting in differential expression of POLS in the sexes. 

In conclusion, I provide empirical evidence of variation in POLS structure between 

the sexes in T. oceanicus. Despite not differing in mean expression of MR or behaviour, 

females displayed a strong association between two POLS domains, whereas there was no 

clearly identifiable trait covariance structure in males. Although these results suggest that 

crickets do not generally display full phenotypic integration of behaviour, physiology and 

life-history, they show that sex can act as a potentially significant source of variation in 

POLS structure.   
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CHAPTER TWO: IDENTIFICATION OF SEMINAL PROTEINS RELATED TO 

THE INHIBITION OF MATE SEARCHING IN FEMALE CRICKETS 

 

This chapter is presented as published in Behavioral Ecology, with minor changes to ensure 

consistency with the rest of the thesis. 

Citation: Moschilla JA, Tomkins JL, Simmons LW. 2020. Identification of seminal proteins 

related to the inhibition of mate searching in female crickets. Behav Ecol. 31:1344-1352. 
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2.1 Abstract 

In response to the reduction in fitness associated with sperm competition, males are expected 

to evolve tactics that hinder female remating. For example, females often display a post-

mating reduction in their sexual receptivity that has been shown to be mediated by proteins 

contained in a male’s seminal fluid (sfps). However, although there has been comprehensive 

research on sfps in genetically well characterised species, few non-model species have been 

studied in such detail. I initially confirm that female Australian field crickets, Teleogryllus 

oceanicus, do display a significant reduction in their mate searching behaviour 24 hours after 

mating. This effect was still apparent three days after mating but was entirely absent after one 

week. I then attempted to identify the sfps that might play a role in inducing this behavioural 

response. Two proteins, ToSfp022 and ToSfp011, were shown to be associated with the 

alteration in female post-mating behaviour. The knockdown of both proteins resulted in 

mated females that displayed a significant increase in their mate searching behaviours 

compared with females mated to males having the full compliment of seminal fluid proteins 

in their ejaculate. These results indicate that the female refractory period in T. oceanicus 

likely reflects a sperm competition avoidance tactic by males, achieved through the action of 

male seminal fluid proteins. 
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2.2 Introduction 

Females often derive substantial benefits from polyandry (Jennions and Petrie 2000; 

Simmons 2005; Parker and Birkhead 2013). However, the rate of female remating also 

impacts the strength of sexual selection acting on males (Markow 2002; Alonzo and Pizzari 

2013). High rates of female remating may lessen pre-copulatory competition between males - 

by increasing the total mating opportunities available in a population - whilst also promoting 

greater post-copulatory competition (Parker 1970; Kvarnemo and Simmons 2013). Following 

remating, the sperm of the first male to mate must compete for fertilization with that of 

subsequent males, leading to a reduction in his paternity share. Such sexual conflict over 

female remating is expected to result in the evolution of male traits that reduce female 

remating rate, decreasing the potential for sperm competition (Gavrilets and Hayashi 2006).  

Mating is known to induce widespread physiological and behavioural changes in 

females, many of which act to reduce their remating rate. In insects, post-mating changes in 

female behaviour and physiology are widespread (Simmons 2001a), including changes in 

female pheromones (Schlechter-Helas et al. 2011; Yamane 2013; Yamane and Yasuda 2014), 

cuticular hydrocarbons (Ejima et al. 2007; Yew et al. 2009), oviposition rates (Wolfner 1997; 

Yamane and Miyatake 2010), and sexual receptivity (Chapman et al. 1995; Eady 1995; 

Markow 2002; Yamane et al. 2008; Yamane et al. 2011; Yamane and Miyatake 2012; 

Yamane et al. 2015). After mating, females display a reduction in their willingness to remate. 

This refractory period is typically observed within a few hours of mating and can be 

temporary (Liu and Kubli 2003; Peng et al. 2005; Billeter and Wolfner 2018) or persist for 

the entire lifespan (Hosken et al. 2009). The inhibition of a female’s receptivity is believed to 

be mediated largely by males, or more specifically, by proteins contained within a male’s 

seminal fluid that are transferred to females during copulation (Chapman et al. 1995; Wolfner 

2002; Chapman et al. 2003; Singh et al. 2018).  
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Males typically produce ejaculates that contain more than just sperm. Seminal fluid 

often also includes products such as salts and sugars, lipids, and seminal fluid proteins or 

peptides (sfps) (Poiani 2006; Perry et al. 2013). The sfps, which are produced primarily in 

male accessory glands, are one of the major components of the ejaculate in insects (Perry et 

al. 2013). They are involved in a vast array of functions including regulating sperm storage 

and increasing male competitive fertilization success as well as influencing many female 

physiological, behavioural and life-history traits (Avila et al. 2011). For example, sfps have 

been seen to impact female longevity, feeding patterns, egg production, and of course, sexual 

receptivity (Poiani 2006; Avila et al. 2011). In Drosophila melanogaster, the regulation of 

female sexual receptivity is mediated by a network of proteins including the particularly 

influential sex peptide (SP) (Chapman et al. 2003). Following copulation, SP reacts with 

specialized ‘sex peptide receptors’ within the female genital tract, leading to mated females 

actively rejecting courting males (Liu and Kubli 2003; Yapici et al. 2008; Smith et al. 2017). 

A collection of additional proteins complement the effect, strengthening and prolonging the 

inhibitory response (Peng et al. 2005; Sirot et al. 2015). However, few non-model species 

have been studied in detail (Andrés et al. 2006; Simmons et al. 2013), and it is therefore 

unclear whether such sfp networks are also responsible for post-mating refractoriness outside 

of D. melanogaster. 

In crickets, where the benefits of multiple mating for females are well known 

(Tregenza and Wedell 1998; Wagner et al. 2001; Ivy and Sakaluk 2005; Simmons 2005), 

post-mating variation in female reproductive behaviours have received little attention. A post-

mating reduction in female orientation towards a calling male, or phonotaxis, has been 

observed in certain cricket species: in T. commodus (Loher 1981), G. integer (Lickman et al. 

1998), G. bimaculatus (Loher et al. 1993), and T. oceanicus (Tanner et al. 2019), suggesting 

that female crickets likely do display a post-mating reduction in sexual receptivity (but see 
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Fleischman and Sakaluk 2004). However, the role that seminal fluid proteins might play in 

inducing this behavioural response has not been thoroughly examined. In one of the only 

assessments of sfp function on behavioural responses in crickets, Green and Tregenza (2009) 

injected sfps directly into the haemocoel of female G. bimaculatus and observed no change in 

female phonotaxis. In Drosophila, there are important areas of neural activity outside of the 

reproductive tract that are involved in inducing the post-mating response in females (Kubli 

2003). As such, post-mating reductions in sexual receptivity have been observed when 

proteins are injected directly into the haemolymph of female D. melanogaster (Kubli 2003). 

However, the primary site of action for sfps is thought to be the sensory nerve endings in the 

genital tract (Kubli and Bopp 2012). Additionally, sperm is believed to play an integral role 

in inducing behavioural changes in females as they most likely act as transporters of sfps to 

their target receptors in the female tract (Kubli 2003; Liu and Kubli 2003). The sfps used in 

Green and Tregenza (2009), however, never entered the female reproductive tract and were 

not accompanied by sperm; potentially explaining the null result. Ultimately, post-mating 

behavioural variability in female crickets and the potential role of male sfps remains poorly 

understood. 

Here, I first describe the pattern of post-mating sexual receptivity of female 

Australian field crickets, Teleogryllus oceanicus. The mate searching behaviours of recently 

mated females are compared to that of unmated females, showing that females do display a 

post-mating reduction in their receptivity to male sexual signals. The temporal pattern of 

female post-mating behaviours is also outlined, observing the delay to onset and duration of 

the sexual inhibition. This is followed by an assessment of the hypothesised mechanism 

underlying the female post-mating response: male seminal fluid proteins. Sfps have been 

shown to induce egg-laying in crickets (Marshall et al. 2009; Larson et al. 2012). There have 

been at least 21 proteins identified in the seminal fluid of male T. oceanicus (Simmons et al. 
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2013). However, with the exception of one protein that has been shown to promote male 

sperm viability (Simmons and Lovegrove 2017), little is known about the function of the 

remainder of these ejaculatory products. Nevertheless, seven sfps are known to increase in 

abundance within a male’s ejaculate not only as they mature sexually (Simmons et al. 2014), 

but also when males are exposed to sperm competition risk (Simmons and Lovegrove 2017). 

I therefore predicted that if any of the identified 21 proteins would be involved in the post-

mating sexual inhibition of females, it would most likely be one or more of these seven. Here, 

I use interference RNA (RNAi), a technique previously used on the sfps of T. oceanicus 

(Simmons and Lovegrove 2017), to identify which, if any, of these seven proteins are 

involved in the post-mating changes in female reproductive behaviour in this cricket.  

 

2.3 Methods 

(a) Animals 

Crickets (Teleogryllus oceanicus), were drawn from an outbred laboratory stock population 

that originated from Carnarvon, Western Australia. Nymphs in their eighth instar were placed 

into individual plastic containers (7 x 7 x 5 cm), supplied with cat chow and water ad libitum, 

and monitored daily for adult eclosion. Crickets were kept in a constant temperature room at 

26 C on a 12:12 hr light:dark cycle.  

 

(b) Post-mating inhibition of female remating 

A total of 356 female crickets were used for an assessment of the effects of mating on female 

sexual receptivity. Previously unmated females were randomly assigned into one of three 

treatments representing different levels of mating interaction: ‘mated’, ‘exposed’ and 

‘control’. Treatments were conducted over a 12 hour period when females were 22 days of 

adult age. The ‘mated’ females were supplied a single unmated male and were left to mate 
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unimpeded. ‘Exposed’ females were also placed into a container with an unmated male but 

the pair were separated by a thin mesh screen, allowing for complete pre-copulatory 

interaction but preventing copulation itself. Finally, ‘control’ females remained alone without 

any exposure to a male, therefore remaining unmated and unexposed. Previous work suggests 

that the abundance of seminal fluid proteins peaks at 12 days post-adult eclosion in T. 

oceanicus (Simmons et al. 2014). Therefore, all males used for this experiment were 12 days 

of adult age at the time of mating.  

The temporal pattern of any effect of mating on female behaviour was assessed. 

Female T. oceanicus display a reduction in phonotaxis within one hour of mating (Tanner et 

al. 2019). In Drosophila, the strongest effect of mating on female receptivity is observed after 

approximately one day (Wolfner 2002; Chapman and Davies 2004). However, the primary 

effect on female receptivity begins to diminish two to three days after mating, at which point 

a weaker response persists for roughly one week (Chapman and Davies 2004; Billeter and 

Wolfner 2018; Singh et al. 2018). Using these time points as a guide, the mate-searching 

behaviour of each female was assessed at one of four time points: ‘0’, ‘1’, ‘3’, or ’7’ days 

after treatment completion. Females in the ‘0’ group completed their behavioural trial 

immediately after treatment completion; ‘1’ females, the day after treatment; ‘3’, three days 

after treatment; and ‘7’, at seven days post-treatment. Overall, an average of 29.67 females 

(28-31) were assigned to each of the four time points (‘0’, ‘1’, ‘3’, ‘7’) within each of the 

three treatments (‘mated’, ‘control’ and ‘exposed’).  

 

(c) Interference RNA 

The function of seven seminal fluid genes was investigated using interference RNA, a 

technique previously found to knockdown the expression of sfps in T. oceanicus (see 

Simmons and Lovegrove 2017). Double-stranded RNA was prepared using the Megascript 



43 
 

RNAi kit (Thermo Fisher Scientific). PCR primers were designed with GENEIOUS v. R6 

(Kearse et al. 2012) to give a product of approximately 500 bp. The T7 promotor sequence 

was added to the 5’ end of each primer. Template DNA was prepared in four identical 

polymerase chain reactions (PCRs), each 50 ml reaction containing 1 PCR buffer (10 mM 

Tris–HCl pH 8.3, 50 mM KCl), 1.5 mM MgCl2, 200 M of each dNTP, 250 nM of forward 

primer, 250 nM of reverse primer, 2.5 units of Platinum Taq polymerase and 100 ng cDNA. 

PCR amplification was performed with cycling conditions as follows: 94ºC for 3 min, then 

35 cycles of 94ºC for 30 s, 60ºC for 60 s and 72ºC for 60 s, and finally 72ºC for 15 min. For 

genes ToSfp011 (Isotig1709) and ToSfp022 (Isotig444), a two-step PCR reaction was 

performed. The same concentrations of reagents were used with the addition of 10% DMSO 

and an increase in MgCl2 concentration 3 mM. Cycling conditions were as follows: 94ºC for 

3 min, 35 cycles of 94ºC for 30 s and 68ºC for 60 s, and finally 72ºC for 5 min. The four PCR 

reactions were pooled and purified using the Favorgen PCR clean-up kit (Fisher Biotech) 

with elution into 40 ml. The DNA was then ethanol precipitated using 1/10 volume of 3 M 

sodium acetate pH 5.2 and 2 volumes of 100% ethanol. The DNA pellet was resuspended in 

20 ml elution buffer and the concentration determined using a Nanodrop 1000. The 

Megascript RNAi kit was then used to generate dsRNA via T7 RNA transcription using the 

manufacturer’s protocol. Each transcription reaction contained 1 mg template DNA and the 

transcription time was 4 h. The excess DNA and ssRNA were removed, and the dsRNA 

purified with the final elution in 100 ml. A small amount was diluted 1 in 10 and run on a 3% 

agarose gel to check the size and integrity of the dsRNA. The concentration was also checked 

using the Nanodrop 1000. The volume was adjusted to a final concentration of 1 µg/µl in 

elution buffer. 

A total of 229 males were used for the RNAi trials. Eighth instar male nymphs were 

collected from the laboratory stock population and were housed individually. Each male was 
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randomly assigned to have one of the seven sfps to be knocked down. On the first day of the 

final (ninth) nymphal instar, each cricket was injected with 2 mg dsRNA of their assigned sfp 

knockdown treatment and checked daily for adult emergence. Upon adult emergence, males 

were reinjected with a further 2 mg dsRNA. An average of 28.3 males (27–30) were injected 

for each gene knockdown. An additional group of 31 males acted as controls, and were 

injected with the elution buffer from the Megascript kit.  

At seven days post-adult eclosion, each knockdown male was left to mate with a 

previously unmated 22 day old female for a period of 12 hours. The mate searching 

behaviour of mated females was then assessed one day after mating completion.  

 

(d) Behavioural trials 

I used an experimental setup for the behavioural trials utilised in earlier studies (see 

Moschilla et al. 2018; Moschilla et al. 2019). The experimental arena (Figure 2.1) consisted 

of a plastic trough (31 cm deep, 32 x 46 cm at base) with a thin layer (~2cm) of sand 

covering the base. Within the arena was a single shelter made from PVC pipe (height: 8.5cm; 

diameter: 8cm) located in one corner. The shelter was fitted with a moveable door which 

enabled it to be opened from the outside. All trials were conducted in a temperature 

controlled room (26ºC) under dimmed red light in order to ensure minimal disturbance. 
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Figure 2.1 Diagram of the arena used for behavioural trials including the position of the 

speaker used for broadcast of male call (modified from Moschilla et al. 2019) 

 

 

A video camera (Panasonic WV-CL930) connected to a nearby PC was installed 

above the arena to record the movement of the crickets. EthoVision v8.5 (Noldus Information 

Technology Inc.) was used to analyse recordings. Using EthoVision, the arena was segmented 

into three separate areas: ‘near’ was defined as the area within a 16 cm radius of the shelter in 

which the cricket was initially placed; ‘far’ was defined as the area within a 16 cm radius of 

the opposite corner from the shelter; and ‘middle’ was defined as the area between ‘near’ and 

‘far’ (see Figure 2.1). Using these areas as a guide, EthoVision quantified aspects of the 

cricket’s behaviour, including: total distance moved in the arena, the amount of time spent in 

the arena as a whole, and time spent in each pre-determined area (‘near’, ‘middle’, ‘far’).  

Each behavioural trial began by placing an individual cricket into the shelter of the 

arena with the door closed. The cricket was allowed to acclimatize to the shelter for 60 

seconds. A disturbance was then applied to the individual by tapping the outside of the shelter 

10 times, in order to simulate a predatory risk. Thirty seconds after the tapping stopped, the 

door of the shelter was opened and the trial began. During the course of each trial, the mating 

calls of male crickets were broadcast from outside the arena at the opposite end from the 
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shelter (see Figure 2.1). Therefore, females were expected to emerge from the shelter to seek 

additional mates (calling) despite exposing themselves to the apparent predator (tapping). 

After the door of the shelter was opened, each individual was allowed 10 minutes to 

emerge. For those crickets that did emerge from the shelter in that time, EthoVision would 

track their movement through the arena for a further 10 minutes However, if the cricket had 

still not emerged in the 10-minute period, the trial was ended for that individual. Each trial 

would therefore last for a minimum of 10 minutes, if the cricket did not emerge from the 

shelter, or up to a maximum of 20 minutes if the cricket emerged just prior to the end of the 

initial 10-minute period. The amount of time taken to emerge from the shelter, if at all, as 

well as the EthoVision tracking data provided an estimate of the mate searching behaviour for 

each cricket. Immediately after a cricket completed its behavioural trial, its mass was 

measured using a KERN PLS 510-3 scale (precision: 0.001 g) and pronotum width using 

Mitutoyo CD-6 ASX callipers (precision: 0.01 mm). 

 

(d) Statistical analysis 

Two behavioural metrics were measured: latency to emerge from the shelter and mobility. 

Latency to emerge refers to the amount of time taken for an individual to leave its shelter 

following the disturbance. Those that did not emerge from the shelter after a ten minute 

period were assigned the maximum time allowed for emergence (600 s). For those crickets 

that did emerge from the shelter, the total distance moved, time spent in ‘near’ section of the 

arena, time spent in ‘middle’, time spent in ‘far’ and the total time spent in the open arena as 

a whole were entered into a principal component analysis (PCA) to obtain a single measure 

of mobility.  
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(i) Post-mating inhibition of female mate searching 

The principal components analysis returned a single component with an eigenvalue greater 

than one (3.35) which explained 67.95% of the variance in the data, and was the only 

component retained for all subsequent analyses of mobility. Loadings for all variables can be 

seen in Table 2.1.  

 

 

Table 2.1 Principal components analysis of the behavioural components for female mobility 

in the post-mating inhibition of female mate searching (N = 191) and interference RNA (N = 

112) experiments. 

Behaviour PC loadings 

 Post-mating inhibition 

of female remating 

Interference RNA 

Distance moved 0.468 0.447 

Total time in arena 0.537 0.503 

‘Near’ duration 0.255 0.338 

‘Middle’ duration 0.494 0.475 

‘Far’ duration 0.429 0.456 

 

 

The effects of mating on female mate searching behaviour was assessed using two 

general linear models, one for latency to emerge and the other for the mobility PC scores. 

Time after mating (‘0’, ‘1’, ‘3’, ‘7’) and treatment (‘mated’, ‘control’, and ‘exposed’) were 

entered as fixed factors and female body mass as a covariate. Models included an interaction 

effect between treatment and time after mating. Significant interaction effects in the initial 

models were followed by subsequent one-way ANOVAs assessing the difference in 
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behaviour between the three treatments (‘mated’, ‘control’, ‘exposed’) within each of the four 

trial days (‘0’, ‘1’, ‘3’, ‘7’) separately. Significant effects of treatment were then followed by 

Tukey’s HSD tests. Although the residuals for the mobility model were normally distributed, 

Box-Cox transformations could not resolve non-normality in the latency to emerge model. 

Therefore, non-parametric permutation testing was used as an alternative to the GLM when 

analysing latency to emerge from the shelter. All subsequent non-parametric post hoc 

analyses were conducted using pairwise Wilcoxon rank sum tests. 

 

(ii) Interference RNA 

The PCA of female mate searching behaviours following matings with knockdown males 

also returned a single component with an eigenvalue greater than one (3.85) which explained 

76.99% of the variance in the data, and was the only component retained for subsequent 

analyses of mobility. Loadings for all variables were approximately equal (see Table 2.1 for 

details).  

The effects of sfp knockdown on subsequent female mate searching behaviour was 

assessed using two general linear models, one for latency to emerge and the other for the 

mobility PC scores. RNAi treatment group was entered as a factor and female mass and male 

accessory gland mass as covariates. However, again, Box-Cox transformations could not 

resolve non-normal residuals in the latency to emerge model and non-parametric permutation 

testing was used instead. A significant effect of RNAi treatment on female emergence latency 

was then followed by non-parametric post hoc analyses using pairwise Wilcoxon rank sum 

tests with Benjamini and Hochberg (BH) False Discovery Rate corrections (Benjamini and 

Hochberg 1995). Alternatively, post-hoc tests for the normally distributed mobility models 

were conducted using Tukey’s HSD tests to determine if any RNAi treatment groups 

significantly differed from control females.  
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2.4 Results 

(a) Post-mating inhibition of female mate searching 

Among the treatments, 165 females (46.35%) failed to emerge from the shelter and received 

the maximum score of 600 s for latency to emerge. Permutation testing suggested that there 

was no significant interaction effect between treatment and trial day for the latency to emerge 

model. There was also no significant main effect of trial day or mass, but treatment 

significantly impacted the latency of females to emerge from the shelter (Table 2.2, Figure 

2.2a). Post-hoc tests showed that mated females took significantly longer to emerge from the 

shelter than control (Z = 3.52, P < 0.001) but not exposed females (Z = 1.57, P = 0.116). 

There was also no significant difference between control and exposed females (Z = 1.73, P = 

0.083).  
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Table 2.2 Results of the permutation testing for female latency to emerge from the shelter 

and the general linear model for mobility as a factor of the mating treatment, days post-

mating and mass.  

Behaviour  df Mean square Iterations / F P 

Latency to emerge Treatment 2 234112 5000 0.003 

 Trial day 3 41594 1872 0.315 

 Mass 1 15862 121 0.548 

 Treatment* Trial day 6 23538 1323 0.750 

 Error 343 41321   

Mobility Treatment 2 7.72 2.50 0.085 

 Trial day 3 7.24 2.34 0.075 

Mass 1 7.50 2.42 0.121 

Treatment* Trial day 6 7.32 2.36 0.032 

Error 178 3.09   
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Figure 2.2 Patterns of post-mating behavioural variation in female T. oceanicus for the two 

behavioural responses measured: a) latency to emerge from shelter; b) mobility. Female 

behaviour was measured at one of four time points following treatment completion: 

immediately (‘0’), after one day (‘1’), three days (‘3’), or one week (‘7’). 

 

 

An initial general linear model revealed a significant interaction effect between 

treatment and trial day on mobility PC scores (Table 2.2, Figure 2.2b). Data for the different 

trial days were analysed separately to disentangle the interaction effect. There was no 

significant difference in the mobility of females across the three treatments when assessed 

immediately post-mating (‘0’ group) (Table 2.3). However, one day after treatment 

completion (‘1’ group), there was a significant effect of treatment on female mobility (Table 

2.3). Post hoc Tukey tests showed that mated females displayed lower mobility than both the 

control (HSD = 1.85, P = 0.042) and exposed females (HSD = 2.10, P = 0.024), but there was 

no significant difference between the control and exposed females (HSD = 0.25, P = 0.908). 
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Three days after treatment completion (‘3’ group), there was again a significant effect of 

treatment on mobility (Table 2.3). Post-hoc tests suggest that mated females displayed 

significantly less mobility than control females (HSD = 1.65, P = 0.035) but there was no 

significant difference between mated and exposed (HSD = 1.38, P = 0.120) or exposed and 

control (HSD = 0.28, P = 0.900) females. However, seven days post-treatment (‘7’ group), 

females did not vary in mobility PC scores according to their treatment (Table 2.3). 

 

 

Table 2.3 Results of the general linear models for the mobility of females from each of the 

four trial days (0,1,3,7) as a factor of mating treatment and body mass.  

Days post-

treatment 

 df Mean 

square 

F P 

0 Treatment  2 1.03 0.31 0.732 

 Mass 1 0.51 0.15 0.696 

 Error 41 3.27   

1 Treatment  2 12.97 4.07 0.025 

 Mass 1 0.22 0.07 0.793 

 Error 40 3.18   

3  Treatment  2 11.69 3.38 0.043 

 Mass 1 0.10 0.03 0.863 

 Error 45 3.46   

7 Treatment  2 5.89 2.23 0.118 

 Mass 1 22.75 8.62 0.005 

 Error 49 2.64   

 

 

(b) Interference RNA 

There was significant variation in both latency to emerge from the shelter and mobility 

among females mated to males from the different RNAi treatment groups (Table 2.4, Figure 

2.3a). Among the treatments, 117 females (51.09%) failed to emerge from the shelter and 
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were given the maximum value of 600 s for latency to emerge. Non-parametric post-hoc tests 

with BH adjustments for multiple testing showed that females mated to males in which 

proteins ToSfp011 (Z = 3.27, P = 0.015) and ToSfp022 (Z = 2.92, P = 0.022) were knocked 

down emerged from the shelter in search of the calling male significantly sooner than females 

mated to control males (i.e. males injected with the elution buffer alone) (Figure 2.3a). 

Mating with ToSfp023, ToSfp017 and ToSfp001 knockdown males resulted in females having 

emergence latencies that were intermediate between those mated to ToSfp011 and ToSfp022 

knockdown and control males. Knockdown of the remaining genes appeared to have no effect 

on the latency to emerge from the shelter relative to controls (figure 2.3a). 

 

 

Table 2.4 Results of the permutation testing for female latency to emerge from the shelter 

and the general linear model for mobility as a factor of the RNAi treatment, female mass and 

male accessory gland mass.  

Behaviour  df Mean square Iterations./ F P 

Latency to emerge RNAi treatment 7 134857 5000 <0.001 

 Female mass 1 8896 60 0.624 

 Accessory gland mass 1 6183 51 0.727 

 Error 219 39682   

Mobility RNAi treatment 7 8.42 2.38 0.027 

Female mass 1 3.41 0.96 0.329 

Accessory gland mass 1 3.46 0.98 0.325 

Error 102 3.54   
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Figure 2.3 Box plots showing the (a) latency to emerge from the shelter, and (b) mobility in 

the open arena of females mated to males in which seminal fluid gene expression was 

knocked down using RNAi or control males (C) that had been injected with elution buffer 

alone. Groups not connected by the same letter (a, b) are significantly different using post-

hoc non-parametric Wilcoxon rank sum tests with adjusted probabilities for multiple testing 

for latency to emerge, and Tukey HSD for mobility. The bottom and top of the box represent 

the first (Q1) and third quantiles (Q3) of the data, respectively. The horizontal line within the 

box represents the median. The smallest and largest nonoutlier values are represented by the 

whiskers. Outliers (1.5 × interquartile range above Q1 and below Q3) are shown as circles. 

 

 

Females from the ToSfp022 (HSD = 2.38, P = 0.039) knockdown treatment also 

displayed greater levels of mobility than the control (Figure 2.3b). Knockdown of ToSfp011, 

ToSfp023, ToSfp017 and ToSfp001 resulted in mated females with mobility PC scores 

intermediate between females mated to ToSfp022 knockdown and control males. Knockdown 
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of the remaining genes had no discernible effect on the mobility of females relative to 

controls (figure 2.3b). 

 

2.5 Discussion 

To avoid the fitness costs associated with sperm competition, males are expected to 

evolve tactics that inhibit female remating (Gavrilets and Hayashi 2006). In line with this 

prediction, female T. oceanicus were shown to display a significant reduction in their mate 

searching behaviour shortly after mating. Compared to virgins, recently mated females took 

longer to emerge from a shelter and displayed a decrease in searching behaviour toward male 

song. Research in other insects suggests that this post-mating inhibition of female sexual 

receptivity occurs largely as a function of proteins contained within a male’s seminal fluid 

(sfps) (Chapman et al. 1995; Wolfner 2002; Avila et al. 2011). In an assessment of this 

mechanism, I identified two sfps, ToSfp022 and ToSfp011, which appear to play a role in 

inhibiting a female’s mate searching behaviour. Given that male T. oceanicus suffer a loss in 

paternity that is on average proportionate to the number of mates accepted by a female 

(Simmons 2001b; Simmons and Beveridge 2010), these results indicate that the female 

refractory period likely reflects a sperm competition avoidance tactic by males. 

Previously, age was found to act as a significant source of state-dependent 

behavioural plasticity in female T. oceanicus (Moschilla et al. 2018). Younger females 

conducted significantly less risky mate searching behaviour than older females. However, 

those results were confounded by an effect of time since mating. All females used in 

Moschilla et al. (2018) were allowed to mate only once in their lifetime, at 7 days post adult 

eclosion, but the behaviour of each female was assessed at one of three time points: 14, 28 or 

42 days of adult age. Potentially, it was concluded, mating may have induced a post-mating 

reduction in mate searching behaviour before wearing off with time. In the current study, this 
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pattern of behavioural change was observed, with females displaying a significant reduction 

in risky mate searching behaviour shortly after mating before returning to a pre-mating level 

within 7 days. However, based on the current data, it appears likely that time since mating 

ultimately did not impact the previous results (Moschilla et al. 2018). The effect of mating on 

female behaviour seen here persisted for approximately three days. However, in order for this 

effect to have impacted the results in the prior study, the reduction in female risky mate 

searching behaviour would have needed to persist for at least one week after mating. 

Therefore, the earlier results were likely not confounded in this way.  

The findings of this study support previous research which has observed a post-

mating reduction in female responsiveness to male song in T. oceanicus (Tanner et al. 2019). 

The timing of the female response was similar to that observed in Drosophila (Wolfner 2002; 

Chapman and Davies 2004), increasing in intensity over the first day after mating and 

declining throughout the subsequent week. I conclude that mating itself was primarily 

responsible for the observed response as exposure to males without mating did not result in a 

reduction in mate searching behaviour compared to control females. However, exposure to 

males may have also impacted female mate searching. Although mated females emerged 

from a shelter in search of male song significantly later than virgin females, this was not the 

case when compared to ‘exposed’ females. Additionally, although there was a signifcant 

difference in mobility between mated and both control and exposed females one day after 

mating, after three days, mated females did not show a signifcant difference in mobility 

compared to ‘exposed’ treatment females. Acoustic experience is known to shape the mating 

decisions of T. oceanicus (Bailey and Zuk 2008; Bailey et al. 2010; Rudin et al. 2018). 

Females reared in silent conditions are more responsive to male song than those exposed to 

song during rearing (Bailey and Zuk 2008). Furthermore, switching males from a silent 

environment to being exposed to male acoustic sexual signals for one week results in crickets 
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becoming less active(Rudin et al. 2018), whilst switching from an acoustic to a silent 

environment results in increased activity (Rudin et al. 2018). Therefore, potentially, the 

exposure of females to male courtship song during the 12 hour treatment application may 

have acclimatised ‘exposed’ females to this acoustic environment, thereby affecting their 

subsequent mate searching behaviour. 

I build on the limited but growing research into the function of seminal fluid proteins 

of the Australian field cricket (Simmons et al. 2013; Simmons et al. 2014; Simmons and 

Lovegrove 2017; Sloan et al. 2018). The knockdown of both sfp genes ToSfp011 and 

ToSfp022 resulted in mated females that displayed a significant increase in their mate 

searching behaviours compared with females mated to males having the full compliment of 

seminal fluid proteins in their ejaculate. Females mated to males in which the sfp gene 

ToSfp022 was knocked down both emerged from a shelter sooner and displayed greater 

mobility in search of a calling male to a greater extent than control females. This protein was 

previously of unknown function (Simmons et al. 2014). The effect of ToSfp011 on female 

post-mating sexual receptivity did not appear to be as strong as ToSfp022. While females 

from this treatment group took longer to emerge from the shelter than the control, once they 

had, they did not differ in their mobility. The knockdown of three additional sfp genes 

(ToSfp023, ToSfp017 and ToSfp001) resulted in the expression of behaviours intermediate 

between ToSfp011 and ToSfp022 knockdowns and controls. It is therefore possible that these 

proteins might also contribute to the post-mating changes in female reproductive behaviour. 

Further, as in Drosophila, where a complex network of sfps mediate female behaviour, it may 

be that some or all of the proteins that did not individually affect significant post-mating 

changes in female behaviour may do so in interaction with other sfps. 

Interestingly, ToSfp011 is one of the only T. oceanicus sfps for which a function has 

previously been identified (Simmons and Lovegrove 2017). When the expression of 
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ToSfp011 was knocked down using interference RNA, males produced ejaculates with a 30% 

reduction in the proportion of sperm that were viable (Simmons and Lovegrove 2017). This 

could potentially explain the influence of ToSfp011 on the female refractory period seen 

here. In Drosophila, sperm is believed to play an integral role in inducing post-mating 

behavioural changes as they most likely act as transporters for sfps to target receptors in the 

female tract (Kubli 2003; Liu and Kubli 2003). Therefore, a reduction in viable sperm as a 

result of ToSfp011 knockdown may limit the amount of seminal products that reach female 

nerve receptors, potentially weakening the inhibition of female sexual receptivity. 

Alternatively, if the knockdown of sfps affect other aspects of male or female physiology, it 

could have indirectly led to a reduction in female remating behaviour. For example, in certain 

insects, the reduction in a female’s willingness to remate has often been attributed to sperm 

storage (Miyatake et al. 1999; Mossinson and Yuval 2003; Avila et al. 2011). Females who 

store less sperm are more likely to re-mate sooner (Mossinson and Yuval 2003). Sfps are 

essential for effective sperm storage (Avila et al. 2011), assisting in the progression of sperm 

through the female tract and into sperm storage organs (Avila and Wolfner 2009). As such, in 

Drosophila, females mated to sfp null males store only 15% as much sperm as control-mated 

females (Neubaum and Wolfner 1999). Similarly, it has been suggested that post-mating 

behavioural changes in female crickets may be related to the mechanical filling of the 

spermatheca (Loher et al. 1993; Fleischman and Sakaluk 2004). The more full the 

spermatheca, the less willing a female might be to attempt remating. Therefore, potentially, 

the knockdown of the influential sfps in the current study may have worked to limit the 

amount of sperm stored by females, which could have driven them to search for additional 

males sooner. Further investigations of the functional significance of sfps in T. oceanicus are 

necessary before it can be determined which, if any, of these alternative explanations more 

accurately describe my observations. 
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Male T. oceanicus are known to make complex strategic adjustments to the quality of 

their ejaculates in response to sperm competition risk and intensity (Simmons et al. 2007; 

Gray and Simmons 2013). Sperm competition theory predicts that males should increase their 

allocation of resources to the ejaculate when faced with an immediate risk of sperm 

competition but reduce their allocation when the intensity of sperm competition increases 

(Parker and Pizzari 2010). Consistent with these predictions, male T. oceanicus exposed to 

sperm competition risk produce ejaculates with a greater proportion of viable sperm (Gray 

and Simmons 2013), which in turn contributes to their competitive fertilization success 

(García-González and Simmons 2005). This corresponds to an increased expression of seven 

sfp genes, including ToSfp011, the protein previously found to promote male sperm viability 

(Simmons and Lovegrove 2017). Further, when a male’s perception of sperm competition 

intensity increases, many of the same genes that are upregulated in response to sperm 

competition risk are instead downregulated (Sloan et al. 2018), corresponding to a reduction 

in sperm viability (Simmons et al. 2007). Therefore, it is likely that the socially mediated 

adjustments in ejaculate quality in this species occur, at least in part, as a result of the 

differential expression of sfp genes. Future work should attempt to determine whether 

adjustments in seminal fluid components in response to sperm competition also lead to 

variability in female post-mating sexual receptivity. In other words, if the risk and intensity of 

sperm competition impacts the extent to which a male manipulates female remating. 

In conclusion, I provide evidence that female Australian field crickets display an 

extensive reduction in their sexual receptivity after mating, and that this sexual inhibition 

occurs, at least in part, as a function of proteins contained in a male’s seminal fluid which are 

transferred to females from the spermatophore following mating. I identify at least two 

proteins, ToSfp011 and ToSfp022, that play a role in inducing the post-mating changes in 

female mate searching behaviour. These results indicate that changes in female sexual 



60 
 

receptivity likely reflect a form of male manipulation of female reproductive behaviour, 

likely having evolved in response to selection acting on males from sperm competition. 
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CHAPTER THREE: MALES ADJUST THEIR MANIPULATION OF FEMALE 

REMATING IN RESPONSE TO SPERM COMPETITION 

 

This chapter is presented as published in Proceedings of the Royal Society B, with minor 

changes to ensure consistency with the rest of the thesis. 

Citation: Moschilla JA, Tomkins JL, Simmons LW. 2020. Males adjust their manipulation of 
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3.1 Abstract 

To reduce the potential for sperm competition, male insects are thought to inhibit the post-

mating reproductive behaviour of females through receptivity inhibiting compounds 

transferred in the ejaculate. Selection is expected to favour phenotypic plasticity in male post-

copulatory expenditure, with males investing strategically in response to their perceived risk 

of sperm competition. However, the impact that socially cued strategic allocation might have 

on female post-mating behaviour has rarely been assessed. Here, male perception of sperm 

competition risk was varied, both prior to and during mating, to determine if a male’s 

competitive environment impacts the extent to which he manipulates female remating 

behaviour. Female Australian field crickets (Teleogryllus oceanicus) mated to males that 

were reared under sperm competition risk emerged from a shelter in search of male song 

sooner than did females mated to males reared without risk, but only when mating occurred 

in a risk free environment. Further, females that were reared in a silent environment where 

potential mates were scarce emerged from the shelter sooner than females exposed to male 

calls during development. Collectively, these findings suggest complex interacting effects of 

male and female sociosexual environments on female post-mating sexual receptivity.  
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3.2 Introduction 

Although females often derive substantial benefits from polyandry (Jennions and Petrie 2000; 

Simmons 2005; Parker and Birkhead 2013), female remating also leads to greater post-

copulatory competition between males (Parker 1970; Kvarnemo and Simmons 2013). 

Following remating, the initial male’s sperm must compete for fertilization with that of any 

subsequent males, potentially leading to a reduction in his paternity share. Sexual selection is 

predicted to favour adaptations in males that increase their relative fertilization success by 

preventing rival males from gaining access to fertilization opportunities (Gavrilets and 

Hayashi 2006; Kvarnemo and Simmons 2013). One way in which this can be achieved is by 

modifying a female’s post-copulatory behaviour by inhibiting female sexual receptivity in 

order to prevent or delay remating (Parker 1970; Eady 1995; Simmons 2001a; Markow 

2002). 

In the Australian field cricket, Teleogryllus oceanicus, males are thought to 

manipulate the remating behaviour of females. Recently mated females engage in 

significantly less mate searching behaviour (Moschilla et al. 2020a) and are less responsive to 

male song (Tanner et al. 2019). Similar to other insects (Chapman et al. 1995; Wolfner 2002; 

Chapman et al. 2003; Yamane et al. 2008), this post-mating inhibition of female sexual 

receptivity likely occurs, at least in part, as a function of proteins contained within a male’s 

seminal fluid (sfps) (Moschilla et al. 2020a). At least two sfps, ToSfp022 and ToSfp011, 

appear to play a role in inhibiting female mate searching (Moschilla et al. 2020a). Generally, 

male T. oceanicus suffer a loss in paternity that is proportionate to the number of mates 

accepted by a female (Simmons 2001b; Simmons and Beveridge 2010). Therefore, the female 

refractory period likely reflects a sperm competition avoidance tactic by males. Here, I assess 

whether the manipulation of female remating behaviour exhibits socially cued plasticity, 

varying in response to a male’s risk of sperm competition.  
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Selection is expected to favour phenotypic plasticity in post-copulatory expenditure to 

maximize the fitness returns of individual males (Kvarnemo and Simmons 2013). Males are 

predicted to invest strategically in each mating according to the sociosexual environment, 

modulating their reproductive allocation in response to criteria such as the level of 

competition (Parker et al. 1997; Parker and Pizzari 2010). Sperm have typically been the 

major focus of studies of strategic male allocation. Generally, males are predicted to increase 

their allocation of sperm when faced with a risk of sperm competition but reduce their 

allocation in the presence of sperm competition intensity (Parker and Pizzari 2010), 

predictions for which there is now much support (delBarco-Trillo 2011; Kelly and Jennions 

2011). However, non-sperm components of the ejaculate, such as sfps, are likely to play a 

crucial role in the outcome of competition (Avila et al. 2011; Simmons and Fitzpatrick 2012; 

Perry et al. 2013), and should therefore also be strategically allocated in response to sperm 

competition (Cameron et al. 2007; Dhole and Servedio 2014). Empirical studies have 

observed socially cued variability in sfp allocation (Ramm et al. 2015; Bartlett et al. 2017; 

Nakadera et al. 2019). In Drosophila melanogaster, for example, males transfer greater 

quantities of sfps when exposed to high levels of competition (Hopkins et al. 2019). Sfp 

allocation is likely complex, with male Drosophila making protein-specific adjustments in 

response to female mating status: transferring less of a fecundity-stimulating protein (ovulin), 

but not altering the quantity of a receptivity-inhibiting sfp (sex peptide - SP), when mating 

with a previously mated female (Sirot et al. 2011). Further, when males are exposed to a 

competitor male during copulation, more of both ovulin and SP are transferred to females 

(Wigby et al. 2009). 

Male T. oceanicus are also thought to make strategic adjustments to the composition 

of their ejaculates in response to competition (Simmons and Lovegrove 2017; Sloan et al. 

2018). When exposed to a risk of sperm competition, males produce ejaculates with greater 
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sperm viability (Gray and Simmons 2013). This corresponds to an increased expression of 

seven sfp genes (Simmons and Lovegrove 2017), including two proteins previously found to 

influence female remating (ToSfp022 and ToSfp011) (Moschilla et al. 2020a). However, 

when males experience an increase in sperm competition intensity, many of the same genes 

that are upregulated in response to sperm competition risk are instead downregulated (Sloan 

et al. 2018), corresponding to a reduction in sperm viability (Simmons et al. 2007). However, 

in general, the impact of male adjustments in sfp allocation on the subsequent reproductive 

behaviour of females has rarely been assessed. 

Females might also be capable of responding strategically to their social environment 

(Wigby et al. 2016; Sirot 2019). For instance, while it is expected that males might 

differentially inhibit female sexual receptivity according to their perception of sperm 

competition risk, varying the social environment might also adjust a female’s perception of 

potential mating opportunities. Females that develop in an environment in which potential 

mates are scarce may be more responsive to additional mating opportunities (Bailey and Zuk 

2008), and mate more frequently in order to limit the risk of becoming sperm depleted 

(Wigby et al. 2016). Therefore, potentially, females reared in a low male-density environment 

might oppose the post-copulatory tactics of males (Sirot 2019), maintaining high rates of 

remating behaviours in the face of the attempted male manipulation. Although such 

predictions make intuitive sense, the influence of the female social environment on the 

outcome of male post-copulatory strategy is not well-established.  

Here, I use the Australian field cricket, Teleogryllus oceanicus, to determine if the 

risk of sperm competition impacts the extent to which a male manipulates female remating 

behaviour. In this species, males are known to use acoustic cues to detect the risk of sperm 

competition (Gray and Simmons 2013; Simmons and Lovegrove 2017) and gustatory cues to 

detect the intensity of sperm competition (Simmons et al. 2007; Thomas and Simmons 2009), 
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adjusting their allocation to the ejaculate accordingly. Here I focus on risk, and assess female 

mate searching behaviour following mating with males that were either exposed to the calls 

of rivals during their development or were reared in acoustic isolation. It is hypothesised that 

males reared in a competitive environment will allocate more resources into inhibiting female 

remating, resulting in females that express significantly less mate searching behaviour than 

those mated to males reared in a non-competitive environment. I also assess the post-mating 

behavioural response of females according to a males’ perception of competition at the time 

of mating itself, allowing us to observe the extent to which males make short-term 

adjustments to their manipulation of female remating to match the immediate competitive 

conditions. Finally, an additional experiment investigates whether a female’s perception of 

male availability during her development impacts her remating behaviour, and thus whether 

male manipulation of female remating might be affected by the social environment of 

females themselves. 

 

3.3 Methods 

(a) Social manipulation 

Crickets (male and female), were drawn from an outbred laboratory stock population that 

originated from Carnarvon, Western Australia. First instar nymphs were taken after hatching 

and assigned to one of two treatments (‘risk’ or ‘no-risk’) that manipulated their perception of 

sperm competition risk throughout their development. Acoustic cues to future sperm 

competition have been shown to be effective in generating plasticity in male allocation to 

sperm quality, and to seminal fluid gene expression in T. oceanicus (Gray and Simmons 

2013; Simmons and Lovegrove 2017). Thus, the sperm competition ‘risk’ treatment raised 

males exposed to calling song, while in the ‘no-risk’ treatment, males were reared in silence. 

Two 5 min pre-recordings of male song were collected from two populations of 30 sexually 
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mature males each housed together with an equal number of females. The recordings, which 

contained a mixture of calling and courtship song, were broadcast on a continuous loop to 

‘risk’ treatment crickets throughout their development. From the penultimate nymphal instar, 

crickets were housed in individual plastic containers (7 x 7 x 5 cm), and monitored daily until 

adult eclosion. Upon adult eclosion, the sound-producing forewings of males from both 

treatments were removed to prevent them from producing their own calls. All individuals 

remained in their respective acoustic treatments until used in experimental trials. All crickets 

were kept in a constant temperature room at 26 C on a 12:12 hr light:dark cycle and supplied 

with cat chow and water ad libitum. 

Concurrently, at the penultimate nymphal stage, male and female crickets were 

removed from stock populations and housed individually. As with the treatment individuals, 

the sound-producing forewings of stock males were removed upon adult-eclosion. Crickets 

from the stock culture would have perceived the calls of sexually active crickets throughout 

their development. 

 

(b) Effects of male social environment on female remating behaviour 

A total of 198 males were used to determine if a male’s perceived risk of sperm competition 

impacts the extent to which he manipulates female post-mating behaviour. A full factorial 

design assessed the impact of sperm competition risk when perceived at two different stages: 

during development and during mating. At seven days post-adult eclosion, males from both 

developmental treatments (‘risk’ and ‘no-risk’) were left to mate with a single stock female 

each. Pairs were left to mate for a period of 12 hours. At the time of mating, females were 22 

days of adult age. Mating was conducted in either one of two environments representing a 

male’s immediate risk of sperm competition: ‘risk’ or ‘no-risk’. The competitive 

environments experienced during mating were identical to the developmental environments. 
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‘Risk’ matings occurred with the pair placed near a speaker broadcasting male song, whereas 

‘no-risk’ pairs mated in silence. Previous work has found that the strongest inhibitory effect 

of mating on female sexual receptivity occurs after one day (Moschilla et al. 2020a). 

Therefore, the mate searching behaviour of females was measured one day after mating 

completion. 

Ultimately, I assessed how post-mating female behaviour was affected when 

perceived risk of sperm competition varied both during development and at the time of 

mating. Between 48 and 52 males were assigned to each of the two mating treatments (‘risk’, 

‘no-risk’) within each of the two developmental environments (‘risk’, ‘no-risk’). 

 

(c) Effects of female social environment on female remating behaviour 

In a separate experiment, I assessed whether the acoustic environment experienced by a 

female during her development impacts her post-mating behaviour. Thus, females were also 

reared in one of the two developmental environments, exposed to the calling song of males 

(‘song’) or reared in ‘silence’. Twenty-two days after adult eclosion, females from both 

treatments were mated with a single stock male each. Pairs were left to mate for a period of 

12 hours. At the time of mating, males were 7 days post adult eclosion. All matings were 

conducted in the silent environment. After mating completion, females were placed back into 

their respective acoustic environments until their mate searching behaviour was assessed one 

day later. A total of 94 females were assigned to one of the two acoustic treatments (‘song’ = 

46, ‘silence’ = 48). 

 

(d) Mate searching behavioural trials 

I adopted an experimental design for the behavioural trials that has been used in previous 

studies (Rudin et al. 2017; Moschilla et al. 2018; Rudin et al. 2018; Moschilla et al. 2019) 
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and is described in detail in the Appendix. The trials consisted of an open field test, where the 

mate searching behaviour of individual females was observed. The behavioural arena 

measured 32 x 46 cm and contained a single shelter made from PVC pipe (height: 8.5cm; 

diameter: 8cm) located in one corner. Using tracking software (EthoVision v8.5: Noldus 

Information Technology Inc), the arena was segmented into three separate areas representing 

varying levels of exploration: ‘near’, ‘middle’, and ‘far’ (see Figure S3.1). Each behavioural 

trial began by placing an individual cricket into the shelter within the arena, with the door 

closed (Figure S3.1). Then, following a simulated predatory disturbance, the door of the 

shelter was opened and the trial began. During the course of each trial, the mating calls of 

male crickets were broadcast from outside the arena. Therefore, females were expected to 

emerge from the shelter to search for calling males despite exposing themselves to the 

apparent predator. 

 

(e) Statistical analysis 

Two metrics of a female’s mate searching behaviour were measured: latency to emerge from 

a shelter, and mobility. Latency to emerge refers to the amount of time taken for an individual 

to leave its shelter following the initiation of the trial. Those that did not emerge from the 

shelter after a ten minute period were assigned the maximum time allowed for emergence of 

600 seconds, and were excluded from the analysis of mobility. For those females that did 

emerge from the shelter, the total distance moved throughout the arena, time spent in the 

open arena as a whole, and time spent in each pre-determined exploratory section (‘near’, 

‘middle’, ‘far’) were entered into a principal component analysis (PCA) to obtain a single 

measure of mobility (see Table 3.1). The principal component analyses for both experiments 

returned single components with eigenvalues greater than one, and that explained >70% of 

the variance in mobility. All behaviours loaded equally on the PC (Table 3.1).  
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Table 3.1 Principal components analyses of the behavioural components for female mobility 

in the experiment observing the effects of the male social environment on female remating 

behaviour (experiment 1) (n = 81) and the experiment observing the effects of the female 

environment on female post-mating behaviour (experiment 2) (n = 66). 

 Effects of male social 

environment 

Effects of female social 

environment 

Eigenvalue 3.58 3.73 

Variance explained (%) 71.53 74.69 

Behaviour Loadings   

Distance moved 0.453 0.465 

Total time in arena 0.523 0.504 

‘Near’ duration 0.380 0.385 

‘Middle’ duration 0.464 0.481 

‘Far’ duration 0.402 0.388 

 

 

The effects of sperm competition risk on the mate searching behaviour of mated 

females was assessed using two general linear models, one for latency to emerge from the 

shelter in search of calling song and the other for the mobility PC scores. Male sperm 

competition risk both during development and mating were entered as factors and female 

body mass as a covariate. Models included an interaction effect between male developmental 

and mating treatments. However, Box-Cox transformations could not resolve non-normal 

residuals in the latency to emerge model and non-parametric permutation testing was used 

instead. Significant interaction effects in the initial models were followed by subsequent 
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assessments of the differences in behaviour between the treatments in the mating 

environment (‘risk’, ‘no-risk’) within each of the two developmental environments (‘risk’, 

‘no-risk’). Non-parametric post hoc analyses were conducted using pairwise Wilcoxon rank 

sum tests. 

The effects of the female’s social environment on her mate searching behaviour was 

again assessed using two general linear models, one for latency to emerge and the other for 

the mobility PC scores. The female acoustic environment (‘song’, ‘silence’) was entered as a 

factor and female body mass as a covariate. Box-Cox transformations could not resolve non-

normal residuals in the latency to emerge model and non-parametric permutation testing was 

used instead. Non-parametric post hoc analyses were conducted using pairwise Wilcoxon 

rank sum tests. 

 

3.4 Results 

(a) Effects of male social environment on female remating behaviour 

Permutation testing for the latency to emerge model revealed a significant interaction effect 

between a male’s perceived risk of sperm competition during development and mating (Table 

3.2, Figure 3.1). Data for the two developmental treatments were analysed separately to 

disentangle the interaction effect. Females mated to ‘risk’ reared males emerged from the 

shelter in search of calling song significantly sooner when mating occurred in a ‘no-risk’ 

compared to a ‘risk’ environment (Z = 3.18, P = 0.001) (Figure 3.1). However, for females 

mated to ‘no-risk’ reared males, there was no significant difference in emergence times 

between those mated in ‘risk’ and ‘no-risk’ environments (Z = 0.01, P = 0.990) (Figure 3.1). 
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Table 3.3 Results of the permutation testing for female latency to emerge from the shelter 

and the general linear model for mobility as a factor of a males’ exposure to sperm 

competition risk both during development and during mating.  

Behaviour  df Mean square Iter./ F P 

Latency to emerge Development 1 218004 5000 0.018 

 Mating 1 248067 5000 0.006 

 Mass 1 7925 222 0.430 

 Development * Mating 1 162207 5000 0.025 

 Error 193 33132   

Mobility Development 1 4.26 1.18 0.280 

 Mating 1 6.04 1.68 0.199 

Mass 1 0.10 0.03 0.871 

Development * Mating 1 0.39 0.11 0.742 

Error 76 3.59   
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Figure 3.1 Latency to emerge from the shelter and mobility in the open arena of females 

recently mated to males that experienced variability in their perception of sperm competition 

during development. Closed circles indicate females mated to males that experienced ‘no-

risk’ of sperm competition during mating itself, open circles indicate females mated to males 

that experienced ‘risk’ during mating. Median and interquartile range are shown with sample 

sizes in parenthesis. 

 

 

An initial general linear model revealed no significant interaction effect between 

sperm competition risk in the developmental and mating environments on the mobility PC 

scores of mated females (Table 3.2, Figure 3.1). There were also no significant main effects 

on the mobility of females (Table 3.2). 
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(b) Effects of female social environment on female remating behaviour 

Permutation testing revealed that a female’s environment during development significantly 

impacted her latency to emerge from a shelter one day after mating (Table 3.3, Figure 3.2). 

Females reared in the ‘silent’ environment emerged from the shelter in search of calling song 

significantly sooner than females reared in the ‘song’ environment (Figure 3.2). However, 

there was no significant effect of the rearing environment on female mobility (Table 3.3, 

Figure 3.2).  

 

 

Table 3.3 Results of the permutation testing for female latency to emerge from the shelter 

and the general linear model for mobility as a factor of female social environment during 

development and mass.  

Behaviour  df Mean square Iter./ F P 

Latency to emerge Developmental environment 1 839790 5000 <0.001 

 Mass 1 9422 62 0.635 

 Error 91 40725   

Mobility Developmental environment 1 7.58 2.10 0.152 

 Mass 1 7.72 2.14 0.149 

Error 63 3.61   
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Figure 3.2 Box plots showing the latency to emerge from the shelter and mobility in the open 

arena for recently mated females reared in either the ‘silent’ or ‘song’ social environments. 

Sample sizes are shown in parenthesis. 

 

 

3.5 Discussion 

I sought to determine the extent to which the social environment of males and females 

mediates female post-mating behaviour. The data indicate the potential for male Australian 

field crickets to plastically adjust their inhibition of female sexual receptivity according to 

their perceived risk of sperm competition. Males appear to make complex strategic decisions, 

taking into account both the long- and short-term competitive conditions experienced during 

development and courtship. Females mated to males reared under sperm competition risk 

were more sexually receptive, emerging from a shelter in search of calling song sooner, but 

only when mating occurred in a ‘no-risk’ environment. In other words, because mating in a 

non-competitive environment represents a lower likelihood of experiencing sperm 

competition than would be expected for their developmental conditions, males reared under 

‘risk’ that then mated in ‘no-risk’ appeared to invest less in inhibiting female remating. 
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Therefore, when making strategic adjustments in post-copulatory allocation, males assess the 

immediate competitive conditions relative to their developmental environment.  

The socially cued manipulation of female mate searching likely occurs through the 

strategic allocation of male seminal fluid proteins (sfps). Sfps, which are produced primarily 

in male accessory glands, are one of the major components of the ejaculate in insects (Perry 

et al. 2013). They are involved in a vast array of functions including regulating sperm storage 

and forming mating plugs as well as influencing many female physiological, behavioural and 

life-history traits (Avila et al. 2011). In a number of insect species, including T. oceanicus, 

male seminal fluid proteins have been demonstrated as a likely mechanism through which 

males inhibit female post-mating sexual receptivity (Chapman et al. 1995; Wolfner 2002; 

Chapman et al. 2003; Avila et al. 2011; Moschilla et al. 2020a). Further, males are believed 

to strategically allocate resources into the production of sfps. Male T. oceanicus upregulate 

the expression of a collection of sfps when experiencing sperm competition risk (Simmons 

and Lovegrove 2017), including those previously found to inhibit female mate searching 

behaviour (ToSfp022 and ToSfp011) (Moschilla et al. 2020a). Therefore, I suggest that it is 

this socially cued modulation in sfp allocation that likely induced the variability in female 

mate searching observed here. 

Previous studies have discussed the possibility of males responding differently to 

sperm competition risk in the pre-mating and mating environments (Bretman et al. 2009; 

Fedorka et al. 2011). In D. melanogaster, an increase in sperm competition intensity in the 

pre-mating environment led to a decrease in the expression of three sfp genes that influence 

female remating latency and oviposition rate (Fedorka et al. 2011). When competition was 

applied during courtship itself, however, males did not differentially express sfp genes 

(Fedorka et al. 2011). A full transcriptome analysis suggested that the down-regulation of 

such genes is not apparent within two hours of exposure to rivals, but does arise after 26 
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hours of exposure (Mohorianu et al. 2017). Therefore, males are perhaps limited in their 

ability to modify gene expression and protein production once courtship begins. However, the 

expression of sfp encoding genes does not necessarily translate into the final composition of 

the seminal fluid transferred to females. Males may simply transfer differing amounts of 

proteins that have already been expressed (Fedorka et al. 2011; Dhole and Servedio 2014; 

Sirot 2019). Here, males reared in song would have likely increased the expression of 

influential sfps during their development (Simmons and Lovegrove 2017). Yet, when mating 

occurred in a ‘no-risk’ environment, these competitively reared males inhibited female mate 

searching to a lesser degree. Therefore, males may be capable of adjusting the composition of 

their ejaculates during courtship, conserving the already produced sfps for use when the 

prevailing risk of sperm competition is high. When mating in a ‘risk’ environment, female 

receptivity appeared at a minimum regardless of the developmental environment of their 

mate, suggesting that it is the immediate perception of risk that is the most important cue 

impacting male allocation decisions. 

Females also exhibited an ability to adjust their remating response according to their 

own sociosexual environment. Females reared in silence emerged from a shelter in search of 

an additional mating opportunity sooner than females exposed to male song during their 

development. These data suggest that, when accustomed to an environment in which potential 

mates are scarce, females are more responsive to remating (also see Bailey and Zuk 2008). 

The socially cued increase in female post-mating receptivity would likely allow for the 

persistence of high rates of remating, maintaining the potential for sperm competition despite 

the attempted male manipulation. In other words, my results suggest that the male inhibition 

of female remating may be constrained by the strategic response of females (Wigby et al. 

2016; Sirot 2019). The outcomes of male attempts to manipulate female remating are 
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therefore dynamic, influenced by both a male’s strategic decision making and the socially 

cued plasticity of female receptivity. 

In conclusion, these findings highlight the complexity of strategic reproductive 

plasticity. The data provide evidence that male crickets adjust the extent to which they 

manipulate female mate searching behaviour in response to their perception of sperm 

competition risk. Males are capable of making finely-tuned changes to their post-copulatory 

tactics, taking into account the competitive conditions both during development and at the 

time of mating when making strategic decisions. The ability of females to respond 

strategically to their environment is also demonstrated, potentially maintaining high rates of 

remating in spite of the attempted male manipulation. 
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3.6 Appendix 

This appendix includes: 

Supplementary methods: Behavioural trials 

Supplementary Figure S3.1 
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Behavioural trials 

The experimental arena (Figure S3.1) consisted of a 31cm deep plastic trough (32 x 46 cm at 

base) with a thin layer (~2cm) of fine sand covering the base. A shelter made from PVC pipe 

(height: 8.5cm; diameter: 8cm) was placed in one corner of the arena. The shelter was fitted 

with a moveable door which enabled it to be opened from the outside.  

EthoVision v8.5 (Noldus Information Technology Inc.) was used to analyse 

recordings. Using EthoVision, the arena was segmented into three separate areas: ‘near’ was 

defined as the area within a 16 cm radius of the shelter in which the cricket was initially 

placed; ‘far’ was defined as the area within a 16 cm radius of the opposite corner from the 

shelter; and ‘middle’ was defined as the area between ‘near’ and ‘far’ (see Figure S3.1). 

Using these areas as a guide, EthoVision quantified aspects of the cricket’s behaviour, 

including: total distance moved in the arena, the amount of time spent in the arena as a whole, 

and time spent in each pre-determined area (‘near’, ‘middle’, ‘far’).  

All trials were conducted in a temperature controlled room (26ºC) under dimmed red 

light in order to ensure minimal disturbance. A trial began by placing an individual cricket 

into the shelter of the arena with the door closed and was allowed to acclimatize to the shelter 

for 60 seconds. A disturbance was then applied to the individual by tapping the outside of the 

shelter 10 times, in order to simulate a predatory risk (see Hedrick 2000; Rudin et al. 2017). 

Thirty seconds after the tapping stopped, the door of the shelter was opened and the trial 

began. Each individual was then allowed 10 minutes to emerge. If the cricket had still not 

emerged in the 10-minute period, the trial was ended for that individual. However, for those 

crickets that did emerge from the shelter in that time, EthoVision would track their movement 

through the arena for a further 10 minutes. Each trial would therefore last for a minimum of 

10 minutes, if the cricket did not emerge from the shelter, or up to a maximum of 20 minutes 

if the cricket emerged just prior to the end of the initial 10-minute period. The amount of time 
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taken to emerge from the shelter, if at all, as well as the EthoVision tracking data provided an 

estimate of mate searching behaviour for each cricket.  

During the course of each trial, the mating calls of male crickets were broadcast from 

outside the arena at the opposite end from the shelter (see Figure S3.1). Therefore, females 

were expected to emerge from the shelter to seek additional mates (calling) despite exposing 

themselves to the apparent predator (tapping). 
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Figure S3.2. Diagram of the arena used for behavioural trials including the position of the speaker 

used for broadcast of male call (from Moschilla et al. 2019). 
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CHAPTER FOUR: NONGENETIC INHERITANCE OF BEHAVIOURAL 

VARIABILITY IS CONTEXT- AND SEX-SPECIFIC 
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4.1 Abstract 

Environmentally-mediated nongenetic inheritance extends the concept of phenotypic 

plasticity across generations, allowing for the experience of parents to influence the 

physiology, life-history and behaviour of their offspring. Here, I assess whether the social 

environment of mothers and fathers impacts offspring behaviour in the Australian field 

cricket (Teleogryllus oceanicus). Parents’ perception of the density of conspecific males was 

manipulated by either exposing them to male song throughout rearing or raising them in the 

absence of song. Following mating in a factorial design, the offspring of the parental pairs 

were also reared across the two acoustic environments and their behaviour assessed as adults. 

When reared in a no-song environment, offspring of both sexes were more active, emerging 

from a shelter sooner and displaying greater mobility in search of male song. Although 

offspring behaviour was not directly impacted by either the maternal or paternal social 

environments independently, there was a significant interaction effect between the parental 

environments on the behaviour of daughters. When both parents were reared in song ('song-

male × song-female’), their no-song-reared daughters exhibited lower levels of mobility than 

the no-song-reared daughters of ‘song male × no-song female’ and ‘no-song male × song 

female’ parents. Thus, although the data suggest that nongenetic parental effects may have 

the potential to influence behavioural variability in offspring, such effects are highly 

complex, only arising as sex- and context-specific traits. 
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4.2 Introduction 

The transmission of DNA sequences from parents to offspring is the primary agent of 

inheritance. However, there is increasing evidence that the environment experienced by 

parents can also influence the physiology, life-history and behaviour of their offspring 

beyond the effect of the transmitted genes (Bonduriansky and Day 2009; Day and 

Bonduriansky 2011). Nongenetic inheritance, as defined here, does not involve direct 

parental care, but rather the transfer of environmentally mediated epigenetic, cytoplasmic, or 

somatic factors (Bossdorf et al. 2008; Bonduriansky and Day 2009; Heard and Martienssen 

2014; Uller et al. 2015; Bošković and Rando 2018; Glastad et al. 2019). This form of 

inheritance represents an extension of phenotypic plasticity, whereby environmentally-

induced plastic responses in the parental generation also alter offspring phenotype. However, 

to fully appreciate the evolutionary consequences of such intergenerational plasticity (see 

Bonduriansky and Day 2009; Lind and Spagopoulou 2018), further empirical assessments are 

needed to establish the full scope of nongenetic inheritance. 

Although environmentally-induced maternal effects are well characterised (Mousseau 

and Fox 1998; Marshall and Uller 2007), nongenetic paternal inheritance has received 

significantly less attention (but see Crean et al. 2013; Crean and Bonduriansky 2014). 

However, a growing collection of empirical research has shown that the environmental 

information received from fathers can influence offspring phenotype, even in the absence of 

direct paternal care or provisioning (reviewed in Curley et al. 2011). Such nongenetic 

paternal effects are likely inherited through modifications in sperm (Crean and Bonduriansky 

2014; Donkin and Barrès 2018; Immler 2018; Sciamanna et al. 2019) and seminal fluid 

(García-González and Simmons 2007; Priest et al. 2008; Zajitschek et al. 2018; Simmons and 

Lovegrove 2019). Paternal and maternal effects are rarely assessed in the same study, 

however, and it is therefore unclear whether they act independently or have an interactive 
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effect on offspring phenotype. Thus, in order to derive a more complete understanding of 

environmentally mediated nongenetic inheritance, it is important that studies consider the 

effects of both mothers and fathers. 

Here, I sought to determine the potential for maternal and paternal effects to influence 

offspring behaviour by manipulating the parental social environment in the Australian field 

cricket, Teleogryllus oceanicus. Recent studies indicate that T. oceanicus display both 

paternal and maternal nongenetic inheritance (McNamara et al. 2014; Simmons and 

Lovegrove 2019). Immune challenged fathers produce sons with reduced sperm viability, and 

immune-challenged mothers produce both sons with reduced sperm viability and daughters 

with reduced ovary mass (McNamara et al. 2014). Further, male T. oceanicus impact early 

offspring survival nongenetically through their seminal fluids (Simmons and Lovegrove 

2019). In particular, the increased expression of two seminal fluid protein genes is negatively 

associated with offspring survival (Simmons and Lovegrove 2019). Seminal fluid therefore 

presents as a potential avenue through which male T. oceanicus might transfer 

environmentally mediated factors to offspring. However, the full extent of nongenetic 

inheritance in this species is unclear. 

Variation in the social environment, such as the presence of intraspecific sexual 

signals, is an important driver of phenotypic plasticity in crickets (Kasumovic and Brooks 

2011; Rebar et al. 2016; Conroy and Roff 2018; Rebar et al. 2019). In T. oceanicus in 

particular, exposure to male acoustic sexual signals acts as an effective cue to the risk of 

sperm competition, generating plasticity in male post-copulatory strategy in the form of 

differential investment in sperm quality and seminal fluid gene expression (Gray and 

Simmons 2013; Simmons and Lovegrove 2017; Sloan et al. 2018; Moschilla et al. 2020b). I 

hypothesise that this plasticity in ejaculate expenditure may have consequences for offspring 

performance (Crean et al. 2013; Gasparini et al. 2018; Immler 2018; Simmons and 
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Lovegrove 2019). Further, exposure to acoustic cues is known to induce behavioural 

plasticity in T. oceanicus (Bailey and Zuk 2008; Rudin et al. 2018). Males that are kept for 

one week in the absence of male song display significantly greater levels of activity than 

males accustomed to competition (Rudin et al. 2018). Moreover, females reared in a song-

less environment are more responsive to additional mating opportunities, moving further and 

more quickly in search of song in phonotactic trials (Bailey and Zuk 2008; Ghalichi et al. 

2020). Behavioural plasticity in mate searching behaviour is likely adaptive, allowing 

females that develop in an environment where potential mates are scarce to achieve the 

additional matings that are known to enhance fitness (Simmons 2001b; García-González and 

Simmons 2007). Here, I assess whether socially cued adaptive plasticity in parents is 

reflected in the behaviour of offspring.  

Mothers and fathers in my experimental design were reared in one of two acoustic 

environments reflecting the density of conspecific males. For males, exposure to acoustic 

sexual signals is known to act as a cue to potential sperm competition risk (Gray and 

Simmons 2013; Simmons and Lovegrove 2017; Sloan et al. 2018). Whereas for females, 

male song likely reflects a female’s perception of the abundance of mating opportunities 

(Bailey and Zuk 2008). Adaptive parental effects might only arise when offspring are 

exposed to the same environment as their parents (Bonduriansky and Head 2007; Marshall 

and Uller 2007; Storm and Lima 2010; Crean et al. 2013; Lind and Spagopoulou 2018). 

Therefore, the offspring of the parental pairs were also assigned to one of the two acoustic 

treatments. The behaviour of offspring was then assessed to determine if parental responses 

to their social environment have consequences for offspring phenotype. 
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4.3 Methods 

(a) Parental social manipulation 

Crickets were drawn from an outbred laboratory stock population that originated from 

Carnarvon, Western Australia. All crickets were kept in a constant temperature room at 26 C 

on a 12:12 hr light:dark cycle and supplied with food and water ad libitum. First instar male 

and female nymphs were taken after hatching and assigned to one of two environmental 

treatments: ‘no-song’ or ‘song’. Throughout rearing, ‘song’ individuals were exposed to the 

calls of conspecific males, whereas ‘no-song’ treatment individuals were raised in the 

absence of calling (Gray and Simmons 2013; Simmons and Lovegrove 2017; Sloan et al. 

2018). Recordings of male song were collected from a population of 30 sexually mature 

males housed with an equal number of females. The recordings lasted 5 min and were looped 

throughout cricket development. From the penultimate nymphal instar, crickets were housed 

in individual plastic containers (7 x 7 x 5 cm) and monitored daily. Upon adult eclosion, the 

sound-producing wings of males from both treatments were removed to prevent them from 

producing their own calls. All individuals remained in their respective acoustic treatments 

until used for mating.  

 

(b) Breeding design 

Previously unmated males and females from both environmental treatments were allowed to 

mate once in a factorial design (song male × song female; song male × no-song female; no-

song male × song female; no-song male × no-song female). All matings took place in the 

absence of male song when crickets were 22 days post-adult eclosion. After mating, females 

were allowed one week in which to lay eggs into water-soaked cotton wool. Cotton pads were 

then incubated for two weeks, until nymphs hatched. A total of 63 pairs made up the parental 
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generation, with each of the four mating combinations consisting of an average of 15.75 ± 

0.75 pairs. 

 

(c) Offspring rearing environment 

Offspring of the 63 parental pairs were split across the same two acoustic environments 

experienced by parents: ‘song’ or ‘no-song’. Once hatched, offspring from each mating pair 

were housed in family groups across two separate containers in approximately equal 

numbers, with one container placed in a ‘no-song’ environment and the other exposed to 

‘song’. At the penultimate nymphal instar, male and female offspring were removed from 

their familial container and housed individually. Upon adult eclosion, the sound-producing 

forewings of males from both treatments were removed. Offspring remained in their acoustic 

treatments from hatching until used in experimental trials.  

At 21 days post-adult eclosion, the behaviour of each offspring was assayed. All 

individuals were unmated at the time of the behavioural trial. In total, behavioural data was 

collected for 869 offspring (435 female and 434 male). Between one and 23 offspring were 

assayed from each family (13.79 ± 0.73). 

 

(d) Behavioural trials 

Behavioural assays were conducted using a previously established experimental setup (see 

Moschilla et al. 2019; Moschilla et al. 2020a). A 31 cm deep plastic trough (32 x 46 cm at 

base) was used as the trial arena. A shelter made from PVC pipe (height: 8.5cm; diameter: 

8cm), which had been fitted with a moveable door enabling it to be opened from the outside, 

was placed in one corner of the arena (Figure 4.1). Using the tracking software EthoVision 

v8.5 (Noldus Information Technology Inc.), the arena was divided into three sections 

representing differing levels of exploration: ‘near’ was defined as the area within a 16 cm 
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radius of the shelter; ‘far’ was defined as the area within a 16 cm radius of the opposite 

corner from the shelter; and ‘middle’ was defined as the area between ‘near’ and ‘far’ (see 

Figure 4.1).  

 

 

Figure 4.3 Diagram of the arena used for behavioural trials including the position of the 

speaker used to broadcast male song (from Moschilla et al. 2019) 

 

 

A trial involved placing a single cricket into the shelter with the door closed where 

they were left to acclimatise for 60 seconds. A simulated predatory threat was then applied to 

the individual by tapping the outside of the shelter 10 times. The behavioural trial began 30 

seconds later when the door of the shelter was opened. Each individual was allowed 10 

minutes with which to emerge from the shelter. Crickets that did emerge from the shelter in 

that time were given an extra 10 minutes with which to move throughout the arena, during 

which time EthoVision would track their movement. However, if the individual had not 

emerged during the initial 10-minute period, the trial was ended for that individual. Each trial 

therefore lasted between a minimum of 10 minutes, if the cricket did not emerge from the 

shelter, up to a maximum of 20 minutes if the cricket emerged just prior to the end of the 

initial 10-minute period.  
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Trials were conducted in a temperature controlled room (26ºC) under dimmed red 

light in order to ensure minimal disturbance. Throughout the trials, the mating calls of male 

crickets were broadcast via a speaker that was placed outside the arena at the opposite end 

from the shelter (see Figure 4.1). It was expected that the broadcasted male song in the 

behavioural trials would evoke similar responses from males and females. In crickets, both 

sexes approach the song of conspecifics (Kiflawi and Gray 2000). Typically, sedentary male 

crickets produce long-distance calling song to attract phonotactic females. Males are also 

attracted to the calls of conspecifics, however, preferring to broadcast their calls as part of a 

chorus rather than alone (Campbell and Shipp 1979; Simmons 1988; Hissmann 1991). 

Further, male crickets are also known to adopt alternative mating tactics such as ‘satelliting’, 

whereby males approach calling conspecifics and silently intercept females. This alternative 

mating behaviour is believed to be plastic within individuals, with males readily switching 

between tactics (Simmons 1986; Hissmann 1990; Tinghitella et al. 2009). Both males and 

females in the trials were therefore expected to be attracted to and approach the broadcasted 

song. 

Using the EthoVision  tracking software, I collected data on six behavioural variables 

for each trial: latency to emerge from the shelter after the initiation of the trial, total distance 

moved in the arena, time spent in the open arena as a whole, and time spent in each pre-

determined area (‘near’, ‘middle’, ‘far’). Following completion of the behavioural trial, the 

pronotum width of each individual was measured using Mitutoyo CD-6 ASX callipers 

(precision: 0.01 mm). 

 

(e) Statistical analysis 

Two metrics of cricket behaviour were observed: latency to emerge from a shelter and 

mobility. Latency to emerge refers to the amount of time taken for an individual to leave its 
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shelter following the predatory disturbance. When a cricket did not emerge from the shelter 

after a ten minute period, the trial was ended for that individual, they were assigned the 

maximum time allowed for emergence of 600 seconds, and were excluded from the analysis 

of mobility. For those crickets that did emerge from the shelter, components of their 

movement throughout the arena were entered into a principal component analysis (PCA) to 

obtain a single measure of mobility (see Table 4.1 for details).  

 

Table 4.4 Principal components analysis of the behavioural components for cricket mobility 

(N = 824). Only one principal component received an eigenvalue of greater than one and so 

was the only component retained for mobility analysis. 

 Principal component 

Eigenvalue 3.40 

Variance explained (%) 67.92 

Behaviour Loadings  

Distance moved 0.458 

Total time in arena 0.533 

‘Near’ duration 0.303 

‘Middle’ duration 0.475 

‘Far’ duration 0.435 

 

 

The potential for nongenetic parental effects were initially analysed using two linear 

mixed-effects models, one for latency to emerge and the other for mobility. Family was 

included as a random effect in both models. The environmental treatment (‘song’, ‘no-song’) 

experienced by the mother, father, and offspring were entered as factors. The sex of the 

offspring was also included as a factor and their pronotum width as a covariate. Interaction 
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effects were included across all 4 factors (dam treatment, sire treatment, offspring treatment, 

and offspring sex). However, for both models, residuals were significantly non-normal 

according to Shapiro–Wilk's tests. I therefore utilised a permutation-based method for testing 

the significance of effects in LMMs (Lee and Braun 2012) using the ‘predictmeans’ package 

in R (Luo et al. 2020). This approach is based on the restricted likelihood ratio test (LRT) 

statistic. The test permutes values for the marginal errors within and between subjects and 

calculates covariance matrices and LRT statistics for each permutation of the errors. The 

permuted LRT statistics are then compared to the observed LRT statistic to produce a 

permutation based p-value for each component of the model.  

 

4.4 Results 

There were no significant main effects of either the paternal or maternal social environments 

on offspring latency to emerge from the shelter (Table 4.2). There was also no significant 

difference in latency to emerge between males and females. However, offspring reared in 

‘no-song’ emerged from the shelter significantly sooner than those exposed to ‘song’. There 

was also a significant interaction effect between an offspring’s sex and their own social 

environment (Table 4.2). When reared in song, there was no significant difference in the 

behaviour of the sexes (Z = 0.25, P = 0.80), but when reared in the absence of song, females 

emerged from the shelter significantly sooner than males (Z = 4.46, P < 0.001) (Figure 4.2). 

All other interaction effects were non-significant. 
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Table 4.2 The effects of the social environments experienced by mothers, fathers, and 

offspring, as well as sex and body mass on offspring latency to emerge from a shelter and 

mobility in an open arena. Non-significant interaction effects are not reported. 

Behaviour Trait χ2 df Permutation p 

Latency to 

emerge 

Environment 172.76 1 <0.001 

Maternal 0.65 1 0.428 

Paternal 2.80 1 0.106 

Sex 0.98 1 0.324 

Pronotum width 0.02 1 0.878 

Environment x Sex 5.56 1 0.017 

Mobility Environment 23.75 1 <0.001 

Maternal 0.08 1 0.773 

Paternal 0.11 1 0.740 

Sex 48.55 1 <0.001 

Pronotum width 6.44 1 0.012 

Environment x Paternal x Maternal x Sex 20.43 11 0.043 
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Figure 4.4 Mean (±SE) latency to emerge from a shelter for offspring when reared in a ‘no-

song’ or ‘song’ environment. Closed circles indicate females and open circles indicate males 

 

 

Males displayed significantly greater mobility than females, and individuals that were 

reared in ‘no-song’ were more mobile than those reared in ‘song’ (Table 4.2). Larger 

individuals also moved throughout the open arena to a lesser degree than smaller crickets 

(Table 4.2). Further, although there was no significant main effect of either the paternal or 

maternal environment, offspring mobility was explained by a four-way interaction effect 

(Table 4.2). A significant interaction between the maternal and paternal environments arose 

when daughters were reared in the absence of song. When both parents were reared in ‘song’, 

their ‘no-song’ reared daughters displayed significantly lower levels of mobility than 

daughters from ‘song male × no-song female’ (Z = 2.60, P = 0.009) and ‘no-song male × 

song female’ (Z = 3.12, P = 0.002) parents (Figure 4.3). The mobility of ‘no-song male × no-

song female’ daughters was intermediate between daughters from the other three mating 

treatments: their mobility did not differ significantly from ‘song male × no-song female’ (Z = 
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1.09, P = 0.277), ‘no-song male × song female’ (Z = 1.62, P = 0.104) daughters, or ‘song 

male × song female’ daughters (Z = 1.05, P = 0.293) (Figure 4.3). 

 

 

 

Figure 4.3 Mean (±SE) mobility of female (left) and male (right) offspring when reared in 

‘no-song’ or ‘song’ as a function of the parental mating combinations: song male × song 

female (blue); song male × no-song female (red); no-song male × song female (green); and 

no-song male × no-song female (black).  

 

 

4.5 Discussion 

When reared in a low male density environment, female Australian field crickets 

(Teleogryllus oceanicus) have been found to exhibit an adaptive increase in their mate 

searching behaviour, moving further and more quickly in search of song in order to access 

potentially rare mating opportunities (Bailey and Zuk 2008; Swanger and Zuk 2015; Ghalichi 

et al. 2020). I likewise found an effect of the direct environment experienced by offspring on 
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their behaviour. Further, offspring behaviour was not impacted by either maternal or paternal 

effects independently, but was affected by an interaction between the environments 

experienced by mothers and fathers. The effect was complex, only arising in: (i) daughters, 

not sons; (ii) when daughters themselves were reared in a ‘no-song’, but not ‘song’ 

environment; and (iii) for the mobility behavioural metric, not for latency to emerge from the 

shelter. When reared in the absence of song, offspring of both sexes were more active, 

emerging from a shelter sooner and displaying greater mobility. However, when both parents 

were reared in song (‘song male × song female’ pairs), their daughters did not display this 

behavioural variability. Regardless of their own acoustic environment, ‘song male × song 

female’ daughters displayed very low mobility. Our data therefore suggest the potential for 

non-adaptive behavioural plasticity in females via environmentally-mediated nongenetic 

inheritance.  

The mechanisms underlying these parental effects are unclear. Extensive research has 

illuminated the role of environmentally mediated epigenetic and cytoplasmic factors in 

driving nongenetic inheritance (Bossdorf et al. 2008; Jablonka and Raz 2009; Heard and 

Martienssen 2014; Bošković and Rando 2018; Glastad et al. 2019; Perez and Lehner 2019). 

Changes in neural gene expression, for example, with modifications in the epigenome may 

have mediated the response observed here. Studies in T. oceanicus, and the closely related T. 

commodus, indicate that both male and female crickets exhibit variability in neural gene 

expression when exposed to conspecific song (Kasumovic et al. 2016; Pascoal et al. 2018). 

Many of these genes are believed to be associated with cricket mating behaviours 

(Kasumovic et al. 2016), and therefore, if changes in gene expression are transferred across 

generations, they might also mediate offspring behaviour. Moreover, for fathers specifically, 

there is increasing evidence that the ejaculate likely transfers environmental information to 

offspring through changes in sperm structure or adjustments in ejaculate components (Crean 
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and Bonduriansky 2014; Gasparini et al. 2018; Immler 2018; Sciamanna et al. 2019; 

Simmons and Lovegrove 2019). In T. oceanicus, paternal effects likely occur through 

variable investment in seminal fluid proteins (Simmons and Lovegrove 2019), the expression 

of which are impacted by exposure to conspecific sexual signals (Simmons and Lovegrove 

2017; Sloan et al. 2018). My findings could be explained in part by ejaculate-mediated effects 

tied to the receipt of variable seminal products from song-reared fathers. However, the effect 

of song-reared fathers only became apparent when their female mates were also reared in 

song. Therefore, the transfer of environmental information from fathers likely only occurred 

when socially cued responses in mothers enabled the transmission to occur (Curley et al. 

2011; Crean and Bonduriansky 2014). However, exactly what underlying mechanisms 

explain the interactive effect of mothers and fathers remain unclear. Exploring the interplay 

between paternal and maternal nongenetic inheritance is an interesting avenue for future 

research. 

Nongenetic inheritance is often sex-specific. Sons and daughters often respond 

differently to the environment of parents, and paternal and maternal environments can have 

contrasting effects on offspring (Burke et al. 2019). Distinct paternal and maternal effects 

were not observed here. However, the interaction effect between the parental environments 

was sex-specific; the variability in offspring behaviour was observed in daughters but not 

sons. The finding that environmental information of parents is reflected in the phenotype of 

daughters only, is not novel (Burke et al. 2019). For example, In Drosophila melanogaster, 

female but not male reproductive success is enhanced when mothers receive additional 

seminal fluid proteins from extra, non-sire males (Garcia-gonzalez and Dowling 2015). 

Unfortunately, given the lack of investigation into sex-specific nongenetic inheritance, it 

remains unclear why sons and daughters might respond differently to the environmental 

experience of parents. However, in the case of the current study, I hypothesise that the sex-
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specificity of the observed effect may be related to differences in the adaptive value of 

phonotactic behaviour in male and female T. oceanicus. In the call-answer mating system of 

crickets, stationary males produce long-distance calling song to attract phonotactic females. 

Phonotaxis is therefore a necessary behavioural response for female reproduction, but is not 

needed in order for males to achieve matings. As such, because the behavioural estimates 

used here involved measuring cricket movement towards calling song, it may be more likely 

for nongenetic inheritance to arise in the sex in which this phonotactic behaviour has greater 

adaptive significance. 

Nongenetic inheritance of the parental environment is often adaptive (Marshall and 

Uller 2007; Crean et al. 2013). If parents can predict the environment that their offspring will 

experience, they might optimally alter their phenotype to suit those conditions, thereby 

maximising offspring fitness. Thus, adaptive nongenetic inheritance likely occurs only when 

offspring experience the same environment as their parent (Marshall and Uller 2007; Storm 

and Lima 2010; Crean et al. 2013). In a rapidly changing environment, however, where 

environmental conditions fluctuate across-generations, the inheritance of environmental 

information may lead to reduced offspring fitness (Bonduriansky et al. 2012). In T. 

oceanicus, females reared without exposure to male acoustic sexual signals display greater 

levels of mate searching behaviour in order to maximise their chances of mating in the low 

male density environment (Bailey and Zuk 2008; Ghalichi et al. 2020). However, my data 

showed that when both parents were reared in ‘song’, their ‘no-song’ reared daughters did not 

display this adaptive behavioural plasticity, instead exhibiting low levels of mate searching. 

Therefore, when conditions fluctuated across-generations, the nongenetic inheritance of 

environmental information had the potential to be non-adaptive. However, my data also 

suggest a potential non-adaptive behavioural response when conditions did not fluctuate 

across-generations: when mothers, fathers, and daughters were all reared in the absence of 
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song. According to theory (Marshall and Uller 2007; Crean et al. 2013), these ‘no-song’ 

reared daughters might have been expected to exhibit a more pronounced adaptive increase in 

mate searching behaviour, potentially being ‘prepared’ for their low-male density 

environment by their parents. It is therefore unclear why the ‘no-song’ reared daughters of 

‘no-song’ parents did not exhibit a significant increase in mate searching. Potentially, this 

finding could indicate a limit to plasticity; when both parents experience the same 

environment, they might transfer to their daughters a more fixed phenotype, constraining 

their ability to learn from the environment.  

In conclusion, this study suggests that an interaction between maternal and paternal 

environmental experiences may play a role in mediating the behaviour of daughters. These 

results highlight the potential complexity of nongenetic inheritance as context- and sex-

specific traits. Given the lack of empirical studies assessing the mechanisms underlying the 

inheritance of parental environmental information, I can only speculate on the mechanisms 

underlying these effects. However, socially cued adjustments in neural and seminal gene 

expression offer a promising avenue through which such effects might arise (Kasumovic et 

al. 2016; Pascoal et al. 2018). Regardless of mechanism, these findings show that the parental 

response to the sociosexual environment may impact the behavioural plasticity of offspring 

and therefore have intergenerational fitness consequences. 
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In order to appreciate the evolutionary significance of behaviour, it is important to have an 

understanding of what causes behaviour to vary both among- and within-individuals. In 

Chapter 1 of this thesis, I investigated the evolutionary mechanisms that are believed to 

explain why individuals differ in their average behavioural expression. Then, in chapters two 

to four, I observed some of the ways in which sexual selection can lead to within-individual 

behavioural variation, and how changes in selection pressures due to the sociosexual 

environment lead to phenotypic plasticity both within-individuals and across generations. 

Here, I briefly discuss the core findings of each of the thesis chapters and provide suggestions 

for future research. 

Explanations for the existence of among-individual behavioural variation typically 

invoke life-history theory, arguing that individual differences in life-history strategy 

correspond to individual differences in behaviour. The pace-of-life syndrome hypothesis is 

perhaps the most prominent of these proposed explanations (Réale et al. 2010; Dammhahn et 

al. 2018). However, in Chapter 1, I found little evidence of POLS in T. oceanicus. In 

particular, I was unable to find a clear association between behaviour and life-history traits in 

either males or females. This finding adds to a now extensive body of empirical evidence 

failing to support the POLS hypothesis within-species (see Royauté et al. 2018). Departures 

from the expectations of the POLS hypothesis might occur for a number of reasons. For 

instance, it is important to acknowledge that the pace-of-life is not the sole evolutionary force 

determining the association between behaviour, physiology and life-history. Context-specific 

selection pressures will also shape the strength and direction of trait correlations, and my 

results suggest that sex may act as one such source of variable selection. I therefore suggest 

that future empirical assessments of POLS avoid making broad predictions regarding 

phenotypic integration, and instead consider how sex-specific pressures might alter trait 

covariance structures. Additional efforts should also be made to analyse POLS at the genetic 
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level. POLS structure is predicted at the genetic level (Réale et al. 2010), and studies 

examining the among-individual phenotypic integration of traits typically assume that 

observed correlations reflect the underlying genetic relationships (Brommer 2013). However, 

environmental effects have the potential to mask genetic trade-offs, altering the strength and 

direction of life-history trait correlations according to resource acquisition-allocation models 

(‘the Y-model’; De Jong and van Noordwijk 1992). Thus, the associations between 

behaviour, physiology and life-history that stem from such trade-offs are expected to vary 

depending on the level of analysis. Future empirical studies will therefore provide most 

insights on the coevolution of POLS traits by investigating associations at both the genetic 

and phenotypic levels. 

 Life-history based explanations for the existence of behavioural variation typically 

assume that individual differences in behaviour have consequences for individual fitness 

(Smith and Blumstein 2008; Moiron et al. 2020). According to POL theory, individuals that 

take greater risks are generally expected to maximise their immediate reproductive success 

whilst also incurring an increased risk of mortality (Réale et al. 2010). However, these 

expectations are overly simplified, and the patterns of selection acting on behaviours are in 

fact likely to be context-specific. For example, patterns of selection may differ across: 

laboratory and natural populations (Niemelä et al. 2015), taxa (Smith and Blumstein 2008), 

and sexes (Dingemanse et al. 2004; van Overveld et al. 2015). Future studies might therefore 

profitably expand upon Chapter 1 by directly assessing the fitness consequences of among-

individual behavioural variation. Understanding the complete patterns of linear and nonlinear 

selection acting on individual differences in behaviour will provide insights into the 

evolutionary causes of behavioural variation. 

Behavioural plasticity enables individuals to express the optimal phenotype in a 

changing environment. In this way, within-individual behavioural variation is typically 
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thought to be adaptive. However, sexual selection might sometimes act in such a way that 

brings about maladaptive plasticity. For example, to avoid sperm competition, males are 

expected to evolve tactics that inhibit the ability of a female to mate with rivals, maximising 

their own fitness at the expense of the female. In Chapter 2, I first confirmed that female T. 

oceanicus exhibit a clear sexual refractory period, as evidenced by a post-mating reduction in 

their mate searching behaviour. I was able to identify two seminal fluid proteins (sfps) that 

are associated with this behavioural response. Therefore, as in Drosophila, male T. oceanicus 

appear to utilise non-sperm ejaculatory products in order to inhibit female remating and avoid 

sperm competition. As discussed in greater detail in Chapter 2, further experimentation is 

needed to determine the full extent of the role that sfps play in this process. Further, although 

polyandry likely leads to a reduction in male fitness, female insects often benefit from mating 

with multiple partners. Selection on females might therefore lead to the evolution of counter-

adaptions that resist the attempted male manipulation (Sirot 2019). For example, females 

might exert some control over the degradation of male sfps. In Drosophila, proteases in the 

female genital tract degrade the receptivity-inhibiting ‘sex peptide’ within days of copulation 

(Pilpel et al. 2007). Potentially, selection might act on female protease production and 

function, possibly leading to the degradation of a larger quantity of sfps, thereby reducing 

their influence on female remating behaviour. There is behavioural evidence to suggest that 

female tettigoniid bushcrickets can circumvent male induced sexual refractoriness when the 

benefits of remating are sufficient (Simmons and Gwynne 1991). Unfortunately, however, 

nothing is known about potential mechanisms of counter-adaption in female field crickets. 

More work is required in this important area of interacting male and female phenotypes. 

Males are predicted to invest plastically in post-copulatory expenditure in response to 

their competitive environment (Parker and Pizzari 2010). Accordingly, in Chapter 3, male T. 

oceanicus were found to make socially cued adjustments to their manipulation of female 
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remating. My results highlight the complexity of this strategic allocation, with males 

adjusting the extent to which they inhibit female behaviour based on both their long- and 

short-term perceived risk of sperm competition. Although I suggest that males achieve this 

plastic manipulation through differential allocation of seminal fluid proteins, future studies 

that directly analyse the composition of ejaculates are needed to confirm this hypothesis. 

Further, if males do indeed transfer compositionally altered spermatophores to females, it 

would be worthwhile to ask how this is achieved. The time scale under which male T. 

oceanicus make adjustments in sfp gene expression is unknown. However, studies in 

Drosophila indicate that males may be limited in their ability to modify protein production in 

the short-term (Fedorka et al. 2011). If T. oceanicus also exhibit a delay in gene expression it 

would imply that males are capable of differentially ‘selecting’ the composition of their 

ejaculate from the already produced proteins, thereby allowing males to conserve sfps for use 

at a later stage when the immediate risk of sperm competition is high. Assessing whether 

males exhibit short-term changes in sfp gene expression to reflect the social environment, and 

the development of ELISA to quantify the abundance of individual sfps within the ejaculate, 

would assist in answering this question. 

Phenotypic plasticity in response to the sociosexual environment allows individuals to 

optimally match their behaviour to the current competitive conditions. Traditionally, such 

plasticity would only be thought to impact the phenotype of the individual that experiences 

the environmental variation. However, the concept of nongenetic inheritance establishes the 

possibility that within-individual plasticity might also impact offspring phenotype and 

therefore have transgenerational fitness consequences. The results of Chapter 4 show that the 

sociosexual environment of parents has the potential to impact offspring behaviour. Female 

offspring that were reared in an opposing environment to their parents exhibited a 

maladaptive behavioural response. When reared in an environment with limited mating 
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opportunities, these daughters did not exhibit the expected adaptive increase in mate 

searching (Bailey and Zuk 2008; Ghalichi et al. 2020). My findings also indicate that 

nongenetic inheritance can be sex-specific and can occur as a result of an interactive effect 

between mothers and fathers. As discussed in Chapter 4, the mechanistic basis behind this 

effect is likely complex, and investigating how paternal and maternal mechanisms might 

complement each other is an interesting avenue for future research. There is great potential 

for omics studies in this area. One approach would be to perform transcriptome screens to 

determine the effect of parental environment on the expression of genes in offspring. 

Additionally, proteomic and epigenomic analyses of the male ejaculate might be useful in 

identifying the basis of paternal transgenerational effects (Donkin and Barrès 2018). 

In conclusion, in this thesis I have explored the foundations of among- and within-

individual behavioural variation. The findings emphasise the importance of accounting for 

sex-specificity when assessing the evolutionary basis of among-individual behavioural 

differences. I also demonstrate the substantial impact that sexual selection pressures can play 

in driving within-individual plasticity. Together, my findings provide a robust evaluation of 

the evolutionary significance of behavioural variation. 
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