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Abstract

Evolutionary game theory and assessment strategy models have been used to try to
understand animal decision making processes during male-male contests. However, this has
often led to mixed or inconclusive results. This may be due to various factors including that
current analysis frameworks are unable to detect individual variation in assessment strategy
use, that personality may affect assessment strategy use via underlying mechanisms/
behavioural syndromes, or that animals are able to switch assessment strategies as contests
escalate. However, these possible explanations for individual and population variation in
contest dynamics have yet to be extensively explored. In this thesis | firstly assessed
whether Australian black field crickets (Teleogryllus commodus) display consistent inter-
individual variation (personality) in four different contexts. | then assessed whether these
four behaviours are linked, forming a behavioural syndrome. The four behaviours measured
were general activity, boldness in a novel environment, boldness after a predation-risk
event and aggression towards a conspecific. Inter-individual variation was repeatable for
general activity, boldness in a novel environment and aggressiveness, but not for boldness
after a predation risk. Therefore, there was evidence for personality in T. commodus.
However, none of the behaviours were correlated across contexts, indicating that there is
no behavioural syndrome linking these four particular behaviours. Next, | assessed which
assessment strategy Australian black field crickets (Teleogryllus commodus) use during
male-male conflict, and whether there is any individual variation in the use of assessment
strategy within the population. | then assessed whether T. commodus switch assessment
strategies during contests by analysing each phase of the contest individually. Finally, |
assessed whether boldness affects the assessment strategy employed by individuals during
conflict. To assess the assessment strategy used by T. commodus | used novel methodology
proposed by Chapin et al., (2019), and compared the results to those when using the more
traditional methodology proposed by Taylor and Elwood (2003). The results from the Taylor
and Elwood (2003) analysis were inconclusive. However, the Chapin et al., (2019) analysis
clearly showed that T. commodus uses a mix of assessment strategies, that there is
individual variation in assessment strategy use in my population of T. commodus and that

switching of assessment strategy is possibly occurring between phases of the contest.
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Boldness also did not appear to have an effect on the assessment strategy used in this
population. As the first study to empirically apply the Chapin et al., (2019) methodology, my
results demonstrate how the methodology can be applied to real animals and the
improvements this could provide to the field. | believe this thesis demonstrates how
important it may be to assess for individual variation in assessment strategy use, switching
of assessment strategies between phases of conflict and the effect of personality on
individual assessment strategy use, particularly in species that have previously had

inconclusive results.
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Sexual selection and Male-Male competition

Sexual selection has been a dominant topic in biology since it was introduced by Darwin
(1871). Sexual selection is an evolutionary process that drives adaptations to increase an
individual’s reproductive success, which often conflicts with natural selection (Hunt et al.,
2009). The main mechanisms Darwin proposed through which sexual selection acts were
male-male competition and female choice. Male-male competition involves males of the
same species competing for access to females in order to reproduce (Darwin, 1871). Males
may compete directly for ability to mate with a female, or they may compete for dominance
rights, territory or resources which increase their access to females. Sexual selection
therefore acts upon attributes that increase fighting success such as weaponry, size and
behaviour, either by directly increasing their ability to win contests, or indirectly by
providing honest signals of fighting ability and health to warn off other competitors
(Andersson & Iwasa, 1996; Emlen, 2008; Kodric-Brown et al., 2006; Kodric-Brown & Brown,
2015).

Contest Strategy

Winning male-male contests increases a male’s access to a female in order to reproduce
successfully. Therefore we would expect sexual selection to lead to highly effective weapons
and a ‘total war’ strategy in contests to maximise the chance of winning, causing high
fatality outcomes. However, fatalities are rare, and instead ‘limited war’ type contests are
more common, involving ineffective weapons, or highly ritualised fighting tactics that
minimise serious injury are more common (Smith & Price, 1973). For example, the Arabian
oryx (Oryx leucoryx) horns are shaped in such a way that in order to direct their horns
towards an opponent during a fight they have to kneel with their head between their knees
minimising the force of the blows and the potential injury they could cause (Darwin, 1871).
In many snake species, male’s wrestle each other, but do not use their fangs to cause injury
(Shaw, 1948, 1951). Mule deer bucks (Odocoileus hemionus) fight vigorously when pushing
their antlers together, but will not attack when an opponent has turned away and exposed
unprotected areas of its body (Linsdale & Tomich, 1953). One explanation for these efficient
weapons, or ritualised behaviours, is that if too many individuals were seriously or fatally
injured during male-male contests, it would be detrimental to the species as a whole, which

follows the assumptions of ‘group selection’. Group selection, however, conflicts with
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Darwin's theory of individual selection, as well our understanding of genetics which
suggested that group selection would be a weak selection pressure compared to individual
selection (Maynard Smith & Price, 1973). Instead, the application of game theory to animal

contests has provided an explanation for the evolution of limited war type contests.

Evolutionary Game theory

Game theory is the use of mathematical models to study interactions and strategies
between competing opponents (Roger, 1991). Game theory has applications in a wide range
of fields and has become the umbrella term for the science of logical decision making in
humans, animals and computers. Evolutionary game theory was born when John Maynard
Smith realised that game theory could be used to explain animal contests and the evolution
of limited war type contests benefiting both individuals and species as a whole. Maynard
Smith and Price (1973) modelled five strategies which could employ three tactics and then
tested whether they could be evolutionarily stable strategies (ESS), such that no mutant
strategy could enter the genetic pool and produce a higher reproductive success. The three
tactics were: conventional tactics that cause limited injury, dangerous tactics that could
cause serious injury if used often and retreat resulting in losing the contest. The five
strategies were Mouse, Hawk, Bully, Retaliator and Probe-retaliator. The hawk strategy is a
‘total war’ strategy while the mouse strategy represents a total peace strategy, the other
three are ‘limited war’ strategies. Total war involves the individuals always using dangerous
tactics until it wins or is seriously injured. Limited war is when the individual starts with
conventional tactics but can later escalate to damaging tactics with differing probabilities,
but always escalates if the opponent does. Lastly in the total peace/mouse strategy, the
individual never uses dangerous tactics and will retreat immediately if faced with one. For a
strategy to be evolutionarily stable it has to be the most successful in a population with a
majority of the same strategy, as sexual selection will drive the gene pool to have a greater
allele frequency of the most successful strategy. Hawk was shown not to be an ESS as
mouse and bully strategies receive more benefits in a hawk population than hawks did.
Instead, the retaliator strategy was shown to be an ESS and probe-retaliator was almost an
ESS. Therefore limited war type strategies are more evolutionarily stable and provide

greater benefit to individuals as well as the species.
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Symmetric vs Asymmetric contests

While Maynard Smith and Price (1973) had managed to explain why limited war strategies
that minimise injury have evolved, it was based on the assumption that contests were
‘symmetric’ where all individuals had equal fighting ability. However, in real animal
contests, individuals are not always equally matched, leading to ‘asymmetric’ contests
(Maynard Smith & Parker, 1976; Parker, 1974). There are two main causes for these
asymmetric contests. The first is due to differences in the pay-off of the contest for each
individual. For example, when a territory is already being held by one contestant, the
invading opponent has less to lose by retreating than the territory holder which may have
invested time and energy into gaining and maintaining the territory. The second is that
individuals may have differences in their ability to gain or retain the contested resources,
i.e. they may have differences in their fighting ability due to differences in certain
characteristics such as size or health (Maynard Smith & Parker, 1976). This has been termed
the resource holding potential (RHP) and it is expected that individuals with higher RHP are
more likely to win contests (Parker, 1974). This raises the question of which strategies are
ESSs when considering these asymmetries; are opponents able to detect information about
the asymmetries/RHP and how do they use this information? Smith & Parker (1976)
concluded that ESSs in asymmetric contests were those that allowed RHP cues to be used to
settle contests without escalation, but escalation would occur if information to the
contestants was imperfect. From there many ESS models were developed, varying in the

way in which the opponents assessed RHP cues.

Assessment strategies

The four main theoretical models that have been most extensively empirically tested to
understand animal contests are the war of attrition model (WOA) (Mesterton-Gibbons et
al., 1996), the energetic war of attrition model (E-WOA) (Payne & Pagel, 1996), the
cumulative assessment model (CAM) (Payne, 1998) and the sequential assessment model
(SAM) (Enquist & Leimar, 1982). All four models assume that RHP is the main determinant
of the outcome of the conflict but differ in the way in which information about the RHP is
gathered. WOA, E-WOA and CAM all come under the umbrella of a self-assessment strategy
which assumes that the decision to withdraw is determined by the individual’s own RHP

(Arnott & Elwood, 2009). In self-assessment strategies the RHP of each individual
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determines a threshold of costs that the individual can incur during a conflict, and once the
threshold is met, the individual withdraws from the contest. Therefore, the opponent with
the greater RHP will have a higher threshold and will outlast the lesser RHP individual. The
WOA and E-WOA differ in that according to E-WOA the energy used during the contest is
the main cost, while the time spent in the contest is the main cost according to the WOA
model (Pinto et al., 2019). CAM differs slightly from WOA and E-WOA in that it also takes
into account the actions of the opponent and their effect on the individual i.e. the cost of
injuries caused by the opponent are also considered a cost of the contest (Payne, 1998). In
contrast, the SAM comes under the mutual assessment umbrella, which assumes that
individuals are able to gather information about their opponents RHP in relation to their
own RHP and will avoid conflict if they consider themselves weaker than their opponent
(Enquist & Leimar, 1982). If the opponents are closely matched, then the contest will
escalate to provide more information about each other’s RHP and fighting ability, until one

individual identifies itself as weaker and withdraws (Pinto et al., 2019).

Development of assessment strategy models

For many years it was assumed that mutual assessment (SAM) was the most common
strategy used by animals during contests. This changed when Taylor and Elwood (2003)
identified a statistical bias towards incorrectly assuming mutual assessment and proposed a
new analytical framework. Under the Taylor and Elwood (2003) framework WOA and E-
WOA models are statistically indistinguishable and therefore can be combined to form
(E)WOA, which predicts that contest duration is positively correlated to loser RHP and has
either a weak positive or no correlation to winner RHP. Similarly, CAM and SAM are also
empirically indistinguishable when analysing randomly paired contests, both predicting a
positive correlation between contest duration and loser RHP but a negative correlation with
winner RHP. However, these cannot be combined as they are based on opposing
assumptions and more information is required to tease apart these models (Briffa &
Elwood, 2009). This information can be sourced from analysing either RHP-matched
contests or the probability of escalation during contests. CAM predicts a positive correlation
between contest duration and mean RHP in RHP-matched contests, whereas SAM predicts
no correlation between contest duration and mean RHP (Arnott & Elwood, 2009). In

contests where escalation can occur SAM predicts a negative correlation between
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probability of escalation and difference in the RHP of rivals, while CAM predicts no
relationship between probability of escalation and difference in RHP of rivals (Payne, 1998).
While, there have been developments and improvements made to the models and the
analysis of the models, there have still been inconclusive results when the models are

applied to real animal contests.

Inconclusive results when applying game theory to animal contests

Despite the extensive history and many developments in evolutionary game theory and
assessment strategy models, current models are still not perfect. Current empirical studies
applying the theoretical models to real animals have resulted in mixed results, with most
studies finding partial support for some models, support for more than one model or no
support for any of the models (Arnott & Elwood, 2009; Chapin et al., 2019; Pinto et al.,
2019). There are many explanations for these inconsistent results including the possibility
that individuals of the same species do not always use the same assessment strategy. This
could be due to differing motivation levels between individuals (Arnott & Elwood, 2009;
Briffa & Elwood, 2001; Elwood et al., 2006), or due to differing personality types (Briffa et
al., 2015). A population might not only differ in the assessment strategy used among
individuals, but also show variation within-individuals due to past experience (Hsu & Wolf,
1999; Stuart-Fox & Johnston, 2005; Zucker & Murray, 1996) or the ability to switch
assessment strategies during contests (i.e. between contest phases) (Arnott & Elwood,
2009; Hsu et al., 2008; Lobregat et al., 2019; Morrell et al., 2005; Stuart-Fox, 2006). While
these have been suggested as possible explanations, they are relatively new areas of study

and have yet to be extensively investigated.

Progression of the statistical analysis of assessment strategies

Another possible explanation for the inconclusive results of previous studies is limitations in
current statistical analysis, especially when considering variation in the assessment strategy
employed among different individuals within a population (Chapin et al., 2019). The recently
proposed methodology from Chapin et al., (2019) provides a system for improving the
analysis frameworks when determining assessment strategies used by species. Similar to the
Taylor and Elwood (2003) framework, the Chapin et al., (2019) framework follows the

prediction that under self-assessment there is no relationship between winner RHP and
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contest duration, while mutual assessment predicts a positive relationship. However, the
Chapin method involves repeated contest trials with focal individuals, paired with larger
opponents, to ensure that the focal is the loser individual for the analysis. This allows the
determination of slope of the relationship between winner RHP and contest duration for
each focal individual, allowing for individual variation to be assessed. This proposed
methodology could provide a significant improvement in the analysis of animal contest,

however, to my knowledge it has not yet been empirically tested in any animal.

Variation in the use of assessment strategies

A major assumption of assessment strategies models is that the assessment strategy used is
consistent across the species or population. However, this has been shown not to be the
case, with both between and within-individual variation in assessment strategy identified in
several species (Arnott & Elwood, 2009; Briffa & Elwood, 2004; Briffa & Lane, 2017;
Camerlink et al., 2017; Prenter et al., 2008). In this thesis | focus on switching as a source of

within-individual variation and personality as a source of between-individual variation.

Switching is the ability of an individual to use one assessment strategy in the initial phases
of a contest and then switch to another strategy as the contest escalates. For example,
killifish (Kryptolebias marmoratus) use mutual assessment when deciding whether to
escalate the contest from displaying to attacking, and once the contest is escalated, the fish
switch to self-assessment (Hsu et al., 2008). Similarly, male crickets (Melanotes ornata) use
mutual assessment in the initial phase of conflict but switch to a self-assessment strategy
when the fight escalates (Lobregat et al., 2019). These appear to be the only two studies
that have analysed each phase of the contest separately to determine if a switch in
assessment strategy occurs, although further studies have also obtained results that suggest
a change from initial mutual assessment to self-assessment as contest escalate (Mesterton-
Gibbons & Heap, 2014; Morrell et al., 2005; Stuart-Fox, 2006). These few studies suggest
that similar results may be found when phases of contest are assessed individually in other

animals.

Personality, or the consistent variation in behaviour between individuals, has been

demonstrated for many behaviours across animals. Recently, it has been proposed that
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personality and set behavioural traits might explain inter-individual variation in assessment
strategy (Briffa et al., 2015). While a direct link between personality and assessment
strategy use has not yet been studied, the link between personality and other contest
aspects such as aggression, dominance, and RHP have been assessed (Briffa et al., 2015). For
example proactive (bolder and more aggressive) individuals have been found to be more
dominant (Colléter & Brown, 2011; David et al., 2011; Favati et al., 2014), losing fights has
been shown to decrease boldness (Frost et al., 2007; Rudin & Briffa, 2012), aggression was
identified as an RHP trait (Wilson et al., 2013) and shyness was shown to enhance the RHP
for defenders, and winning in turn enhanced shyness (Courtene-Jones & Briffa, 2014).These
studies demonstrate that links between personality and contest behaviours are possible,
but the effect personality can have directly on assessment strategy use is still yet to be

assessed.

Personality

Animals display differences in behavioural traits between individuals of the same species
and even within the same population (Clark & Ehlinger, 1987; Magurran, 1992; Wilson,
1998). Initially, these differences were believed to be adaptive to an individual's local
environments, and therefore, behavioural differences between individuals arose from
differences in local environments (Dall et al., 2004). However, more recently it has been
recognised that these inter-individual behavioural variations are consistent across both time
and context (Gruber, 2009). These behavioural differences have been termed as personality
when the behavioural variation is consistent across a single context (Dall et al., 2004), and
behavioural syndromes when consistent across multiple contexts and multiple behaviours
(Sih, et al., 2004a; Sih, et al., 2004b). Behavioural syndromes have had major implications
for the study of animal behaviour as they indicate that behaviours are not free to evolve
independently, rather they evolve as a ‘package’, meaning selection on one behaviour in the
syndrome, may also affect all the other correlated behaviours (Price & Langen, 1992; Sih, et
al., 2004b). Therefore, behavioural syndromes advocate for a holistic view of behaviours

and the evolution of personality.
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Assessing personality

Commonly assessed behavioural traits included activity, boldness, aggressiveness, foraging
efficiency, foraging/activity after predation risk, mating behaviour and mate choice. Perhaps
the most commonly assessed behavioural trait is boldness, however the actual definition of
boldness has not always been consistent (Carter et al., 2013). For example, boldness has
been defined as the propensity to take risks, especially in novel situations (Coleman &
Wilson, 1998; Toms et al., 2010), while Réale et al., (2007) interpreted boldness as an
individual’s response to a risky situation itself, excluding reactions to novel situations and
stimuli. Therefore, multiple tests have been designed to measure boldness, including
response to novel objects, novel environments and predation risk (Carter et al., 2013).
While all the tests do measure boldness they can also measure multiple traits including
exploration, activity, and gregariousness, thus care needs to be taken when
choosing/designing a test when assessing boldness (Carter et al., 2013). The
proactive/reactive behavioural trait is also commonly assessed and involves boldness,
aggression and sometimes activity being linked by a behavioural syndrome. Activity can be
measured as the total time spent moving or area covered when in a familiar or novel
environment (Royauté et al., 2015, 2019; Santostefano et al., 2016). Aggression is mainly
measured by setting up fights between conspecifics and observing their aggressive displays
(Thurmond, 1975; Wilson et al., 2010) but can also be measured by inducing aggression
without using another individual via using a mirror to (Balzarini et al., 2014; Chang et al.,

2020) or a decoy conspecific (e.g. Salazar et al., 2021).

Crickets as models of sexual selection, contest theory and personality research

Crickets (order Orthoptera, family Gryllidae) are often used in studies on sexual selection,
contest behaviour and personality/behavioural syndromes. Many aspects of sexual selection
have been studied in crickets including song (Gray & Cade, 1999; Olvido & Wagner, 2004),
ageing and lifespan (Archer et al., 2012), female choice (Ritz & Kéhler, 2010; Simmons,
1986) and male choice (Thomas & Simmons, 2010). Similarly many aspects of contest
dynamics and aggression have been studied in crickets, including a comparison of
aggression between species (Jang et al., 2008), energetic costs of contests and the effect of

diet on contest/dominance (Hack, 1997; Kelly & L’'Heureux, 2021), which body traits best
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predict contest outcome (Hall et al., 2010; Reaney et al., 2011), and the assessment
strategies used during contests (Briffa, 2008; Lobregat et al., 2019). Personality and
presence of a behavioural syndrome have also been assessed in a variety of cricket species
(Dochtermann & Nelson, 2014; Hedrick & Kortet, 2012; Niemel3 et al., 2015; Rose et al.,
2017; Santostefano et al., 2016; A. D. M. Wilson et al., 2010). The numerous use of crickets
as study organisms is likely due to crickets being widely distributed globally and abundant in
most areas, as well as being commercially bred in many countries for use as pets, pet food
or for human consumption (Magara et al., 2021; Thomas, 2003; Weissman et al., n.d.).
Therefore, crickets are highly accessible. Crickets are also invertebrates which do not have
the same legal considerations required as vertebrates in research (Drinkwater et al., 2019).
Thus conducting manipulative experiments with invertebrates/crickets is often easier than
with vertebrates such as rodents or mammals. Invertebrates also tend to have shorter life-
spans than vertebrates and can thus be bred quickly and multiple generations easily
studied. Invertebrates such as crickets may also have simpler behaviours, which are more
clearly linked to their metabolism and energy stores (Briffa et al., 2015), while still being
complex enough for individual variation in behaviour to occur. Most cricket species tend to
be highly territorial and aggressive (Alexander, 1961), thus, making crickets a good model

species, not only for sexual selection, but also personality and contest theory.

The Australian Black Field Cricket (Teleogryllus commodus)

The Australian Black Field Cricket (Teleogryllus commodus) is endemic to Australia and
distributed throughout Australia, New Zealand, and more recently China (G. Chen et al.,
1967; Ma, Libin et al., 2015). Males attract females to their burrows by producing songs by
rubbing specialised areas of the forewings together. Females have been shown to prefer
males who have a high number of repeats in their song calls. This may be due to prolonged
repetitive calling having a large energetic cost, therefore the ability to produce calls for a
long amount of time is a good indicator of genetic superiority (Bentsen et al., 2006). Once a
male has succeeded in attracting a female into his territory, the female may undergo
multiple matings with the male, which involves the female mounting the male to accept his
spermatophore (Shackleton et al., 2005). After a successful mating and fertilization of the
eggs, the female will deposit her eggs with her ovipositor (Bonilla et al., 2015). Male

reproductive success is therefore dependent on the quality of the song call, but also the
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male’s ability to defend the female and/or burrow from other males. Consequently, males
are highly aggressive towards other males and fight to gain or retain their territory/female
(Bussiégre et al., 2006). Fights follow a stereotypical sequence that starts with touching
each other with their antennae and flaring their mandibles (Reaney et al., 2011). If neither
male retreats, the fight then escalates to wrestling and biting until one male retreats
(Reaney et al., 2011). This highly ritualised fighting behaviour as well as their willingness to
fight makes these crickets an ideal species for studying contest dynamics and the

assessment strategies used during conflict.

Thesis outline

In this thesis | aim to determine whether inter-individual and intra-individual variation in
assessment strategy use could be caused by differences in personality types and switching
of assessment strategy use between contest stages. To do so, | investigate whether
personality is present in Teleogryllus commodus, the effect of personality on assessment
strategies, and assess whether males switch strategies between contest phases. Both
personality and switching may prove to be viable explanations for previous inconsistent
results when applying evolutionary game theory assessment strategy models to real animal

contests.

Chapter two investigates how personality may affect the fighting behaviour of Australian
black field crickets. Through a set of experimental assays | assess whether the crickets have
repeatable inter-individual differences (personality). | then determine whether a
behavioural syndrome is present in black field crickets, linking a suite of behaviours,
particularly aggression and boldness. A link between boldness and aggression may mean
bolder individuals use different strategies compared to shyer individuals, providing an

explanation for between individual variation in assessment strategy use.

In Chapter three | determine which assessment strategy T. commodus uses, and if between
and among individual variation in assessment strategy use occurs. | do this by determining
the proportion of self-assessment vs mutual assessment being used in my population and
whether switching of assessment strategies is occurring between phases of contest. | also

follow on from chapter two by assessing the correlation between personality and the
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assessment strategy used. In this chapter | also compare the Taylor & Elwood (2003)
framework to the analytical framework proposed by Chapin et al., (2019) which is currently
empirically untested, to assess whether the framework is more appropriate for the analysis
of assessment strategies used by animals during conflict. This chapter aims to provide
insight into the causes for previously inconsistent results when applying game theory to

animal contests.

Lastly in Chapter four | summarise my findings and discuss the implications of my results in

the field of animal contest research.
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Chapter two

Personality and behavioural syndrome

presence in Teleogryllus commodus.

23



Abstract

Individuals of the same species and even within the same populations often vary in their
behavioural responses to environmental challenges. This variation in behaviour is consistent
across both time and contexts to form behavioural types which are heritable personality.
These consistent behavioural variations may also be correlated across contexts, forming
behavioural syndromes of linked behaviours via underlying genetic or physiological
mechanisms. In this chapter | assess whether Australian black field crickets (Teleogryllus
commodus) display consistent inter-individual variation (personality) in four different
contexts. | then assess whether these four behaviours are linked, forming a behavioural
syndrome. The four behaviours measured were general activity, boldness in a novel
environment, boldness after a predation-risk event and aggression towards a conspecific.
Inter-individual variation was repeatable for general activity, boldness in a novel
environment and aggressiveness, but not for boldness after a predation risk. Therefore,
there is evidence for personality in T. commodus. However, none of the behaviours were
correlated across contexts, indicating that there is no behavioural syndrome linking these
four particular behaviours. These finding indicate that personality is present T. commodus,

however, the behavioural traits assessed are not linked via a behavioural syndrome.
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Introduction

Animal personality, defined as consistent inter-individual variation in behaviour, is observed
in a wide variety of taxa (Dall et al., 2004; Carere & Maestripieri, 2013). Behavioural
variation between individuals was previously believed to be due to adaptations to an
individual’s local environment. However, many behavioural variations were shown to be
consistent across both time and context and not only linked to local environment and thus
personality as a cause of behavioural variation was recognised (Dall et al., 2004; Gruber,
2009). Since animal personality was recognised, research into this field has gained
popularity in recent decades (Gruber, 2009). Personality and behavioural syndromes studies
have been applied to a wide variety of species including mammals (e.g. Anestis, 2005;
Dochtermann & Jenkins, 2007), birds (e.g. Carere et al., 2005; Duckworth, 2006), reptiles
(e.g. Michelangeli et al., 2019; Stapley & Keogh, 2005), fish (e.g. Bell & Sih, 2007; Colléter &
Brown, 2011) and invertebrates (e.g. Johnson & Sih, 2005; Mowles et al., 2012). A common
example of personality is an individual’s response to startling or novel stimuli, along a
continuum of bold to shy individuals (Briffa et al., 2015). The personality traits and types of
individuals can affect their fitness, thereby allowing natural selection to act upon

personality (Chang et al., 2017; Dingemanse & Réale, 2005).

A behavioural syndrome is defined as a suite of correlated behaviours reflecting consistent
among-individual variation in behaviour in multiple contexts/situations (Réale et al., 2010;
Sih, et al., 2004 a; Sih, et al., 2004 b). For example, female African penguins (Spheniscus
demersus) that were bolder in the nest are also more likely to travel longer vertical
distances when foraging (Traisnel & Pichegru, 2019), indicating that boldness and foraging
behaviour are linked via a behavioural syndrome. An important implication of behavioural
syndromes is the need for a holistic view of behaviour, as individual behaviours may not
evolve independently, but rather as a suite or package of behaviours (Price & Langen, 1992;
Sih, et al., 2004 b). This suggests that selection pressures can indirectly affect behavioural
expression by acting directly upon another genetically linked behaviour, implying that
behaviours are not free to adapt to be optimal in independent contexts (Bell, 2007; Sih, Bell,
Johnson, et al., 2004 b; A. D. M. Wilson et al., 2010). Behavioural syndromes and their suite
of linked behaviours provide an explanation for the limited behavioural plasticity observed

and even the expression of behaviours that appear to be non-adaptive (Kortet & Hedrick,
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2007). Therefore, personality, especially behavioural syndromes, should be considered in all
aspects of animal behaviour, including habitat use, predation avoidance, foraging and social

behaviour (Gruber, 2009).

In this chapter | will assess whether there is evidence for personality and a behavioural
syndrome in Australian black field crickets (Teleogryllus commodus). Teleogryllus commodus
are endemic to Australia and also widely distributed throughout New Zealand (Chen et al.,
1967), but are also easily bred and reared in captivity, making them an ideal study species
for laboratory experiments. They are also a gregarious but territorial species where males
defend their burrows from other males through contests and also fight for access to the
female for mating (D. J. Campbell & Shipp, 1979; Evans, 1983). While consistent inter-
individual variation in behaviours such as aggression, activity and explorative behaviour,
have been observed in several species of crickets including Acheta domesticus, Gryllus
bimaculatus, G. campestris and G. integer (Dochtermann & Nelson, 2014; Hedrick & Kortet,
2012; Niemel3 et al., 2015; Rose et al., 2017; Santostefano et al., 2016; Wilson et al., 2010)
and behavioural syndromes linking aggression, exploration and activity have also been
identified in G. bimaculatus, G. campestris, G. integer and Teleogryllus oceanicus (Kortet &
Hedrick, 2007; Rose et al., 2017; Rudin & Briffa, 2012; Santostefano et al., 2016), the
presence of a personality and a behavioural syndrome in Teleogryllus commodus has not yet
been assessed. To assess whether Australian black field crickets display a behavioural
syndrome, | first determine whether consistent inter-individual differences in activity,
exploration, risk aversion are present. Then, | assess whether these behaviours are

correlated, indicating the presence of a behavioural syndrome.

Methods

Study subjects and housing:

Teleogryllus commodus were sourced from the New Zealand based iNZect direct cricket
farm. Crickets arrived as late instar nymphs to ensure all individuals were unmated. Males
and females were separated and reared to adulthood. However, females were not used in
this study and so were added to the laboratory breeding colony for a different project. The

male crickets were housed individually in 15x11x5cm transparent containers with egg
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carton cups as shelters and ad libitum water and food (cat biscuits). The room housing the
crickets was kept at 26°C and 40-50% RH, with a 12:12 hour dark to light schedule. Cages

were cleaned weekly while food, water and crickets were checked daily.

Experimental set-up:

During the daily checks, crickets that had undergone eclosion (final adult moult) had their
pronotum widths measured, marked with a paint pen, and placed into groups of 2-4
individually housed male crickets, to allow for simultaneous testing (total n cricket=47).
Each group consisted of crickets of similar size and age. Size was determined by measuring
their pronotum width and individuals within 2mm of each other were considered similar
enough to place in the same group. Age was determined by days post-eclosion and were
considered similar for placing within the same group if eclosion occurred within 1 day of
each other. Crickets in each group were marked with one of four paint pen colours, creating
a unique identification code for each cricket. Testing commenced at 10-20 post-eclosion, to
ensure that all adult behaviours were fully developed (Santostefano et al., 2016). Each

group was tested three times for each personality trait, 24hrs apart.

There were four personality traits tested, each beginning immediately after the previous
assay (see below). The first assay took place in the cricket’s home containers, the other
three assays took place in testing arenas; a clear 5L container with an opaque divider
separating the two crickets (Figure 1). All assays were filmed using a Sony FDR-AX53 camera
approximately 50cm above the testing area. Testing arenas and any objects used during
testing were wiped down with 70% ethanol between testings. Testing occurred during the
dark period, with red lights used for visibility. Crickets were then weighed after completion
of the assays on each testing day. Testing took place in the same room so environmental
variation could be minimized. A red light bulb was used during testing to maintain nocturnal

conditions.
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Behavioural tests

i. General exploration assay:

Home containers were placed under the camera with food and water removed. The crickets
were left for 3min to allow for acclimation to the new surroundings and removal of the food

and water. After this acclimation period cricket activity was recorded for 30min.

ii. Novel environment assay:

Crickets were transferred from the home containers into clear shelters (a 70mL sample jar),
placed upright with lids on into the testing arena. The novel object (a ~5cm long leaf) was
placed on the opposite side of the arena to the clear shelter. After a 3min acclimation
period the shelter lid was removed and the shelter placed on its side. The trial began as

soon as the lid was removed and ran for 15min.

iii. Predation risk assay:

Following the novel environment assay, the crickets were herded back into the clear shelter,
the lid put back on, and the leaves removed. The shelter was then tapped with the end of a
pair of forceps for ten seconds to simulate a predation risk event. After 30s the lids were
removed and the shelters placed on their side. Again, the trial began as soon as the lid was

removed and crickets were observed for 15min.

iv. Aggression assay:

Immediately following the predation risk assay, shelters were removed from the testing
arena and after a three-minute acclimation period the opaque dividers separating the
crickets were removed. The trial began as soon as the divider was removed and ran for

15min.
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Figure 1: Diagram showing the experimental set-up of the personality assays.
Green circles indicate the egg carton shelter in the cricket’s home containers.
Yellow circles indicate the clear testing shelters (70mL sample jar).

Video scoring and behavioural analysis

All videos were analysed using the Behavioural Observation Research Interactive Software
(BORIS) (Friard & Gamba, 2016). The total time spent moving around the home container
and total time spent hiding under the home shelter were measured in the general
exploration assay. From the novel environment assay, the time taken for the head and then
body to emerge were recorded. All limbs had to leave the rim of the shelter for body
emergence to be recorded. The time taken to touch the leaf as well as the number of times
the leaf was touched were also recorded. If the cricket did not emerge after 15min, it was
recorded as a non-emergence. Similarly the time taken for the head and body to emerge
were recorded for the predation risk assay. If the cricket did not emerge after 15min, it was
counted as a non-emergence. Finally in the aggression assay the number of approaches,

retreats, fights and chases of each individual were recorded. The winner and loser
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individuals were also determined, mainly by identifying the winner as the individual that

chased the loser, as only the winner would chase following a fight.

Statistical analysis

All statistical analyses were performed using R software v.3.6.3 (R Core Team, 2020).

To assess whether the crickets showed consistent inter-individual variation in behavioural
responses across the three trials, | made univariate models for each behaviour and
calculated the repeatability of each behaviour using the Ime4 (Bates et al., 2015), Imtest
(Zeileis & Hothorn, 2002) and tidyverse (Wickham et al., 2019) packages with ‘Imer’, ‘Imtest’
and ‘tidy’ functions. In the univariate model age, test number and body weight were
included as fixed effects and cricket ID was included as a random effect. The repeatability
was calculated as between-ID variance divided by the sum of between-ID variance and
residual variance (Nakagawa & Schielzeth, 2010). | then made multivariate models using
Markov chain Monte Carlo generalised linear mixed models (MCMCglmm) using the
MCMCglmm package (Hadfield, 2010), which allows for the assessment of the between and
within correlations between the behaviours. The between individual correlation is
calculated as between individual covariance divided by the square root of the multiplication
of the two between individual variances (Dingemanse & Dochtermann, 2013). | did two sets
of multivariate model analyses: behavioural measurements in each assay (within assay
correlation) and one behaviour from each assay to represent the assay (between assay
correlation). The behaviours chosen from each assay, for the between assay correlation
analysis were; total time spent moving, time taken to touch the novel object and total
number of chases, as these were the most repeatable behaviours. In these multivariate
models, | included age, test number and body weight as fixed effects and ID as a random
effect. Between individual correlation was allowed, while within-individual correlation was
not allowed. The priors were set as R-structure: V=4, nu=1.002 and G-structure: V=4 for the
within the novel environment assay analysis, R-structure: V=2, nu=1.002 and G-structure:
V=2 for both the within the general exploration assay and the within the anti-predation
assay analysis, R-structure: V=3, nu=1.002 and G-structure: V=3 for the within aggression
assay. Finally for the model analysing between the assays the priors were set as R-structure:
V=3, nu=1.002 and G-structure: V=3. For all the models | used 13,000 iterations, burnin=

3000, and thin = 10.
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Results

Behavioural response

i. Effect of fixed variables; age, test and weight

Cricket behavioural responses were unrelated to age across all assays (Table 1), however,

total time spent moving and hiding, time taken to touch the leaf and frequency of leaf

touches in the novel environment were significantly affected by the day of testing (Table 1).

Similarly, latency for head and body to emerge after the predation risk event, as well as

chasing after conflict were significantly affected by body weight (Table 1).

Table 1: The effect of cricket age, cricket bodyweight and test number on all of the behavioural

responses measured.

Behavioural assay Response Fixed effects Estimate SE P Value
Age 0.07752  0.06379 0.54240
Total time spent
Test -0.25806  0.09555 0.00772*
moving
Body weight  -0.69823 1.38955  0.35170
General
Age -0.03941 0.05507 0.33850
exploration )
Total time spent
Test 0.24661  0.10309 0.01789*
hiding
Body weight  -1.92043 1.20195 0.21360
Age -0.01854 0.05561 0.67120
Time for head to
Test 0.14728 0.10507 0.16250
emerge
Body weight  0.12444  1.20847  0.78130
Age -0.02874 0.05643 0.68500
Time for body to
Test 0.17030 0.10414 0.1036
emerge
Body weight -0.02259  1.22619 0.8497
Age -0.05804 0.05722 0.9953
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Novel

environment

Anti-predation

Aggression

Time to touch leaf

Frequency of leaf

touches

Time for head to

emerge

Time for body to

emerge

Number of

approaches

Number of fights

Number of chases

Test

Body weight

Age

Test

Body weight

Age

Test

Body weight

Age

Test

Body weight

Age

Test

Body weight

Age

Test

Body weight

Age

Test

Body weight

0.20427

0.44891

0.09036

-0.21558

-0.65694

-0.05764

0.09407

2.15558

-0.07671

0.14483

2.18735

0.03853

-0.05706

2.38134

-0.07288

0.01269

1.04845

0.05668

-0.04359

2.85078

0.10246

1.24347

0.05091

0.10601

1.10642

0.04866

0.10685

1.05749

0.05119

0.10389

1.11237

0.05465

0.10368

1.18751

0.04970

0.10774

1.07998

0.05703

0.10026

1.23937

0.04773*

0.53560

0.29240

0.04357*

0.41390

0.21010

0.37930

0.03586*

0.20680

0.16480

0.03639*

0.93370

0.58230

0.05619

0.07204

0.90620

0.32480

0.65170

0.66380

0.02780*
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ii. Consistent individual variation in behaviours

Models including cricket ID explained the individual variation in most behaviours compared
to models without cricket ID (p<0.05), indicating repeatable consistent individual variation
(Table 2). However, frequency of leaf touches in the novel environment assay, both latency
for head and body to emerge in the anti-predation assay, and the number of fights in

aggression assay were not repeatable (Table 2).

Table 2: The repeatability of each behavioural response over all three days of testing.

Behavioural assay Response Repeatability (95% Cl)

General exploration

Novel environment

Anti-predation

Aggression

Time spent moving

Time spent hiding

Time for head to emerge

Time for body to emerge

Time to touch leaf

Frequency of leaf touches

Time for head to emerge

Time for body to emerge

Number of approaches

Number of fights

Number of chases

0.495 (0.371, 0.532)

0.238 (0.028, 0.301)

0.238 (0.040, 0.300)

0.263 (0.084, 0.325)

0.295 (0.112, 0.357)

0.141 (0, 0.220)

0.092 (0, 0.190)

0.166 (0, 0.245)

0.234 (0.028, 0.303)

0.103 (0, 0.185)

0.315 (0.142, 0.368)

Correlation of behavioural responses

i. Within assay correlations:
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Behaviours from the same assay were highly correlated, except for the aggression assay, in
which number of fights was only weakly correlated with both number of approaches and
number of chases. However, the number of chases and the number of approaches were
highly correlated (Table 3). Since behaviours from the same assay were highly correlated,
one behaviour was chosen to represent each assay in the between assay analysis. Total time
spent moving represented general exploration, time to touch the leaf represented boldness
in a novel environment, and number of chases represented aggression. Despite being
correlated, anti-predation behaviours were excluded from further analysis as repeatable

consistent individual differences were not detected for this trait.

Table 3: The correlation of behavioural response from within the same testing context.

Behaviour Combinations Correlation (95% Cl)

Time spent moving : -0.639 (-0.823, -0.262)
General exploration time spent hiding

Time for head to emerge : 0.844 (0.704, 0.935)

time for body to emerge

Time to touch leaf : -0.783 (-0.900, -0.530)

frequency of leaf touches

Novel environment Time for body to emerge : 0.855 (0.680, 0.933)

time to touch leaf

Time for body to emerge : -0.744 (-0.911, -0.508)

frequency of leaf touches

Time for head to emerge : 0.784 (0.553, 0.906)
Anti-predation time for body to emerge

Number of approaches : 0.385 (-0.096, 0.737)

number of fights
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Number of approaches : 0.838 (0.637, 0.929)

Aggression number of chases

Number of fights : 0.308 (-0.183, 0.652)

number of chases

ii. Between assay correlations:

Aggression was not correlated with general exploration (R=-0.094; 95% Cl=-0.366, 0.411) or
boldness in a novel environment (R=0.132; 95% Cl=-0.282, 0.563). General exploration and
boldness were also not correlated (R=-0.317; 95% Cl=-0.691, 0.062). Therefore, no
behaviours from different assays were correlated (Figure 2), indicating a lack of a

behavioural syndrome in this species.
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Figure 2: Correlation plot of the between-assay behavioural responses.
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Discussion
This chapter investigated whether there was evidence for consistent inter-individual

variation for Teleogryllus commodus in four different behavioural contexts and whether
there was a correlation between behavioural traits. | detected consistent inter-individuals
variation in three of the four behavioural assays. However, none of the behavioural
responses from different assays were correlated, suggesting a lack of a behavioural
syndrome linking activity, boldness, and aggression in . commodus. | found that crickets
showed consistent individual variation in the general exploration, novel environment and
aggression assays, but not in the anti-predation assay. The presence of consistent individual
differences is in line with other studies that have found evidence for personality in other
species of cricket (Dochtermann & Nelson, 2014; Hedrick & Kortet, 2012; Niemela et al.,

2015; Rose et al., 2017; Santostefano et al., 2016; Wilson et al., 2010).

Repeatability of behavioural traits

Among these consistent behavioural traits identified in my study, activity (time spent
moving) was the most repeatable behavioural response from all assays, with aggression
(number of chases) being the second most repeatable behavioural response. This is not in
accordance with the results of Bell et al., (2009) who found that aggression was one of the
most repeatable behaviours across taxa, while activity was one of the least repeatable
behaviours. The differences between my repeatability results compared to the results of
Bell et al., (2009) could be a result of the combination between genetics and environmental
factors. Firstly, activity may have higher heritability than other behavioural traits because
the repeatability has been used as an upper bound of heritability. Alternatively, the higher
repeatability may be a result of a positive feedback loop between the behaviour and state
of the individual. For example, individuals with (stochastically and initially) slightly higher
energy reserves may be more active, which leads to increased foraging success and
subsequently increased energy reserves (Sih et al., 2015). In contrast, animals with
stochastically lower energy reserves may be less active, leading to reduced foraging success
and further reduced energy reserves and becoming less active (Sih et al., 2015). It is possible
that such a positive feedback loop is more prominent for activity, and less so for other

behavioural traits such as aggression.
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Factors affecting the repeatability of aggression

The repeatability of aggression may also have been affected by the cricket’s body weight.
Bodyweight had a significant effect on the number of chases in the aggression assay, and
weight has previously been shown to be correlated with exploration and aggressive
behaviour, suggesting that body condition might be an underlying factor in behavioural
responses (Santostefano et al., 2016). Since aggression is a social behaviour and my
population were housed separately from the late nymph and adult stages, aggression may
have had higher repeatability if the crickets were not housed separately and isolated, as
social development may have been impacted. Social isolation during development has been
shown to impact adult behaviours in both eusocial and non-eusocial insects. For example,
eusocial ant (Temnothorax nylanderi) behaviour and brain gene expression were altered
following isolation (Scharf et al., 2021) and non-eusocial cockroaches (Blattella germanica)
reared in isolation had increased exploration-avoidance, reduced foraging activity and
reduced social interaction (Lihoreau et al., 2009). However, it does not appear that social
isolation has detrimental effects on territorial species such as crickets that require
aggression to secure key resources (Balsam & Stevenson, 2021). Future studies could assess
whether aggression has higher repeatability when crickets are housed together rather than

socially isolated, despite being a territorial species.

Within-assay correlations of behavioural responses

Behavioural responses from the general exploration and novel environment assays (i.e. time
spent moving and time taken for head to emerge) were correlated to the other behavioural
responses that | measured from the same assay. Any of the behavioural responses from the
general exploration and novel environment assays are good indicators of the behavioural
trait being tested. The correlation of behavioural responses within assays provides a good
indication that the assays are testing the same behavioural trait (Campbell & Fiske, 1959;
Carter et al., 2013). However, for the aggression assay, the number of approaches and the
number of chases per individual, were highly correlated with each other but were weakly
correlated to the number of fights each individual had during the assay. This can be
explained as the number of fights is dependent on both crickets involved in the contest
rather than purely dependent on the focal cricket. Therefore, this suggests that the number

of times an individual approaches or chases its opponent is a good indicator of aggression,
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while the number of fights an individual is involved in is a poor indicator of aggression as it
involves both parties. Even though | detected positive behavioural correlations within
assays, the behavioural correlation between assays is not clearly correlated, suggesting that
the assays are indeed testing different behavioural traits (Carter et al., 2013). Therefore it
appears that the four assays were appropriate for testing activity, boldness, anti-predatory
behaviour and aggression. Because most behavioural responses from the same assay are
correlated, it was appropriate to select one behavioural response to represent the

behavioural trait being assessed for the between assay correlation analysis.

Presence of a behavioural syndrome linking behavioural traits

While | found evidence for personality in T. commodus, there was no evidence for a
behavioural syndrome linking activity, boldness and aggression. This does not align with the
results of previous cricket studies which found correlations between behavioural traits in G.
bimaculatus (Balsam & Stevenson, 2021; Rose et al., 2017), G. campestris (Santostefano et
al., 2016), G. integer (Kortet & Hedrick, 2007) and Teleogryllus oceanicus (Rudin & Briffa,
2012). However, previous studies found similar evidence for personality but not for a
behavioural syndrome involving aggression being correlated with boldness, exploration
and/or antipredatory behaviour (Niemela et al., 2012;Wilson et al., 2010). | did not include
the anti-predation behavioural response in the between assay correlation analysis, despite
the behavioural responses being correlated, as cricket identification did not have a
significant effect on the behaviours, indicating that there is no significant inter-individual
variation and would therefore not be subject to a behavioural syndrome. The lack of
evidence for a behavioural syndrome in . commodus linking activity, boldness and
aggression suggests that they are not controlled by the same physiological or genetic
mechanisms and are therefore not constrained, allowing for selection to shape each
behaviour independently (Bell, 2007; Sih, Bell, Johnson, et al., 2004 b; A. D. M. Wilson et al.,
2010). Although my results indicate that there is not a behavioural syndrome involving
activity, boldness and aggression, that may not mean that there is no behavioural syndrome
present at all in T. commodus. Future studies could assess whether a behavioural syndrome
involves other behaviours, such as foraging efficiency (Tan et al., 2018), foraging after
predation risk (Dammhahn & Almeling, 2012; Eccard et al., 2020), calling activity (Brown et
al., 2006) and mating behaviour or mate choice (B. Chen et al., 2018; David & Cézilly, 2011).
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Domestication and Lab vs Field studies

The lack of consistent individual variation in the anti-predation assay as well as the lack of a
behavioural syndrome, could be due to domestication weakening the response of T.
commodus to perceived predator presence. My population of . commodus has been
commercially lab bred in captivity, fed ad libitum and exposed to a virtually predator-free
environment for many generations. Therefore, this population has likely experienced very
different inbreeding, natural, sexual and artificial selection pressures than wild populations
of T. commodus (Wilson et al., 2010). As has been shown in three-spined sticklebacks
(Gasterosteus aculeatus), consistent individual differences can be generated in anti-
predation behaviour when exposed to strong predation pressure (Bell & Sih, 2007). The
same study found that strong predation pressure also induced a correlation between
aggression and boldness (Bell & Sih, 2007). This suggests my results may not be applicable
to wild T. commodus populations and that the behavioural responses measured may reflect
a domestication syndrome (Wilson et al., 2010). Therefore, future studies might need to test
the anti-predation behaviour when rearing crickets under the (perceived) predation risk in
order to have consistent inter-individual variation in anti-predation behaviour. Similarly
future studies using wild caught populations in the lab or directly observing wild populations
in the field may indeed find that there is a behavioural syndrome linking boldness and
aggression. Care must also be taken when applying the repeatability of the behavioural
responses of my cricket population to wild populations or field studies as behaviours tend to
have higher repeatability in the field than in the lab for several taxa (Bell et al., 2009).

Therefore my results may not be directly comparable to field studies.

Effect of previously winning or losing and dominance

Prior experience can affect the behaviour of individuals during contests. Winning and losing
previous contests can have carryover effects on subsequent fights with winners becoming
more aggressive and thus more likely to win, while losers become more avoidant and more
likely to lose (Ginsburg & Allee, n.d.; Hsu et al., 2006; Kar et al., 2016). Although | allowed
24hours between assays to minimise carryover effects, it is possible that winning or losing
the first contest may have affected the behavioural responses in the second and third day of

testing. Furthermore, the level of aggression expressed by the opponent can have an impact
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on the aggression expressed by the focal individual (Santostefano et al., 2016). Focal
individuals may react to an aggressive opponent with reciprocal aggression, however if
aggression reflects dominance, then a focal individual may only react with aggression
towards a more subordinate opponent (Santostefano et al., 2016). Changes in dominance
status have been shown to affect other behaviours including boldness and activity (Rudin et
al., 2017). Prior experience effects in another cricket species (Gryllus bimaculatus) have
been shown to disappear entirely after 24hours (Khazraie & Campan, 1999). However, if this
is not the case for T. commodus, and there are carryover effects of previous contests and
aggression does reflect dominance, then the effect of winning or losing may not just impact
future contests and the aggression behavioural response but also the other behavioural

responses being measured and the correlation between the behaviours.

A post hoc analysis of my data interestingly showed that the experience in test 1 predicts
change in aggression in both test 2 (Linear regression: B= 2.871, SE= 1.297, p= 0.0339) and
test 3 (B=4.611, SE= 1.888, p=0.0201). Similarly, experience in test 2 predicts aggression in
test 3 (Linear regression: B=3.907, SE= 1.427, p= 0.0091). Interestingly aggression (number
of chases) decreased from test 1 to test 2 and test 3, with less chasing being required to win
in test 2 compared to test 1 (Linear mixed effects regression: § =9.511, SE= 1.835 and
p<0.0001). However, the same amount of chasing was required to win in test 2 and test 3
(Linear mixed effects regression: B = 1.455, SE= 3.498 and p= 0.681). This suggests that
aggression does reflect dominance status and more dominant males are more aggressive
and more likely to win in the first test, but that less aggression is required to continue
winning in subsequent tests. This may be due to subordinate males becoming even more
submissive after a losing experience, thus requiring less aggression from a dominant male to
win the contest. Therefore, there does appear to be some carryover effects of previous
contests, but it does not seem to affect dominance status and therefore may not affect the

other behaviours also being measured.

Effect of habituation on behavioural responses
Test number had a significant effect on total time spent moving and hiding, time taken to
touch the leaf and frequency of leaf touches in the novel environment assay. These

behavioural changes may indicate that some habituation occurred, particularly to the novel
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object. Although 24 hours was allowed between testing, it may not have been enough time
to avoid habituation. As the crickets were exposed to the same stimuli, testing environment
and novel object each time, they are able to familiarise with the environmental stimuli and
therefore the novelty is decreased with each trial. Therefore, the potential boldness (risk-
proneness) expressed decrease with each trial. However, previous studies involving other
cricket species did not show habituation (Brown et al., 2006; Santostefano et al., 2016;
Stahlschmidt et al., 2014). Of particular note is the study by Santostefano et al., (2016)
which ran the behavioural trials over 12 consecutive days, but the 24 hour period between
trials appeared to be long enough to mitigate any habituation. However, in this study they
assessed exploration rather than boldness, therefore perhaps my results are due to
habituation to novelty itself, as this has been demonstrated to occur (Martin & Réale, 2008;
Tan et al., 2018; Wong et al., 2010). Future studies could use a different novel object (e.g., a
different leaf type) or novel environment (e.g. a different testing arena or substrate) in each
trial to minimise familiarisation, or allow a longer period between trials, to try and avoid

habituation to the novelty itself.

In summary, while | found evidence for personality in T. commodus, there was no evidence
for a behavioural syndrome linking aggression to other behavioural traits such as boldness
and activity. These findings suggest that personality may not have influenced other contest
behaviours such as the assessment strategies used during conflict. However more

investigation is required, and this will be further assessed in Chapter 3.
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Chapter three

Individual variation in contest assessment

strategies and the role of personality
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Abstract

Evolutionary game theory and assessment strategy models are used to understand decision
making processes during male-male contests. However, this has often led to ambiguous
results, making it difficult to conclusively assign the correct assessment model to a
particular species. This may be due to various factors including that current analysis
frameworks are unable to detect individual variation in assessment strategy use, that
animals are able to switch assessment strategies as contests escalate, or that personality
may affect assessment strategy use via underlying mechanisms/behavioural syndromes. In
this chapter | assess which assessment strategy Australian black field crickets (Teleogryllus
commodus) use during male-male conflict, and whether there is any individual variation in
the use of assessment strategy within the population. | then assess whether T. commodus
switches assessment strategies during contests. Finally | assess whether personality,
specifically boldness affects the assessment strategy employed by individuals during
conflict. | used the methodology recently proposed by Chapin et al., (2019), and compared
the results to those when using the currently widely used methodology proposed by Taylor
and Elwood (2003). Using the Chapin et al., (2019) framework | was able to demonstrate
that a mix of assessment strategies are used by T. commodus and that individuals may
switch assessment strategy between contest phases . In contrast, the results from the
Taylor and Elwood (2003) analyses were inclusive and could not determine if switching was
occurring. Variation in boldness did not influence the assessment strategy used. My results
demonstrate the importance of individual variation, switching of assessment strategies and

personality when assessing contest dynamics.
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Introduction

Animal contests over limited resources such as potential mates or territories, are common
across many species (Hardy, & Briffa, 2013). The winner of such contests is usually the
individual with the greater fighting ability, termed the resource holding potential or RHP
(Parker, 1974). However, contests rarely end in serious injury or fatality, indicating that the
contest outcome is determined by the loser’s decision to withdraw, rather than the winner
incapacitating the loser. There is some debate around how exactly RHP is involved in the
withdrawal decision making process. The main division in opinion is in the way animals
assess RHP to inform their decisions. One theoretical possibility, called self-assessment,
proposes that individuals decide to withdraw from a contest based only on the costs to their
RHP (Payne, 1998; Payne & Pagel, 1996). In contrast, mutual assessment suggests that
individuals assess the RHP of their opponent relative to their own and will withdraw once
the individual perceives that it is weaker than their opponent (Enquist & Leimar, 1982). Both
theoretical ideas have been tested on real animal contests, leading to empirical support for
both self-assessment and mutual assessment. However, in some species the results are
inconclusive, suggesting that the mechanism by which rivals make decisions during conflict

is still not fully understood.

Many models based on evolutionary game theory have been used to describe the
assessment strategies adopted by animals during contests. The four main empirically tested
models can be divided into three categories. The ‘War of Attrition’ (WOA) and ‘Energetic
War of Attrition’ (E-WOA) both fall under self-assessment (Mesterton-Gibbons et al., 1996;
Payne & Pagel, 1996). WOA only considers time spent in the contest as a cost, while E-WOA
also considers the energy used during the contest as a cost. However, both assume that
individuals base their decision to withdraw from conflict when they reach a threshold of
accumulated costs determined by their RHP. Therefore, individuals with lower RHP will
reach their threshold faster, withdraw and lose the fight. The ‘Cumulative Assessment
Model’ (CAM) is based on self-assessment and also assumes that individuals withdraw once
a threshold of costs is reached, but injuries inflicted by the opponent are also considered a
cost, and therefore, according to CAM individual decisions also depends on the opponent’s
RHP (Payne, 1998). Lastly, the ‘Sequential Assessment Model’ (SAM) is based purely on

mutual assessment and assumes that individuals are able to gather information about their
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opponents RHP in relation to their own RHP during the conflict and will quit the fight if they
consider themselves weaker than their opponent (Enquist & Leimar, 1982). Since
information gathering of the opponent is not perfect, especially when the opponents are
closely matched, the contest will often escalate to allow the rivals to gain more information
about each other’s RHP and fighting ability, until one individual identifies itself as weaker

and withdraws (Pinto et al., 2019).

Since it was introduced, the analysis framework proposed by Taylor and Elwood (2003) has
been the most common approach for investigating assessment strategies and decision rules
in animal contests. Under this framework the WOA and E-WOA models are statistically
indistinguishable and therefore can be combined to form (E)WOA, which predicts that
contest duration is positively correlated to loser RHP and has either a weak positive or no
correlation to winner RHP. Similarly, CAM and SAM are also empirically indistinguishable
when analysing randomly paired contests, both predicting a positive correlation between
contest duration and loser RHP but a negative correlation with winner RHP. However, these
cannot be combined as they are based on opposing methods, and more information is
required to tease apart these models (Briffa & Elwood, 2009). This framework also assumes
that all individuals use the same assessment strategy and may not accurately demonstrate

what is really happening in a population.

The testing of assessment models to animal contests has led to mixed or inconsistent results
with most studies finding partial support for some models, support for more than one
model or no support for any of the models (Arnott & Elwood, 2009; Briffa & Elwood, 2009;
Chapin et al., 2019). There are many explanations for these inconsistent results including
the possibility that both between and within-individual variation in assessment strategy use
is occurring. Between-individual variation could be due to differing personality types, which
have been shown to cause variation in many other behaviours (e.g. Favati et al., 2014;
Sneddon, 2003; Westneat et al., 2013; Wilson et al., 2010), or limited statistical analysis
when applying the models (Briffa et al., 2015; Chapin et al., 2019). The Taylor and Elwood
(2003) framework is limited by its ability to only assess species at the population level and
therefore cannot detect individual variation in assessment strategy use. Recently, Chapin et

al.,, (2019), introduced a new analysis framework which focuses on three main aspects: the
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individual, its opponent and the contested resource. In this framework assessment
strategies do not have to be fixed within a population, individual or contest. The Chapin et
al.,, (2019) framework also requires the contests to be set up differently to the Taylor and
Elwood (2003) framework. While both winner and loser RHP against contest duration are
assessed in the Taylor and Elwood (2003) framework, Chapin et al., (2019) focuses only on
the relationship between loser RHP and contest duration. However, they assess this
relationship over repeated trials for each focal individual (i.e., each focal individual
participates in multiple fights with an opponent of higher RHP). Although this newly
proposed framework is promising for its ability to assess between-individual variation in
assessment strategy use it has not yet been empirically tested. Personality as a cause of
between-individual variation leading to mixed strategy use, has also been suggested but not
yet assessed (Briffa et al., 2015; Pinto et al., 2019). Within-individual variation may be due
to switching of assessment strategies between phases of contest (Hsu et al., 2008; Lobregat
et al., 2019); this too has been rarely tested. While between-individual variation, and mixed
use of assessment strategies within a population have been suggested as an explanation for
inconclusive results, it has yet to be investigated (Chapin et al., 2019). Both the Taylor and
Elwood (2003) and the Chapin et al., (2019) frameworks will be used to each phase of

contest individually and assess whether switching is occurring.

Teleogryllus commodus are an ideal study species to investigate variation in contest
strategies. They are a gregarious but territorial species where males defend their burrows
from other males through contests and also fight for access to the female for mating.
Importantly, the fights follow a stereotypical sequence that starts with touching each other
with their antennae and flaring their mandibles (Reaney et al., 2011). If neither male
retreats, the fight then escalates to wrestling and biting until one male retreats (Reaney et
al., 2011). Body size appears to be a good indicator of RHP for T. commodus has it has
previously been shown to be a strong indicator of contest outcome (Reaney et al., 2011).
This highly ritualised fighting behaviour, their willingness to fight in a controlled captive
setting, and the ability to be easily reared and housed in a lab, makes these crickets an ideal

species for assessing contest dynamics.
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In this chapter | will first determine which assessment strategy male T. commodus crickets
use during contests and whether all individuals in the population use the same strategy.
Secondly, | will analyse each phase of the contest separately to determine the assessment
strategy used during each phase and whether a switch in assessment strategies between
phases is occurring. For each of these steps, | will compare two different analysis
frameworks (Chapin et al., 2019; Taylor & Elwood, 2003), to assess whether the novel
Chapin et al., (2019) framework can provide a greater insight into contest behaviour and
improve our understanding of contest dynamics. Since the Chapin et al., (2019) analysis
requires repeated testing of individuals, my experimental set up involved focal individuals
facing a range of randomly chosen opponents, all of which were larger than the focal
individual, to ensure the focal individual loses the contest. As the Chapin et al., (2019)
methodology has not yet been empirically tested, it is unclear whether it is statistically
possible to determine variation within the population. Therefore, | conducted an additional
simulation to determine whether it is statistically possible and what the predictions are if
individual variation is occurring. Lastly, | determine whether personality explains between
individual variation in the assessment strategy used. To do this | determined the boldness
level of the focal individuals and then assessed the relationship between boldness and
assessment strategy used. Although there was no evidence for a behavioural syndrome
linking boldness and aggression in T. commodus (chapter 2), | predict that boldness may be
correlated with assessment strategy use, as it has previously been linked to dominance and
RHP (Courtene-Jones & Briffa, 2014; Colléter & Brown, 2011; David et al., 2011; Favati et al.,
2014).

Methods

Study subjects and housing

Teleogryllus commodus were sourced from the New Zealand based iNZect direct cricket
farm. Crickets arrived as late instar nymphs, and males and females were separated and
reared to adulthood to ensure all individuals were unmated. The male crickets were housed
individually in 15x11x5cm clear containers with egg carton cups as shelters and ad libitum
water and food (cat biscuits). The room housing the crickets was kept at 26°C and 40-50%

RH, with a 12:12hr light to dark schedule. Cages were cleaned weekly, while food, water and
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crickets were checked daily. Females were added to the Invertebrate Behavioural Ecology

(IBE) laboratory breeding colony for a different project.

Experimental set-up

During daily checks, crickets that had undergone eclosion were weighed (to 0.001g) and
assigned an identification number. Once most of the crickets had reached adulthood, 31
focal crickets were randomly chosen (using a random number generator) and marked with a

yellow paint pen.

Personality assay

To investigate the relationship between personality and assessment strategy use | first ran a
series of novel environment assays to determine the boldness for each focal cricket.
Personality testing for focal individuals commenced on day 10-20 post-eclosion. Each focal
cricket underwent a personality test involving a novel environment assay, which included a
novel object. Each assay occurred three times, 24hrs apart. Crickets were transferred from
the home containers into clear shelters (a 70mL sample jar), which were placed upright with
lids on and into the testing arena. The novel object (a ~5cm long leaf) was placed on the
opposite side of the arena to the clear shelter. After a 3min acclimation period the shelter
lid was removed, and the shelter placed on its side. The trial began as soon as the lid was
removed and ran for 15min. All testing took place in a testing arena, which was a clear 5L
container with an opaque divider separating the two crickets. Two testing arenas were used,
to allow for simultaneous testing. All assays were filmed using a Sony FDR-AX53 camera
placed ~1m above the testing area. Testing arenas and novel objects were wiped down with
70% ethanol between testings to remove any chemical scents left behind. Testing took place
in the same room that housed the crickets, so environmental variation could be minimized. |
chose the novel environment assay to assess boldness as the behavioural responses were
repeatable, unlike the anti-predation assay and were correlated indicating that this assay is

appropriate for assessing boldness (see Chapter 2).

Contest assay
To determine the assessment strategy used at the population and individual level of T.

commodus and whether switching of assessment strategies was occurring, | set up contest
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assays. Contest assays began 24hrs after the conclusion of the personality testing. Each focal
cricket was paired with five different opponents, allowing for 24hrs between contests
(Figure 3). The focal cricket and its opponent were placed in the testing arena, separated by
the divider. After a three-minute acclimation period the divider was removed. The trial
began as soon as the divider was removed and ran for 10min. The opponent that the focal
individual fought each day was randomly chosen, while still ensuring that the opponent is
larger than the focal. If crickets did not fight after 10min, the fight was excluded from the
analysis. After, the contest was removed from the pool of opponents and either euthanised
by freezing or added to the IBE lab breeding colony. The same testing arenas as the

personality assays were used and wiped down with 70% ethanol in between tests.

Day 1 Day 2 Day 4 Day 5
b
Opponent 1 Opponent 2 Opponent 3 Opponent 4 Opponent 5

Figure 3: Diagram of the experimental set-up for the contests between one smaller focal male (indicated by
yellow dot) and it’s five larger opponents.

Video scoring and behavioural analysis
All videos were analysed using the Behavioural Observation Research Interactive Software

(BORIS) (Friard & Gamba, 2016).

For the personality assay the time taken for the body to emerge was recorded. All limbs had
to leave the rim of the shelter for body emergence to be recorded. The time taken to touch
the leaf was also recorded. If the cricket did not emerge after 15min it was recorded as a

non-emergence.

In the contest assays, a fight was considered to have begun as soon as the antenna of one
individual touched the other individual and the fight was considered to have ended once

one individual retreated more than 10 cm away and remained away for at least 1 min (or
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was chased away continuously by the other individual). During the contests there was a very
clear distinction between the two phases (Table 4, Figure 4). Phase one began with the
crickets approaching and touching each other with their antennae and orienting themselves
to face each other, then if escalation to phase 2 occurred the crickets lunged towards each
other and grappled each other with their mandibles and front legs. While the opponents
may at points separate, if they came back together (i.e., neither cricket retreated), the
contest always immediately escalated back up to phase 2. The total contest duration,
whether the contest escalated from phase 1 to phase 2, the duration of each escalation

phase, and the winner and loser individuals were all recorded.

Table 4: Ethogram of Contest Escalation Phases for Teleogryllus commodus

Escalation phase Behaviour Description

Phase 1 Antennal touching Crickets approach each other and contact
their opponent’s body or antennae with

their own antenna.

Orientation Crickets will turn their bodies to be (if not

already) facing each other directly.

Phase 2 Mandible interlocking The crickets lunge towards each other, lock
their mandibles together. and grapple with

their front legs.

Wrestling Crickets will use their front legs to grapple
with each other. Biting of the front legs with
the mandible and kicking each other may

also occur.

50



Figure 4: Images depicting (A) phase 1 and (B) phase 2 of
Teleogryllus commodus contests

Statistical analysis

All statistical analyses were performed using R software v.3.6.3 (R Core Team, 2020).

i. Traits associated with fighting ability

A subset of individuals from the population were frozen after their contests and had their
body measurements taken. From this subset, 42 individuals could be compared to the focal
cricket as it was also frozen. The body measurements from these 42 crickets were calculated
relative to their focal cricket and used for the trait analysis. To assess which trait best
predicts fighting ability, Generalised Linear Models (GLMs) were fitted, using the ‘glm’
function in base R. | used a binomial error distribution where losing = 0 and winning =1 as
the response variable. Individual models were fitted for each body measure (body weight,
body length, hind femur length and pronotum width) as an explanatory variable. The
relative measures (i.e., the difference between the focal individual and the opponent) for
each opponent’s trait were calculated and then used for further analysis. Akaike
Information Criterion corrected for small samples (AlCc) was then used to determine which
model best described the relationship between the trait and probability of winning and

should be used as a proxy for RHP in all subsequent analysis.

ii. Assessment strategy identification: Taylor and Elwood (2003) framework
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To assess the population-level relationship between fighting ability (RHP) and contest
duration, Linear Mixed Effects models (LMMs) were fitted using the Ime4 package and
‘Imer’ function. The explanatory variable was the trait identified as the best predictor of
probability of winning in the previous step, body weight, was used as a proxy for RHP, and
contest duration was the response variable, focal cricket ID and trial number were included
as random effects. Two separate models were made for winners and losers. Likelihood ratio
tests were then performed using package Imtest and ‘Irtest’ function (Zeileis & Hothorn,
2002). Due to unforeseen deaths, not all focal crickets fought all five opponents (i.e all 27
focals fought at least twice, 23 fought 3x, 15 fought 4x and 8 fought all five opponents),

therefore total number of fights = 152.

iii. Simulation model for assessment strategy identification

The approach suggested by Chapin et al. (2019) to determine the assessment strategy of
each focal individual assumes that the population is necessarily composed of individuals
performing different strategies (i.e., a mixed population composed of both mutual and self-
assessors). In case this is true, we may use the sign of the slope of the regression between
contest duration and winner RHP for each focal individual to determine if the individual
adopt a mutual (negative slope) or self (positive slope) assessment strategy. However,
individuals performing self-assessment may also show negative slopes (although with small
absolute values) due to random variation in fight duration among contests. Therefore,
before assigning the assessment strategy of each individual, it is necessary to test whether
there is an indication of a mixed population. For this, we propose the usage of tests that
compare the expected proportion of negative and positive slopes in a given sample
considering that the population is entirely composed of mutual or self-assessors against the
observed proportion in the sample. Both chi-square and binomial tests are suitable for this
purpose. However, since this approach has never used before, Paulo Piexoto (Universidade
Federal de Minas Gerais) and | developed an individual based simulation model to test the
efficacy of these tests in indicating whether a population deviates from the two expected
extremes (all individuals performing mutual assessment or all individuals performing self-
assessment). This model was based on the framework proposed by Chapin et al. (2019), but

with the modifications described below.
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First, three groups containing 100 individuals each were created. Each individual has a RHP
value that was randomly drawn from a normal distribution with a mean of 50 and a
standard deviation of 10. After this, the individuals were randomly separated into groups of
three individuals. In each triad, the individual with the smallest RHP value was designated to
be the focal individual and was paired to fight a dyadic contest against each rival in the
group. Since the focal individual always had the smallest RHP value in each triad, it was
assigned to be the loser in both contests. Therefore, the duration of the contest was
determined according to the assessment strategy adopted by the focal individual. If the
focal individual adopted a mutual-assessment strategy, the duration of the contest would
be inversely related with the RHP difference between the focal individual and his opponent
(equation 1). If the focal individual adopted a self-assessment strategy, the duration of the
contest was positively associated with the RHP value of the focal individual (equation 2). To
obtain the contest duration for each fight, the contest durations of all interactions were
calculated, assuming that all focal individuals adopted a mutual assessment strategy. Then a
second group of contest durations were calculated, assuming that all focal individuals
adopted a self-assessment strategy. After this, the assessment strategy that should be
adopted by each individual was randomly determined and the corresponding contest
duration chosen. In each simulation, the proportion of mutual to self-assessors was changed
from 100/0 to 0/100 in steps of 10. For each proportion, the simulation was repeated 1000

times.

Equation 1: Contest duration value for fights in which the focal individual adopted a mutual assessment
strategy. The variation value was randomly drawn from normal distribution with mean 0 and standard

deviation 5.
Contest duration(mutual assessor)= MaX(RH Ploser population)"‘(RH Pfocal loser — RHPrival winner)+Va riation

Equation 2 — Contest duration value for fights in which the focal individual adopted a self-assessment
strategy. The variation value was randomly drawn from normal distribution with mean 0 and

standard deviation equal to the standard deviation obtained for contest durations in equation 1.

Contest duration(self—assessor) = Min(RH Ploser population)"‘RH Pfocal loser+Variation
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After determining the contest duration that should be used for each focal loser in each
contest, the slope of an ordinary least squares (OLS) linear regression was calculated, with
the contest duration as the response variable and the RHP of each opponent in a triad as the
predictor variable. This was performed separately for each focal individual. Although the
slope estimation using an OLS linear regression is trivial when the focal individual must fight
against two rivals (generating just two values to perform the estimation), we opted to
maintain this estimation because it is the recommended approach when the focal individual
must fight against more than two rivals. This procedure produced 100 slopes in each
simulation. It is important to note that, while all individuals performing mutual assessment
are expected to show negative slopes, half of the individuals performing self-assessment are
also expected to show a negative slope. This is expected because the contest duration
exhibited by the focal individual under self-assessment should be similar among different
fights, but with a small amount of random variation. Therefore, while a population entirely
composed of mutual assessors should provide 100% of negative slopes, a population
composed of 100 self-assessors should exhibit 50% of negative slopes. In the same way, a
population composed of 50% mutual/self-assessors should show 75% of individuals with
negative slopes (Table 6). Therefore, the raw proportion of negative slopes in a population
provides an indication of the true proportion of mutual to self-assessors. However, to formally
test when a population is composed of mutual and self-assessors using an inferential test, we
evaluated two approaches. The first one is the use of a Chi-square test and the second one
the use of a binomial test. For both analyses, we propose to test whether there was indication
of a deviation from 99/1 mutual/self-assessors whenever the observed proportion of
negative slopes vary between 75% and 100% and from 50/50 mutual/self-assessors when the
observed proportion of negative slopes vary between 50% and 74%. To investigate the
efficiency of each test in indicating whether the population deviated from a single assessment
strategy, we quantified the number of times that each test provided a significant result among

the 1000 simulations for each proportion of mutual to self-assessors.

iv. Assessment strategy identification: Chapin et al., framework
To determine which assessment strategy each focal cricket used and to assess whether
there is individual variation in assessment strategy use, a linear model of total duration and

winner body weight was fitted for each focal and its opponents using the MASS package and
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‘Im’ function (Veneables & Ripley, 2002). Only fights where the focal individual lost were
included, and only focal individuals that lost at least twice were included. This resulted in
the exclusion of three focal individuals from the analysis (n focal crickets included= 27, n
fights included= 104). The slope of the linear regression was used to determine the
assessment strategy being used by each individual. As indicated by the simulation, the
prediction for a population made up of entirely mutual assessors would be that 100% of the
slopes are negative, while the prediction for a population of entirely self-assessors is that
50% of the slopes are negative due to random variation. Therefore, a percentage of 55-95%
of negative slopes would indicate a mixed population and that individual variation is
occurring.

v. Do crickets switch assessment strategy between contest phases?

Taylor and Elwood framework: To determine the assessment strategy used in each phase, |
repeated the process for identifying the assessment strategy used, but instead of using total
contest duration in the LMMs, | used the duration of phase 1 and phase 2 separately (Hsu et
al., 2008; Lobregat et al., 2019). Again, separate models were made for winners and losers
and likelihood ratio tests were performed. Fights that didn't escalate were excluded from
the phase 2 model (n fights included= 131).

Chapin et al., framework: The methodology for identifying which assessment strategy each
focal cricket used was repeated (i.e., separate slopes for each focal individual were
calculated) but instead of using total contest duration a linear model was fitted for each
phase using the duration of that phase. Fights that didn’t escalate were excluded from the

phase 2 model (n focal crickets included= 25, n fights included=98).

vi. Effect of personality

To determine whether personality explains between-individual variation in the assessment
strategy used by T. commodus, the repeatability of the responses in the personality assays
were first assessed. To do this | fitted a univariate linear mixed model for each behaviour
and calculated the repeatability of each behaviour using Ime4 (Bates et al., 2015), Imtest
(Zeileis & Hothorn, 2002) and tidyverse (Wickham et al., 2019) packages with ‘Imer’, ‘Imtest’
and ‘tidy’ functions. In the univariate model age, test number and body weight were
included as fixed effects and cricket ID was included as a random effect. The repeatability

was calculated as between-ID variance divided by the sum of between-ID variance and
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residual variance (Nakagawa & Schielzeth, 2010). Once the most repeatable behaviour was
identified, it was averaged across the three tests. A linear regression model, using package
MASS and function ‘Im’ (Veneables & Ripley, 2002), was then fitted with the slopes of the

focal individual’s fights from the previous analysis as the response variable and the average

behavioural response (i.e. time taken for body to emerge) as the explanatory fixed variable.

Results

Traits associated with fighting ability

The AlCc scores for each of the body traits were almost identical (Table 5), suggesting that
all the traits measured are equally useful as proxies for RHP. However, since bodyweight

had a slightly lower AICc score, | will use this as a proxy for RHP in all subsequent analyses.

Table 5: AlCc scores for each model comparing body traits against the probability of winning the

contest.

AICc Score Delta AlCc
Body weight 60.495 0
Body length 60.627 0.132
Pronotum width 60.903 0.408
Hind femur length 60.985 0.49

Assessment strategy identification: Taylor and Elwood framework

There was a positive but not significant relationship between contest duration and loser
body weight (B=40.996, SE= 27.431, x?>= 2.0215 and p= 0.1551, Figure 5A). The relationship
between contest duration and winner body weight was also not significant (B=-1.726, SE=
25.465, x?>= 0.0021 and p= 0.9632, Figure 5B). The insignificant relationship of loser body
weight and contest duration does not align with the predications of either self or mutual

assessment.

56



. L)
2001 200
150 50

—_

)

=

S

= . .

o

= 100 [ 00 .

© . .

©

° . [ 4 . L] .

= - . ™ .

0.4 0.5 06 0.7 0.8 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Loser Bodyweight (g) Winner Bodyweight (g)

Figure 5: Relationship between overall contest duration and (A) body weight of losers and (B)

bodyweight of winners in Teleogryllus commodus contests.

Simulation model for assessment strategy identification

For each proportion of mutual to self-assessors investigated, we obtained proportions of
negative slopes similar to the theoretical expectations (Table 6). In fact, the median
proportion of negative slopes increased from 50% when all individuals were assigned to
perform self-assessment to 100% when all individuals were assigned to perform mutual
assessment (Figure 6). This pattern was unaffected when we changed the variations used in

equations 1 and 2 to calculate the contest time for each focal individual.

When the population had more than 50% of mutual assessors, the efficiency of both the chi-
square and the binomial tests in detecting the existence of mixed strategies in the population
were high, even when the population was near to a single strategy (i.e., 90% of mutual
assessors, Table 6). In fact, for proportions of mutual to self-assessors between 80/20 and
50/50, both tests never indicated that the population was entirely composed of mutual
assessors. However, when the population consisted of 90% of individuals performing self-

assessment, both tests had a low efficiency in detecting deviations from a single strategy. The
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efficiency rose to more than 80% (with major increases for the binomial test) when the
proportion of self-assessors reached 70% of the population. Therefore, for sample sizes of
100 triads, both tests seem to provide a reliable way to evaluate whether there is evidence
of mixed strategies in a population for most of the possible combinations of mutual and self-

assSessors.

Table 6: Summary results for simulations involving different numbers of mutual and self-assessors in
a population of 100 focal individuals (1000 simulation for each combination). The number of
mutual/self-assessors indicate how many focal individuals were designed to adopt each assessment
strategy in the population in each simulation. The expected percentage of negative slopes indicate
how many negative slopes should be estimated in linear regressions between fight duration of a focal
individual and the RHP value of its opponents (two contest duration values for each focal individual).
The percentage of correct support for mutual assessment in the binomial / chi-square tests indicate
the percentage of significant results of binomial and chi-square tests used to test whether the
proportion of negative slopes deviated from the expected values when the population is entirely
composed of mutual assessors (used when the observed proportion of negative slopes varied
between 75% and 100%) or entirely composed of self-assessors (used when the observed proportion
of negative slopes varied between 50% and 54%). Tests were not run when 100% or 50% of slopes

were negative since these were the expected values when the population consisted of a single

assessment strategy.
Number of Expected Percentage of correct Percentage of correct
mutual/self- percentage support for mutual support for self-assessment
assessors of negative assessment in the binomial / in the binomial / chi-square
slopes chi-square tests tests

100/0 100 -
90/10 95 92/97.1
80/20 90 100
70/30 85 100
60/40 80 100
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50/50 75 100 98.9/98.5
40/60 70 96.2/94.8
30/70 65 88.3/83.5
20/80 60 57/48.9
10/90 55 21.1/15.6
0/100 50 -
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Figure 6: Median value of the proportion of negative slopes obtained in each simulation in relation to

the number of mutual to self-assessors. Each simulation produced 100 slopes estimated from linear

regressions between fight duration of a focal individual and
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Assessment strategy identification: Chapin et al., framework

Focal individuals did not always lose every one of their 5 fights despite having a lower
bodyweight; to be included in the analysis each individual had to lose at least two of their
fights. This meant that from the original 31 focal crickets tested, 27 were included in the
analysis, with the number of fights ranging from 2-5. 59% (16/27) of slopes were negative

(Figure 7).

250
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Contest duration

50

0.4 0.5 0.6 0.7 0.8 0.9

Winner RHP

Figure 7: Relationship between overall contest duration and bodyweight of winners for each
focal individual (n=27) in Teleogryllus commodus contests. Black lines indicate slopes < 0
and grey lines indicate slopes > 0.

Is switching of assessment strategy occurring?

i. Taylor and Elwood framework:

There was no significant relationship between phase 1 duration and loser body weight (B=
1.048, SE= 1.739, x?= 1.287 and p=0.864, Figure 8A). The relationship between phase 1 and
winner bodyweight was also not significant (B= 2.459, SE= 1.727, x?>= 3.938 and p=0.415,
Figure 8B). For phase 2, there was a significant positive relationship between phase 2

duration and loser body weight (B=48.88, SE=32.24, x>= 6.931 and p=0.0313, Figure 8C), the
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relationship between phase 2 and winner body weight was also negative but non-significant

(B=-16.92, df=127.94, SE=27.12, x?>= 0.290 and p=0.865, Figure 8D).
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Figure 8: Relationship between phase 1 contest duration and (A) body weight of losers and (B)

bodyweight of winners. Relationship between phase 2 contest duration and (C) body weight of losers

and (D) bodyweight of winners in Teleogryllus commodus contests.

ii. Chapin et al., framework

For phase 1, 48% (13/27) of slopes were negative (Figure 9). Two focal individuals were

excluded from phase 2 analysis as they did not lose any fights which escalated. 60% (15/25)

of slopes for phase 2 were negative (Figure 9).
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Figure 9: Relationship between bodyweight of winners and (A) phase 1 contest duration and (B)
phase 2 contest duration for each focal individual in Teleogryllus commodus contests. Black lines
indicate slopes < 0 and grey lines indicate slopes 2> 0.
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Inter-individual variation and repeatability

i. Effect of age, test number and weight

Age did not have a significant effect on the repeatability of the latency for the body to
emerge (p= 0.377) or on latency for the cricket to touch the leaf (p= 0.563). Test number
also did not have a significant effect on the repeatability of either behaviours (p=0.843 and
0.347 respectively). Likewise, the effect of weight was also insignificant (p= 0.875 and 0.910
respectively).

ii. Effect of ID

Cricket ID had a significant effect on both latency for the body to emerge (p <0.0001) and
latency to touch the leaf (p = 0.0002 r).

iii. Repeatability of behavioural responses

Both behavioural responses (latency for head to emerge, time taken to touch the leaf) were
repeatable between assays, with latency for the body to emerge having a higher
repeatability score of 0.504 (95% Cl: 0.368-0.589) than latency to touch the leaf
(repeatability: 0.398 [95% Cl: 0.499-0.673]). Therefore, latency for the body to emerge was

used for further analysis.

Effect of Inter-individual variation on assessment strategy used

There was no significant correlation between latency for the body to emerge (boldness) and
the slope of the relationship between winner RHP and contest duration (B=-0.957, df=25,
SE=4.611, R?=0.0017 p=0.837) (Figure 10). | also ran the analysis with an outlier removed
where the contest duration was magnitudes higher than the other contests, but this did not

change the outcome of the results (3=0.0033, df=24, SE= 0.2449, R?= >0.0001 p=0.9893).
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Figure 10:Relationship between boldness (latency for body to emerge in a novel environment) and
assessment strategy (slope of the relationship between overall contest duration and winner RHP) in

Teleogryllus commodus.

Discussion

This chapter investigated whether there was evidence for variation in the assessment
strategy employed by Teleogryllus commodus at both the population and individual level.
While the findings from the currently used analysis framework (Taylor and Elwood, 2003)
were inconclusive, the newly proposed framework (Chapin et al., 2019) showed that there
was population-level variation in the use of assessment strategies, with a mixture of 20% of
individuals using the CAM or SAM models and 80% of individuals using (E)WOA. The Chapin
et al., (2019) analysis also indicated that there is evidence for within-individual variation
(i.e., switching between phases) in the use of assessment strategies. This chapter also
investigated whether the variation in assessment strategies used among individuals was

explained by personality, but there was no significant relationship between an individual’s
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boldness and the slope of the relationship between contest duration and winner RHP. As
the first empirical application of the Chapin et al., (2019) methodology, these results show
the improvements that this methodology can make to our understanding of animal
contests, as it is able to consider individual variation in assessment strategy use as well as
indicating whether switching of assessment strategies is occurring between phases of

conflict.

Assessment strategy used by Teleogryllus commodus

The results of the analysis using the Taylor and Elwood (2003) framework were inconclusive
as none of predictions from any of the models were met. These inconclusive results may be
due to the framework only determining the assessment strategy use at the population level
rather than at the individual level. Identifying variation among individuals requires repeated
testing of the same individuals using the more recently proposed analysis framework from
Chapin et al., (2019), which assesses individuals separately to gain a better picture of what is
occurring in the population. Although a negative slope describing the relationship between
winner RHP and contest duration indicates that the CAM (self-assessment) or SAM (mutual
assessment) models are being used, 50% of individuals using (E)WOA (self-assessment) are
also expected to show a negative slope. Therefore, if 100% of the population are using
(E)WOA, we would expect > 50% of the slopes to be negative, while if the population
consists of 100% CAM/SAM, we expect 100% of the slopes to be negative. If individual
variation in the use of mutual or self-assessment is occurring, then we would expect the
population to be mixed and would expect 55-95% of slopes to be negative depending on the
ratio of (E)WOA: CAM/SAM. Here | tested and confirmed these expectations using the
simulation presented here. Since 59% of the slopes of winners RHP against total contest
duration were negative, this population of T. commodus is comprised of a mix of individuals
using E(WOA) and CAM or SAM. In order to determine if those 20% with negative slopes are
using self-assessment (CAM) or mutual assessment (SAM) further analysis is required. It
should also be noted that at a 20/80 mix of assessment strategies, the framework is only
~50-60% accurate at determining the proportions of the models being used, as indicated by
the results of the simulation. Therefore, the mix may not be exactly 20:80% (E)WOA to

SAM/CAM, and care should be taken when applying these results.
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Unlike other studies which found clear evidence for either self-assessment or mutual
assessment (Benitez et al., 2017; Bridge et al., 2000; Moore et al., 2008; Painting & Holwell,
2014; Prenter et al., 2006; Schnell et al., 2015; Sun et al., 2019; Taylor et al., 2001; Tedore &
Johnsen, 2015) the analysis using the Taylor and Elwood (2003) framework was unable to
clearly determine the assessment strategy that my population of Teleogryllus commodus
uses. However, many other studies have also not been able to conclusively identify the
assessment strategy used and instead found evidence for more than one model or no
support for any models(Briffa, 2008; Glass & Huntingford, 1988; Jennings et al., 2004; Kelly,
2006; McCambridge et al., 2022; Peixoto & Benson, 2012; Stuart-Fox & Johnston, 2005). For
example, an assessment of Wellington tree weta (Hemideina crassidens) found a positive
correlation between loser size and contest duration but a negative (non-significant)
correlation between winner size and contest duration (Kelly, 2006). Their results suggest
self-assessment is the best model but due to the negative relationship between winner size
and contest duration the results are inconclusive. Similarly, a study of fallow deer (Dama
dama) contests did not find any evidence supporting the main predictions of either self or
mutual assessment (Jennings et al., 2004). My results demonstrate why improvements on
the Taylor and Elwood (2003) analysis may need to be made for studies that have had mixed
or inconclusive results. The Chapin et al., (2019) analysis was able to provide greater insight
into the assessment strategy used by T. commodus and showed that that the inconclusive

results may have been due to population being comprised of a mix of assessment strategies.

Switching of assessment strategy between phases of contest

Assessing each phase of the contest individually using the Taylor and Elwood (2003)
framework provided inconclusive evidence for whether switching occurred between contest
phases. As phase 1 results did not align with the predictions of either the self-assessment
models or the mutual assessment model predications. Phase 2 results, however did align
with predictions of the (E)WOA model. Using the Chapin et al., (2019) analysis | was able to
investigate each phase more closely. Analysing each phase separately using this framework
showed that for phase 1 250% of the slopes describing the relationship between winner
RHP and phase duration are negative indicating that all individuals were using (E)WOA. In
phase 2, 60% of the slopes were negative, suggesting that ~20% of the individuals in the

population were using CAM or SAM assessment model rather than the (E)WOA model,
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following a similar pattern to when both phases of the contest were analysed together. This
finding is similar to the other studies that have assessed the phases of contest separately
and found that assessment strategy switching is occurring in neotropic crickets (Melanotes
ornata) (Lobregat et al., 2019) and killifish (Kryptolebias marmoratus) (Hsu et al., 2008)
where both species switch from using mutual assessment in the initial phase to self-
assessment when the contest escalates. However, my results do not necessarily mean
switching is occurring as phase 1 may not be included in the contest. Since analysis of phase
1 using the Taylor and Elwood (2003) did not meet the predictions of self-assessment or
mutual assessment models, and the repeated contest approach of the Chapin et al., (2019)
methodology always assigns an assessment strategy even if the behaviour doesn’t involve a
fight, this suggests that phase 1 may not have involved contest behaviour. Rather, it may be
a quasi-agnostic behaviour where the individuals are performing prior evaluation to
determine if the opponent is a rival and have not yet committed to a contest (Pinto &
Peixoto, 2019). Therefore, phase 1 results may not be sufficient to truly assess whether
switching is occurring. Therefore, the contest elements within phase 2 may need to be

separated out into further stages and assessed separately.

Switching may also be easier to detect in species that have more distinct phases during
conflict, or in species with greater size disparities between males where accurate
information is easy to gain during an initial mutual assessment phase (Faber & Baylis, 1993).
For example, the New Zealand giraffe weevil (Lasiorhynchus barbicornis), in which males
show extreme size variation (Painting et al., 2014), have been found to most likely employ
mutual assessment during contests (Painting & Holwell, 2014). However, separate analyses
of each phase may show that when contests escalate the giraffe weevils switch to self-

assessment.

Finally, a switch in assessment strategies may be more likely to occur in conflict that
escalated between a resident male and an intruder (Peixoto & Benson, 2012), since all
crickets in my experiments were placed into a novel environment for the contest and
allowed equal acclimation time in the testing arena, resident/intruder effects would be
minimal. Further study would be required to determine if switching is more common when

resident/intruder effects are stronger. Therefore, as more studies begin to separate out the
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phases and analyse them individually, there may be growing evidence that other species

also switch assessment strategies as contests escalate.

Personality as an explanation of variation in assessment strategy use

Boldness was not significantly related to the slope of the relationship between winner RHP
and contest duration for the repeated focal male trials, in this population of T. commodus. |
also did not find evidence for a behavioural syndrome linking boldness and aggression, an
important behaviour involved in conflict (Chapter 2). However as discussed in Chapter 2,
this may be due to the effects of domestication, as this population of T. commodus has been
commercially bred in captivity, fed ad libitum and exposed to a predator-free environment
for many generations, which likely means that this population has experienced very
different inbreeding, natural, sexual and artificial selection pressures than wild populations
of T. commodus (Wilson et al., 2010). Therefore, future studies using a wild population or
species with previously identified boldness-aggression behavioural syndromes may find
differing results. Similarly, studies with species that show individual variation in assessment
strategy may also find a link between personality and assessment strategy use. Therefore,
while | did not find any link between personality and assessment strategies, it may still be a
possible explanation for previously inconclusive results when applying game theory to

animal contests.
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Chapter four

General Discussion
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This thesis aimed to provide explanations for why previous studies have found mixed or
inconclusive results when applying evolutionary game theory to animal contests. Individual
variation in assessment strategy use, the effect of personality, switching of assessment
strategies, and inappropriate statistical analyses were identified as possible explanations.
Here | will discuss the plausibility of these factors as possible explanations as well as the

limitations of my work and where | believe future work should focus.

Individual variation in assessment strategy use

While the Taylor and Elwood (2003) analysis framework has significantly progressed our
understanding of contest dynamics, it is limited to determining assessment strategies at the
species/population level and is therefore unable to detect individual variation. As the first
study to apply the Chapin et al., (2019) methodology to empirical data, my results clearly
demonstrate the advantages of using focal individuals with repeated contests, which allows
us to determine the assessment strategy used at both the individual level and the
species/population level. While the more commonly used Taylor and Elwood (2003) analysis
was unable to clearly determine the assessment strategy use in Teleogryllus commodus, the
Chapin et al., (2019) analysis was able to determine that my population of . commodus
uses a mix of assessment strategies (Chapter 3). These results show how crucial
improvement of the analysis frameworks, like the Chapin et al., (2019) methodology, could
be for assessing species that have individual variation where the population is made up of a
mix of the two assessment strategy classifications. | would suggest that previous studies
may have been limited in determining the assessment strategies at the population level
without considering possible between-individual variation in strategy use which led to
inconclusive or mixed results. Therefore, individual variation is a plausible explanation for

previous inconclusive results when applying game theory to animal contests.

Personality as an explanation for individual variation in assessment strategies
To assess the effect of personality on assessment strategy use and contest dynamics | first
had to determine whether Teleogryllus commodus had personality (consistent individual

variation in behavioural responses). | did indeed find that individual T. commodus crickets
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repeatedly varied in their general activity in their home environment, their boldness in a
novel environment and towards a novel object, and their aggression towards conspecifics,
but not in their boldness after a predation risk event (Chapter 2). | then assessed whether
there was a behavioural syndrome linking these behavioural traits to see if boldness might
affect contest dynamics via underlying mechanisms also affecting aggression. However, |
found no correlation between boldness, activity, or aggression, thus suggesting that
personality might not influence T. commodus contest behaviour (Chapter 2). | still went on
to determine whether there was a relationship between boldness and the slope of the
winner RHPs against contest duration (indicative of the assessment strategy being used) to
investigate whether boldness might have an effect. However, there was no significant
relationship between these factors (Chapter 3). Therefore, personality does not appear to
have any effect on contest dynamics in T. commodus. However, the lack of repeatability of
individual variation in boldness after a predation risk event suggests that this population of
T. commodus may have been subject to domestication selective pressures, and may have
developed different behaviours to a wild population (Wilson et al., 2010). Perceived
predation risk has been shown to induce a behavioural syndrome between boldness and
aggression, therefore the results may have been different with a wild-type population (Bell
& Sih, 2007). | also only assessed boldness, but other behaviours may also affect contest
behaviour via a behavioural syndrome. Personality may also have a stronger effect on
species that do show individual variation in assessment strategy use, therefore | cannot rule
out personality as a confounding effect on studies applying game theory to animal contests

just yet.

Assessment strategy switching between contest phases

Similarly to individual variation, assessment of the separated phases of conflict suggested
that switching of assessment strategies between phases may be possible (Chapter 3).
However, again only the Chapin et al., (2019) was able to clearly show this, demonstrating
the advantage of using this method. Using the Taylor and Elwood (2003) framework
provided inconclusive results which did not align with the predictions from any of the
assessment strategy models (Chapter 3). Although my results could not conclusively
determine that switching is occurring in my study species, other studies have found

evidence of switching (Hsu et al., 2008; Lobregat et al., 2019). Therefore, | would not rule
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out switching as a possible explanation for previously inconsistent results in other species.
However, | suggest that switching may be more applicable to species with a greater
distinction between phases of conflict, greater body or weapon size disparities and/or
stronger resident vs intruder effects where an initial phase of mutual assessment may be
more prevalent (Faber & Baylis, 1993; Peixoto & Benson, 2012). Therefore, analysing phases
of conflict separately is important when determining the assessment strategies used during
animal conflicts and switching of assessment strategies remains a plausible explanation for

mixed or inconclusive results in previous studies.

Limitations and future directions

| believe the main limitation of the research in this thesis is the use of only one species.
Were | to do this again, | would assess more than one species and in particular | would use
species that had previously been assessed but found inconclusive results, such as the
Wellington tree weta (Kelly, 2006), to more easily determine which, if any, of my chosen
factors caused these inconclusive results. While my research has shown how important the
Chapin et al., (2019) methodology may be for applying game theory to animal contests, it
needs to be applied to other species, especially those that may have individual variation in
assessment strategy use and have a mixed population. Also had time allowed, | would have
liked to assess other behaviours in Chapter 2 in addition to activity, boldness (novel
environment and anti-predation context) and aggression to determine if there was a
behavioural syndrome at all in T. commodus. In particular, | would investigate whether any
behaviours are linked to aggression and could potentially have an impact on contest
dynamics. Similarly, based on my results from Chapter 2, | would have liked to repeat my
experiments on a wild caught population to determine the effects of domestication on
personality, and whether the assessment strategy used by the wild type T. commodus is the
same as my commercially bred population. Additionally, the results of the simulation
(Chapter 3) indicate a limitation in the Chapin et al., (2019) framework to be able to
determine the proportion of self-assessors to mutual assessors, when the population is
made up of nearly all mutual or self-assessors (i.e. at 90-80% self-assessment or 90% mutual
assessment). This means that the results of the analysis may indicate that a population is
entirely made up of one assessment type, however, ~10% of the population may be using a

different assessment strategy. Therefore, some consideration of this should be applied
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when using the Chapin et al., (2019) methodology. Also, similarly to the Taylor and Elwood
(2003), the Chapin et al., (2019) framework is unable to distinguish between the mutual
assessment model SAM and the self-assessment model CAM, as both predict a negative
relationship between winner RHP and contest duration. Therefore, if there is evidence for
SAM/CAM further information is required to determine which assessment strategy is being
used. Overall, | think my results highlight individual variation and switching of assessment
strategies as well as the effects of personality as important areas for future research.
However, not only these factors be considered, but so should age, environment, motivation
and previous experience as these may also effect assessment strategy use (Briffa & Elwood,

2001; Chapin et al., 2019; Elwood et al., 2006; Hsu & Wolf, 1999).

Concluding remarks

The primary finding of this body of work, is that the Taylor and Elwood (2003) analysis
framework, which has been most commonly used when determining assessment strategy
use in species needs to be updated as it is insufficient to investigate variation in contest
behaviour beyond the population level. | have demonstrated here that the Chapin et al.,
(2019) methodology provides some great advantages in this respect, but still needs to be
tested with other species. Some evidence for switching of assessment strategies as contests
escalate was provided, while effects of boldness/personality were not demonstrated in
Teleogryllus commodus, but they both remain plausible reasons for previously inconclusive
results. While | have shown that the analytic framework does need to be updated and
switching and personality could be possible explanations for previous studies being unable
to conclusively determine which assessment strategy a species uses, there may be a myriad
of reasons and many factors that need to be considered when applying game theory to

animal contests.
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