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Abstract 

Sexual selection has long been recognised as driving the evolution of diverse 

morphological and behavioural traits in animals. Decades of concerted research 

into the topic has uncovered reproductive adaptations ranging from the beautiful 

to the horrific, and insects provide some of the most striking examples from all 

parts of that spectrum. The diversity of insects, their mating systems, and their 

reproductive adaptations has made them crucial to our understanding of sexual 

selection and the evolution of sexual reproduction itself. Their natural amenability 

to observation and experimentation has granted us many useful and informative 

model systems for that endeavour. 

In particular, the Orthoptera (crickets, grasshoppers, katydids, wētā and their 

allies) have provided many model species for the study of acoustic mate calling, 

nuptial provisioning, intrasexual combat, the economics of reproduction that 

contribute to sexual conflict, and countless other topics in the realm of 

reproductive ecology. The current research delves into the diversity of mating 

system traits exhibited by the order, with a comprehensive review of the literature, 

as well as targeted evolutionary hypothesis testing via the phylogenetic 

comparative method. I then investigate in detail the reproductive ecology of New 

Zealand cave wētā, which are fascinating representatives of a globally distributed 

but hardly-studied orthopteran family, the Rhaphidophoridae.  

Firstly I investigate orthopteran reproductive ecology with analyses of sexual 

evolution across the order. I test for phylogenetic signal, ancestral character states 

and correlated evolution with data derived from a comprehensive literature search, 

using a synthetic supertree assembled for that purpose by tree grafting. The results 

of this approach indicated trends of strong evolutionary conservatism in 

orthopteran sexual traits, and a probable ancestral mating system that involved 

protandry, male-male combat and mate-guarding, acoustic mate-calling, and 

female-biased sexual size dimorphism, but without coercive mating or 

exaggerated weaponry. Although I was able to model the evolution of these traits, 



 

 iv 

phylogenetic comparisons did not provide evidence in support of correlated 

evolution between them. 

I then move from broad questions to detailed examination of sexually dimorphic 

antennal structures in New Zealand cave wētā (Rhaphidophoridae: Pachyrhamma 

sp). Using scanning electron microscopy, I describe the morphology of 

microsensory hairs (sensilla) in P. waitomoensis and P. acanthocera and test for 

sexual dimorphism in the length, as well as presence and absence of these. This 

reveals numerous sensilla with unique morphology that may be particular to the 

group, and suggests possible sensory functions based on their individual 

characteristics. In addition, I provide the first detailed examination of intriguing, 

horn-like antennal cuticular structures that are restricted to males of these species. 

The two kinds of protrusive structure have some qualities that suggest a secretory 

function, indicating that male pheromonal communication may be an important 

aspect of those species’ ecology. 

Subsequently, I investigate New Zealand cave wētā behavioural ecology with 

field-based approaches to observing P. waitomoensis. I examine the role of 

sexually dimorphic, elongated hind-legs in that species in the context of mate 

guarding, a central topic in the study of sexual selection. Interestingly, although 

males doggedly guard their mates with their exaggerated hind-legs, the limbs do 

not appear to function in warding off rivals. Because of that observation, I tested 

the novel hypothesis that the mate guarding behaviour and morphology of male 

P. waitomoensis instead serves to reduce disturbance to females by organisms 

other than sexual rivals of the male. Through several simple experiments with the 

wētā in their natural environment, I show a reduction in pair duration when 

females are disturbed, a disturbance-protection effect of male presence, a mating 

advantage to males that can guard their mates for longer, and a negative 

correlation between male hind-leg length and the likelihood of disturbance to the 

female. Taken together, these results provide an example of a mate guarding role 

in exaggerated trait evolution, and a novel function of mate guarding that may 

occur in other taxa. In addition, this highlights the importance of considering 

environmental context when examining behaviour, as well as raising the 

possibility that more potential female benefits of mate guarding may be observed 

if study organisms are observed in nature.  
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After examining mate guarding, I continue the investigation of exaggerated trait 

evolution in P. waitomoensis by looking at the additional role of their elongated 

hind-legs in male-male-combat and competitive assessment. By comparing 

morphometric data with video recordings of intrasexual contest behaviour in the 

field, I showed that males with longer legs have greater chances of victory in 

combat. In addition, when the difference in leg-length between contestants was 

greater, fights escalated to a lesser degree. The observed relationship between 

contestant leg-length and contest escalation matched the predictions of the self-

only model of assessment, according to current contest theory. The results 

highlight the fact that fighting and weaponry are an important part of cave wētā 

reproductive ecology, and indicate that other Rhaphidophoridae with similar 

morphology may represent an overlooked trove of examples for exaggerated 

weaponry research in the Orthoptera.  

Lastly I approach the question of exaggerated weapon evolution from a different 

angle. Using software designed for entertainment war-gaming, I edited matches in 

order to pitch artificial intelligence contestants against one another under varied 

experimental conditions. By doing so, I was able to test the hypothesis that one-

on-one duel scenarios favour arms superiority, a potential explanatory factor in the 

presence of extreme weaponry among various taxa, and in the occurrence of arms 

races in non-animal systems. I found that strong contestants enjoyed a greater 

advantage when fighting head-to-head, in contrast to the lack of any advantage in 

more chaotic skirmishes with multiple opponents. The advantage of superior 

weaponry showed the same pattern, in two different forms of contest. This 

suggests that conflict scenarios that are restricted to duels may contribute to 

weaponry escalation, in diverse systems. I thereby demonstrate a novel technique 

for approaching a difficult-to-test, broad evolutionary question, and show the 

potential for widely available and user-friendly consumer software to provide 

simulators for approaching scientific questions. 

Over all, this thesis summarises sexual selection research in the Orthoptera, offers 

a hypotheses regarding ancestral mating systems in the order, provides new data 

on a poorly studied family, and tests a general hypothesis in a novel way. As well 

as reviewing and analysing existing knowledge and providing new discoveries in 

an overlooked group, this research opens and highlights novel avenues for 
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investigation of orthopteran reproductive ecology, the examination of sexual 

selection, and the evolution of extreme weaponry.
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1. Introduction  

1.1 Sexual Selection 

Darwin (1871) first distinguished between natural selection and sexual selection, 

observing that many animals display traits that seem only to serve in increasing 

their reproductive success. Although the two forms of selection are interlinked and 

not always easy to distinguish (Zeh & Zeh, 2003; Bonduriansky, 2011), this began 

a continuing tradition of treating them separately (Wade, 1979; Arnold & Wade, 

1984). Under this paradigm, it was established that anisogamy (asymetrically 

costly gametes) leads to competition among the low-cost and numerous sperm for 

access to the higher value female ova, setting the stage for sexual competition and 

conflict (Parker et al., 1972; Kodric-Brown & Brown, 1987; Schärer et al., 2012). 

Secondly, the producers of those low-cost gametes (i.e. males) have highly 

variable reproductive success, primarily limited by the number of mates they can 

acquire, while females are limited by resource availability (Bateman, 1948), with 

the outcome generally being that there is far higher potential for sexual selection 

to act on males (Clutton-Brock & Parker, 1992; Bjork & Pitnick, 2006). A further 

consequence of anisogamy that was noted early on is that females should be 

discriminating in their mate-choices, while males should simply seek (and 

compete for) any and all mating opportunities (Parker, 1979; Andersson, 1994). 

However, recognition of the potential for males to also invest highly in offspring 

via parental care (Trivers, 1972) further widened our understanding of sex roles 

and their consequences for mating system evolution via sexual selection. 

These fundamental observations rapidly gave rise to further diverse (and 

controversial) predictions and debate around for example: runaway selection 

(Fisher, 1915; Lande, 1981; Kirkpatrick, 1982), good genes effects (reviewed in 

Møller & Alatalo, 1999), sensory exploitation (Ryan, 1990), chase-away selection 

(Holland & Rice, 1998; Sakaluk et al., 2006), handicaps (Zahavi, 1975; Johnstone, 

1995), sexual conflict (Parker, 1979), cryptic female choice (Eberhard, 1996), 

sperm competition (Hildemann & Wagner, 1954; Parker, 1970b), senescence 

(Promislow, 2003), and sex-role reversal (Gwynne, 1981). These concepts have 
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come to frame our current understanding of animal mating system evolution.  In 

developing this body of sexual selection theory, insects in particular have 

provided some of the most important model organisms (e.g. Bateman, 1948; 

Alexander, 1961; Parker, 1970c; Eberhard, 1991), especially in regard to sexual 

conflict (e.g. Arnqvist, 1939; Rowe et al., 1994; Arnqvist et al., 2000). 

 

1.1.1. Sexual Conflict 

If a trait yields a reproductive advantage to one sex at the expense of the other, a 

conflict between their evolutionary interests arises (Dawkins & Carlisle, 1976; 

Parker, 1979). This realisation revolutionised the way we understand inter-sexual 

interactions, and made antagonistic co-evolution between the sexes a powerful 

explanatory concept in understanding diverse animal traits that did not fit well 

with the formerly prevalent sex-as-cooperation model (Edward et al., 2015). In 

addition, it provided a potential answer to the apparent paradox of how organisms 

may traverse between fitness optima in ecological niche-space (Chapman et al., 

2003; Bonduriansky, 2011).  Genetically, sexual conflict is understood to occur as 

either inter- or intra-locus conflict (Arnqvist & Rowe, 2013). Interlocus conflict 

arises when males and females express traits encoded at separate loci, that differ 

in the optimal outcome of an interaction between the sexes (the quintessential 

example being male mating effort against female resistance). This form of conflict 

is credited with leading to sexually-antagonistic co-evolutionary arms races, 

which have created some of the most extreme and counter-intuitive traits among 

animals, such as appendages or behaviours that harm or even kill mates (Arnqvist 

& Rowe, 2013). The less well-understood intralocus conflict occurs because the 

different reproductive strategies used by males and females also result in 

divergent selection upon the same genes, such that selection on one sex pulls the 

other away from their fitness optima in homologous traits (Rice & Chippindale, 

2001; Pischedda & Chippindale, 2006). Intralocus conflict is therefore implicated 

in fitness suppression in one or both sexes (Lande, 1980) and sex-specific 

expression of genes (Bonduriansky & Chenoweth, 2009). 

As a result of these processes, sexual interactions that involve coercion, deceit, 

manipulation and physical harm appear ubiquitous among animals, despite the 

common genome shared by males and females (Arnqvist & Rowe, 2013). 
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Straightforward examples include traumatic insemination in the bed bug Cimex 

lectularius, in which males bypass the female genitalia and directly pierce the 

abdominal wall during coercive mating (Stutt & Siva-Jothy, 2001), or the 

drowning of mates during the struggle over copulation in the sea otter Enhydra 

lutris (Mestel, 1994). However, conflict is also expressed more subtly through 

such mechanisms as chemically manipulating female behaviour through seminal 

accessory proteins (Warwick et al., 2009), or threatening them with increased risk 

of predation (e.g. Rowe et al., 1994; Han et al., 2015), or the concealment of 

female reproductive status from males to ensure their parental investment (Valera 

et al., 1997). 

In addition to the cryptic ways in which conflict can be expressed, its 

consequences can be complicated by the possibility of indirect benefits such as the 

acquisition, by females, of good genes or ‘sexy sons’ arising from apparently 

costly traits, (Kokko, 2001; Kokko et al., 2002). Despite the debate around the 

prevalence and role of such details (e.g. Cameron et al., 2003), sexual conflict is 

recognised as an important selective force implicated in the evolution of many 

extreme traits as well as ecological diversification and the establishment of 

reproductive barriers during speciation (Arnqvist et al., 2000; Gavrilets, 2000; 

Bonduriansky & Chenoweth, 2009; Bonduriansky, 2011). Recently, sexual 

conflict has been hypothesised (Kawatsu, 2013; Gerber & Kokko, 2016a; Burke & 

Bonduriansky, 2017; Burke & Bonduriansky, 2018) to answer the paradox of sex 

– that is the paradox of why obligate sexuality (which bears numerous costs) 

should persist when asexual or parthenogenetic lineages are mathematically 

expected to outcompete and outnumber sexual lineages (Smith, 1978). Under this 

hypothesis, obligate sexual reproduction is an evolutionary trap imposed by male 

coercion, which asexual lineages can very rarely escape (Burke & Bonduriansky, 

2018). In this way, sexual conflict may explain the maintenance of sexual 

reproduction, one of the most important milestones in the evolution of life. 

Despite these advances, questions about how sexual conflict is resolved (or not) 

over evolutionary time remain unanswered and represent important areas for the 

progress of evolutionary biology (Bonduriansky & Chenoweth, 2009).  

In addition to the biological importance of sexual conflict, it has a tendency to 

push organisms away from their viability optima, or to result in unexpected 
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emergent phenomena. For example, sexually antagonistic arms races have 

implications for human technology that is beginning to employ evolutionary 

processes (including sexual recombination) in its development, such as the use of 

genetic algorithms in software (Lis & Eiben, 1997; Hastings et al., 2009; Hornby 

et al., 2011). The topic also has important ramifications for understanding matters 

of importance to human reproductive biology and society (Price et al., 2011; Buss, 

2017; Wardlaw & Agrawal, 2018). As such, a greater knowledge of the processes 

and consequences of sexual conflict in nature promises to contribute to better 

understanding of the human condition. 

Of most importance to this thesis, sexual conflict over re-mating rates is central to 

the evolution of mate guarding behaviour (Alcock, 1994). 

 

1.1.2. Mate Guarding 

Selection for paternity assurance in the face of intense sperm competition has 

driven males of myriad taxa to spend a large portion of their mating effort trying 

to exclude rivals from accessing their mates, both before and after copulation (e.g. 

Birkhead, 1979; Poole, 1989b; Jormalainen, 1998; Yamamoto et al., 1999; Saeki 

et al., 2005; Van den Brink & McLay, 2010). Mate guarding includes diverse 

behaviour, including the maintenance of territories (e.g. Björklund & Westman, 

1986), direct defence of females or female groups (e.g. Webster & Robinson, 

1999), defence of resources important to females (e.g. Fashing, 2001), prolonged 

post-copulatory attachment (Alcock, 1994) and mixed strategies that combine 

more than one of these (e.g. Buzatto & Machado, 2008). Mate guarding also 

extends beyond the duration of association between males and females by the use 

of passive guarding tactics, such as the mating plugs employed by male primates 

(e.g. Dunham & Rudolf, 2009), rodents (e.g. Sutter et al., 2015), spiders (e.g. Uhl 

et al., 2014) and insects (e.g. Matsumoto & Suzuki, 1992). 

Mate guarding often represents one of the most costly components of reproduction 

for males, especially in regard to time and opportunity costs (Edward et al., 2015). 

For example, in the copepod Tigriopus californicus, males grasp sub-adult 

females and maintain a hold on them for up to two weeks while waiting for the 

terminal eclosion that will allow them to mate (Tsuboko-Ishii & Burton, 2017). In 
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some cases mate guarding is also employed by females when males provide an 

important resource such as parental care, an observation which highlights the 

importance of relative mating investment between the sexes in determining sex 

roles (e.g. Eens & Pinxten, 1995). While the majority of research has focused on 

the obvious role of mate-guarding in excluding rivals, males of some species are 

also known to protect their mates from predators (Rodríguez-Muñoz et al., 2011), 

or to defend their transferred nuptial gifts from removal by scavengers (le Feuvre, 

1939). These examples raise the possibility of mate-guarding against interspecific 

interference and a potential source of direct benefits to guarded females, but very 

few instances of this phenomenon have been reported. 

The clear importance of mate guarding to individual reproductive success has also 

made the behaviour an important explanatory factor in the evolution of animal 

weaponry, especially in the cases of highly exaggerated and elaborate armaments 

that occur in male animals that guard groups of females (Emlen & Oring, 1977; 

Emlen, 2008; Emlen, 2014b). 

 

1.1.3. Exaggerated Weapons and Allometry 

Sexual selection has driven the evolution of many of the most extraordinary 

animal structures, such as enlarged or elaborate horns, antlers, claws, antennae, 

cerci and many other body parts (Emlen, 2008; Lavine et al., 2015). When these 

diverge from the usual proportional scaling relationship with body size and 

display much greater growth than the surrounding tissues, they are commonly 

referred to as ‘exaggerated traits’. This term is often applied widely to features 

that stand out by nature of their deviation from the usual range of development 

(see Emlen, 2008 for examples). The majority of modern research into these traits 

has focused on their role as sexual ornaments (Andersson, 1994; Andersson & 

Iwasa, 1996), but many of them serve primarily as weapons for inter-male 

contests over access to females (Emlen, 2014b; Emlen, 2014a). In most cases, 

weapon size varies greatly between individuals, and exhibits high sensitivity to 

life history components that affect development, such as nutritional intake, 

population density or the presence of parasites (Emlen & Nijhout, 2000). As such, 

the growth of weapons typically amplifies the developmental effect of these 

differences between individuals, and thus often serves as an honest indicator of 
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condition (Emlen et al., 2012). In addition, this often results in non-linear scaling 

relationships with body size, such that larger individuals display 

disproportionately large traits (Emlen & Nijhout, 2000). 

The relationships between body size and traits such as weaponry are referred to as 

isometric when they scale proportionally, or allometric in other cases 

(Bonduriansky & Day, 2003). The slopes of these scaling relationships show 

enormous variation, ranging from positive to flat or negative, and often include 

non-linear discontinuous or sigmoid patterns (Eberhard, 1982; Eberhard & 

Gutierrez, 1991; Emlen & Nijhout, 2000). Most non-exaggerated traits appear to 

scale with isometry or negative allometry (larger individuals having 

proportionately smaller traits, also referred to as hypo-allometry), but there are 

also many cases in which the opposite (hyper-allometry) is true (Gould, 1966; 

Bonduriansky & Day, 2003; Nijhout, 2011; Shingleton & Frankino, 2013).  

Hyper-allometric traits often include sexually selected ornaments or weapons, and 

because of this, sexual selection has been thought to favour the evolution of 

positive allometry (Green, 1992; Petrie, 1992; Kodric-Brown et al., 2006). By 

extension, positive allometry has been taken as evidence of the action of sexual 

selection (e.g. Green, 1992; Green, 2000). However, such reasoning has been 

called into question by models suggesting that underlying selection regimes 

cannot be inferred from allometric slopes alone (Bonduriansky & Day, 2003; 

Bonduriansky, 2007; Shingleton & Frankino, 2013), and examples of sexually 

selected traits showing negative allometry, isometry or sigmoidal scaling have 

become numerous (e.g. Gould, 1974; Enders et al., 1998; Knell et al., 1999; 

Eberhard, 2002; Marlowe et al., 2015; McCullough et al., 2015; Silva et al., 

2017). The genetic, physiological and developmental mechanisms underlying this 

variation are beginning to be elucidated (Shingleton & Frankino, 2013; Lavine et 

al., 2015; McCullough et al., 2015), while comparative evidence continues to 

accumulate regarding the diversity of scaling relationships shown among different 

traits and taxa (e.g. Nash et al., 2015; Labonte et al., 2016; Regis & Meik, 2017). 

Uncovering further examples of scaling relationships in sexually selected traits 

from new study species will add to the body of evidence used to make such 

analyses, and complete our understanding of the scaling rules underlying trait 

exaggeration. Importantly, the condition-dependence of exaggerated trait 
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development allows for honest signalling of dominance or resource-holding 

potential (RHP). This places animal weaponry in a central role for studying 

assessment – the ways in which animals gather information about themselves and 

their opponents in order to make decisions regarding persistence and escalation in 

contests (Alatalo et al., 1988; Simmons & Tomkins, 1996; Shingleton & Frankino, 

2013). 

1.1.4. Animal Contests, Escalation and Assessment 

Fierce combat between rival males competing for access to females is a feature of 

mating systems among many animal clades. The importance of victory in those 

fights to male mating success has placed strong sexual selection on traits that 

affect their fighting ability, including body size, endurance, maximum energy 

output, weaponry and behaviour (Hardy & Briffa, 2013). However, animals rarely 

injure each other fatally in these battles (Pellis, 1997), an observation which 

stimulated the application of game theory and the concept of the evolutionary 

stable strategy (ESS) to animal contests (Smith & Price, 1973; Parker, 1974; 

Smith, 1974), an approach which has since become a central paradigm of the field.  

Game theoretic models underly the key predictions of hypotheses against which 

ecologists compare the actual behaviour of their study organisms, in order to gain 

insight into the rules that decide victory, and hence the nature of selection upon 

fighting adaptations (e.g. Briffa, 2008). This has revealed the importance of 

information gathering, gradual escalation, signalling and assessment in fights, 

which allow animals to balance the costs and benefits incurred through combat 

(e.g. Parker, 1974; Parker & Rubenstein, 1981; Payne, 1998; Jennings et al., 2005; 

Stuart-Fox, 2006; Rillich et al., 2007). Developments in the area of animal 

contests and assessment have also begun to be applied to human interstate conflict 

(Briffa, 2014), making the field an important tool in our understanding of warfare 

and arms races (Emlen, 2014a). Much of the fundamental research into animal 

fighting has come from insects (Emlen, 2014b), and especially central to that work 

have been field crickets of the family Gryllidae (e.g. Alexander, 1961), one of the 

many families in the insect order Orthoptera. 
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1.2 The Orthoptera 

The Orthoptera comprise a large, ancient and diverse order of insects (Bidau, 

2014) with over 25,000 described species and extraordinary variation in their 

reproductive ecology (Gwynne & Morris, 1983). Within the order are two 

suborders, the Ensifera (wētā , crickets, katydids and allies) and Caelifera 

(grasshoppers, locusts and their allies). Both possess a huge range of life history 

variations, mating systems, and habitats, while occurring in biomes ranging from 

alpine to tropical (Bidau, 2014).The Orthoptera have been used extensively as 

model organisms for the study of evolution, particularly in relation to sexual 

selection, due in part to their common tendency to possess elaborate courtship and 

mate-calling adaptations which fascinated early naturalists (e.g. Walker, 1911; 

Rehn & Hebard, 1914; Allard, 1916). Since then, species in the order have been 

the focus of intensive studies on insect reproductive ecology, and that research has 

provided the foundation for testing sexual selection theory and many of our 

current concepts around the evolution of mating systems (Haskell, 1958; Launois 

& Grassé, 1974; Morris, 1980; Simmons, 1988b; Gwynne & Simmons, 1990; 

Simmons, 2001; Fedorka & Mousseau, 2004). Despite the above, no attempt at a 

broad comparative approach to understanding the evolution of reproductive 

strategies across the entire Orthoptera has been undertaken. 

1.2.1 Mating Systems in the Orthoptera 

Male Orthoptera are well known for courting females with a variety of signals 

including acoustic, vibratory, chemical, tactile and possibly visual cues (Boake, 

1983; Brown, 1999). Stridulation serves, sometimes simultaneously, to attract 

mates and ward off rivals (Boake, 1983), and among Gryllidae, male acoustic 

displays are used to form hierarchies which decide mating privileges (Boake, 

1983). Among some of those species, such as Gryllus texensis, satellite males 

attempt to circumvent that hierarchy by using stealth instead of attraction to usurp 

the mates of other males, thus providing useful model organisms for studying the 

evolution of alternative reproductive tactics (Boake, 1983; Shelly & Greenfield, 

1989; Rowell & Cade, 1993; Adamo & Lovett, 2011). 

The transfer of nutritious nuptial gifts from males to females during courtship or 

copulation is also common among members of the order (Gwynne & Morris, 
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1983), and in some species, females even eat part of the male’s body during 

copulation (Boake, 1983; Gwynne, 1997; Fedorka & Mousseau, 2002c; Sakaluk et 

al., 2004; Prokop & Maxwell, 2008). Male Orthoptera have evolved a variety of 

countermeasures to prevent females from prematurely eating their spermatophores 

after transfer, including feeding her with especially large or satiating nuptial gifts, 

remaining attached to the female, or harassing her if she tries to remove it, 

providing classic examples of sexual conflict over optimal mating strategies 

(Gerhardt, 1914; Boldyrev, 1915; Loher & Rence, 1978). Tettigoniidae (bush 

crickets or katydids) have provided many especially informative study systems for 

this topic, because of the presence of variable, and often extreme male investment 

in nuptial gifts and sperm-protective spermatophylaxes, as well as acoustic mate 

signalling and intrasexual competition in many species (Gwynne, 1983; Bailey, 

1990; Lehmann, 2012). 

Although the majority of (especially early) research focused on the production of 

mate-calling sounds and nuptial gifts as outlined above, orthopteran reproductive 

ecology also features many other fascinating adaptations. Examples include the 

production of allohormones to skew female behaviour in favour of males, lek 

breeding, sex-role reversal, parental care, parthenogenesis, siblicide, mate-

grasping structures, stridulatory mouthparts, secondary copulatory organs and 

intentional interference with rival’s mating efforts (Loher, 1979; Burk, 1983; 

Field, 1993b; Hill, 1999; Gwynne, 2005; Ento et al., 2010; Robson & Gwynne, 

2010; Lehmann et al., 2011; Vahed et al., 2014). Chapter 2 provides a broad 

account of our knowledge surrounding these Orthopteran mating system traits. 

1.3 The Rhaphidophoridae 

A basal family of the Ensifera (Gorochov, 2001), the fascinating 

Rhaphidophoridae, or cave crickets, camel crickets, cave wētā, or spider-crickets, 

are distributed world-wide and occupy various habitats from forests to caves, 

desert dunes, human structures, marine islands and alpine mountains. They are 

generally large, flightless, and considered nocturnal, emerging from caves or 

hollows after dark to scavenge detritus for their omnivorous diet, although they 

are also active during the day while inside their refugia (Richards, 1955, 1961; 

Weissmann, 1997; Wallis et al., 2000; Allegrucci et al., 2005; Allegrucci et al., 

2010; Lipovšek et al., 2011). They represent an ancient family that is considered 
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to have changed little since they arose, which was at least 190 million years ago in 

the Triassic (Richards, 1955). This makes them a highly informative group as a 

point of reference against which to make comparisons with other taxa, especially 

well-studied clades such as the Gryllidae and Tettigoniidae. Unfortunately, this 

intriguing family have received very little research into their reproductive ecology 

and mating systems (Stritih & Čokl, 2012), so precious little is known about those 

important aspects of their evolution.  

The Rhaphidophoridae appear to have lost acoustic communication abilities and 

have no tympana (Gorochov, 2001), which is a fascinating development 

considering the importance and predominance of acoustic mate calling in diverse 

lineages of the Orthoptera (Morris, 1980; Forrest, 1983; Sakaluk, 1987; Gwynne 

& Bailey, 1988a; Robillard & Desutter-Grandcolas, 2004; Couldridge & Van 

Staaden, 2006; Zefa, 2006; Stange & Ronacher, 2012). In fact, the family were not 

considered to employ any kind of mate attraction tactic at all (Field & Jarman, 

2001), but some species have recently been shown to possess alluring scent glands 

in males, as well as vibratory signalling that could be the ancestral basis of the 

famous modern Orthopteran acoustic communication system (Stritih & Čokl, 

2012; Haley & Gray, 2013; Stritih, 2014). Other than these, very little is known 

about the behaviour, reproductive ecology or evolution in the group broadly. 

Lacking this basic information about a basal group has held back our 

understanding of evolution in the entire order (Stritih & Čokl, 2012). 

1.3.1 New Zealand Rhaphidophoridae – the Cave Wētā  

The Rhaphidophoridae are especially well-represented, widespread and common 

in New Zealand, where they are known as cave wētā. They inhabit the usual 

haunts of Rhaphidophoridae mentioned above, and also utilise the abandoned 

burrows of petrels (Oceanitidae) and tuatara (Sphenodon sp.) on New Zealand’s 

islands (Richards, 1955), including islands of the sub-antarctic (Richards, 1974). 

They generally live tightly aggregated within refugia during daylight but forage 

solitarily outside at night (Richards, 1955, 1962; Probert, 2013), bringing valuable 

biomass back to the otherwise sparsely nourished cave systems. Other than these 

fundamental natural history observations, unfortunately little is known about the 

group, including basic knowledge of their morphology, diversity and mating 
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systems (O'Brien, 2001; Morgan-Richards, 2018). In New Zealand, information 

about sexual selection in wētā has so far only been investigated in tree, ground 

and giant wētā (Anostostomatidae) (Field & Jarman, 2001; Gwynne, 2005; Kelly, 

2006a; Kelly & Adams, 2010; Kelly & Gwynne, 2016), but cave wētā  provide an 

ample opportunity to add significantly to this, with their unique mating systems, 

and accessible, abundant populations (Field & Deans, 2001). Despite that, this 

appears to be the first experimental study considering the mating behaviour of 

cave wētā. Previously, only some basic knowledge about their reproductive 

ecology existed: that they aggregate in large colonies, mate multiple times 

(Richards, 1955), possibly have a slightly female-biased sex ratio (Richards, 

1961) and display the ancestral state of a female-above mating position (Sivinski, 

1983). 

For this thesis, I have examined the behaviour and morphology of two large 

species of the genus Pachyrhamma: P. waitomoensis and P. acanthocera, chosen 

because of their abundance and accessibility in caves of Waitomo and Auckland 

respectively, and their intriguing sexual dimorphism. In P. waitomoensis, this is 

apparent in grossly differing hind-leg elongation; those of males can be almost 

twice the length of those of females (Figure 1), a trait which is not found among 

other species with similar natural history and ecology (Richards, 1964). Thus, two 

chapters of this work (5 and 6) are dedicated to studying the mating system and 

behaviours of P. waitomoensis which involve their hind-legs; male-male fighting 

and mate guarding. 
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Figure 1. Pair of adult P. waitomoensis in a mating association, showing the great 

hind-leg length of the male (left-most wētā) relative to the female. 

In P. acanthocera, sexual dimorphism is apparent in spines and hooks on the 

lower portion of male antennae (Richards, 1954b), a trait which to my knowledge 

has not been described for any other insect. Without investigating the details of 

these structures, their function and significance to the ecology of the species will 

remain unknown, as it has been since their first description by Milligan (1926). A 

further question to investigate is the possibility of sexual dimorphism in the 

antennal sensory hairs (sensilla) of New Zealand cave wētā, which I consider to be 

likely and important, given the unusually deaf, functionally sightless, and mute 

status of the group, and the resulting reliance upon other senses for mate searching 

and intersexual interactions. Sexual dimorphism in sensory structures is well 

known in other insect groups, for example the moths (Koontz & Schneider, 1987), 

but to my knowledge, is largely unexamined for the Rhaphidophoridae beyond 

cursory information held in species descriptions, and one formal description of 

putative temperature sensing organs (Nishikawa et al., 1985). 
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1.4 Thesis Outline 

This thesis broadly covers sexual selection and its consequences in the Orthoptera. 

It includes detailed focal-species studies examining reproductive ecology and 

sexual dimorphism in New Zealand Rhaphidophoridae (cave wētā), and broad-

scale, literature-based review and comparative phylogenetics regarding mating 

system evolution across the order. In addition, I cover the evolution of animal 

weaponry and exaggerated traits in wētā as well as examining a current central 

hypothesis in this topic with a novel simulation-based approach. 

Chapter 2 assembles what is known about sexual selection and mating systems in 

the Orthoptera with a broad literature review. This chapter summarises the 

findings of concerted research that has been carried out on common laboratory 

model species, and highlights the insights that have been contributed by field 

ecological studies. It focuses on reproductive traits that are commonly examined 

in the context of sexual selection and reproductive ecology (for example, 

secondary sexual characters), rather than primary reproductive traits which are 

important in the context of pest management, population phenology and so on. I 

conclude by discussing the characteristics of the typical orthopteran mating 

system, as far as it is able to be typified. 

Chapter 3 brings together broad mating system data with a specially assembled 

phylogenetic supertree of the Orthoptera, in order to test comparative hypotheses 

and characterise the ancestral mating system. I test for correlated evolution 

between traits according to a priori hypotheses, and examine phylogenetic signal 

and ancestral character states for each trait of interest, building a picture of mating 

system evolution in the order. 

Chapter 4 focuses on sexual dimorphism and sensory ecology in P. waitomoensis 

and P. acanthocera, describing the microsensory structures of their antennae, and 

quantifying sexual dimorphism in their morphology. In addition, this chapter 

reveals unique structures on the antennae of males of both species, which had not 

previously been imaged or described in detail. I discuss possible functions of these 

novel features based on their morphology. 
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Chapter 5 examines reproductive behaviour and sexual dimorphism in 

P. waitomoensis by assessing a novel hypothesis around mate guarding. I 

approached this topic with field video recording, as well as in situ experiments 

with wild specimens. The results are discussed in the context of sperm 

competition, interspecific interactions, and the influence of habitat on mating 

system evolution. This chapter has been published in Proceedings of the Royal 

Society B: Biological Sciences. 

Chapter 6 continues the investigation of sexually dimorphic elongated male hind-

legs in P. waitomoensis, relates this to their fighting behaviour, and tests 

predictions of animal contest theory using this unique system. I addressed this 

topic using video recording of natural wētā aggregations in the field, 

morphometrics, and characterisation of trait allometry. The results are discussed in 

the context of sexual selection, escalation and assessment in animal combat, and 

the scaling of exaggerated traits. This chapter has been published in Animal 

Behaviour. Together, Chapters 5 and 6 represent the first ever thorough 

experimental investigation of cave wētā behavioural ecology, and provide some of 

the first new natural history and ecology data for the group since the 1960s. 

Chapter 7 approaches the topic of exaggerated weaponry by focusing on a current 

hypothesis; that one-on-one contest scenarios favour arms races, including in 

systems outside of biological evolution. I examine this concept by observing 

conflict in a system far removed from animal behaviour – the battles fought by 

artificial intelligence agents in a computerised war-game. The results of this 

approach match the predictions of the ecological hypothesis, suggesting an 

underlying factor in extreme weapon development, and highlighting the potential 

usefulness of widely available consumer software for testing scientific concepts. 

Chapter 8 summarises the findings of this research and suggests future directions 

for building on this work. 
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2. Literature Review of Orthopteran 

Reproductive Ecology 

2.1 Abstract 

The Orthoptera is a diverse order with an extraordinary range of mating system 

adaptations, and a long history of research into their reproductive behaviour, 

ecology and evolution. This has resulted in a large body of knowledge spanning 

from detailed observation of reproductive minutiae to broad phylogenetic 

comparisons testing fundamental evolutionary hypotheses. Here I review what is 

known about sexually selected orthopteran traits using a systematic literature 

search. For feasibility I limit the scope to traits that are central to the sexual 

selection literature (as opposed to life history and fecundity selection more 

generally). As such I focus on characters that involve interaction between the 

sexes (such as courtship) or within sexes (such as male aggression and combat), or 

that involve sexually competitive life history strategies such as protandry. The 

results of this search reveal a huge diversity of mating system elements, 

comprised of well-studied traits in popular model species, as well as some 

extraordinary adaptations reported from less well-studied groups. I conclude by 

briefly discussing which mating system classification might be appropriate to 

apply generally to the Orthoptera as a whole, suggesting that this may be the 

exploded lek. 

2.2 Introduction 

The Orthoptera have been especially valuable for research into insect reproductive 

ecology, providing many model study species with diverse mating systems, 

conspicuous sexually selected traits, and experimentally pliable behaviour 

(Gwynne & Morris, 1983). Studies of mating effort in crickets (Gryllidae) in 

particular have significantly advanced our understanding of sperm competition 

(Simmons, 2001), fighting (Stevenson & Rillich, 2012), cryptic female choice 

(Eberhard, 1996; Vahed, 2015), inter-sexual conflict (Sakaluk et al., 2006) and 

sensory exploitation (Sakaluk, 2000). However, compared to the large number of 
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described species, relatively few mating systems have been studied in detail, 

which suggests that our knowledge of cricket behavioural strategies is far from 

complete (deCarvalho & Shaw, 2010a). The katydids (Tettigoniidae) have also 

provided very informative study systems because of the presence of variable, and 

often extreme male investment in spermatophylaxes as nuptial gifts or sperm 

protective devices, as well as acoustic mate signalling and intrasexual competition 

in many species (Gwynne, 1983; Bailey, 1990; Vahed, 2006; Lehmann, 2012). 

Other groups such as the Acrididae have also received much attention regarding 

their reproductive ecology, not only for their evolutionarily interesting adaptations 

but also because of their importance as pests of human agricultural systems 

(Pickford & Mukerji, 1974; Showler & Potter, 1991). The varied motivations to 

study the orthopteran sex life have led to volumes of research on the topic, and I 

attempt here to summarise what is known in general, and highlight some of the 

most extraordinary adaptations that have been discovered in the order. In 

approaching this, I have tried to limit the discussion to sexual selection, and traits 

that underlie or result from sexual selection, rather than covering all traits relating 

to fecundity in general. As such, I include mating system elements that involve 

interactions between the sexes (such as courtship), or within sexes (such as male 

contest behaviour), or that do not involve interaction between individuals but 

nevertheless impact on or apparently result from mating competition (such as 

protandry). I begin with information on sex ratio, as this demographic element is 

critical in determining the selective context in which the other traits operate. 

2.3 Sex ratio 

The adult sex ratio (ASR) and operational sex ratio (OSR) are fundamental 

characteristics of an animal’s mating system and major determinant of the sexual 

selection acting upon both sexes (Hamilton, 1967; Emlen & Oring, 1977; Clutton-

Brock & Parker, 1992). Despite this, there is not a great deal of information 

available regarding Orthopteran sex ratios, particularly in wild populations. 

Among those for which I could find reports of the adult sex ratio (ASR), most 

tend towards equality, as is expected in sexually outbreeding organisms according 

to Fisher’s principle (Fisher, 1930). I found a number of examples from the New 

Zealand wētā (Anostostomatidae) genera Hemiandrus and Hemideina (Cary, 
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1981; Sherley & Hayes, 1993; Wehi et al., 2011), suggesting that a balanced ASR 

is the norm for that group as a whole. Only one other anostostomatid from 

elsewhere in the world has been reported upon to my knowledge – the semi-

aquatic Hydrolutos gransabanensis from South America, which also has an equal 

ASR (Derka et al., 2013). Several gryllid species have symmetric ASRs; 

Anurogryllus arboreus (Walker, 1980), Gryllus bimaculatus (Tregenza & Wedell, 

1998), and G. firmus (Larson et al., 2012). I found equal ASR for only one 

rhaphidophorid -  Pachyrhamma waitomoensis (Richards, 1961), and three 

Tettigoniidae -  Kawanaphila mirla (Lehmann & Lehmann, 2007), Phasmodes 

ranatriformis (Bailey & Lebel, 1998), and Steropleurus stali (Bateman, 1997), 

although the OSR may become conditionally female biased for these (see below). 

Among the few that have been shown to diverge from equality, almost all are 

towards male-biased ASR, especially among Acrididae and Gryllidae. Other 

species seem labile in this trait – for example the Dichroplus maculipenis 

(Acrididae) sex ratio fluctuates between male and female-bias from season to 

season (Mariottini et al., 2015). I found only two examples of female-biased ASR 

– in Macroanaxipha macilenta (Trigonidiidae - Cueva del Castillo, 2015) and 

Neocurtilla hexadactyla (Gryllotalpidae - Semlitsch, 1986). These cases are 

interesting as they highlight species that either exhibit differential mortality 

between the sexes, or divergence from what is expected to be a fundamentally 

enforced evolutionarily stable strategy (Hamilton, 1967). 

The ASR represents important basic biological information, but it can fail to 

capture significant underlying complexity in the animal’s mating system which 

can cause the OSR to differ significantly. Interestingly, there are a number of 

species in which the OSR varies with time or environmental conditions. For 

example, the availability of females in Kawanaphila nartee, Metaballus litus and 

Anabrus simplex (Tettigoniidae) is environmentally determined, since food 

scarcity increases their propensity to seek out males, potentially switching which 

sex is limiting, as flower resources bloom in the local environment (Gwynne, 

1990; Gwynne et al., 1998).  In addition, mating system components such as 

refractory period, mate guarding, phenology of male and female eclosion and 

mating plugs can cause the OSR to differ wildly from the ASR. For example the 

OSR of Kawanaphila mirla (Tettigoniidae) was skewed to 5.7 males per available 
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female, due to the difference in remating interval between the sexes, despite 

having a 1:1 ASR (Lehmann & Lehmann, 2007). Similarly, in the gryllid 

Aracamby spp., the ASR is approximately equal, but is operationally male-biased 

due to the large number of females that are removed from the pool by chemically 

enforced monandry (De Mello, 2007), potentially causing sexual selection on 

males to be extremely elevated. 

Other than the Tettigoniidae mentioned above, I found no instances of mating 

system factors altering the OSR to become female biased. 

2.4 Protandry 

Male insects usually emerge first  (Wedell, 1992; Kokko et al., 2014), due to the 

advantages in mating success that earlier arrival is thought to bring about 

(Thornhill & Alcock, 1983; Morbey & Ydenberg, 2001; Lehmann, 2012). 

Protandry also seems prevalent in the Orthoptera, although I did not find many 

statements about protandry relative to other aspects of mating systems. Among 

Acrididae, all (three) species with information regarding this were protandrous 

(Kosciuscola tristis, Schistocerca gregaria, and Ligurotettix coquiletti (Shelly & 

Greenfield, 1991; Umbers, 2015)), among Pyrgomorphidae the only species 

reported upon (Sphenarium purpurascens) is protandrous (Lugo-Olguín & Del 

Castillo, 2007), and among Tettigoniidae, five species are reported to be 

protandrous (Wedell, 1992; Bailey & Field, 2000; Vahed, Parker, et al., 2011; 

Lehmann, 2012), while one (Poecilimon aegaeus) was not (Vahed, Lehmann, et 

al., 2011). Interestingly, and in contrast to the other families, all four species of 

Gryllidae with mention of this trait (Laupala cerasina, Gryllus firmus, Gryllus 

campestris, and Gryllus bimaculatus) were reportedly non-protandrous (Tregenza 

& Wedell, 1998; Ritz & Köhler, 2007; Turnell, 2016). 

The most extreme protandry found to my knowledge is displayed by Requena 

verticalis (Tettigoniidae), in which the sex ratio is strongly male-biased for the 

first five weeks of the adult season. In this species,  males appear to emerge so 

early  because of strong first-male sperm precedence granting a fertilization 

advantage to the first males to mate with any given female (Simmons et al., 1994). 

Other species in the family have weak or no protandry, and the high variation in 

this trait seems attributable to whether there is first or last male sperm-precedence, 
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although the number of species (five) this observation is drawn from is still low 

(Lehmann, 2012). 

Despite the selective importance of different emergence timing between the sexes 

(Morbey & Ydenberg, 2001), and its apparent prevalence, the topic seems 

sparsely studied in the Orthoptera, representing an area with high potential for 

further research. 

2.5 Acoustic mate calling 

Many Orthoptera make sounds for one purpose or another as part of their 

reproductive effort, and these sounds are usually critical to their mating success 

and strongly implicated in establishing and maintaining reproductive isolation 

(Alexander, 1961; Cade, 1981b; Ritchie, 1990; Vedenina et al., 2013; Gray et al., 

2016; Heller et al., 2017). Signals are also broadcast via vibration of the substrate, 

air-borne pheromones, and visual display. Producing these signals represents a 

significant cost to the calling sex, due to the metabolic expenditure required and 

the risk of natural enemies using the signal as a search cue (Zuk et al., 1995; Zuk 

& Kolluru, 1998; Lagos, 2017). For Orthoptera, those enemies include parasitoid 

flies (Allen, 1995; Cade et al., 1996; Hedwig & Robert, 2014), wasps (Kemp, 

2011), bats (Bailey & Haythornthwaite, 1998; Jones et al., 2014), lizards (Sakaluk 

& Belwood, 1984), birds (Bell, 1979), and cats (Walker, 1964). Despite these 

great risks and the metabolic effort involved, acoustic calling is widespread and 

common throughout the order. 

In the Grylloidea, Hagloidea and Tettigonioidea, males usually stridulate to 

produce a loud, long-range calling song while females move towards them in 

response (Vahed, 2015). This creates an interesting balance of costs incurred by 

each sex – the risks of producing sound on the one hand, and of moving through 

the environment on the other (Morris, 1979). However, the case is often less 

simple than a calling male and searching female, for example the calling 

behaviour of the Phaneropterinae (Tettigoniidae) is especially elaborate, with 

males often producing multiple kinds of sound, and females also emitting acoustic 

replies, producing a “duet” as pair formation proceeds (Spooner, 1968; Heller et 

al., 2015).  Outside of the prolifically dueting Phaneropterinae, I also found 

reports of duets in some Bradyporinae, for example Ephippiger, Platystolus and 
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Steropleurus species (Hartley, 1993; Robinson & Hall, 2002), and some Platycleis 

species (Platycleidini) (Latimer, 1981; Latimer & Broughton, 1984). Outside of 

the Tettigoniidae, very few examples of taxa with sound-producing females could 

be found; the Acridid genera Chorthippus and Syrbula (Bailey, 2003; Wirmer et 

al., 2010), and Parapellopedon instabilis (García et al., 2003), and in the 

Anostostomatidae, only the wētā Deinacrida heteracantha (Field, 1982). This 

duetting behaviour has interesting consequences for aspects of the mating system 

beyond the economics of mate searching, for example it is thought to make the 

pair especially susceptible to eavesdropping satellite males, as they can locate 

calling females directly (Villarreal & Gilbert, 2014), and selection on the ability to 

thwart this is thought to have contributed both to the complexity of acoustic 

signals and ultimately to speciation (Heller et al., 2017). 

The plasticity of sound production, and its importance to allowing mating to 

proceed, make it a common form of pre-zygotic isolating barrier and thus central 

to Orthopteran reproductive isolation (Alexander, 1957; Jang & Gerhardt, 2006; 

Gottsberger & Mayer, 2007; Berger, 2008; Gray et al., 2016). For example, 

selection among different call components appears to be pivotal in the incredibly 

high speciation rate exhibited by the Hawaiian cricket genus Laupala, which has 

produced 38 species endemic to a single island in the Hawaiian archipelago 

(Shaw, 1996; Mendelson et al., 2004; Shaw & Lesnick, 2009; deCarvalho & 

Shaw, 2010c; Blankers et al., 2017). 

The importance of acoustic mate calling is also manifest in the male agonistic 

conflict that occurs in association with it. For example, in Oecanthus nigricornis 

(Gryllidae), larger males aggressively reduce the courtship efforts of small males, 

thereby gaining a mating advantage (Brown, 2008). Another form of male 

competition in mate calling is represented by some Tettigoniidae such as 

Mecopoda, Sorapagus and Neoconocephalus sp., in which males call with precise 

synchronicity. This is thought to arise as an epiphenomenon from competitively 

calling males seeking precedence in the chorus, due to a female bias towards 

preceding calls (Greenfield & Roizen, 1993; Greenfield, 1994; Greenfield et al., 

2017). Intrasexual functions of acoustic calling also appear in some Gryllidae 

where one signal serves simultaneously as an attractant to the opposite sex and a 

deterrent to the same sex (Boake, 1983). Interestingly, this effect can change over 
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distance, such that distant males approach each other but then become repelled 

once they are too close, thus determining a precise spacing (Cade, 1981b; Cade & 

Otte, 1982; Hissmann, 1991; Mhatre & Balakrishnan, 2006). 

In addition to long-range mate calling, many Orthopteran males, particularly 

within the Gryllidae, Gryllotalpidae and Acrididae, also produce distinct 

copulatory courtship sounds once contact has been established with a female. 

These sounds can be used by females to assess male quality (Tregenza et al., 

2006), and are also thought to serve as deterrents to rival males that might seek to 

disrupt the pair (Boake & Capranica, 1982). Interestingly, stridulation also occurs 

in response to rejection in some species, such as Hemideina ricta 

(Anostostomatidae), in which males produce a similar sound when kicked away 

by females, to that used in male-male aggressive contexts (Field, 1993a). Sound is 

also used during fighting and the formation of hierarchies through intrasexual 

aggression in some species (Morris, 1979; Boake, 1983). 

The variety of factors outlined above indicate that acoustic mate calling is likely 

to be under a complex suite of simultaneous selection pressures. Although sound 

production by stridulation predominates, some species produce sound by other 

means, or carry out their mate calling and courtship using chemical or visual 

channels. I discuss these in the subsequent section.  

2.6 Other courtship signalling 

As well as acoustic calling, I found reports of pair formation via olfaction (e.g. 

Inayatullah et al., 1994), visual display (e.g. Ostrowski et al., 2009), and substrate 

vibration (e.g. Kalmring et al., 1997), as well as a great variety of further close-

range copulatory courtship behaviour. These are highly important to Orthopteran 

mating systems, and it is possible that their famous long-range acoustic signals 

evolved from movements first used in this context (Bailey, 1991; Hochkirch et al., 

2006). 

A number of species from different families display tremulation or vibrating 

movements (e.g. Gwynne, 2004; Stritih & Čokl, 2012), either of their entire body, 

as occurs in many Gryllidae (e.g. Simmons, 1990b), or of a single body part, such 

as the hind femora as in Melanoplus sanguinipes and Podisma sapporensis 

(Acrididae - Belovsky et al., 1996; Sugano & Akimoto, 2011). Larger movements 
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of the whole body are less common, but do occur in forms such as the mutual 

circling (sidling) between males and females of Requena verticalis (Tettigoniidae 

- Allen & Bailey, 1994), pronotal bobbing of Tetrix ceperoi (Tetrigidae - 

Hochkirch et al., 2006), swaying of Eunemobius carolinus (Gryllidae - Edyta et 

al., 2010) or push-up like displays of Oecanthus nigricornis (Gryllidae - Bell, 

1980). Movement is also used as a signal by waving individual body parts, for 

example Nisitrus sp. crickets wave their legs (Preston-Mafham, 2000), and some 

grasshoppers of the Gomphocerinae wave their thickened antennae as part of a 

multi-modal display (Berger & Gottsberger, 2010; Vedenina & Shestakov, 2014). 

Visual display by bodily movement seems especially common among Acrididae, 

likely due to their diurnal activity patterns (Otte, 1970). 

Movements of appendages are also used to create tactile signals, with contact 

mediated via antennae (Cary, 1981), palps (Vicente et al., 2015), and even the 

cerci as in the case of Gryllodes sigillatus (Gryllidae), in which cercal contact is 

critical to completing copulation (Ritz & Sakaluk, 2002). Tactile courtship may 

also explain pre-copulatory mounting or genital coupling, which can be repeated 

several times before actual copulation occurs (Mays, 1971; Edyta et al., 2010). 

Tactile signals such as these also occur during copulation, with examples of 

extreme specialisation provided by the many Tettigoniidae that carry sclerotized 

titillators on the male genitalia (Vahed, Lehmann, et al., 2011). These are moved 

inside the female genital chamber, contacting sensilla on the subgenital plate and 

thereby possibly influencing female choice, as well as potentially serving a 

mechanical function to improve spermatophore transfer (Hartley & Warne, 1984; 

Wulff et al., 2015; Wulff & Lehmann, 2016), and potentially increase copulation 

duration (Vahed, Lehmann, et al., 2011). 

Visual ornamentation is more common on males than on females in animals in 

general (Kokko et al., 2014), and the same appears to be the case among the very 

few Orthoptera that possess it. The only reports of visual sexual ornaments that I 

found were from male Gomphocerine grasshoppers. Dilations of the antennal 

flagella occur in various species in the subfamily, and are used to accentuate the 

antennae for visual displays (Riede, 1983; Ostrowski et al., 2009; Berger & 

Gottsberger, 2010; Dumas et al., 2010; Vedenina & Shestakov, 2014). For 

example, Gomphocerippus rufus has thickened and darkened antenna tips which 
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are swung about in time with components of their courtship stridulation (Vedenina 

& Shestakov, 2014). This trait is similar in Gomphocerus sibiricus, but in that 

case the males also possess greatly expanded fore-tibia, which are presented to the 

female during courtship, and even used to drum on her body after the male has 

mounted (Valverde et al., 2017). Other than these, I did not find reports of visually 

ornamental morphology in the Orthoptera, however, some other structures such as 

the abdominal secondary sexual organs in some Hemiandrus species 

(Anostostomatidae) are also referred to as ornaments (Gwynne, 2005). These are 

discussed in a separate section regarding nuptial gifts. 

After auditory, visual and tactile cues, olfaction seems to be the other most 

commonly employed copulatory communication channel for Orthoptera (Loher & 

Dambach, 1989). Males of many species have specialised glands on either the 

tibia, abdomen, or metanotum (Gurney, 1947; Bell, 1980), although recent reports 

on their particular function are extremely scarce compared to the other signals 

discussed above. Those I found both concerned Rhaphidophoridae – Troglophilus 

neglectus in which glands are everted upon contact with females, and interestingly 

also in a male-male agonistic context (Stritih, 2014), and Pristoceuthophilus 

marmoratus in which the male abdomen is covered in tubercles that are thought to 

disperse attractive olfactory cues (Haley & Gray, 2013). Olfaction is also 

undoubtedly involved in the many cases of female feeding upon male glandular 

secretions, a topic I cover in a separate section on nuptial feeding, below. 

These courtship signals are predominantly produced by males, but like the 

acoustic duets described above, are also sometimes mutually displayed by both 

sexes during pair formation, as in the Oedipodine grasshopper Jacobsiella imitans, 

where males and females both move their hind-legs up and down while interacting 

(Larrosa et al., 2010). Similarly, both sexes of Copiphora rhinoceros 

(Tettigoniidae) tremulate during courtship (Morris, 1980). 

2.7 Male mate discrimination and courtship role-reversal 

The evolution of courtship displays such as those outlined above is intrinsically 

linked to the matter of mate discrimination. A variety of hypotheses exist for the 

evolution of discriminatory traits, including some centred around natural and 

some around sexual selection, and others considering non-adaptive explanations 
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(Shuker, 2014a). Regardless, it is well established that mate choice exerts a strong 

and complex pattern of sexual selection upon the non-limiting sex (Hunt & 

Sakaluk, 2014). In general, males reject potential mates less often than females 

(Jennions & Kokko, 2010), but the reverse is sometimes true and the Orthoptera 

provided a large body of the early evidence for male mate choice thanks to their 

diversity of mating systems and variable relative mating investment between the 

sexes, particularly in species that transfer nuptial gifts (Hunt & Sakaluk, 2014). 

Species in which the discriminating sex has apparently switched, or can switch 

facultatively, are especially informative for exploring questions around this topic, 

and the order has presented several examples, with males of some species known 

to differentially allocate mating effort, nuptial provisioning and sperm expenditure 

in response to perceived female quality and sperm-competition risk 

(Bonduriansky, 2001; Simmons, 2014). 

I found reports of the following species displaying some level of male mating 

discrimination: Kosciuscola tristis (Mahoney et al., 2017) and Melanoplus 

sanguinipes (Belovsky et al., 1996)(Acrididae), Hemiandrus pallitarsus 

(Anostostomatidae) (Gwynne, 2005), Acheta domesticus (Alexander & Otte, 

1967b), Gryllus bimaculatus (Simmons, 1986a), and Teleogryllus oceanicus 

(Thomas & Simmons, 2015)(Gryllidae), Acanthoplus discoidalis (Bateman & 

Ferguson, 2004), Anabrus simplex (Robson & Gwynne, 2010), Coptaspis sp. 2 

(Wedell, 1993a), Ephippiger diurnus (Jarrige et al., 2015), Isophya sikorai (Uma 

& Sevgili, 2015), and Requena verticalis (Shelly, 1993)(Tettigoniidae). 

Female mate discrimination has generally been considered to involve diverse 

factors such as good genes, maximization of material mating benefits, inbreeding 

avoidance or minimising the cost of sex (Simmons, 1990a; Bateman, 1998; Tuni 

et al., 2013). In contrast, the majority of Orthopteran males that discriminate 

among potential mates seem to do so on the basis of whether she has previously 

mated, an apparent reaction to sperm competition risk. Some males discriminate 

by the allocation of more sperm to preferred mates, as in Acheta domesticus 

(Gryllidae), the males of which favour larger, unmated females (Assis et al., 

2017). Similarly, Teleogryllus oceanicus transfer more viable sperm to virgins 

(Thomas & Simmons, 2015). However, the allocation of more sperm in response 

to the mating status of females has also been interpreted not as a matter of male 
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preference, but strategic investment to overcome sperm competition, in for 

example Coptaspis katydids (Wedell, 1998). Thus caution is required in ascribing 

male preference on the basis of increased sperm number or ejaculate volume, 

especially in cases where the apparently preferred trait may covary with increased 

likelihood of previous mating in females (e.g. female age - Gage & Barnard, 

1996). A more clear-cut case of male discrimination is provided by Acanthoplus 

discoidalis (Tettigoniidae) which do not alter their ejaculates, but instead exercise 

their preference for unmated females by rejecting non-virgins and older females 

outright (Bateman & Ferguson, 2004). How males are able to assess such details 

as a females mating history is not fully understood. However, in some cases this 

information is conveyed by changes in cuticular hydrocarbon (CHC) profile 

(Thomas & Simmons, 2010). For example, in Teleogryllus oceanicus, CHCs 

deposited on females by the males they mate with are used as cues by subsequent 

males to assess the intensity of sperm competition they face (Thomas & Simmons, 

2008). Despite the preponderance of males discriminating against non-virgin 

females, a female preference for smaller, virgin males (potentially because of their 

superior sperm number) has also been reported in the bush cricket Poecilimon 

laevissimus, (McCartney & Heller, 2008). 

Beside mating status, males are also reported to exercise preference for large 

females, as for example in the Mormon cricket Anabrus simplex (Gwynne, 1981) 

or the bush cricket Isophya sikorai (Uma & Sevgili, 2015). There is also evidence 

of male discrimination maintaining pre-zygotic mating barriers between Gryllus 

campestris and G. bimaculatus (Gryllidae), suggesting mate choice ability on the 

basis of relatedness or similarity (Veen et al., 2011). 

The majority of reports of choosy male Orthoptera concern the Tettigoniidae, 

apparently due to the conspicuously high costs borne by males in species that 

produce extremely large ejaculates and attached nuptial gifts (Wedell, 1993b; 

Vahed & Gilbert, 1996; Voigt et al., 2005; Vahed, 2007b), which can be over one 

third of the male’s mass, as in some Ephippiger species (e.g. Heller et al., 2000). 

Due to this phenomenon, the family has provided some of the most interesting and 

informative cases of change to the discriminating sex, having species for which 

sex roles can become completely reversed, with females competing for access to 

males and their nutritious spermatophores (Gwynne, 1981). This phenomenon 
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appears to occur when male reproductive provisioning becomes higher than that 

of females (Simmons, 1992) or when environmental resource availability is low, 

increasing the relative nutritional value of male nuptial gifts to females (Simmons 

& Bailey, 1990). Species in which sex roles are reported to become reversed in 

this way are Anabrus simplex, Metaballus litus, Requena verticalis, Kawanaphila 

nartee, and Ephippiger ephippiger (Tettigoniidae: (Gwynne, 1990; Simmons, 

1994; Kvarnemo & Simmons, 1998; Ritchie et al., 1998; Robson & Gwynne, 

2010)). Other Orthoptera, such as some of the Gryllacrididae also produce 

extremely large spermatophores (Hale & Rentz, 2001), raising the possibility of 

similar sex role reversal occurring in that family as well. 

2.8 Sexual size dimorphism (SSD) 

Body size influences myriad aspects of animal ecology and physiology, and the 

Orthoptera vary wildly in this trait, with some species being orders of magnitude 

larger than others (Whitman, 2008). Within species, males and females also often 

differ in size, however, for the great majority of Orthopteran species, females are 

reportedly larger than males (although studies differ in the trait used to measure 

body size. For a full review of SSD in the Orthoptera and discussion of 

hypotheses around this see Hochkirch & Gröning, 2008). Cases where this global 

trend are reduced or reversed can be informative, and there are numerous 

examples of species in which males are equal to or larger in size than females. 

Those species which have males reportedly as large as females (under the 

respective author’s measure of body size) include: Hemideina maori (Gwynne & 

Jamieson, 1998) (Anostostomatidae), G. bimaculatus (Itoh & Murakami, 2002), 

G. pennsylvanicus (Judge & Bonanno, 2008), Gryllus veletis (Simmons & Zuk, 

1992), Oecanthus texensis (Walker & Moore, 2013), and Teleogryllus oceanicus 

(McCormack, 2007) (Gryllidae), Cyphoderris strepitans (Sakaluk et al., 1995) 

(Haglidae), Troglophilus cavicola (Novak & Kustor, 1983; Stritih & Čokl, 

2012)and T. neglectus (Karaman et al., 2011) (Rhaphidophoridae), Anabrus 

simplex (Gwynne, 1984), Brachyplatyphylloides riosi (Cadena-Castañeda & 

Braun, 2011), Copiphora brevirostrus (Belwood, 1990), Conocephalus 

nigripleurum (Del Castillo & Gwynne, 2007), Decticus albifrons (Harz, 1969), 

Ephippigerida taeniata (Harz, 1969), Gampsocleis glabra and G. gratiosa (Del 

Castillo & Gwynne, 2007), Kawanaphila nartee (Gwynne & Bailey, 1988b), 
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Leptophyes laticauda (Harz, 1969), Meconema thalassinum (Harz, 1969), 

Metrioptera roeseli (Harz, 1969), Metrioptera saussuriana (Harz, 1969), 

Orchelimum gladiator (Rehn & Hebard, 1915), Phaneroptera falcata, and P. nana 

(Harz, 1969), Platycleis affinis and P. albopunctata (Harz, 1969), Polichne 

parvicauda (Wedell, 1993b), Pycnogaster inermis (Harz, 1969), Requena 

verticalis (Bailey, 1998), Ruspolia nitidula (Harz, 1969), Sciarasaga quadratta 

(Rentz, 1993), Sepiana sepium (Harz, 1969), Tettigonia cantans (Harz, 1969), 

Tylopsis lilifolia (Harz, 1969), Uromenus rugosicollis (Harz, 1969), Uromenus 

stalii (Harz, 1969) and Yersinella raymondi (Harz, 1969)(Tettigoniidae).  

Even fewer have reversed the trend altogether to have males that are larger than 

females: Hemideina crassidens (Anostostomatidae), in which only dominant 

males are larger while subordinates remain small (Möller, 1985; Field & Deans, 

2001; Kelly, 2008a), Macroanaxipha macilenta (Cueva del Castillo, 

2015)(Gryllidae), Bullacris membracoides (but also with some small males 

(Donelson et al., 2008)- Pneumoridae), Barbistes serricauda (Del Castillo & 

Gwynne, 2007), Cyrtaspis scutata (Del Castillo & Gwynne, 2007) and 

Ephippigera terrestris (Gerhardt, 1921)(Tettigoniidae). 

Several main factors are thought to select for unusually large males: the acoustic 

qualities of the mate-calling song able to be produced by a larger body (Simmons, 

1988a; Brown et al., 1996; Gray, 1997), the ability to synthesise very large 

nutritional gifts (Fedorka & Mousseau, 2002b), and the advantage garnered in 

male-male combat (Whitman, 2008). Interestingly, the majority of species with 

large males hail from the Anostostomatidae and Gryllidae, which often involve 

male combat in their mating system, and the Tettigoniidae, which famously 

produce extremely large nuptial gifts, while the latter two families also rely 

heavily on loud acoustic mate-calling. Among examples of Orthopteran taxa in 

which I found males at least equal in size to females (N = 46), 13 (28%) also 

feature male-male fighting, in comparison to 10 of N = 89 (11%) among taxa with 

the usual condition of females being larger than males. However, whether a 

combat advantage explains any male-bias in SSD requires phylogenetic 

comparative analysis, and this is a topic I approach in the subsequent chapter. 
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2.9 Combat 

The intense competition for mates that is often faced by sexually reproducing 

animals results, in the more extreme cases, in outright physical confrontation. 

Among insects, fighting over the possession of territories that contain females is 

especially common (Thornhill & Alcock, 1983). In species where victory in 

combat is necessary for reproduction, selection is expected to produce 

combinations of increased size, elaborate weapons, musculature, and specialized 

fighting morphology and behaviours (Emlen, 2008; Shuker, 2014a). The selective 

pressure of combat can apply to investment made before the fact (i.e. into weapon 

growth throughout development) or during, such as into maximum energetic 

output. The gryllid crickets have been especially important for research into these 

factors, thanks to their displaying escalated male-male aggression in the 

laboratory setting (Jang et al., 2008). 

I found records of male fighting in some Acrididae (Belovsky et al., 1996; 

Robinson & Hall, 2002; Umbers et al., 2012), many Anostostomatidae (Bateman, 

2000; Field & Deans, 2001; Kelly, 2006a, 2008a; Wehi et al., 2011; Wehi et al., 

2013), one gryllotalpid (Forrest, 1983), very many Gryllidae (e.g. Alexander, 

1961; Hack, 1997; Judge & Bonanno, 2008; Reaney et al., 2011), one Haglid 

(Judge et al., 2011), one phalangopsid (Zuk, 1997), a pyrgomorphid (Cueva Del 

Castillo, 2003), several Rhaphidophoridae (Weissmann, 1997; Haley & Gray, 

2012; Stritih, 2014) and many Tettigoniidae (Morris, 1971; Morris & Kerr, 1974; 

Keuper et al., 1986; Robinson & Hall, 2002; Del Castillo & Gwynne, 2007; 

Robson & Gwynne, 2010). 

Although theory suggests that male combat should commonly occur over 

resources important to females (Emlen & Oring, 1977), fighting in the families 

mentioned above seems to focus on direct access to females in almost all cases, 

suggesting that resource-defence polygyny is not a common mating strategy in the 

order. The exception seems to be the New Zealand tree wētā (Anostostomatidae), 

in which males in several species fight to dominate galleries that females use as 

refugia (Jamieson, 2002; Kelly, 2006a; Kelly & Jennions, 2009). I know of only 

two other cases. In Daihinibaenetes giganteus (Rhaphidophoridae) and 

Scapteriscus acletus (Gryllotalpidae), males fight over burrows in prime sites with 

moist soil (Forrest, 1983; Weissmann, 1997). Interestingly, possession of burrows 
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in the latter species is apparently important enough to motivate possessive fighting 

between males and females, the only such situation I know of in the order 

(Forrest, 1983). Forms of intersexual violence do however also occur in other 

contexts; eviction of females from refugia (Kelly, 2008b), and coercive mating 

and harassment during mate guarding occur in numerous species (discussed 

below). 

The involvement of females in fighting is especially interesting and informative in 

cases where sex-roles are reversed and intrasexual competition over access to 

males and their resources drives females to fight each other, as occurs in the 

Tettigoniidae Ephippiger ephippiger, Mataballus litus, Kawanaphila nartee, and 

Anabrus simplex (Gwynne, 1981; Gwynne & Simmons, 1990; Simmons, 1994; 

Gwynne et al., 1998; Robson & Gwynne, 2010). In those species, males produce 

huge spermatophores that can be equal to 20-40% of their body mass, which 

females consume after mating. Clearly this represents a large nutritional windfall 

for them, and when environmental conditions mean that ordinary food sources are 

scarce, competition for the nuptial offerings can be intense (Gwynne, 1985; 

Gwynne & Simmons, 1990). This results in multiple females recruiting to calling 

males, and subsequent grappling matches to win access to him (e.g. Gwynne, 

1981). These cases provide important support for early predictions that the sex 

with lower investment in reproduction should compete for access to the other 

(Trivers, 1972). I am aware of only one case outside of that family – Gryllus 

campestris (Gryllidae), in which females also appear to fight over access to the 

male spermatophore, possibly because of its nutritional value (Rillich et al., 2009). 

Female crickets of other species are also known to fight in non-sexual contexts, 

for example over access to food resources (Adamo & Hoy, 1995), so similar 

investigation of female combat in the Gryllidae as has been applied to the 

Tettigoniidae may reveal further cases of sex-role reversal. 

2.10  Sexually dimorphic weaponry 

Species with specialised structures used for intra-sexual fighting are relatively 

rare, but nevertheless display an astonishing variety of forms, and extremes of 

development, credence to the selective power of competition over mating 

opportunities (Emlen, 2008). Weaponry is costly to produce and bear (Emlen, 

2001), so its maintenance in a population hints at a special importance to 
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intrasexual combat in the mating system (Emlen, 2014b). Many Orthoptera feature 

combat as outlined above, and among the order, males of a few species exhibit 

diverse, exaggerated weaponry in the form of enlarged mandibles (Kelly, 2006a), 

heads (Judge & Bonanno, 2008), horns (Kim et al., 2011), and legs (Conroy & 

Gray, 2015). While recording reports of weaponry, I followed Rico‐Guevara and 

Hurme (2018), including structures used for intra-sexual combat, and excluding 

those used in other ecological contexts e.g. prey capture or predator defence. 

Defence of burrows and other spatial bottlenecks is a common context for 

intrasexual combat, that has led to the evolution of weaponry among insects 

generally (Emlen, 2014b). This is well exhibited in the many anostostomatid 

species that defend the entrances of harem-containing galleries against intruders 

using their huge mandibles and muscle-filled heads (Field & Deans, 2001; Field & 

Jarman, 2001; Koning & Jamieson, 2001; Kelly, 2006b). Outside of that family, 

weaponry appears very rarely, but interestingly, also in a burrow-defending 

species - Gryllus pennsylvanicus (Gryllidae), in which males also fight with 

sexually dimorphic enlarged heads and mandibles (Judge & Bonanno, 2008). The 

only other gryllid that bears weaponry to my knowledge is Loxoblemmus doenitzi, 

which has horns protruding from the heads of males, and also digs burrows. 

However, whether or not fighting in this species takes place in burrows under 

natural circumstances is not known (Kim et al., 2011). 

Among Rhaphidophoridae, hind legs seem to be the weapon of choice, with 

Pachyrhamma waitomoensis using their highly elongated limbs to combat rivals 

(Chapter 6), and Pristoceuthophilus marmoratus and Daihinibaenetes giganteus 

having stout, spined, hind legs to grab and crush them (Weissmann, 1997; Haley 

& Gray, 2012). Interestingly, P. marmoratus has also been shown to turn this 

weaponry against females in coercive mating, thus displaying a dual purpose 

weapon used in a functionally similar manner in different parts of their mating 

system (Haley & Gray, 2012). 

In Tettigoniidae, only one example of highly sexually dimorphic structures could 

be found, in the Peruvian genus Dicranostomus, in which two species are known 

to have elongated forceps on the mandibles of males (Gurney, 1950). Whether 

these structures truly represent weaponry awaits behavioural investigation, but the 

sexually dimorphic, enlarged nature of the trait suggests that they are involved in 
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mating behaviour or fighting. Beyond these examples, I did not find other 

instances of strongly sexually dimorphic weaponry among Orthoptera. 

2.11 Alternative reproductive tactics and trimorphism 

Insects show remarkable plasticity in their life-history, physiology, development 

and behaviour (Whitman & Agrawal, 2009; Buzatto et al., 2013a). This is 

manifest in their mating systems as alternative reproductive tactics (ARTs), also 

known as alternative mating phenotypes or tactics (AMPs or AMTs). The 

Polyneoptera (Orthoptera, Dermaptera, Blattodea, Phasmatodea and allies) have 

received little research attention regarding ARTs, relative to other major insect 

clades, despite having a relatively high incidence of the trait (Buzatto et al., 

2013a). Among Orthoptera, they were reported by Buzatto et al. (2013a) in 24 

species from the crickets, mole-crickets, katydids, grasshoppers and wētā, with the 

majority (21) being reversible (not developmentally fixed). 

Game theory produced three scenarios that may explain the maintenance of ARTs 

in mating systems: alternative strategies, the mixed strategy and the conditional 

strategy (Gross, 1996). Among insects with ARTs, the vast majority seem to 

display the latter (Buzatto et al., 2013a). I found this to be the case within the 

Orthoptera as well, with most examples of ARTs being from the Gryllidae that 

conditionally display satellite male behaviour. That family has been an 

illuminating group for study of the topic, due to the species where males display a 

propensity to switch between calling and silently searching for females (Cade & 

Cade, 1992; Rowell & Cade, 1993). Among the searching population, a certain 

number may adopt an alternative strategy – to wait near a caller and attempt to 

intercept females moving toward him, the satellite strategy (Zuk, 1997). This 

behaviour is usually plastic, with males able to switch among strategies as 

conditions change to favour one or the other (Buzatto et al., 2013b). However, in 

the case of Teleogryllus oceanicus, where they co-occur with acoustically 

orienting parasitoid flies (Tachinidae) on Hawaiian islands, an obligately silent 

male morph with missing stridulatory files and resonating structures has increased 

in the population (Zuk et al., 2006). The role of such parasitoids is thought to be 

important in selecting for the plastic satellite behaviour mentioned above (Cade, 

1981a; Cade & Wyatt, 1984), as well as causing shifts in calling song frequency in 

other Orthoptera (Lehmann, 2003). 
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I also found examples of silent satellite male behaviour among Acrididae (Shelly 

& Greenfield, 1991; Robinson & Hall, 2002), and a few among Tettigoniidae 

(Robinson & Hall, 2002; Hammond & Bailey, 2003; Villarreal & Gilbert, 2014). 

The strategy has been taken to an extreme in Bullacris membracioides 

(Pneumoridae), the males of which are highly dimorphic and can belong to 

either a large morph with fully formed wings and an inflated abdominal 

resonating space for producing loud calls, or a small, uninflated, wingless, 

longer legged and silent morph. The small satellite males of this species are 

able to outlive their larger, dispersive counterparts, making up for their lack of 

wide-area mate searching by intercepting females and persisting in the mating 

pool for a longer time (Donelson & Van Staaden, 2005; Donelson et al., 

2008). 

Satellite male behaviour has also been elaborated in species such as 

Elephantodeta nobilis (Tettigoniidae), in which eavesdropping males interject 

their own volley of clicks into the songs of dominant calling males, in order to 

increase their chances of intercepting the female (Bailey & Field, 2000). 

Aside from satellite behaviour, I found no other common alternative tactic. One 

possibility is sneaking, whereby a male (usually of a smaller or less well-armed 

morphology than dominant males) seeks to circumvent the usual competition for 

mates and acquire them by stealth or deception. This may be the case in the wētā 

Hemideina crassidens (Anostostomatidae), in which a small, early maturing, less 

mandibular morph is thought to sneak matings by way of its earlier maturation, 

and by being able to access galleries with entrances too small for large, weapon-

bearing males to enter (Spencer, 1995; Kelly, 2006b; Kelly & Adams, 2010). 

ARTs are considered especially likely to arise as a side-product of physical 

contests in groups with combat over reproductive opportunities (Shuker, 2014a), 

however, I did not find any obvious association between the two in the literature, 

other than the relatively high frequency of satellite behaviour among Gryllidae, a 

family in which many species are also known to fight. 

2.12 Coercive and forced mating 

Use of force to acquire mating access when it would otherwise be denied is one of 

the clearest manifestations of sexual conflict (Parker, 1979; Chapman et al., 
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2003), with costs to females imparted in the form of lost mate choice (Parker, 

2006), physical injury (Le Boeuf & Mesnick, 1991), energetic cost (Plaistow et 

al., 2003), pathogen exposure (Hayashi et al., 2007) or even death (Parker, 1979; 

Rowe et al., 1994). In many animal species, males coerce females to mate through 

physical force, persistent harassment, or intimidation through the punishment of 

refusal, sometimes resulting in sexually antagonistic co-evolution between 

coercion and resistance (Clutton-Brock & Parker, 1995). 

Orthoptera, in particular the Gryllidae, have been model organisms for the study 

of sexual conflict (Archer & Hunt, 2015), and have also provided cases of 

coercive mating. For example, Schistocerca gregaria (Acrididae) males pounce 

on females, which then try to kick them off before eventually submitting if males 

persist for long enough (Inayatullah et al., 1994). In Hemideina tree wētā 

(Anostostomatidae), males forcibly pull females to their gallery entrances in order 

to copulate, and interestingly, also evict them from the gallery afterwards, 

apparently as a sperm protective strategy because they are unlikely to remate 

outside of a gallery (Kelly, 2008b). In some cases coercion is facultatively 

displayed, such as in Melanoplus sanguinipes (Acrididae), in which males are 

more likely to attempt forced copulation when poorly nourished (Belovsky et al., 

1996). 

In several species, there are specialised structures for sexual coercion, such as the 

gripping cerci in some Acrididae (e.g. Kawakami & Tatsuta, 2010) and 

Tettigoniidae (e.g. Vahed, 2002; Vahed & Carron, 2008). This is even more 

developed in the Haglidae, where specialised male abdominal organs and ‘gin 

trap’ genitalia securely clutch the female. This allows males who ordinarily have 

insufficient nuptial provisioning to secure mating opportunities, to nevertheless do 

so by capturing the female (Sakaluk et al., 1995). Extra genital claspers on 

Aracamby sp. (Gryllidae) are also used in forced copulation (De Mello, 2007). A 

similar strategy is employed by Pristoceuthophilus marmoratus 

(Rhaphidophoridae), in which males bear hind-legs adapted for crushing their 

opponents, but who also turn these against females in order to capture them and 

force copulation (Haley & Gray, 2012). 
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Although the majority of cases report costs of mating imposed by males on 

females during the struggle over copulation, there are interesting cases where the 

reverse is true, for example in Meloimorpha japonica (Gryllidae), where females 

kick and pull at the male, damaging his forewings and genitalia (Kuriwada & 

Kasuya, 2009, 2012). Damage to males is sometimes taken to the extreme in cases 

of sexual cannibalism, covered in a separate section below. Classic models for the 

study of sexual conflict and the economics of reproduction have also been 

provided by the many species that transfer variably costly nuptial gifts when 

copulating. 

2.13 Spermatophores, spermatophylaxes and nuptial gifts 

The courtship and copulation process in many species involves the presentation of 

a nutritive gift of some sort. The forms of such nuptial gifts in the Orthoptera are 

highly diverse, including a variety of male tissues that are consumed by females 

before, after or during copulation and ejaculate transfer, serving either as mating 

effort (increasing fertilizations) and/or as parental effort through provisioning 

eventual offspring (Gwynne, 2008). In most cases the gift is the spermatophore, 

which consists of a sperm-containing ampulla, and among many Ensifera, 

particularly the Tettigoniidae, a protective and nutritive spermatophylax. The 

ampulla is typically attached to, or inserted into the female genital chamber, while 

the spermatophylax covers it, usually requiring the female to eat it before she can 

remove the ampulla (Gwynne, 1997; Vahed, 1998). This form of nutrient 

provisioning of females by males during courtship and copulation is common in 

the order and has arisen multiple times in separate lineages (Gwynne, 1995). In 

some tettigoniid species, the specialisation of nutritive tissues associated with 

ejaculates has been taken to extremes, with males transferring spermatophylaxes 

equal to 20 to 40 percent of their own body mass (Wedell, 1993a; Vahed, 

Lehmann, et al., 2011). 

This process has provided many useful models for the investigation of sexual 

conflict as males and females have different optima for spermatophore number, 

size and quality. In addition, spermatophylaxes can alter subsequent female 

reproductive behaviour by physically preventing her from removing ampullae or 

remating, or by dosing her with substances that manipulate her mating or 

oviposition behaviour (Gwynne, 1997, 2001; Parker, 2006). In many systems, the 
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longer it takes to eat the gift, the more sperm are transferred, clearly benefiting 

males that donate large or difficult-to ingest substances (Gwynne, 2008), and 

representing an important male counter-measure to the postcopulatory choice 

exerted by females via removal of the ampulla (Vahed, 2015). In addition, 

Sakaluk (2000) and Sakaluk et al. (2006) suggested that nuptial gifts can function 

as sensory traps that exploit the female’s normal gustatory response in order to 

entice her into superfluous matings, or the acceptance of more sperm and more 

seminal accessory products. Accordingly, some (e.g. Vahed, 2007a) suggest that 

nuptial gifts can reduce female fitness, while others (e.g Gwynne, 2008) maintain 

that they sometimes provide material benefits that outweigh the costs. As well as 

energetic resources, nuptial gifts include non-nutritive but metabolically important 

components such as water, sodium, antioxidants, defensive alkaloids and 

allohormones (Heller et al., 2000; Gwynne, 2008), so a certain amount of 

metabolic work undertaken by males is clearly capitalized upon by females that 

receive the gifts (Voigt et al., 2008). Quantifying the costs and benefits to both 

sexes that arise from nuptial gift giving is clearly an ongoing challenge in the 

study of sexually antagonistic co-evolution (Lewis et al., 2014), in which many 

orthopteran model species play a central role. 

2.13.1 Ejaculate-based nuptial gifts 

Insemination in Orthoptera is accomplished by means of an attached 

spermatophore, with only one exception to my knowledge – the tree cricket 

Truljalia hibinonis which uses internal deposition of sperm directly to the 

spermatheca (Ono et al., 1989). In most Ensifera, the fate of the spermatophore is 

to be eaten by the female (Brown & Gwynne, 1997), however, exceptions exist, as 

for example in Trigonidium sp., (Gryllidae) in which the spermatophore and 

ampulla are retained (and eaten) by the male after copulation (deCarvalho & 

Shaw, 2010b), a behaviour which can also occur after failed mating attempts in 

other species (e.g. Coome, 2016). In almost all Tettigoniidae, and some other 

ensiferan families (Gryllidae, Gryllacrididae, Haglidae, Rhaphidophoridae, and 

Stenopelmatidae), the spermatophore is also accompanied by a gelatinous 

spermatophylax (Gwynne, 1997). Both of these, (including the sperm-containing 

ampulla), are often eaten by the recipient female at some point after their transfer 

(Brown & Gwynne, 1997), leading to the evolution of nuptial feeding via these 
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tissues. This seems primarily responsible for the very large spermatophores 

produced by Tettigoniidae (reviewed by Simmons et al., 1993; Wedell, 1993b; 

Del Castillo & Gwynne, 2007; Vahed, Lehmann, et al., 2011; Lehmann, 2012 and 

others), and some species of Rhaphidophoridae (Stritih & Čokl, 2012). 

The timing of spermatophore synthesis and transfer, the energetic costs involved, 

and the role of the spermatophore in sperm competition and nuptial feeding have 

important consequences for many other aspects of the species’ mating system (e.g. 

Gwynne, 1981; Gwynne, 1997; Calos & Sakaluk, 1998; Fedorka & Mousseau, 

2002b; Gwynne, 2005; Vahed, 2006; Del Castillo & Gwynne, 2007; Parker & 

Vahed, 2010; Sturm, 2011; Kuriwada & Kasuya, 2012; Jarrige et al., 2015; Ortíz-

Jiménez & del Castillo, 2015; Barbosa et al., 2016). In most cases, a single, 

relatively small spermatophore is transferred per copulation. However, some 

species depart drastically from this pattern, either donating supernumerary, 

spermless, very small or enlarged spermatophores.  As mentioned above (under 

remating interval), in species of the Hawaiian swordtail cricket genus Laupala 

(Gryllidae) males transfer many spermless microspermatophores in a single 

mating bout, before finally transferring their macrospermatophore for 

insemination (Shaw & Khine, 2004; Shaw, 2005; deCarvalho & Shaw, 2010c). 

Multiple spermatophores are also regularly transferred in species without 

dimorphic, spermless versions, as part of their usual insemination process (e.g. 

Preston-Mafham, 2000). In some cases, an intermediate trait is displayed, for 

example in the highly polyandrous Ornebius aperta (Mogoplistidae), males 

transfer multiple small spermatophores with very few sperm in each (Laird et al., 

2004). In that species, pairs can mate over 50 times, and it is thought that the 

small spermatophores are adaptive for males due to their reduced cost under that 

regime of extreme remating (Laird et al., 2004). 

The nutritional contents of spermatophores and spermatophylaxes can be 

significant, replacing the ordinary female diet for many hours after mating in 

some cases (Lehmann & Lehmann, 2016). Some species (e.g. Isophya krausii: 

Tettigoniidae) transfer enough energy in the spermatophore to last a female for 

two days, so it’s been suggested that females may subsist on spermatophores 

alone if they remate frequently (Voigt et al., 2005; Voigt et al., 2008). As well as 

energetic resources, the nuptial substances can contain protective chemicals (e.g. 
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carotenoids) that result in increased offspring fitness or female lifespan (Heller et 

al., 2000). Another clear benefit comes from the donation of water which is 

contained in the gift (Sakaluk, 1997; Warwick et al., 2009), which can be 

significant when females are under hydration stress (Ivy et al., 1999). Critical 

evidence of nuptial gifts providing benefit to females is provided by the example 

of Hemiandrus pallitarsis (Anostostomatidae), in which females possess a 

secondary copulatory organ on their abdomen, which appears to assist in the 

acquisition of nuptial gifts (spermatophylaxes) from males (Gwynne, 2005). On 

the other hand, in cases where spermatophylaxes function as sensory traps, then 

selection should favour males that produce appealing, but not necessarily 

nutritionally valuable gifts (the Candymaker hypothesis (Warwick, 1999; 

Warwick et al., 2009)). Evidence for this hypothesis is provided by Gryllodes 

sigillatus (Gryllidae), in which females gain little nutritional benefit from 

consuming spermatophylaxes, but will nevertheless fully consume those with 

particular amino acid profiles, suggesting that males tailor the free amino acid 

composition of the gift to maximise its phagostimulatory appeal, while reducing 

its cost (Warwick et al., 2009; Gershman et al., 2012; Gershman et al., 2013). 

As well as transferring nutrients via the ingestion of ejaculate components, in 

some cases among Acrididae, they are also taken up through the female 

reproductive tract. For example, in Eyprepocnemis plorans, proteinaceous 

nutrients transferred in the ejaculate are absorbed within the female reproductive 

tract and incorporated into the eggs that she subsequently lays (Pardo, Lopez-

Leon, et al., 1995). This has not been reported to my knowledge in families with 

externally attached spermatophores, so it is unknown whether internal ejaculate 

nutrient transfer is widespread or limited to the Acrididae (but see Viscuso et al., 

1996; Brundo et al., 2011). 

2.13.2 Nuptial gifts derived from other male tissues 

While examination of spermatophore-based nuptial gifts and their consequences 

for Orthopteran reproductive ecology dominates the literature, the order also 

displays nuptial gifts derived from a number of other male tissues. In tree crickets 

(Oecanthinae) and other grylloidea, females commonly derive nutrition during 

courtship and copulation from specialized secretions of the male metanotal glands 
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(Brown & Gwynne, 1997). I also found reports of this form of nuptial feeding in 

some Phalangopsidae (Prado, 2006; Souza-Dias et al., 2015) and Tettigoniidae 

(Uma & Sevgili, 2015). 

In some species of ground crickets (e.g. Mays, 1971; Bidochka & Snedden, 1985; 

Fedorka & Mousseau, 2002c; Edyta et al., 2010), an even more direct feeding 

upon the male occurs, with females chewing open specialized tibial spurs and 

ingesting the hemolymph that flows out. This occurs in addition to consumption 

of the spermatophore (e.g. Mays, 1971; Edyta et al., 2010), creating a high-value 

double nutritive gift. The mass of the hemolymph extracted can be up to 8% of the 

male’s total body mass (Fedorka & Mousseau, 2002c), indicating an extremely 

costly mating investment (Fedorka et al., 2004). Hemolymph feeding is also 

reported from the katydid Bradyporus multituberculatus in which females 

apparently chew into the male dorsum to gain their meal (Boldyrev, 1928; 

Alexander & Otte, 1967a). 

A similar phenomenon of direct feeding on male tissue occurs in the Haglidae, in 

which males lift their forewings to expose specialized, fleshy hind-wings for the 

female to feed upon while mounted (Dodson et al., 1983; Sakaluk et al., 1987; 

Eggert & Sakaluk, 1994; Judge et al., 2011). As with tibial spurs, females also 

ingest hemolymph flowing from the wounds during copulation, as well as the 

spermatophylax after copulation (Sakaluk & Ivy, 1999). The damage and loss of 

these hindwings during mating creates an advantage for virgin males in 

Cyphoderris strepitans, due to the reduction in competitiveness suffered by those 

already fed upon (Morris et al., 1989; Snedden, 1996; Sakaluk & Ivy, 1999). I 

found one example of a similar behaviour outside of the Haglidae, in Hapithus 

agitator (Gryllidae), wherein females partially eat the male forewings during 

copulation (Alexander & Otte, 1967a). 

I did not find any examples of male Orthoptera providing exogenous gifts such as 

foraged food items. 

2.14 Sexual cannibalism 

Although the ingestion of male-derived tissues is widespread among Orthoptera, 

killing and eating entire individuals is extremely rare. I found only a few cases: it 

was observed in two (of seventy) laboratory mating trials of the cricket 
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Eunemobius carolinus (Edyta et al., 2010), and was reported as “occasional” in 

the cricket Meloimorpha japonica (Kuriwada & Kasuya, 2012) and the 

bushcricket Requena verticalis (Bailey, 1995). Field and Sandlant (1983) report 

one instance of sexual cannibalism in Stenopelmatus nigrocapitatus 

(Stenopelmatidae), and Weissman (2001) adds descriptions of the behaviour from 

several other species in the same genus. Interestingly, among those species, the 

males appear complicit in their consumption, waiting passively near the female 

after copulation until she eats him alive (Weissman, 2001).  In the case of 

Cyphoderris monstrosa (Haglidae), in which the male’s fleshy hind-wings are 

normally eaten as a nuptial gift, Dodson et al. (1983) once observed a female to 

also sever her mate’s leg prior to copulation. This was also reported for Decticita 

brevicauda (Tettigoniidae), in which the females are confirmed to eat severed 

limbs during copulation (Rentz, 1963). 

Among locusts (Acrididae) and the tettigoniid Anabrus simplex, cannibalism 

occurs frequently, but outside of a sexual context as part of a migratory foraging 

strategy (Bazazi et al., 2010; Hansen et al., 2011). There are few studies which 

have specifically examined sexual cannibalism in Orthoptera (Eggert & Sakaluk, 

1994; Johnson et al., 1999), so this area remains largely unexplored. 

2.15 Ejaculate accessory molecules 

In addition to sperm and nutritive donations, insect ejaculates often include 

proteins produced in the male accessory glands that function as signals within the 

female, either by acting inside the spermatheca or being digested and metabolised 

in cases where they are ingested (Gwynne, 1997, 2008). Many are anti-

aphrodisiacs or oviposition stimulants that alter female reproductive behaviour in 

favour of the male, and as such have been central to the testing of theory around 

sexual conflict (Vahed, 1998; Vahed, 2006; Gwynne, 2008). Accordingly, the 

male accessory gland proteins that are thought to mediate these effects show 

extremely high rates of evolution in some Gryllidae (Andres et al., 2006; 

Braswell, Andrés, et al., 2006; Andrés et al., 2013), indicating their importance to 

co-evolution between the sexes and reproductive isolation between species. 

However, aside from the above work with crickets, there is hardly any detailed 
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investigation of Orthopteran reproductive protein evolution (but see Twort et al., 

2017). 

Research into these substances in the Orthoptera has established three main 

functions; increasing female refractoriness, sperm protection (mainly against 

removal by the female), and fecundity enhancement by provision of molecules 

such as prostaglandin. The transfer of chemicals along with seminal fluid that 

reduce the rate of remating in the female can be considered as an extension of 

post-copulatory mate guarding, in the sense that they serve to reduce sperm 

competition (Simmons, 2014). This adaptation is taken to the extreme in 

Aracamby sp., (Phalangopsidae) where the male ejaculate is accompanied by a 

cementing secretion that serves to completely petrify the female genitals, 

preventing all future mating (De Mello, 2007). The enforced monandrous mating 

system of these species has consequent impacts on a variety of other factors, such 

as the resulting absence of sperm competition, which has further shaped their 

genital morphology and sexual behaviour (De Mello, 2007). Less extreme 

reduction of female remating propensity is displayed by various Tettigoniidae 

(Gwynne, 1986; Wedell & Arak, 1989; Heller, 1991; Simmons & Gwynne, 1991; 

Wedell, 1993b; Reinhold & Helversen, 1997; Bateman, 2001; Vahed, Parker, et 

al., 2011; Jarčuška & Kaňuch, 2014), and comparative evidence suggests that non-

sperm ejaculate components are a primary factor causing this phenomenon in that 

family (Vahed, 2006). 

Some chemicals (such as the amino acids in nuptial gifts transferred by male 

Gryllidae) are phagostimulants that induce the female to act as if recently fed and 

thus not seek more mates for nuptial food, or to eat the spermatophylax less 

quickly, allowing greater sperm transfer from the ampulla (Sakaluk, 2000; 

Gwynne, 2008). As discussed above, in Gryllodes sigillatus this effect appears to 

be mediated by male manipulation of the gift’s amino acid profile, sweetening a 

relatively low-value nutritional investment and indicating a sensory exploitative 

function to the gift (Warwick et al., 2009). 

As well as imposing costs on females by altering their remating rate or making 

them less likely to remove a spermatophore, ejaculate accessory products may be 

important in explaining the fecundity benefits of polyandry. For example, 
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Worthington et al. (2015) show that Gryllus texensis females are limited by 

prostaglandin, but can acquire it by mating and remating repeatedly with males 

that synthesize and transfer it along with the spermatophore. In addition, an 

immune benefit deriving from male-synthesised compounds has been 

demonstrated for the same species (Worthington & Kelly, 2016). Braswell, 

Andrés, et al. (2006) also point out that the accessory gland proteins of multiple 

males will often be present simultaneously within the female reproductive tract, 

potentially implicating them in the matter of sperm competition. The functions, 

costs, and benefits of accessory compounds to males and females are clearly 

diverse and complex, with many further interactions awaiting discovery. 

Although there are numerous studies regarding chemical transfer along with 

ejaculates as outlined above, I found the majority of reports of specifically 

identified compounds mostly limited to cases of prostaglandin transfer in some 

species of Gryllidae and Acrididae (e.g. Destephano & Brady, 1977; Loher, 1979; 

Worthington et al., 1981; Murtaugh & Denlinger, 1982; Lange, 1984), indicating a 

large potential to widen our knowledge of this strategy by identifying analogous 

compounds in other families. Other than prostaglandin, very few references to 

specific molecules that may have behaviour-altering activity could be found. A 

putative role of glycine (a neuronal inhibitor - Heinrich et al., 1998) has been 

suggested in modifying female behaviour (Warwick et al., 2009), and there are 

undoubtedly many more similar substances with important roles involved in the 

orthopteran mating systems. Pauchet et al. (2015) provided a detailed analysis of 

the Gryllodes sigillatus (Gryllidae) spermatophylax proteome, and found that 

most spermatophylax proteins do not closely resemble others with known 

biological function, suggesting a wealth of novel compounds may exist in these 

tissues. 

2.16 Post-copulatory associations and mate guarding 

Mate guarding is an important manifestation of sexual conflict (Schubert et al., 

2009; Elias et al., 2014; Kokko et al., 2014). It has been well studied across 

numerous taxa and diverse sources of costs and benefits to both sexes have been 

described (Alcock, 1994; Alberts et al., 1996; Davis, 2002; Saeki et al., 2005; 

Schubert et al., 2009; Parker & Vahed, 2010; Rodríguez-Muñoz et al., 2011; 

Dowling & Webster, 2017). Mate guarding occurs in extremely diverse forms 
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among Orthoptera, varying between species in the level of proximity between 

male and female, duration of guarding, and its timing relative to mating and 

oviposition (Simmons, 2014). 

Prolonged copulatory attachment, post-copulatory association or guarding of 

individual females has been described in several Acrididae (Greenfield & Pener, 

1992; Yi & Gillott, 1999; Reinhardt, 2001; Zhu & Tanaka, 2002; Cueva Del 

Castillo, 2003), many Anostostomatidae (Cary, 1981; Möller, 1985; Bateman & 

Toms, 1998; Jamieson, 2002; Gwynne, 2004; Kelly et al., 2010; Wehi et al., 

2011), very many Gryllidae (Bidochka & Snedden, 1985; Sakaluk, 1987; French 

& Cade, 1989; Sakaluk, 1991; Hack, 1997; Hockham & Vahed, 1997; Preston-

Mafham, 2000; Sadowski et al., 2002; Wynn & Vahed, 2004; De Mello, 2007; 

deCarvalho & Shaw, 2010b; Edyta et al., 2010; Parker & Vahed, 2010; 

Rodríguez-Muñoz et al., 2011; Narvaez & Robillard, 2012; Tuni et al., 2013; 

Vicente et al., 2015), a single member of the Mogoplistidae (Laird et al., 2004), all 

five of the Pyrgomorphidae for which I found reports (Cueva Del Castillo, 2003; 

Olutoyin Ademolu et al., 2011; Kekeunou et al., 2015), two of the 

Rhaphidophoridae (Barrett, 1991; Chapter 5), one tetrigid (Muse & Ono, 1996), 

and a few Tettigoniidae (Morris, 1980; Vahed, 1996; Wedell, 1998; Vahed & 

Carron, 2008; Vahed, Lehmann, et al., 2011). The preponderance of examples 

from the Gryllidae may be because multiple copulations between the same 

partners is common in that family and usually involves specific inter-copulation 

guarding and courtship behaviours (Narvaez & Robillard, 2012). In addition, 

mate-guarding is considered an ancestral character for the field crickets (Gwynne, 

1997) (deCarvalho & Shaw, 2010a). 

The most extreme cases of prolonged copulatory attachment were reported in 

Pyrgomorphidae such as Sphenarium purpurascens, in which males may remain 

attached to their mates for as long as 17 days after insemination (Cueva Del 

Castillo, 2003). The monopolisation of females through guarding behaviour has 

also been taken to great heights in species in which males guard territories or 

harems, a case which has been well examined in the Anostostomatidae. For 

example, the males of the Wellington tree wētā (Hemideina crassidens), fight for 

control of tree-hole galleries in which several females reside, gaining multiple 

mating opportunities if they are successful (Kelly, 2006a).  
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In some insects, the duration of effective guarding is extended beyond the 

association between the pair by the deposition of mating plugs (Simmons, 2014). 

However, this is not a common strategy in Orthoptera, with only three species of 

Gryllidae reported to utilise it (Adenophallusia naiguatana, Aracamby sp. and 

Eidmanacris sp. (De Mello, 2007)). 

In many cases, extended post-copulatory associations are also likely to serve in 

preventing the female from removing the spermatophore (Alexander & Otte, 

1967b; Vahed, 2015) so prolonged copulation may not necessarily indicate mate 

guarding vs rivals. The same is true of extended copulation, where males remain 

attached to their mates long after transfer of the spermatophore has been 

completed. In those cases, the behaviour fulfils a similar sperm-protective role to 

the spermatophylax (Wedell, 1998; Vahed & Carron, 2008). This is also thought 

to explain the occurrence of post-copulatory harassment of females, whereby 

males can increase the time until spermatophore removal by chasing, chirping at 

and biting their mates (e.g. Hall et al., 2008). In contrast, an instance of mate-

protection arising through cooperation rather than conflict is given by Gryllus 

campestris (Gryllidae), in which males protect their mates not against sexual 

rivals, but predators, by allowing them priority of access to their burrows when 

attacked (Rodríguez-Muñoz et al., 2011). 

2.17 Polyandry 

For females, monandry has historically been presumed predominant, and most 

suited to female fitness, but closer inspection with modern techniques has revealed 

widespread polyandry (Vahed, 2006; Snook, 2014) and conflict over the rate of 

mating and re-mating has a large impact on the evolution of both male and female 

insect behaviour, physiology and morphology (Chapman et al., 2003; Vahed, 

2015). Despite an explosion of research in the area over the past several decades, 

explanations for the processes that underly variation in remating remain elusive 

(Snook, 2014). Females can gain genetic benefits from having multiple sires to 

their brood (Fedorka & Mousseau, 2002a), and in nuptial gift-giving species (as 

outlined above), females seem to gain a net fitness increase from polyandry by the 

acquisition of further nutrients, (Arnqvist & Nilsson, 2000; Fedorka & Mousseau, 

2002a; Gwynne, 2008). 
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Male adaptations are expected to push females away from their optimum mating 

rate both by coercing females into mating with them and by preventing or 

delaying females from copulating with rivals (Gwynne, 2008). Accordingly, I 

found almost all Orthoptera to be polyandrous in the absence of obvious male 

manipulation (e.g. De Mello, 2007), with only two exceptions; Conocephalus 

ictus (Tettigoniidae), in which females rarely mate twice, usually once (Ortíz-

Jiménez & del Castillo, 2015), and Deinacrida mahoenui (Anostostomatidae) 

which appear monandrous (Sherley & Hayes, 1993). Examining these species for 

evidence of male manipulation of the female remating ability or propensity could 

be revealing, especially if they are found not to display such traits. 

The retention of sperm from multiple males creates intense selection for male 

adaptations that improve their own competitive fertilization success (Parker, 

1970c; Thornhill & Alcock, 1983; Simmons, 2014). In several ensiferan species, 

males remove, or stimulate the female to release previous males’ sperm from the 

spermatheca prior to transferring their own (Vahed, 2015). For example in 

Truljalia hibinonis (Gryllidae), males can remove (and subsequently eat) nearly 

90% of a previous male’s ejaculate from the female spermatheca (Ono et al., 

1989). A pre-emptive sperm removal strategy may be displayed by Gampsocleis 

gratiosa (Tettigoniidae), in which males appear to attempt to cause their rivals to 

eject their spermatophores prematurely by touching their genitalia (Gao & Kang, 

2006). Another interesting example is the spermatophore theft shown by 

Gryllodes supplicans (Gryllidae), in which males will remove and eat 

spermatophores previously attached to females (Sakaluk, 1987). 

2.18 Remating interval 

Among Orthoptera, both males and females vary widely in the length of refractory 

period, from having none at all (e.g. female Gryllus bimaculatus (Tregenza & 

Wedell, 1998)), to several weeks in some tettigoniid females (e.g. Kawanaphila 

nartee (Simmons & Gwynne, 1991)).  

This life history trait is important for determining how long individuals spend in 

and out of the mating pool, thus creating an essential part of the relationship 

between adult sex ratio (ASR) and operational sex ratio (OSR) (Kokko et al., 

2014). Female insects are generally limited by the time required to develop and 
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lay eggs (notwithstanding male manipulation of their remating propensity or 

ability), but males also sometimes display extended refractory periods, enough in 

some cases to make the OSR female-biased (Gwynne et al., 1998; Snook, 2014). 

In some species, for example Chorthippus parallelus (Acrididae), females are at 

first prevented from remating by the attached spermatophore, despite being 

receptive to mating attempts, but then go through a phase of refractoriness until 

after oviposition, at which time the cycle repeats (Ritchie, 1990). 

Large nuptial gifts seem to be a primary reason for Orthopteran males to spend a 

long time between matings, and among katytids, the frequency of mating by both 

males and females is related to the size of the nuptial gift (Simmons, 1995b; 

Vahed, 2006). In addition, the longest male remating intervals I found were 

reported in Tettigoniidae (up to two weeks in Kawanaphila nartee), which 

famously produce extremely large spermatophores and spermatophylaxes 

(Wedell, 1993b; Simmons, 1995a; Vahed & Gilbert, 1996). Long male refractory 

periods are also found outside of that family, again in males which produce large 

nuptial gifts. For example, in Troglophilus neglectus and T. cavicola 

(Rhaphidophoridae), males require one week between matings, and produce 

ejaculates equivalent to approximately 20% of the male’s body mass (Stritih & 

Čokl, 2012). Small spermatophores can also be costly if they must be produced en 

masse, as is the case in Laupala cerasina (Gryllidae), the males of which produce 

many microspermatophores that are transferred ahead of their true, sperm 

containing macrospermatophore. In that species the male refractory period is also 

high (for a cricket), being approximately 24 hrs (Shaw & Khine, 2004; 

deCarvalho & Shaw, 2010c; Turnell, 2016). 

Outside of the Tettigoniidae, remating intervals are rarely reported for either sex, 

and even less commonly for both. However, in the cases where they are, females 

appear to almost always have longer refractory periods. In most cases, these lasted 

for a number of minutes or hours, rather than the days or weeks reported for some 

katydids (Wedell, 1993b; Vahed, Lehmann, et al., 2011). 

2.19 Parental care 

Factors causing one sex to provide more care to offspring are well described 

(Queller, 1997; Kokko & Jennions, 2008; Kokko & Jennions, 2012) but high 
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investment in parental care is far from common among insects (Kokko et al., 

2014; Smiseth et al., 2014). Nevertheless, some Orthoptera display maternal care, 

in the form of offspring attendance, namely residence of females with their eggs 

within a subterranean brood chamber (Gwynne, 1995). Examples are found in 

Hemiandrus sp. (Anostostomatidae), in which females remain with their brood in 

chambers underground for several months, cleaning their eggs, and moving them 

in response to threats (Gwynne, 2004). Similar attendance of eggs within burrows 

is reported in the mole cricket (Gryllotalpidae) Neocurtilla hexadactyla 

(Semlitsch, 1986), the schizodactylid Schizodactylus monstrosus (Choudhuri & 

Bagh, 1974) the acridid pygmy mole grasshopper Tridactylis apicalis (Urquhart, 

1937) and several species of Gryllidae (West & Alexander, 1963; Walker, 1973; 

Walker, 1980). Further elaboration of maternal care is shown by Anurogryllus sp. 

(Gryllidae), in which special trophic eggs are laid to provision the offspring (West 

& Alexander, 1963), and in Triamescaptor aotea (Gryllotalpidae), where females 

protect nymphs for several instars after hatching (Gutterson, 1988). I did not find 

any reports of paternal care in Orthoptera. 

2.20 Parthenogenesis 

Obligate parthenogenesis, the reproduction of a purely female population by 

unmated females, is reported from over a thousand species of insects (Normark, 

2014). Among the Orthoptera however, the incidence is relatively low at 0.04% of 

species (c.f. 1.2% of Phasmatodea (Normark, 2014)). 

I found ten reports of facultatively parthenogenic Orthoptera from the Acrididae 

(Hamilton, 1955; Pardo, López-León, et al., 1995; Walker et al., 1999), 

Myrmecophilidae (Espadaler & Olmo-Vidal, 2011), Tetrigidae (Poras, 1977), and 

Tettigoniidae (Gerhardt, 1921; Rentz et al., 2006; Lehmann et al., 2007). Some of 

these, for example Myrmecophilus acervorum (a highly specialized, coastal, ant-

nest-dwelling myrmecophilid), display geographic parthenogenesis, having 

populations with males in part of their range, and others with only females 

(Espadaler & Olmo-Vidal, 2011). I found only one example of obligate 

parthenogenesis, without any males at all; Poecilimon intermedius (Tettigoniidae), 

the population of which consists entirely of thelotykous diploid females 

(Warchalowska-Sliwa et al., 1996; Heller & Lehmann, 2004). Interestingly, 

hearing is maintained (although diminished) in this species, despite the lack of 
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mate-calling males, suggesting a naturally selected function or non-adaptive 

explanation for their remaining acoustic sense (Lehmann et al., 2007). 

The scattered and rare occurrence of parthenogenic lineages across taxa such as 

the Orthoptera may provide insight into the advantages of sex in overcoming some 

challenge faced by all animals, or that some factor prevents the invasion of 

facultatively asexual strategies into obligately sexual populations (Normark, 2014; 

Burke & Bonduriansky, 2017). A recent suggestion is that sexual conflict may be 

that factor (Kawatsu, 2013; Gerber & Kokko, 2016b), a topic for which the 

various Orthoptera mentioned in this section may provide perfect model species 

for deeper investigation. 

2.21 Orthopteran mating systems 

In the above sections I have detailed the various factors that contribute to the 

reproductive ecology of species in the Orthoptera. However, my literature search 

for the term “mating system” (as well as the names of various common systems) 

in combination with “Orthoptera” (in wild card and truncated forms), did not 

return very many hits, nor did searching within papers for statements regarding 

the study species’ mating system. This is perhaps not surprising, given the great 

diversity within the Orthoptera, potentially foiling attempts to give a useful 

classification of the entire order’s mating system under one term. Nevertheless, 

some discussion of the most suitable terms to apply to the Orthoptera as a whole 

might be worthwhile. In general, the Orthoptera display aspects of several 

common mating system classifications: 

2.21.1 Scramble competition polygyny 

This is one of the most common approaches to mating competition displayed 

among terrestrial arthropods (Herberstein et al., 2017), and also seems to be 

prevalent among Orthoptera, especially Acrididae (Otte, 1970; Kerr, 1978; Kosal 

& Niedzlek-Feaver, 1997; Mahoney et al., 2017). Outside of that family, the only 

explicit statement of scramble competition that I found was for Deinacrida rugosa 

(Anostostomatidae), a species with specialised adaptations for mobility in males 

(Kelly et al., 2010; Kelly & Gwynne, 2016). Despite that, I expected this mating 

system type to be widespread in the order due to the commonness of conditions 

favouring it  - females are generally mobile and not aggregated at specific sites, 
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and the advantages to males of extra mate acquisition seemingly outweigh those 

of continued parental investment (Emlen & Oring, 1977). In addition, many of the 

species for which I found data showed traits characteristic of scrambling rather 

than other forms of competition; investment in locating females, protandry, and 

female-biased SSD rather than investment in traits for competing agonistically 

with rivals (Herberstein et al., 2017).  On the other hand, in many cases, males call 

to searching females, are not strongly protandrous, and exhibit very high 

investment in each mating. As such, mating systems in orthopteran species 

generally show some traits associated with scramble competition, and some which 

are not. Thus while elements of scramble competition polygyny are common 

among Orthoptera, I hesitate to classify their overall mating strategy as such. 

2.21.2 Defence polygyny 

Although I found fighting over access to females to be widespread within the 

order, males were not commonly reported as capable of defending multiple 

females at once. The notable exception is among Anostostomatidae, in which 

males can effectively block access to the females that aggregate during daylight in 

cavities (Gwynne & Jamieson, 1998; Jamieson, 2002; Kelly, 2006a). In general 

however, resources important to female Orthoptera are widely dispersed (Joern, 

1979; Sakaluk, 1987; Dadour, 1990; Ayal et al., 1999), making dense female 

aggregation uncommon and the strategy of multiple-female defence unviable 

(Greenfield, 1997). 

2.21.3 Lek breeding 

Lek-based mating systems are rare among animals relative to defence and 

scramble based mating systems (Herberstein et al., 2017), and the same appears 

true of Orthoptera, with only two species (both Gryllotalpidae) reportly employing 

a true lek strategy (Hill, 1999; Hill et al., 2009; Howard et al., 2011). However, 

many species of other families (especially Acrididae, Gryllidae and Tettigoniidae) 

display traits that resemble lekking behaviour; high simultaneous displaying effort 

by males in the form of visual, acoustic and tactile courtship, female recruitment 

to displaying males, and lack of parental investment by males (Höglund & 

Alatalo, 2014). Thus, many Orthoptera generally fall quite well into the definition 

of lekking, except for the absence of a well-defined arena in which courtship and 
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mating take place – a component which Höglund and Alatalo (2014) are happy to 

drop from their definition of a lek. As such it seems appropriate to refer to the 

mating system of most Orthoptera as an exploded (sensu Emlen & Oring, 1977), 

dispersed (sensu Gilliard, 1969) or temporal (sensu Walker, 1983) lek, especially 

in cases where males show a degree of positive phonotaxis towards one another’s 

calls, thus aggregating them spatially (e.g. Ulagaraj & Walker, 1973; Thiele & 

Bailey, 1980; Cade, 1981b; Cade & Otte, 1982; Hissmann, 1991; Mhatre & 

Balakrishnan, 2006). Thus, while many Orthoptera display traits of other mating 

system classifications, I consider that the most suitable overall definition for the 

order as a whole is the exploded lek.
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3. The Evolution of Reproductive 

Traits in the Orthoptera 

3.1 ABSTRACT 

The Orthoptera (grasshoppers, crickets, locusts, katydids and wētā) are a highly 

diverse order of insects, with many taxa that have proven invaluable to research 

on sexual selection and reproductive ecology. They also show a remarkable 

diversity of mating-related characteristics and behaviours. Despite this, a broad 

comparative investigation into the evolution of mating adaptations across the 

order has not been reported to date. I used presence/absence data from a wide 

literature search to examine phylogenetic signal, ancestral character states and 

correlated evolution in reproductive traits across the Orthoptera. Trait 

reconstruction suggested that the ancestral orthopteran was likely protandrous, 

featured male-male combat and mate-guarding, used mate-calling, and exhibited 

female-biased sexual size dimorphism, but did not display coercive mating or 

exaggerated weaponry. Models were inconclusive regarding the existence of male 

mate discrimination, nuptial feeding and alternative mating tactics at the root. I 

found generally strong phylogenetic signal across the traits I examined, and in 

contrast to other studies, did not find a pattern of stronger signal in morphological 

relative to behavioural traits. Phylogenetic comparisons did not return strong 

associations between traits, however the models generally lacked adequate sample 

sizes (number of evolutionary transitions) in those analyses. I did however find a 

marginally insignificant association between the presence of male-male combat 

and a reduction in female-biased size dimorphism. Overall, this highlights the 

diverse combinations of reproductive traits occurring in this highly speciose order 

of insects. 
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3.2 INTRODUCTION 

Sexual selection is a major driving force behind rapid adaptation and speciation, 

responsible for many of the most striking, and often counter-intuitive traits 

exhibited by sexually reproducing animals (Emlen & Oring, 1977; Thornhill, 

1979; West-Eberhard, 1983). Insects have been central to the study of sexual 

selection, providing examples of extraordinary adaptations as well as many model 

organisms that have underpinned major developments in the field (Shuker, 

2014b). However, despite the phenomenal research effort that has been poured 

into the topic, many unresolved questions remain, particularly in regard to the role 

of co-evolution and conflict between the sexes (Kokko et al., 2014). 

The Orthoptera is a diverse and ancient order of insects with over 25,000 species 

described (Bidau, 2014). Members of the order have been workhorses of sexual 

selection research world-wide for many decades, providing plentiful model 

organisms for hypothesis testing around sexual competition and conflict. 

Orthopteran species display a diverse range of mating systems and myriad unique 

adaptations for reproduction (Gwynne & Morris, 1983). For example, orthopteran 

mating systems include scramble competition (Mahoney et al., 2017), harem 

polygyny (Kelly & Jennions, 2009) and lek breeding (Hill, 1999). Some exhibit 

extraordinary investment in nuptial gifts (Lehmann & Lehmann, 2016), leading to 

sex-role reversal in certain cases (Robson & Gwynne, 2010), while others use 

tactics such as fighting (Loranger & Bertram, 2016), coercive mating (Vahed, 

2002), ornamentation (Vedenina & Shestakov, 2014), mate-guarding (Sakaluk, 

1991), satellite male behaviour (Shelly & Greenfield, 1989), and enforced 

monandry (De Mello, 2007). As a result, the body of literature on orthopteran 

reproductive ecology has grown enormously, and in combination with recent 

publication of comprehensive phylogenies (Mugleston et al., 2013; Zhang et al., 

2013; Cadena-Castañeda, 2015; Song et al., 2015; Zhou et al., 2017), provides a 

great, and long overdue, opportunity for comparative analysis. 

Shared ancestry of closely related species makes observations of their traits 

statistically non-independent, violating the assumptions of many analytical 

approaches to evolutionary hypothesis testing (Felsenstein, 1985). This is due to 

phylogenetic signal, which is a measure of the tendency for more similarity to 

exist between related than randomly selected taxa (Blomberg & Garland, 2002). 
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Phylogenetic comparative methods seek to control for this by integrating 

correction for signal into analyses (Garamszegi, 2014). By doing so, one can 

examine which traits tend to correlate over evolutionary history, suggesting the 

presence of common ecological factors that have driven change in pairs or groups 

of characters (Losos, 2008). In addition, classes of traits vary in the extent to 

which they show phylogenetic signal, with morphological traits tending to show 

higher signal than behavioural traits (Gittleman et al., 1996; Freckleton et al., 

2002; Blomberg et al., 2003). 

Studies of phylogenetic signal have been used to investigate trait evolution among 

many taxa (Kamilar & Cooper, 2013), including insects (e.g. Percy et al., 2006; 

Song & Bucheli, 2010), but to my knowledge, not for the Orthoptera. Losos 

(2008) has suggested that strong phylogenetic signal should not be automatically 

assumed as a null expectation for behavioural and ecological characters because it 

is not an inenvitable outcome of diversification. Consequently, actual examination 

of trait distribution over a phylogeny is required. Here, I provide such an analysis 

applied to orthopteran traits associated with their reproductive ecology. 

In addition to phylogenetic signal, little is known about what were the ancestral 

reproductive characteristics of the order. Gwynne (1995) suggested that within the 

Gryllidae, the lack of a spermatophylax specialized for nuptial feeding is 

ancestral, in agreement with other studies that suggest this is the case for Ensifera 

(Gwynne, 1997) and other insects generally (Davey, 1960). Acoustic signaling has 

also been assessed at the suborder level, with different techniques providing 

contrasting results (Desutter-Grandcolas, 2003; Jost & Shaw, 2006). Sexual size 

dimorphism has been estimated as non-ancestral among Acrididae (García‐Navas 

et al., 2017). However, as far as I am aware, there have been no other hypotheses 

put forward in the literature regarding the ancestral states of the many other 

reproductive traits at the root of the order. Here, I examine the ancestral character 

state among Orthoptera generally, regarding the presence or absence of the 

following traits: male-male combat, mate guarding, nuptial feeding, protandry, 

sexual size dimorphism (SSD), weaponry, alternative reproductive tactics (ARTs), 

and male mate discrimination. In addition, I used phylogenetic comparative 

methodology to examine correlations between these traits. The specific 

hypotheses I test are associations between: 
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Presence of male-male combat and reduction in female-biased sexual size 

dimorphism (SSD) 

Combat is thought to be a driver of increased male size (Andersson, 1994), 

leading some (e.g. Shine, 1979; Dunham & Rudolf, 2009; Schütz & Taborsky, 

2011; Han & Fu, 2013) to test whether variation in SSD is associated with 

variation in the prevalence of intrasexual fighting, with mixed results. In 

Orthoptera, female-biased SSD and non-combative males are the norm, but 

reversals to this trend do occur across the order (e.g. Bateman, 2000; Cueva del 

Castillo, 2015; Symes et al., 2015). If the two tend to co-occur more often than 

expected by chance, it would suggest that fighting does lead to increased male 

size. Thus I test the prediction that reduction or reversal to female-biased SSD 

(based on any repoted size metric – see methods, below) is correlated with the 

presence of reported male-male combat. 

Presence of mate guarding and incidence of exaggerated male weaponry 

Enlarged weaponry used for intrasexual combat is likely to be favoured in cases 

where males can effectively monopolize females through territoriality or guarding 

of females or resources (Emlen & Oring, 1977; Emlen, 2014b), a hypothesis 

which has been tested with various groups (e.g. Tsuji & Matsui, 2002). Mate 

guarding is a prevalent behaviour in the Orthoptera (e.g. Parker & Vahed, 2010; 

Tuni et al., 2013; Mahoney et al., 2017), and exaggerated weaponry occurs only in 

a few groups (e.g. Bateman, 2000; Kelly, 2005; Judge & Bonanno, 2008), 

allowing a test of the prediction that the latter trait should evolve more often in 

lineages with mate guarding. 

Presence of male-male combat and alternative reproductive tactics (ARTS) 

Many animals display ARTs, often as condition-dependent adaptations to intense 

mating competition (Buzatto et al., 2013a). This can take forms ranging from 

highly plastic behavioural responses to the competitive environment, or fixed 

developmental pathways resulting in drastically different adult morphology 

(Gross, 1996). In many cases, ARTs such as sneaking behaviour and small body-

size are suggested as alternatives to direct physical contests in species where 

males must otherwise fight for access to females (e.g. Emlen, 1997; Painting & 
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Holwell, 2014b). Thus, I expect ARTs to arise in taxa with escalated fighting 

behaviour.  

Presence of male-male combat and protandry 

Fighting for access to females is expected to select for increased male size 

(Andersson, 1994), and yet protandry itself is associated with smaller adult males 

at emergence, due to the trade off in development speed and maximum attainable 

mass (Zonneveld, 1996; Lehmann, 2012; Morbey, 2013). Thus I expect that 

species where male fitness depends on victory in physical contests will not tend to 

display protandry, and therefore seek to test the prediction that male fighting 

behaviour correlates with a lack of protandry. 

Presence of male mate discrimination and nuptial feeding 

Some male Orthoptera produce extremely costly nuptial gifts as part of their 

mating effort (e.g. Gwynne, 1986; McCartney et al., 2010), and this is thought to 

explain cases of mating role-reversal, where females compete for access to males 

(Gwynne, 1985). Many Orthoptera also display forms of male mate 

discrimination, from altered mating effort to outright rejection of females that are 

of low quality or represent high sperm competition risk (e.g. Bateman & 

Ferguson, 2004; Assis et al., 2017; Mahoney et al., 2017). However, we do not 

expect this to occur when the cost of mating is low for males, as in species that do 

not provide nuptial feeding. Thus I test the prediction that nuptial gift provisioning 

and male mate discrimination should co-occur. 

3.3 METHODS 

3.3.1 Literature search 

I carried out an exhaustive search of the literature for information regarding 

orthopteran mating systems. I used the Scopus
®
 and Google

®
 Scholar databases to 

search (in wildcard and truncated forms) for combinations of “Orthoptera” and a 

wide range of terms relating to reproductive traits: aggression, ART, calling, 

cannibalism, care, coercion, combat, conflict, contest, copulation, courtship, 

dimorphism, female-defence, fight, gift, guard, harem, lek, mating system, mate, 

mate calling, mate guarding, mating tactic, nuptial, (operational, adult) sex ratio, 

polyandry, polygyny, promiscuity, prostaglandin, protandry, refractory, 



 

 63 

reproductive, resource-defence, scramble, semiochemical, sex, sexual conflict, sex 

ratio, spermatophore, spermatophylax, stridulation, trimorphism, weapon. 

This resulted in a list of 330 species with at least some data on their reproductive 

ecology. I subsequently searched for the scientific name of each of those species 

in combination with each of the above traits in turn, and within the body text of 

each resulting publication. I assembled the trait data for all species into one master 

character matrix. 

3.3.2 Character matrices 

I made binary character matrices for each trait individually and for each pair of 

traits to be compared. Traits were scored as 1 (present) or 0 (absent), based on 

literature reports. I classified weaponry as exaggerated if authors described it as 

such, or presented their study species as being unusual in the scale of its weaponry 

in comparison to related taxa. In the case of mate guarding, I scored the behaviour 

as present in all species for which male presence post-copulation serves to prevent 

rivals from accessing the female (i.e. including cases of prolonged post-copulatory 

genital attachment). In the case of nuptial gifts, I included all cases where females 

ingest tissues derived from males, as these all involve some transfer of resources 

(even if only water) even where the tissues aren’t highly adapted to have increased 

nutritive value. I did not score species for which statements were ambiguous, or 

for which there were conflicting reports in the literature. Scoring the traits as 

binary variables allowed me to include data from studies that used different 

measures (for example, studies which reported absolute male size, relative male 

and female size, or qualitative reports of SSD could all be scored). 

3.3.3 Tree assembly 

I constructed a composite supertree of Orthoptera following the grafting protocol 

of Beaulieu et al. (2012) using Mesquite v3.31 (Maddison & Maddison, 2017). 

This approach systematically combined previously published orthopteran 

phylogenies using particular criteria to weight their inclusion in the final 

supertree. In short; relationships from more highly resolved trees, with more taxa 

and larger character samples were given priority over others. In cases where taxon 

sampling was similar between two trees, while character sampling was not, I used 

the tree based on more informative characters (i.e. longer sequences in the case of 
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molecular characters). Trees constructed with model-based approaches were 

favoured over those using heuristics, and consensus trees were used when multiple 

hypotheses were presented in the same study. For more detailed discussion of this 

approach see Beaulieu et al. (2012). 

I used the comprehensive phylogeny of Song et al. (2015) as the backbone tree 

(providing relationships to genus level) and grafted in additional taxa and 

topology to species level from the following studies: (Desutter-Grandcolas, 1993; 

Lunt, 1994; Vahed & Gilbert, 1996; Flook et al., 2000; Huang et al., 2000; 

Naskrecki, 2000; Litzenberger & Chapco, 2001; Morgan-Richards & Gibbs, 2001; 

Hill et al., 2002; Trewick & Morgan-Richards, 2004; Kumala et al., 2005; 

Braswell, Birge, et al., 2006; Mullen et al., 2007; Pratt et al., 2008; Song & 

Wenzel, 2008; Snyder et al., 2009; Ullrich et al., 2010; Nattier et al., 2011; 

Vedenina & Mugue, 2011; Leavitt et al., 2013; Mugleston et al., 2013; Chintauan-

Marquier et al., 2014; Woller et al., 2014; Cole & Chiang, 2016; Zhou et al., 

2017). See Appendix 1 for details. From this inclusive synthetic tree (Appendix 2) 

I pruned taxa with missing data for each hypothesis I wished to test, making 

separate smaller trees for each case. In each tree I assigned branch lengths to 1 

using the compute.brlen command of ape. I resolved polytomies using ape’s 

multi2di command, which transforms multichotomies into a series of dichotomies 

separated by zero-length branches. I then added 0.0001 to the lengths of all 

branches so that the subsequent commands were not prevented from operating due 

to any values of zero for branch length. 

3.3.4 Phylogenetic analyses 

To reconstruct discrete ancestral character states, I used the function ace of the R 

package ape (Paradis et al., 2004), which reconstructs binary ancestral character 

states using maximum likelihood (Pagel, 1994). I used the default joint estimation 

procedure of ape which uses all information at each node, with an algorithm 

similar to that of Pupko et al. (2000). For each trait, I estimated the ancestral state 

using both equal transition rates (ER) and all rates different (ARD) models. I then 

compared the two models using a chi-square likelihood test. 

To investigate phylogenetic signal in binary traits, I calculated the D metric (Fritz 

& Purvis, 2010) for each trait of interest using the function phylo.d of the package 
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caper (Orme, 2013) in R (R core team 2017). D is derived from the sum of sister-

clade differences at all internal nodes across the phylogeny, while correcting for 

trait prevalence, tree size and topology. To make D comparable among datasets, it 

is scaled with the mean sum of differences expected under models of random 

evolution or Brownian motion, ranging from one to zero if it matches the former 

or the latter respectively (i.e. 1 = no phylogenetic signal, 0 = strong phylogenetic 

signal), although it can vary above one and below zero (Fritz & Purvis, 2010). 

Permutations for the analyses were left at the default number of 1000. 

To make phylogenetic comparisons between binary traits I initially used an 

implementation of Pagel’s (1994) test of correlated discrete character evolution in 

Mesquite (Maddison & Maddison, 2017). However, due to suspiciously 

universally conservative estimates produced by that method (see Appendix 3), I 

considered that the results may be unreliable and proceeded instead with Markov 

chain Monte Carlo generalized linear mixed models (hereafter MCMC models) 

with the R package MCMCglmm (Hadfield, 2010). To make tests using binary 

traits, I set the model family to categorical and used species identity as the random 

effect. This samples the log-likelihood of posterior distributions under models of 

dependent (traits evolve together) and independent (traits do not do affect each 

other) evolution. I used uninformative priors, setting expected covariance and 

degrees of belief in the R and G variance structures to one, with the mean vector 

(alpha.mu) at zero and covariance matrix (alpha.V) at 1000. Each model was run 

for 200,000,000 iterations, with thinning interval of 500 and a burn-in of 1,000. 

These settings were chosen as I found them to give the optimal balance between 

maximising effective sample size and keeping model run-time manageable. All 

runs were checked visually for convergence. 

3.4 RESULTS 

3.4.1 Ancestral state reconstruction 

The models reported high likelihoods of the ancestral Orthoptera displaying male-

male combat, mate calling, mate guarding, and protandry (Figures 1 to 4, Table 1). 

On the other hand, reduced female-biased SSD (i.e. large males), weaponry, and 

coercive mating were reportedly unlikely at the root (Figures 5 to 7, Table 1), 

while ARTs, male mate-discrimination and nuptial feeding returned intermediate 
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likelihoods (Figures 8 to 10, Table 1). Log-likelihoods were very similar in all 

cases between equal-rates (ER) and all-rates-different (ARD) models. Chi-square 

likelihood tests between the models also found no significant difference between 

them in any instance. Thus, I present the results of the less parameterised ER 

models, in Table 1. 

 

Figure 1. Maximum-likelihood ancestral character state reconstruction of presence 

(black) and absence (white) of male-male combat in the Orthoptera. 
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Figure 2. Maximum-likelihood ancestral character state reconstruction of presence 

(black) and absence (white) of acoustic mate-calling in the Orthoptera. 
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Figure 3. Maximum-likelihood ancestral character state reconstruction of presence 

(black) and absence (white) of mate guarding in the Orthoptera. 

 

 

Figure 4. Maximum-likelihood ancestral character state reconstruction of presence 

(black) and absence (white) of protandry in the Orthoptera. 
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Figure 5. Maximum-likelihood ancestral character state reconstruction of presence 

(black) and absence (white) of a reduction to female-biased SSD in the Orthoptera. 
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Figure 6. Maximum-likelihood ancestral character state reconstruction of 

presence (black) and absence (white) of exaggerated weaponry in the Orthoptera. 
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Figure 7. Maximum-likelihood ancestral character state reconstruction of presence 

(black) and absence (white) of coercive mating in the Orthoptera. 

 

Figure 8. Maximum-likelihood ancestral character state reconstruction of presence 

(black) and absence (white) of ARTs in the Orthoptera. 
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Figure 9. Maximum-likelihood ancestral character state reconstruction of 

presence (black) and absence (white) of male mate-discrimination in the 

Orthoptera. 
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Figure 10. Maximum-likelihood ancestral character state reconstruction of 

presence (black) and absence (white) of nuptial feeding in the Orthoptera. 
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3.4.2 Phylogenetic signal 

There was strong phylogenetic signal in most of the traits I examined, with 

varying significance (see Table 2 – P values denote the probability of obtaining 

the observed value of D given either the null expectation of random evolution or 

Brownian motion). Note that a lower value of D (near or below zero) represents 

stronger signal (Fritz & Purvis, 2010). Thus, the traits of mate guarding, mate 

calling, weaponry, ARTs, coercive mating, protandry, male mate-discrimination 

and nuptial feeding showed strong signal, while male combat showed moderate to 

weak signal. 

3.4.3 Comparative analyses 

The MCMC models returned varied results for all phylogenetic comparisons 

between traits, generally based on moderate effective sample sizes with the 

exception of the comparison between mate guarding and weaponry (Table 3). The 

results of Pagel’s discrete tests were similar in not suggesting evidence of 

correlated evolution (see Appendix 3). 
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Table 1. Results of presence/absence ancestral character state estimation, under equal rates models. 

 

Table 2. Results of D-metric estimation for phylogenetic signal, and significance testing against null expectations under random and brownian 

phylogenetic structure. Note that a lower value of D represents stronger signal. 
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Table 3. Categorical MCMC model outputs for phylogenetic comparisons between binary traits (1 = presence, 0 = absence). The posterior mean 

estimate and 95% credibility intervals (CI) refer to the posterior probability distribution of the modelled response variable, effective sample size 

is the number of samples the model was able to take from all iterations after thinning and correction for autocorrelation, and P(mcmc) is a 

Markov chain Monte Carlo P value. 
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3.5 DISCUSSION 

3.5.1 The ancestral orthopteran mating system 

The results indicate an ancestral mating system of fierce scramble competition 

(featuring protandry, smaller males and a lack of exaggerated weaponry), with 

elements of female defense (having mate guarding and male-male combat) and the 

‘exploded’ lek (acoustic mate calling) (Höglund & Alatalo, 2014; Herberstein et 

al., 2017). In addition, phylogenetic conservatism in mate guarding, as well as the 

high likelihood of this being the ancestral condition in Orthoptera suggests that the 

early mating systems in the order featured high sperm competition and probably 

last-male sperm precedence, as is considered to be the case among insects 

generally (Parker, 1970b; Arnqvist, 1988; Alcock, 1994). Coercive mating 

appeared unlikely, while the results were inconclusive regarding ARTs, male mate 

discrimination and nuptial feeding. 

Overall, the results provide a hypothesis for the nature of ancestral orthopteran 

reproductive ecology, and indicates which traits may have originated under 

ancient conditions that were different to those under which we study our model 

organisms today (Wiens et al., 2010). Among all of the species for which I was 

able to collect data, none showed this exact combination of traits. Some of the 

most similar include Kosciuscola tristis (Acrididae) and Sphenarium 

purpurascens (Pyrgomorphidae), which both differ only in that they do not 

employ acoustic mate calling (Cueva Del Castillo, 2003; Lugo-Olguín & Del 

Castillo, 2007; Umbers et al., 2012; Mahoney et al., 2017). Very many Gryllidae 

also closely resemble this hypothetical Orthopteran ancestor, except that they are 

not commonly reported to display protandry. Thus these species provide 

approximate models illustrating the ancient orthopteran mating system. 

3.5.2 Evolutionary conservatism in orthopteran mating traits 

I found a trend of strong phylogenetic signal among almost all of the traits, 

suggesting evolutionary conservatism in reproductive traits across the order. The 

strong signal and likely ancestral condition of mate calling in particular is in line 

with the suggestion that there should be strong stabilizing selection on traits that 

are important to species recognition (Templeton, 1979; McPeek et al., 2008), 

which is the case for acoustic mate calling in many Orthoptera (Helversen & 
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Helversen, 1983; Gray & Cade, 2000; Bridle et al., 2006; Jang & Gerhardt, 2006; 

Vedenina et al., 2013). The weakest signal I observed was for the trait of male 

combat, suggesting that this behaviour may be more evolutionarily labile than 

others. The expression of fighting behaviour in Orthoptera is often facultative, and 

may occur or not depending on a variety of factors including rearing conditions 

(Stevenson & Rillich, 2013), food availability (Gwynne, 1985; Adamo & Hoy, 

1995), previous experience (Iwasaki et al., 2006), presence of females (Killian & 

Allen, 2008), and possession of resources (Rillich et al., 2011). Clearly, ecological 

factors are important to determining when combat is advantageous or not, so 

environmental variability may be implicated in the trait’s apparent evolutionary 

plasticity relative to the others that I measured. 

In contrast to other studies (e.g. Gittleman et al., 1996; Blomberg et al., 2003), I 

did not find a particular trend of stronger phylogenetic signal in morphological or 

physiological traits relative to behavioural traits, among the selection that I 

examined. The general trend of conservatism I observed could arise in each case 

from any combination of a wide range of stabilizing effects such as high gene 

flow, pleiotropy, low genetic variation and biotic interactions such as competition 

(Edwards & Naeem, 1993; Blomberg & Garland, 2002; De Mazancourt et al., 

2008; Pearman et al., 2008; Revell et al., 2008; Kamilar & Cooper, 2013) so I can 

not speculate as to the specific causes. The metric of signal that I employed, D, 

has been shown to perform well by simulation with data sets having over 50 

species, but can be variable on those with less than 25 (Fritz & Purvis, 2010) , of 

which I have two – for ARTs and protandry. As such, the results for those traits 

should be taken in light of this. 

3.5.3 Phylogenetic comparisons between traits 

Comparative analyses did not indicate evidence for strong evolutionary 

relationships between the reproductive traits I examined. The exception to this 

was for the association between the traits of mate guarding and weaponry, but that 

case may be unreliable due to poor effective sample size. This is most likely due 

to insufficient character state transitions in the data sets, combined with small 

trees in the cases where they were reduced to below 20 branch tips. In addition, 

lack of statistical power is a drawback of using binary traits, due to their low 

information content (Ives & Garland, 2014), which may also have reduced the 
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power of the analyses too much to allow good estimates to be made. The highest 

effective sample size achieved was in the test for a relationship between presence 

of male-male combat and alternative reproductive tactics, for which the MCMC 

model still did not suggest evidence of a phylogenetic association. In the literature 

search data, the most common ART by far was satellite male behaviour, whereby 

some take up a silent, eavesdropping role and attempt to intercept females as they 

move towards a caller (e.g. Bailey & Field, 2000). Thus, if it is a factor other than 

fighting inferiority that causes males to take up this role rather than using their 

own acoustic advertisement, then it would explain the lack of correlation between 

presence or absence of fighting behaviour and ARTs. Most examples of these 

traits were from the Gryllidae, in which fighting is commonplace but ARTs are 

facultative and condition dependant (Bertram et al., 2006; Bailey et al., 2010; 

Buzatto et al., 2013a). Thus the results suggest that ARTs in this group do not 

represent a response to strong combative competition, but to another ecological 

factor or factors, such as risk of attack from acoustically orientating parasitoids for 

example (Cade, 1981b; Zuk et al., 1995). 

It was surprising to find no strong relationship between a reduction in female-

biased SSD and male combat, since the latter is thought to strongly favour large 

males (e.g. Briffa, 2008; Kasumovic et al., 2009; Reaney et al., 2011; Reichert & 

Gerhardt, 2011) and a phylogenetic relationship has been found between combat 

and increased male size in other groups (e.g. Zheng et al., 2008). However, many 

other taxa still have female-biased SSD despite sexual selection for large male 

body size (Fairbairn & Preziosi, 1994; Fairbairn, 1997; Blanckenhorn, 2000; 

Kraushaar & Blanckenhorn, 2002) so it is quite probable than many Orthoptera 

are similar. Because my proxy measure of male size was based on their difference 

from females of the same species (i.e. a reduction in female-biased SSD), it may 

be that an effect of combat on driving male size was simply swamped by even 

greater selection on females to be large. Thus, a clearer result may be gained by 

examining absolute differences in male size between species with and without 

combat, and I encourage future investigators to take that approach. 

Male size is also interrelated with developmental time and protandry, and 

although several studies have suggested or described a trade-off between combat 

and early-male maturation in arthropods (e.g. Maklakov et al., 2004; Kasumovic 
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et al., 2009; Kelly & Adams, 2010), I did not find a relationship between the two 

traits. In some cases (e.g. Wang et al., 1990; Hoefler & Jakob, 2006; Kasumovic 

et al., 2009), protandrous males acquire an advantage in combat through fighting 

experience or resource ownership. If these factors are common among Orthoptera, 

they may blur any effect of a size advantage for late-maturing males.  

The low sample sizes in the comparative data set were largely due to the 

requirement of finding overlapping trait data across the literature, which was not 

common despite the wealth of reproductive ecological information and research 

available for the Orthoptera. In gathering the data, I found general natural history 

descriptions to be particularly useful, as they produced multiple sets of character 

states for the same species and increased the chances of trait data overlapping 

between characters. I was similarly grateful for general ecology or behaviour 

descriptions given for model species in targeted experimental research, as this 

proved very informative for this dataset even when the trait in question was not 

the focus of the study. The limitation of needing overlapping trait data was not as 

important to the estimates of phylogenetic signal and ancestral character state 

however, as they assess the traits singly rather than in pairs. Thus I was able to use 

these to examine trait evolution and estimate components of a hypothetical 

ancestral mating system. Despite the abundance of information regarding 

Orthopteran reproductive ecology resulting from the past decades of intensive 

research, many questions remain regarding their evolution at the broad taxonomic 

scale. This work represents a step toward characterizing how some traits have 

descended through the Orthoptera, and suggests hypotheses for further 

examination. 
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4. Sexually Dimorphic Antennal 

Structures of New Zealand Cave Wētā 

4.1 ABSTRACT 

Insect antennae carry diverse sensory organs for detecting information about their 

environments and facilitating interaction among individuals, particularly for 

reproductive behaviour. As such they are predicted to be sexually dimorphic, 

especially in species which do not use visual or auditory mate-location. The cave 

wētā are such animals, suggesting that they rely heavily on chemical and tactile 

information to interact. Sensilla morphology and sexual dimorphism were 

investigated in two species; Pachyrhamma acanthocera and P. waitomoensis, using 

scanning electron microscopy. Fourteen subtypes of sensilla basiconica, 

campaniformia, chaetica, coeloconica, trichodea and Böhm’s sensilla were identified. 

Among these, sexual dimorphism in the length of seven subtypes was detected, and 

surprisingly, P. waitomoensis males completely lacked all but two of the porous 

sensilla types. In addition, three types of unique horn-like and hooked antennal 

protrusions in male P. acanthocera are described, along with similar, but less diverse 

structures on the antennae of male P. waitomoensis. 

 

4.2 INTRODUCTION 

Insect antennae are arguably their most important sensory organs and perceive a large 

amount of the exogenous information that they receive from their environment 

(Dethier, 1947). The diversity of environments inhabited by insects, as well as their 

unique species-specific behavioural adaptations has led to great diversity in antennal 

forms and micro-structural morphology (Hansson & Stensmyr, 2011). The antennae 

are also critical to the animal’s interactions with one another, and play a key role in 

all their behaviour which is directed towards or responsive to other individuals 

(Mohanty et al., 2008). This makes them vital to reproduction and therefore fertile 
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ground for the discovery and study of sexually dimorphic traits (Hansson & 

Stensmyr, 2011). 

The antennae serve to carry the actual cue detectors - sensilla - which generally 

consist of sensory neurons and auxiliary cells which are housed within cuticular 

structures of diverse morphology (Altner & Prillinger, 1980; Mohanty et al., 2008). 

The shape and surface characteristics, and in particular the porosity, of these 

structures are diagnostic of their sensory functions (Altner et al., 1977; Altner et al., 

1981; Steinbrecht, 1997; Schneider & Römer, 2016), which include detection of 

airborne and substrate volatiles, mechanical pressure, heat, cold, humidity, gravity 

and vibration (Callahan, 1975; Altner & Loftus, 1985; Horn & Föller, 1985; Pelletier 

& Mcleod, 1994; Hallem et al., 2006; Sane et al., 2007). However, only a fraction of 

insects have had their sensory adaptations examined, and much remains to be learned 

regarding the function and evolution of their peripheral sensory systems (Hansson & 

Stensmyr, 2011).  

The Rhaphidophoridae (cave crickets, cave wētā, or camel crickets) are a diverse, 

globally distributed family that inhabit a wide range of habitats. The family is notable 

for having many cave-dwelling groups, with troglomorphic adaptations to suit the 

unique subterranean environment (Richards, 1955; Hubbell & Norton, 1978; Lavoie 

et al., 2007). In particular, they have extremely long, filiform antennae used for 

navigating their lightless habitats (Richards, 1955; Desutter-Grandcolas, 1993; Di 

Russo et al., 2007; Lavoie et al., 2007; Vandel, 2013; Hu et al., 2014). However, to 

my knowledge very little investigation of their antennal microsensory structures has 

been carried out (Nishikawa et al., 1985).  

Pachyrhamma waitomoensis and P. acanthocera are large species native to the North 

Island of New Zealand. The former inhabit limestone karst caves in the Waitomo 

district (38.2615° S, 175.1145° E), usually dwelling within several meters of cave 

entrances during daylight hours (Probert, 2013). Pachyrhamma acanthocera inhabit 

the less cavernous landscape around Auckland (36.8504° S, 174.5425° E), where they 

take refuge in natural cavities. Both species are sexually dimorphic, with females 

being larger and stockier, and males having extremely elongated hind-legs. 
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Pachyrhamma acanthocera are also reported to be sexually dimorphic in antennal 

morphology, as males possess several hooked spines on both the dorsal and ventral 

sides of their antennae (Milligan, 1926). 

The eyes of many insects are enlarged in males as a result of selection on mate-

location ability (Beersma et al., 1977; Thornhill & Alcock, 1983; Lau et al., 2007), 

however, the current study species carry out their mate-searching in complete 

darkness underground, relying entirely on their chemosensory abilities and sense of 

touch (Richards, 1961). As such, I expect the pressure which has led to sexually 

dimorphic eyes in other species, to have been applied to their olfactory and tactile 

senses, and consequently to the architecture of their antennae. Thus I hypothesise that 

dimorphism will exist in the antennal and sensilla forms between sexes. I therefore 

checked for dimorphism in three areas – differences in presence and absence of 

sensilla types, presence and absence of non-sensilla antennal structures, and 

differences in the morphology of sensilla shared between the sexes. 

4.3 METHODS 

Specimens of P. waitomoensis and P. acanthocera were collected as adults from 

Awatiro, Waitomo and the Waitakere Ranges, Auckland (respectively) in 2015 and 

2016. Six of each species and sex (thus total specimens = 24) were collected and 

stored in 75% ethanol until preparation for microscopy. One antenna from each 

specimen was excised below the scape, cut into 15 mm sections and mounted on 25 

mm aluminium stubs with double-sided black carbon adhesive. 

Prior to scanning electron microscopy (SEM), the samples were double platinum 

sputter coated using a Quorum Q150RS for 120 s. For analysis of the antennal micro-

structures I used a FEI Quanta 200-F field emission environmental scanning electron 

microscope (ESEM; FEI, Oregon, USA) operated at an electron accelerating voltage 

of 10 kV in the presence of water vapour in the analysis chamber (average pressure 

0.68 Torr). Images were taken of the basal segments of the antennae (scape, pedicel 

and proximal flagellomere (meriston)), and every 20
th

 segment thereafter, until the 

terminal segment of the antennae. 
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I used the outer morphology, particularly the shape, socket features, cuticular features 

and porosity, to classify each distinct subtype of sensilla as either sensilla chaetica 

(hereafter s.ch.), basiconica (s.ba.), campaniformia (s.ca.), coeloconica (s.co.) 

trichodea (s.tr.) or Böhm’s sensilla. In doing so, I followed as closely as possible the 

typology of previous author’s descriptions of orthopteran sensilla, particularly the 

recent, thorough and detailed work of Faucheux (2017), Schneider and Römer (2016), 

and Goasmat and Faucheux (2011). 

All dimensions were measured from the SEM images using ImageJ (Schneider et al., 

2012). I measured the number of antennal protrusions and horns in six 

P. waitomoensis and six P. acanthocera males, and took the following measurements 

of sensillar structures: length, width at base, width at tip, socket width, angle of 

insertion to socket, width of expanded sensillar sections in the case of the s.ch.V and 

width of pit openings in the case of sensilla coeloconica. I report sensilla numbers and 

dimensions as arithmetic mean ± standard error (SE) unless stated otherwise. 

I measured as many of each sensilla subtype from each specimen (six of each species 

and sex, total 24) as possible, except for very numerous sensilla types (Böhm’s 

sensilla, s.ch.II, and s.ch.VI in the case of P. acanthocera males), of which I 

measured a maximum of ten sensilla from each specimen. To examine sexual 

dimorphism in sensilla length, I compared sensilla which had mean differences 

between the sexes of at least four µm (s.ba.II, s.ba.III, s.ch.I, s.ch.II, s.ch.III, s.ch.V, 

s.ch.VI, and s.tr.) using unpaired t-tests in R version 3.2.2 (R core team 2016). Data 

for all other sensilla dimensions are recorded in Appendix 4. 

4.4 RESULTS 

4.4.1 Antennal morphology 

Antennae of males and females of both species are filiform and long, being 

approximately 150 – 200 mm in length, and usually comprised of over 500 

flagellomeres. The antennae of male P. waitomoensis feature many large, sensilla-

free protrusions on their middle flagellomeres (Figure 1), and male P. acanthocera 

possess several long hooks or horn-like protrusions (Figure 2). The scape is a stout 

cone with scattered patches of sensilla. The pedicel is a stout cylinder, devoid of 
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sensilla on its proximal half, except for the presence of two large bulges 

approximately 300 µm wide and densely covered with Böhm’s sensilla.  

The antennal integument is covered by cuticular scales which become progressively 

more defined towards the apex, with smoother distal edges on proximal segments and 

more serrations distally (Figure 3, C), until the definition of the individual scales is 

lost and they are entirely replaced by microtrichia (Figure 3, D). The antennal 

integument of both sexes also features numerous pores 0.609 ± 0.015 µm (N = 104) in 

diameter which are similar in appearance to those described as glandular pores in 

other Orthoptera. These are themselves sunken below the cuticular surface in a pit 

2.551 ± 0.083 µm (N = 104) in diameter (Figure 3, A). In addition to these scattered 

glandular pores, the cuticle is densely covered over the entirety of the antenna with 

micropores 0.0852 ± 0.004 µm (N = 240) wide. Antennae of both species and both 

sexes feature large, irregular depressions in some sutures between segments. These 

typically fold inwards steeply on their proximal margin, where the cuticle is heavily 

folded and covered in small knobs and bumps, while having a more shallow-sloped, 

smooth distal margin (Figure 3, B). There are usually four to seven pores grouped 

together in a smooth field on the distal part of this depression, and occasionally one in 

the centre. 

Male P. waitomoensis feature 66 ± 8.9 (N = 6) large protrusions between segments 

~120 to ~250 (Figure 1), with one such structure per segment. Under light 

microscope, these are noticeably lighter in pigmentation than the surrounding 

antennal cuticle, being a pale beige to cream colour. Their surface is smooth and 

devoid of sensilla, but features glandular pores and micropores in similar distribution 

to the rest of the antenna. These pores were often surrounded by apparent secretions 

spreading over the cuticle (Figure 1, D). I often observed protrusions which had 

apparently collapsed, having a crumpled, deflated appearance, perhaps as a result of 

drying the antennae (Figure 1, C). 

Male P. acanthocera do not feature these swellings, but do have several horns of 

three subtypes, projecting from their antennae between segment ~24 and ~ 85 (Figure 

2). Like the protrusions observed on male P. waitomoensis, the surface of these horns 
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is smooth and without sensilla, featuring glandular pores and micropores in similar 

distribution to the rest of the antenna. 

Horn subtype I are formed from segments with extended distal margins that project 

far from the antennal surface into a long, sharp barb resembling a rosehip, which 

points distally and lies parallel to the antenna. There are typically two of these per 

flagellum, and they are the most proximal of the horn subtypes. Horn subtype II are 

larger, blunter, and project outwards perpendicularly from the antenna, before 

twisting through 90 degrees to point laterally. There are typically two of this type, and 

they appear distally of subtype I. Horn subtype III are small, conical, and come to a 

sharp point. There are typically two to four of this subtype, and they appear distally of 

subtype I, and either distally or proximally of subtype II. In each case, there is only 

one such horn-like structure on each segment.
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Figure 1. The morphology of antennal protrusions on male P. waitomoensis, showing 

its position on the antenna (A), the appearance of a typical specimen (B), a collapsed 

specimen indicating their hollow, thin-walled nature (C), and a glandular pore on the 

surface of a protrusion, showing multiple pore-openings in the base of a pit (D).
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Figure 2. The morphology of horn-like protrusions on the antennae of male 

P. acanthocera showing subtype I (A), II (B), and III (C). D shows a typical 

glandular pore in the integument of a type I horn, with putative secretion surrounding 

it.
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Figure 3. Surface features of antennae common to all sexes and species; glandular 

pores set in flat-floored pits, from which apparent secretions can often be seen 

spreading (A), large depressions or distortions of the integument between flagellar 

sutures (B), cuticular scales on the proximal segments (C), and the microtrichia which 

replace them distally, as on the terminal segments of this P. waitomoensis female (D). 

4.4.2 Descriptions of sensilla  

Böhm’s sensilla 

The Böhm’s sensilla emerge perpendicularly from circular sockets on a large bulge 

on the very base of the pedicel (Figure 4, A). The sensilla are evenly tapering cones 
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with shallow, irregular longitudinal ridges, emerging from a wide socket (Figure 4, 

B). The socket is characterised by a surrounding bulge of raised integument and a 

wide gap between the internal wall of the socket and the bristle, suggesting high 

mobility. I did not discover any pores on the Böhm’s sensilla. A mean of 60.043 ± 

1.83 (N = 24) sensilla were present on each sensilla-bearing bulge (of which there 

were two) on each pedicel. I did not observe Böhm’s sensilla on the scape, or 

anywhere else on the antennae. 

Sensilla basiconica I 

The first subtype of s.ba. is a very small peg emerging perpendicularly to the antennal 

cuticle from small, slightly raised circular sockets. They taper evenly to a blunt tip, 

and feature longitudinal ridges on all sides (Figure 5, A). I did not discover any pores 

on this subtype of sensillum. They were scattered in occurrence, and most common 

on female wētā of both species. They were rare on P. acanthocera males (I observed 

only eight, total) and I did not find any on P. waitomoensis males.  

Sensilla basiconica II 

S.ba. subtype II are relatively short, smooth-sided pegs arising from flat to slightly 

raised circular sockets (Figure 5, B). They taper evenly to a rounded, blunt tip, and 

are either straight or slightly curved to point distally. They feature a dense distribution 

of wall pores over their entire surface (Figure 5, E), but I did not discover a distinct 

terminal pore. They are numerous on the antennae of both species and sexes, and 

occur either alone or in small groups of two to five. In P. waitomoensis, the s.ba.II 

were significantly longer in males than females, and marginally insignificantly so in 

P. acanthocera (Table 1). 

Sensilla basiconica III 

Subtype III s.ba. are stout cones of moderate length that taper abruptly to a very fine 

tip (Figure 5, C). They vary greatly in the degree and direction of curvature, 

especially towards the tip, taking any form from completely straight to curved 

through 180 degrees to point back in towards the antennal surface. The walls are 

obliquely striated with distinct ridges that encircle the sensillum to meet at a 

longitudinal flattened strip on the proximal side. In the corners formed by the meeting 



 

91 

 

of these ridges and the strip, are numerous wall pores (Figure 5, D). I did not discover 

any terminal pores on the s.ba.III. These sensilla were common on antennae of both 

sexes of P. acanthocera, moderately common on P. waitomoensis females, but absent 

from P. waitomoensis males.  In P. acanthocera, the s.ba.III were significantly longer 

in males than females (Table 1). 

Sensilla campaniformia 

The s.ca. appear exclusively on the females of each species, in crease-like 

deformations of the integument along the distal edge of the pedicel, aligned with their 

long axis parallel with that of the antenna (Figure 4, C and D). 

 

Figure 4. Proprioceptive sensilla of the basal segments: one of the two sensilla-

bearing areas on the pedicel (A), and an individual Böhm’s sensilla (B). Sensilla 

campaniformia on the pedicel of a P. acanthocera female (C and D).
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Figure 5. Basiconic sensilla subtype I (A), II (B), III (C) and their surface 

topography. The longitudinal strip of s.ba.III is bordered by pores in the gaps between 

the strip and the transverse ridges that encircle the sensillum (D), whereas the entire 

surface of the s.ba.II is covered in wall pores (E)

Sensilla chaetica 

The sensilla chaetica are by far the most abundant and diverse, having six subtypes 

identified presently, and completely covering all but the most proximal five to ten 

flagellomeres. 
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Sensilla chaetica I 

The first subtype of s.ch. are very long, strongly curved, filiform sensilla with pores at 

their tip only. They emerge from the integument at right angles, and bend through 

approximately 90 degrees evenly over their length to point distally (Figure 6, A). 

Their surface is scored by the diagonal striae which are characteristic of most of the 

s.ch. subtypes, and they arise from a wide, flat socket . They ordinarily appear singly 

or in a widely-spaced transverse row around the distal margin of the flagellomeres. 

They were observed on all specimens with the exception of P. waitomoensis males. In 

P. acanthocera, they were slightly longer in females although not significantly so 

(Table 1). 

Sensilla chaetica Ib 

This subtype of s.ch. also bears a terminal pore. I differentiated them on account of 

their consistently shorter and more slender dimensions, lower angle of incidence, and 

less curvature (Figure 6, B). They also differ in often being a little re-curved at the 

tip, to point slightly away from the antenna. They ordinarily appear singly, and like 

the s.ch.I, were found on all specimens with the exception of P. waitomoensis males. 

Sensilla chaetica II 

The aporous s.ch.II are by far the most numerous sensilla on all the antennae, often 

numbering over 40 on a single flagellomere (Figure 7, A), and present on all 

specimens. They are long, straight, diagonally striated and taper evenly to a very fine, 

whip-like tip (Figure 7, C). They appear on the more proximal segments as transverse 

rows around the distal margin, and become more and more numerous and more even 

in coverage distally along the antenna. In P. acanthocera, they were statistically 

significantly longer in females, but in P. waitomoensis, longer in males (Table 1). 
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Sensilla chaetica III 

The aporous s.ch.III are moderate in length, blunt-tipped, somewhat curved, and 

striated by shallow ridges which are diagonal at their base, but steepen in angle to 

become almost transverse in the distal portions (Figure 7, B). They appear singly or in 

loosely longitudinal rows of three to five on all specimens, but were very rare on 

P. waitomoensis females (from which a total of four could be measured from all 

specimens). In P. acanthocera, they were statistically significantly longer in females 

(Table 1). 

Sensilla chaetica IV 

The fourth subtype of s.ch. are medium-length, straight, slender sensilla with strong 

diagonal ridges forming a herring-bone surface structure (Figure 6, C and D). They 

emerge at a shallow angle from the integument and lie almost parallel to the antennal 

surface, pointing distally with narrow, infolded tips. The slit-like terminal creases are 

highly variable in shape, and likely to represent terminal pores (Faucheux, pers. 

comm.). I did not find wall pores on s.ch.IV. Overall, this sensilla subtype was rare, 

and completely absent from the antennae of P. acanthocera males. They were also 

extremely rare on P. waitomoensis males, with only three able to be measured from 

those specimens. 

Sensilla chaetica V  

The aporous s.ch.V are diagonally striated and distinct in the fact that they widen in 

their distal third to a club-like swelling (Figure 7, C). They arise at a shallow angle 

and often curve slightly so that they point distally, with a blunt tip similar in structure 

to the s.ch.III. I did not discover pores on these sensilla. They appeared on males and 

females of P. acanthocera only, and were slightly longer in males. 
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Figure 6. Uniporous chaetica subtype I (A, terminal pore inset), Ib (B), and IV (C, 

putative terminal pore inset, and D – herringbone surface structure)
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Figure 7. Aporous sensilla chaetica; A – a distal flagellomere of a P. acanthocera 

female densely clothed in s.ch.II, B – s.ch.III, C – s.ch.V (centre) and the tips of 

s.ch.II(*) and III(**), D – s.ch VI
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Sensilla chaetica VI 

The last subtype of s.ch. are short, aporous, conical structures otherwise similar to the 

s.ch.II (Figure 7,  D). They appear in transverse rows around the distal margins of 

basal flagellomeres, pointing distally at a very low angle to the antennal surface. They 

are present on the antennae of all specimens except P. acanthocera females. In 

P. waitomoensis, they were marginally statistically significantly longer in males 

(Table 1). 

Sensilla coeloconica 

The s.co. have a typical peg-in pit arrangement, with scattered pores also visible 

around the central peg in the floor of the pit (Figure 8, A-C). The peg features 

longitudinal finger-like projections near the tip, which bears a small depression 

suggestive of a moulting channel (Altner et al., 1981; Altner & Loftus, 1985). The 

coeloconic pit is circular to oval in shape, and is bordered by slightly raised 

integument. They commonly appear in groups of one to four, often arranged 

longitudinally along the flagellomere. I found s.co. on all specimens. 

Sensilla trichodea 

Sensilla trichodea can be differentiated from basiconica on the basis of their greater 

length (Mohanty et al., 2008), and unlike sensilla chaetica are also commonly 

unstriated and sigmoid in shape. On these criteria I categorised long, sigmoid, un-

striated sensilla as trichodea. I observed one type, which was scattered haphazardly 

and sparsely around the antenna in all specimens, without any obvious pattern to their 

arrangement. Their surface is wrinkled and pock-marked, but absent of wall or 

terminal pores to my knowledge (Figure 8, D). They arise at a shallow angle to the 

antennae and are somewhat curved, bringing them very close to the antennal surface. 

In P. acanthocera, they were statistically significantly longer in females (Table 1).
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Figure 8. Coeloconic sensilla on a distal flagellomere (A), coeloconic pit (B), finger-

like projections on coeloconic peg (C) and trichoid sensillum (D, centre). 
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Table 1. Sexual dimorphism in sensilla length. Lengths are arithmetic mean in 

microns ± standard error (SE), while N = the total number of sensilla able to be 

measured across all six specimens. Significant differences in bold. 
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4.5 DISCUSSION 

I characterised the sensory architecture of two species of Rhaphidophoridae, 

providing the first micro-scale description of New Zealand cave wētā antennal 

sensilla morphology. I discovered sexual dimorphism in three aspects of both 

species: differences in the types of sensilla present in either sex, differences in the 

morphology of sensilla shared by the sexes, and the presence of special antennal 

structures unique to the males. 

4.5.1 Sexual dimorphism in sensilla  

The clearest trend in sensilla dimorphism was the absence of several subtypes 

(s.ba.I, s.ba.III, s.ca., s.ch.I, s.ch.Ib, and s.ch.V) on the antennae of male 

P. waitomoensis, suggesting large sex-specific differences in the sensory abilities 

of males and females in that species. Importantly, male P. waitomoensis did not 

have any of the porous sensilla classes except s.ba.II, indicating that they may lack 

a great deal of chemosensory ability relative to females, because sensilla with wall 

pores are considered to function in detecting airborne volatiles (Altner et al., 1977; 

Altner & Prillinger, 1980). In particular, the absence of all the sensilla with 

terminal pores suggests that they do not rely on contact chemoreception much, if 

at all. 

Sensilla found disproportionately on male antennae are usually attributed a role in 

sex-pheromone detection (Schafer & Sanchez, 1976; Jourdan et al., 1995), but in 

the case of these two species, there was no such sensillar class, suggesting that 

female sex-pheromones are not important in their mating systems. For 

P. waitomoensis, the combined observations of possibly secretory structures on 

males (protrusions) and putative chemosensory sensilla found only on females 

(s.ba.I and III, s.ch.I and Ib), suggest that instead, chemical signalling by males to 

females may occur in that species. Why certain mechanosensors such as the 

s.ch.VI should be absent from one sex, as in female P. acanthocera, is less clear, 

and it could be that they play a role in behaviour specific to males, such as 

fighting (Chapter 6). The absence of proprioceptive s.ca. from males of both 

species is similarly mysterious – why should a sensor of such basic information as 
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antennal movement only occur on one sex? Such questions now await 

neuroethological investigation. 

As well as presence/absence dimorphism in sensilla, I detected length-dimorphism 

between the sexes for several sensilla classes. Firstly, the s.ba.II of male 

P. waitomoensis were longer than those of females. Importantly, they were the 

only s.ba. present on the antennae of males of that species. Thus it is likely that 

this subtype of sensilla has a role in detecting pheromones in male 

P. waitomoensis. The s.ba.III were similarly sexually length-dimorphic in 

P. acanthocera, also being longer in males of that species. Like s.ba.II, their 

porosity and sexual dimorphism suggest that this sensilla subtype may have a role 

in detecting airborne volatiles. I also found length-dimorphism between the sexes 

in s.ch.II, and interestingly, I found them to be longer on the antennae of females 

than males in P. acanthocera while in P. waitomoensis the opposite was true. This 

suggests that these sensilla may have some importance to reproductive ecology 

which differs between the species, although their external morphology does not 

provide any hints as to what this might be (see below). This situation was the 

same for s.ch.III and s.tr., which were also longer in females of P. acanthocera, 

and s.ch.VI, which were longer in male P. waitomoensis. 

4.5.2 Sensilla morphology and putative sensory functions 

Böhm’s sensilla 

These sensilla are considered to provide feedback about antennal position and 

movement (Moran et al., 1971; Keil, 1999), and I did not find any peculiar 

characteristics in those of my study species to suggest that they do otherwise. 

Faucheux and Goasmat (2011) described a scant field of Böhm’s sensilla on the 

scape of Phaneroptera nana (Tettigoniidae), with an absence of the usual 

proprioceptive fields found in most insects. They suggest that this is because of 

the great length and flexibility of the antennae in that species, meaning that 

mobility is facilitated by combined movement of the pedicel and flexion of the 

antenna. However, it is not known whether this arrangement is common to other 

Ensifera. The present example agrees with their hypothesis, as I did not discover 

any fields of Böhm’s sensilla on the scape of either species, which both carry 

extremely long and flexible antennae. 
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Sensilla basiconica 

I found that s.ba.I were completely absent from P. waitomoensis males, hinting at 

a sex-specific role in that species. However, since I did not identify pores on these 

sensilla, it is difficult to surmise their function and discuss any possible reasons 

for this sexual difference. In contrast, s.ba.II and s.ba.III had numerous wall pores, 

which suggests that these sensilla are specialised for detecting airborne chemicals 

(Altner et al., 1977; Steinbrecht, 1997). Similar sensilla basiconica have been 

described in a number of Orthoptera and insects of other orders (Anton & 

Hansson, 1996; Di Giulio et al., 2012).  

 

Sensilla campaniformia 

The form of the the s.ca. described here is similar to that of other Orthoptera 

(Blaney & Chapman, 1969; Faucheux & Goasmat, 2011). This shape is likely 

specific to detecting flexion in the cuticle, i.e. they are proprioceptive and can 

therefore detect the force being applied to the basal segments by the rest of the 

flagellum (Faucheux & Goasmat, 2011). However, they are much fewer in 

number and less regular in arrangement here than is the case in other Orthoptera 

(Faucheux & Goasmat, 2011), Blattodea (Toh, 1981) and Mantodea (Faucheux, 

2006).This suggests relatively low feedback control of the flagellum on the 

pedicel (Faucheux & Goasmat, 2011), in agreement with my observations 

regarding Böhm’s sensilla. Thus I conclude that Pachyrhamma sp. achieve 

mobility in their antennae largely by flexion of the flagellum rather than hinging it 

on the basal segments. Interestingly, I only observed sensilla campaniformia on 

females, in both species. It is surprising that males should lack these 

proprioceptive sensilla, as I would expect them to require similar information 

about their antennal movements to females. 

 

Sensilla chaetica I 

I observed these long, uni-porous sensilla on all specimens except male 

P. waitomoensis. Schneider and Römer (2016) interpret the strong curvature of 

sensilla chaetica type 1 on their katydid specimens as likely being an artefact 

caused by their drying procedure. However, I did not use such a protocol, and 

observed very similar morphology of the sensillum, suggesting that this may not 

be the case. A contact-chemoreceptive function is likely for this subtype of 
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sensilla, given the presence of the terminal pore (Altner et al., 1977; Merivee et 

al., 2004; Merivee et al., 2008; Milius et al., 2011). Similar sensilla among other 

insect orders have been found to have dual mechano- and chemo-sensory ability 

(Myers, 1968; Slifer, 1974; Steinbrecht & Müller, 1976; Daly & Ryan, 1979; 

McIver & Siemicki, 1985; Jourdan et al., 1995; Tooming et al., 2012), so I expect 

that the s.ch.I are the same in that respect, especially considering the mobile 

appearance of their attachment to the flagellomere via a large socket. The role of 

contact chemoreception in Pachyrhamma mate recognition has not been studied, 

but many crickets and mole crickets use cuticular hydrocarbons in close range 

intraspecific recognition (Otte & Cade, 1976; Rence & Loher, 1977; Hardy & 

Shaw, 1983; Tregenza & Wedell, 1997; Kostromytska et al., 2015) and in the 

cricket Teleogryllus oceanicus the most important stimulus for female’s 

copulatory mounting response is from contact chemoreception (Balakrishnan & 

Pollack, 1997). Thus it is likely that these sensilla are important in a similar 

respect for the present species. As our study species lack hearing organs and carry 

out their mating behaviour in complete darkness, I expect that this sense is of 

special importance to their mating system. 

  

Sensilla chaetica Ib 

Like s.ch.I, I did not find sexual dimorphism in the length of these sensilla, and 

they were absent from P. waitomoensis males. The lack of both of these sensilla 

with terminal pores suggests that contact chemoreception is not an important 

source of information for males of that species. 

 

Sensilla chaetica II 

The second class of sensilla chaetica are similar to the sharp-tipped hairs 

described on the antennal flagellum of the katydid Neoconocephalus ensiger by 

Slifer (1974) and the “S.ch. type 2” of Schneider and Römer (2016), also on 

katydids (Tettigoniidae: Mecopoda sp.). Similarly to both of those, the s.ch.II 

described here are the most abundant sensilla, and have a longitudinally grooved 

surface and very fine tip often bent away from the antennal surface. The lack of 

s.ch.II on the most proximal segments is also similar to that found in Mecopoda 

sp. Slifer (1974) was unable to find innervations in this type of sensilla, so if they 
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do represent equivalent structures, they most likely provide a simple protective or 

mechanosensory function. 

 

Sensilla chaetica III 

S.ch.III were present on both sexes of both species, and length-dimorphic in 

P. acanthocera, with those of females being longer than those of males. This 

again shows contrast between the two species, because these sensilla were very 

rare on the antennae of P. waitomoensis females, at odds with the greater number 

they showed in female P. acanthocera. However, I did not find any features on 

this subtype of sensilla which could suggest their exact function. 

 

Sensilla chaetica IV 

These sensilla were absent from the antennae of male P. acanthocera and very 

rare on those of male P. waitomoensis, suggesting a particular importance to the 

ecology of females of both species. The in-folded, slot-like terminal shape of this 

sensilla subtype suggests that they are uniporous, indicating a contact gustative 

function. This sensillum seems equivalent to those described by Nishikawa et al. 

(1985) as “chaetic sensillum” on T. asynamorus (Rhaphidophoridae). Those 

authors did not examine them for pores however, so I cannot compare them in that 

regard. This form of chaetic sensilla is quite unique and is probably characteristic 

of the Rhaphidophoridae (Faucheux, pers. comm.). 

 

Sensilla chaetica V 

The aporous, club-like s.ch.V were found on the antennae of male and female 

P. acanthocera only. They were not sexually dimorphic in length but appeared 

more commonly on the antennae of females. Their aporous condition suggests a 

mechanosensory function, but I am not aware of any similar sensilla from other 

insects. 

 

Sensilla chaetica VI 

The last subtype of sensilla chaetica was found on all specimens except for female 

P. acanthocera. They closely resemble the relatively short, fine-tipped chaetica 

found on other Orthopteran species such as Eugaster powysi (Faucheux, 2017). I 

did not discover any wall pores on them, therefore they are most likely 
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mechanosensory. 

 

Sensilla coeloconica 

I found s.co. on both sexes of both species. Morphologically similar, grooved 

sensilla are common among orthopterans (Altner et al., 1981; Bland, 1982; Bland, 

1991; Li et al., 2007; Goasmat & Faucheux, 2011) and house olfactory sensor 

neurons sensitive to amines and fatty acids (Boeckh et al., 1965; Chapman, 1982; 

Bland, 1989). They are tuned to a large variety of plant volatiles, and thus 

probably play an important role in food localization (Altner & Prillinger, 1980; 

Hansson & Stensmyr, 2011). 

A role in foraging is also consistent with my observation that these sensilla were 

present on all specimens. In addition, among insects generally these have been 

shown to also contain both hygro- and thermo-receptors (Altner et al., 1977; 

Tichy, 1979; Altner et al., 1981; Merivee et al., 2003; Nurme et al., 2015; 

Schneider & Römer, 2016), including in another rhaphidophorid (T. asynamorus), 

in which case the cold-receptive range of the sensillum was noted to correspond 

with the animal’s thermotaxic behaviour (Nishikawa et al., 1985). The s.co. of 

Pachyrhamma sp. is very similar in appearance to that described by Nishikawa et 

al. (1985), so it is likely to perform a similar moisture and cold receptive function. 

Unlike other species, e.g. Discotettix belzebuth (Tetrigidae) in which the sensilla 

coeloconica are arranged in a spatially organised manner (Kuřavová et al., 2017), 

those of Pachyrhamma sp. observed presently were scattered without any 

apparent pattern, appearing equally commonly in groups or singly. The low 

numbers of s.co. relative to other sensilla in our study species is in agreement with 

the observation of Altner and Loftus (1985) that this is the case in most insects. 

 

Sensilla trichodea 

I found one type of s.tr. on both sexes of both species. Trichodea with wall pores 

are considered to primarily detect pheromones (Mohanty et al., 2008), while 

uniporous trichodea have generally been ascribed a contact-chemosensory 

function, and frequently a secondary mechanosense (Bland & Rentz, 1994). In 

Mecopoda sp., Schneider and Römer (2016) were able to identify multiple pores 

on the walls of s.tr. by staining, and thus ascribe to them an olfactory modality. I 

was not able to identify such pores and can thus only speculate that s.tr. of 
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Pachyrhamma sp. might have a similar function. Others (Merivee et al., 2002; Di 

Giulio et al., 2012) have identified similarly pore-less trichodea in Coleoptera, and 

hypothesise a mechanosensory function for them. In particular, the Pachyrhamma 

trichodea are similar in appearance to those of the beetle Paussus favieri (Di 

Giulio et al., 2012), so it is possible that they also perform a mechanosensory 

function. Due to the diversity of functions ascribed to s.tr., and the fact that I 

could not identify pores or other diagnostic characteristics, I cannot make a firm 

conclusion about the role of s.tr. on Pachyrhamma sp. 

 

4.5.3 Sexually dimorphic antennal structures – cuticular protrusions and horns 

Typically, the sexually dimorphic structures of insect antennae have the purpose 

of increasing surface area for sensory perception in males (Schneider, 1964; 

Koontz & Schneider, 1987; Dumas et al., 2010; Mark et al., 2017). However, the 

unique protrusions and horns of Pachyrhamma sp. were devoid of sensilla, 

suggesting that they are not enlarged to increase sensory perception in these 

species. Sensilla-free fields were observed by Schneider and Römer (2016) on the 

antennae of katydids (Orthoptera: Tettigoniidae), but only two to three times per 

antenna, in contrast to the large numbers of protrusions and horns of these wētā. 

However, those fields did exhibit small pores (< 60 nm diameter), similarly to the 

protrusions and horns described presently. Thus it is possible that the structures 

described here are analogous to the sensilla-free fields of other species, but with 

further distension outward from the antennal surface. 

An alternative is that these structures aid in producing or distributing 

semiochemicals or pheromones, similarly to Myrmecophilous beetles that have 

structural modifications of the antennae for increasing the surface area over which 

to spread secretions (Di Giulio et al., 2012). They also resemble the glandular 

terminal vesicles observed on mantis antennae by Faucheux (2009), and therein 

ascribed a possible secretory function for identification of the sexes. In addition, 

apparent secretions were visible near to pores on both structures. Such a secretory 

function has been demonstrated in the Rhaphidophoridae by Haley and Gray 

(2013), who showed that chemical mate attraction is facilitated by male abdominal 

tubercles in Pristoceuthophilus marmoratus. I therefore suggest that the antennal 

protrusions observed here may play a similar role, in place of the abdominal 

tubercles which P. waitomoensis lack (Richards, 1961). 
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4.5.4 Comparison between species 

P. waitomoensis were clearly dimorphic in the presence of porous sensilla 

between the sexes, while P. acanthocera were not. Interestingly, regarding the 

sensilla that were dimorphic in length (table 1), the two species generally showed 

opposite patterns, with males of P. waitomoensis having longer sensilla than 

females in all cases, while in P. acanthocera females had longer sensilla than 

males in all cases except s.ba.III. This suggests that the species may differ in the 

relative importance of tactile information between the sexes. In addition, the 

morphology of the male-specific antennal horns and protrusions were very 

different between the species, with those of P. acanthocera being much fewer but 

larger and more elaborate in shape. 

Unfortunately, current knowledge of the behaviour and ecology of these species is 

not adequate to surmise concrete reasons for these differences, but their habitat is 

different in a key aspect which may go some way toward explaining them -  

P. waitomoensis inhabit a limestone karst landscape with abundant natural caves 

which they use as daily refugia. As such they spend a large portion of their time 

on a smooth stone surface with still air, a stable climate and effectively unlimited 

space upon which to aggregate. In contrast, P. acanthocera do not have this 

resource and must take refuge in whatever crevices are available in the structurally 

complex forest floor and understory, such as among roots or inside rotting logs. 

That greater complexity in their surroundings may necessitate greater diversity of 

chemosensory sensilla in order to effectively navigate or resolve among 

biologically relevant stimuli. Why female P. waitomoensis have a similar 

repertoire of olfactory and gustatory sensilla to P. acanthocera males and females 

remains a mystery however. The answer may lie in their requirement to find and 

assess suitable oviposition sites, while males are less restricted. 

4.5.5 Concluding remarks 

Examining un-conventional study organisms with distinctive ecology and 

behaviour is important for uncovering unique neuroethological adaptations (Pipan 

et al., 2010; Hansson & Stensmyr, 2011). I have described the antennal and 

sensillar morphology of New Zealand Rhaphidophoridae for the first time, adding 

valuable data to the scant information available for the family and revealed several 
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interesting structures new to science. The discovery of sexual dimorphism in 

various aspects of the antennal sensory structures, as well as differences between 

species, suggests undiscovered aspects of their natural history and reproductive 

ecology that deserve further investigation. 
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5. Exaggerated Male Legs Increase 

Mating Success by Reducing Disturbance 

to Females in Pachyrhamma waitomoensis 

5.1 ABSTRACT 

Mate guarding is a widespread behaviour resulting from sperm competition and 

conflict over optimal remating rates. It is a key way in which males exhibit 

differential mating investment, and represents a complex interplay between 

mating effort, intrasexual competition, opportunity costs and sexual conflict. 

Nevertheless, and although there are many examples of exaggerated male 

structures used to fight rivals, few animals have developed specialised male 

morphological adaptations for directly sheltering females from disturbance by 

non-rivals. Here I report on the use of sexually dimorphic, elongated male hind-

legs, which are used to guard females in the New Zealand cave wētā 

Pachyrhamma waitomoensis (Orthoptera: Rhaphidophoridae). I found that male 

hind-legs alongside the female failed to deter rivals from accessing her or 

disrupting copulation. However, they did reduce the disturbance to females from 

other, non-rival animals such as juveniles and heterospecifics (nuisances). Males 

with longer hind legs were more effective in reducing disturbance, and remained 

with females for longer. Longer guarding periods also led to higher numbers of 

matings between pairs. Models of males with artificially altered hind-leg 

dimensions also showed a benefit to greater leg-length, and artificially altering the 

disturbance rate to females also had a significant effect on pair duration. These 

results indicate that nuisance disturbance to females may play an important role in 

driving sexual selection on male leg length and its exaggeration in this species. 

5.2 INTRODUCTION 

Male animals from diverse taxa display exaggerated morphological adaptations 

driven by sexual selection (Darwin, 1871; Andersson & Iwasa, 1996). Because 

such exaggerated structures occur despite being costly to develop and carry 

(Emlen, 2001; Allen & Levinton, 2007; Tiatragul & Pruett, 2017), the selective 
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advantage of possessing such traits must be great. Many of these structures serve 

as weaponry for fighting sexual rivals (e.g. Rasmussen, 1994; Emlen, 1997), and 

others serve as ornaments for attracting or courting mates (Emlen, 2008). Some 

exaggerated weapons, such as the enlarged forelegs of harlequin beetles 

(Acrocinus longimanus) also flank females during mating and mate-guarding (Zeh 

& Zeh, 1992). However, the relationship between the size of exaggerated male 

traits and their effectiveness in physically shielding females from disturbance is 

largely unexplored. 

Mate guarding behaviour has evolved in response to male competition in diverse 

groups (Poole, 1989b; Dunn, 1998; Jormalainen, 1998; Alonzo & Warner, 2000). 

It is also prevalent among insects (Alcock, 1994) and well studied in the 

Orthoptera, with males being shown to defend females from other suitors (Umbers 

et al., 2012), or predators (Rodríguez-Muñoz et al., 2011), or to defend their own 

nuptial gifts from removal by the female (Alexander, 1961), or scavengers (le 

Feuvre, 1939). 

These different functions of mate guarding are explained by three hypotheses: 

firstly that guarding improves ejaculate retention time by females (the ejaculate 

protection hypothesis, Alexander, 1961; Loher & Rence, 1978), secondly, that 

guarding allows males to retain the female while he produces a new 

spermatophore to transfer to her (the spermatophore renewal hypothesis, Khalifa, 

1950; Loher & Rence, 1978), and thirdly that guarding prevents access by 

competing males (the rival exclusion hypothesis, Sakaluk, 1991). Each of these 

hypotheses are supported by studies of animals which conform to their predictions 

(e.g. Hockham & Vahed, 1997; Vincent & Lailvaux, 2008; Parker & Vahed, 

2010). 

I explored the potential use and benefits of exaggerated structures in mate 

guarding in the remarkable New Zealand cave wētā Pachyrhamma waitomoensis 

(Orthoptera: Rhaphidophoridae) which possess highly sexually dimorphic hind 

legs. One of the unique aspects of P. waitomoensis’ ecology, which directed my 

questioning, was the observation that females appear to be frequently disturbed by 

juvenile wētā and heterospecifics moving through their dense and somewhat 

chaotic cave community. 
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My specific key questions were: 1) does prolonged mate guarding result in higher 

mating success for males? 2) Does disturbance of females by either (a) rival 

males, or (b) juveniles or heterospecifics, affect the duration of mate-guarding? 

And 3) does the length of the guarding male’s hind-legs reduce the rate of 

disturbance to females? 

5.3 METHODS 

5.3.1 Study system 

Pachyrhamma waitomoensis are nocturnal scavengers which retreat during 

daylight into dense aggregations within limestone karst caves. One of their most 

striking features are their extremely long hind legs and filiform antennae, 

summing to a total length from hind-tarsus to antenna-tip of over 350 mm in 

males, despite having relatively ordinary (for wētā) body lengths of 30-35 mm. 

These features are also sexually dimorphic, with male hind leg lengths averaging 

120 ± 1 mm (N = 118), and female’s averaging 77.6 ± 0.7 mm (N = 48). 

Males remain positioned with females for several hours at a time, despite only 

taking approximately one minute to complete copulation. During this extended 

association, males repeatedly mate with the same female. While paired, the male 

wētā keeps his hind legs along both sides of the female, so as to completely flank 

her (Figure 1). 
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Figure 1. Male (left) and female (right) P. waitomoensis, in a position typical of 

mating pairs between copulations. 

 

Juveniles consistently make up the bulk of the wētā aggregations (which can 

include over 100 individuals), and other species (mostly the small cave wētā 

Pallidoplectron turneri) also contribute a significant but variable portion to this 

community. All animals except adult male P. waitomoensis (i.e. non-rivals in 

mate competition) are hereafter referred to as nuisance organisms or nuisances, as 

their interactions with adult P. waitomoensis are restricted to cases of physical 

disturbance. The bustle of nuisances within aggregations culminates in a large 

number of potential interactions with P. waitomoensis pairs (Figure 2). 
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Figure 2. Illustration of nuisance organism movement (dotted blue lines) around 

females guarded by males (left panel) and unguarded females (right panel). Data 

displayed here were gathered from 600 min. of video, see methods below. 

 

5.3.2 Field observations 

I collected behavioural data from caves located at Stubbs' Farm, Awatiro, 

Waitomo, in the North Island of New Zealand (38.260592S, 175.027031E). To 

examine natural mating behaviour, I set up Bushnell
®
 HD trail cameras to record 

wētā aggregations using their built-in field-scan function and infra-red 

illumination. I placed 3-5 cameras (enough to cover the full area occupied by the 

wētā) at each aggregation and set them to record video for 24 hr periods. I 

positioned cameras on the cave floor or on tripods, pointing vertically to film the 

overhanging rock surfaces at a distance of ~1.5 metres. 

From video I recorded the following: duration of association between pairs, 

frequency of copulations, and frequency of disturbance to guarded and unguarded 

females. I defined disturbances for this purpose as a collision between a stationary 

female’s body (not including her antennae) and another organism of great enough 

impact to cause her to move at least one leg. To illustrate the difference between 

disturbance of guarded and unguarded females (Figure 2), Ie traced the paths of 

nuisances over video footage using Microsoft
®
 PowerPoint

®
. The paths of all 
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nuisances from 600 minutes of footage each of guarded and unguarded females 

were compiled into the two images. 

I regressed number of copulations against duration of association between pairs 

using a standard linear model in R (R core team 2016). I tested for differences in 

disturbance rate to guarded (N = 61) and unguarded females (N = 96), and females 

guarded by males naturally missing one hind leg (N = 11) using one-way ANOVA 

and Tukey post hoc tests in R. 

5.3.3 Effect of nuisance disturbance to pairs 

I located naturally occurring pairs in caves during the day, and alternately 

assigned them to disturbance regimes of either one disturbance per 5 minutes (N = 

46) one disturbance per 10 minutes (N = 57), or no disturbance (control N = 77). I 

carefully cleared away nearby organisms from each control pair’s immediate 

surroundings, such that none would interact with the pair for the observational 

period. I exposed treatment pairs to a regular disturbance rate by selecting the 

nearest juvenile P. waitomoensis and stimulating it to move by touching a hind leg 

with a piece of fine monofilament fishing line. I directed the juvenile wētā 

towards the pair from whichever direction it was initially positioned, and 

continually caused it to move until it disturbed the focal female. I observed all 

pairs for 60 minutes or until the pair separated. I compared differences in the 

duration of association of pairs in each group using one-way ANOVA and post 

hoc Tukey tests in R. 

5.3.4 Effect of leg-length on guarding 

To assess whether male hind legs were effective in reducing disturbance rates 

under natural conditions, I sought out pre-existing pairs of mating wētā (N = 22) 

on cave walls. I caused a juvenile P. waitomoensis from nearby to move by 

touching its hind-leg with a piece of monofilament, until it came into contact with 

either member of the pair. I repeated this once per three minutes with new 

nuisances until the pair separated by ≥ 3 cm, at which point the male was caught 

and his hind legs were measured. I counted the number of disturbances (defined as 

per above) caused to the female by the nuisances during this period. I then divided 

the number of these artificially induced nuisances by the number which actually 
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disturbed the female, and regressed the result against the male guard’s hind-leg 

length for each pair using a linear model in R. 

5.3.5 Effect of leg-length on nuisance movement 

I killed four adult male P. waitomoensis (hereafter – “models”) by freezing, and 

pinned them to a foam tracking grid marked with 1 cm square cells. All models 

were of identical body length ± 2 mm, but differing hind-leg length. Two were 

from either end of the natural leg-length variation range ( one with 111 mm hind-

legs, hereafter “short-legged model”, and one with 135.5 mm legs, hereafter 

“long-legged model”) and two were artificially altered by cutting and adhering 

their hind legs to produce different lengths with the use of steel entomology pins, 

creating unnaturally short legged (71 mm hind-legs, hereafter – “extra-short-

legged model”) and long legged (175.5 mm hind-legs, hereafter “extra-long-

legged model”) specimens. Control ‘natural’ leg-length models also had their legs 

cut, pinned and glued. The models were pinned in their natural guarding posture 

to the centre of the foam tracking grid. I placed each grid and model into a 

rectangular plastic arena measuring 35 by 49 cm, and took these into caves in 

Waitomo. 

Subsequently, I caught 50 juvenile wētā to act as nuisance organisms. I placed 

these into a mesh cage and left them for 30 minutes before introducing them 

singly to an arena. I observed the arena under dim red light and recorded the 

nuisance movement paths for 5 minutes on a tracking sheet. I then counted the 

number of paths intersecting each cell within the area “guarded” by the model. To 

determine the limits of this ‘female space’, I used the area that would be taken up 

by a female with average lengths of legs, body and ovipositor (from N = 48 

females measured with callipers). I tested for differences in nuisance / cell 

between each model using one-way ANOVA and post hoc Tukey HSD tests in R. 

5.4 RESULTS 

5.4.1 Natural history and mating system observations 

During day time, wētā (both P. waitomoensis and the smaller Pallidoplectron 

turneri) gathered in dense colonies at particular locations within caves, usually 

hanging from the upper cave surface. Other invertebrates including velvet worms 

(Onychophora), glow-worms (Keroplatidae), spiders (Araneae), and harvestmen 
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(Opiliones) also occasionally appeared within the aggregations. Adult 

P. waitomoensis typically occupied the centre of the aggregation. Likewise, I 

typically found mating pairs in the middle of aggregations, although I more rarely 

observed them mating elsewhere. Pairs experienced frequent disturbance as other 

organisms moved around them (especially around dawn and dusk when a large 

portion of the population move in or out of the cave). I never observed wētā 

mating outside of caves. 

From my video recordings of natural aggregations in the field, I observed that 

P. waitomoensis appear to have a convenience polyandry mating system, with 

pairs forming and reforming continually throughout the hours which they spend in 

refuge, although these pairs can last for many hours (mean = 140 min ± 15 SE, N 

= 101). The paired wētā mate many times at regular intervals with the duration of 

mating associations thus strongly predicting the number of copulations a male can 

achieve with any particular female. 

When males spent longer periods guarding females, they achieved a higher 

number of copulations (linear model estimate: 0.0697, SE: 0.007, t: 9.320, R
2
: 

0.569, P <0.0001, Figure 3). All observed intrusions of rival adult males to mating 

pairs (N= 12) led to the termination of the guarding association, therefore 

prolonged mate guarding was not effective against rival adult males. However, 

females guarded by males were disturbed less often by nuisance organisms than 

those which were not, having lower numbers of disturbances/minute (F2,164 = 

56.12, P < 0.0001, Figure 4). 
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Figure 3. Relationship between time spent guarding females and number of 

copulations achieved by males. Solid and dotted lines indicate predicted value and 

95% CI respectively. 

Figure 4. Difference in median disturbance rate between guarded and unguarded 

females, and females guarded by males missing one hind leg. Solid brackets 

indicate significant differences, and dashed brackets non-significant differences 

according to post hoc Tukey HSD tests. 
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5.4.2 Effect of nuisance disturbance on pairs 

When I experimentally increased the rate of nuisance disturbance to one per five 

minutes (N = 46) and one per ten minutes (N = 57), females did not remain paired 

with males for as long as those in control pairs (N = 77) that were not disturbed at 

all (ANOVA: F2,176 = 124.3, P < 0.0001, Figure 5). 

 

Figure 5. Duration of pairs under differing disturbance regimes (max. observation 

time 60 min.). All post hoc Tukey HSD tests between groups were significant. 

5.4.3 Effect of leg-length on guarding 

I subjected pairs of wētā (N =22) to a continual stream of induced nuisances at a 

rate of one per three minutes until the pair separated, and counted the number of 

nuisances that resulted in an actual disturbance to the female. There was a positive 

correlation between male guard’s hind-leg length and the number of 

experimentally induced nuisances that they fended off per actual disturbance to 

their mate (linear model estimate: 0.167, SE: 0.0591, t: 2.824, R
2
: 0.2407, P: 

0.0102, Figure 6). 

5.4.4 Effect of leg length on nuisance movement 

When I introduced nuisances to arenas containing model guards of differing leg 

lengths (N = 50), the numbers of nuisances crossing each grid cell within the 

‘female space’ guarded by each of the four wētā models were significantly 

different (ANOVA: F3,248 = 38.96, P < 0.0001, Figure 7). This indicates that less 
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movement of nuisance organisms occurred in the ‘female space’ of models with 

longer legs. 

 

Figure 6. Experimental nuisances per disturbance to guarded females, with male 

guards of varying hind-leg length. Solid and dotted lines indicate predicted value 

and 95% CI respectively. 

 

Figure 7. Difference in number of intrusions to guarded cells for models of male 

wētā with differing leg lengths. All post hoc Tukey HSD tests between groups 

were significant. 
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5.5 DISCUSSION 

I have presented the first description for any animal, of which I am aware, of a 

male benefit to mate-guarding due to reduced disturbance of females by juvenile 

and heterospecific ‘nuisance’ animals. Mating pairs of P. waitomoensis remained 

together for extended periods, and the longer the association the more times they 

copulated (Figure 3). I found that females which were not flanked by male hind-

legs suffered a greater rate of disturbance from nuisances (Figure 4), and that 

when paired, such disturbances reduced the duration of association (Figure 5). In 

addition, models of males with greater hind-leg length appear to be superior in 

preventing the movement of nuisances into the area occupied by guarded females 

(Figure 7). 

During a period where nuisances regularly came into contact with pairs of 

P. waitomoensis, females were approximately three to four times less likely to be 

disturbed by each nuisance when guarded by males with the longest hind-legs, 

compared with those guarded by males with the shortest hind-legs (Figure 6). If 

we assume that a three-fold decreased likelihood of disturbance translates into a 

concomitant three-fold increase in the duration of the mating association, we 

might expect (based on the data presented in Figure 3) that a male with the longest 

hind-legs could accrue approximately triple the number of copulations. This is of 

course also based on an assumption of frequent and regular interactions with 

nuisances, and variable natural disturbance levels in the wild would lead to 

variable advantages to the most exaggerated legs.  

Taken together, this data suggests a unique mode for mate guarding to be 

advantageous to males even in the absence of direct mate competition whereby 

males with long hind-legs fend off disturbances, enabling them to retain females 

for long periods. This particular advantage to mate guarding may also be a 

consequence of both the high density of this aggregated community, and of the 

cave wētā’s lightless habitat. In this environment, the wētā’s high tactile 

sensitivity and propensity to flee from disturbances (Richards, 1955), appear to 

have made guarding against nuisance movement an important part of their mating 

system. This may also occur for other animals where males need to maintain 

mating associations in low-visibility environments or densely populated 
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communities where physical contact between guarded mates and non-rival 

organisms is likely. Other dense communities of troglobitic (cave) (Howarth, 

1983) or stygobitic (groundwater) (Gibert et al., 1994) species, or mixed-species 

swarms of insects (Wedell et al., 2002), may also select for males who can 

monopolise females despite frequent disturbance by heterospecifics. 

P. waitomoensis appear to match the ejaculate renewal hypothesis for mate 

guarding, as longer associations allowed males to mate more often. While all 

subsequent copulations may not be equally valuable owing to the potential for 

ejaculate depletion (Wedell et al., 2002), there are numerous potential benefits to 

males from this: (1) an advantage in sperm competition (Müller & Eggert, 1989), 

(2) increasing transfer of water, nutrients or semiochemicals (Gwynne, 1997; Ivy 

et al., 1999), (3) improving uptake of the male’s sperm (e.g. Otronen, 1994), (4) 

stimulating the onset of oviposition (Alcock, 1994; Simmons, 2014), (5) enhanced 

copulatory courtship (Eberhard, 1991, 1994), and (6) ensuring or increasing the 

female refractory period (e.g. Simmons & Gwynne, 1991; Edvardsson & Canal, 

2006). If such advantages did not exist, I find it highly unlikely that males would 

invest so much time repeatedly copulating with the same female, rather than 

searching for a novel mate (Fryer et al., 1999; Harts & Kokko, 2013). Thus it 

seems costly to male P. waitomoensis to have their partner disturbed, and the 

association shortened. 

Extended mate guarding is generally considered costly to females and a 

manifestation of sexual conflict (Parker, 1979; Jormalainen, 1998; Simmons, 

2014; Edward et al., 2015), but in this case, females may benefit from male 

guarding due to the reduction in disturbance and contact with other organisms. 

This is especially true because the behaviour primarily occurs while they are 

resting inside refugia rather than foraging or ovipositing, reducing the opportunity 

costs of spending hours stationary and guarded by a male (Jormalainen, 1998). 

Extended mate guarding and repeated copulation also does not seem costly to 

females in P. waitomoensis because they could easily leave a pairing (as they are 

not grasped or trapped by males), but I did not observe them to do so unless 

disturbed by juveniles or heterospecifics. They could easily refrain from repeated 

matings for the same reason but again do not, and they do not commonly move 

away from or resist males which initiate guarding, as in other species (e.g. Hosken 
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et al., 2003). Females of some species receive benefits from mate guarding, such 

as indirect genetic benefits, reduced predation, improved information uptake for 

mate choice or reduced male harassment (Davis, 2002; Hebets, 2003; Rutledge et 

al., 2010; Rodríguez-Muñoz et al., 2011; Cothran et al., 2012; Elias et al., 2014). I 

propose that the reduced disturbance experienced by guarded female 

P. waitomoensis is a novel and further example of a female benefit of mate 

guarding. 

Males of many animal species have structures that appear to facilitate mate-

guarding. External genitalia (Convey, 1989; Sakaluk et al., 1995; Myers et al., 

2016), legs (Haley & Gray, 2012), and even antennae (Wiman, 1981) may all 

function to clasp females during mating and periods of mate-guarding. It is 

however difficult to disentangle whether such structures have evolved to 

overcome female resistance, or specifically to prevent rivals from usurping their 

mating position (Arnqvist & Rowe, 2013). Similarly, some exaggerated male 

weaponry also surround or overarch females during mating and mate-guarding 

(e.g. Zeh & Zeh, 1992; Painting & Holwell, 2014b). However, I am not aware of 

any other study which has demonstrated that exaggerated male traits improve 

male mating success owing to a reduction in female disturbance, either by rivals, 

or in this case, by juvenile and heterospecific nuisances. 

Despite their delicate appearance, the hind-legs of males in this species are also 

used as armaments in intrasexual contests, where superior leg-length is also 

advantageous (Chapter six). Hence, sexual selection on this morphological trait 

arises from two sources, and favours the same result (leg exaggeration), which has 

likely contributed to the extreme morphology displayed by the males of this 

species. Consequently there appears to be selection from both intra- and 

interspecific, as well as intra- and intersexual interactions acting upon them. This 

supports the call of Willemart et al. (2009) to carefully observe male-male 

interactions as well as copulatory behaviour when investigating the function of 

sexually dimorphic structures. 
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6. Combat and Exaggerated 

Weaponry in Pachyrhamma 

waitomoensis. 

 

6.1 ABSTRACT 

Animals sometimes possess extraordinarily enlarged or specialized structures used 

as weaponry for intra-sexual combat. The way in which an animal’s mating 

system leads to the diversity of these exaggerated armaments that we see in nature 

is a matter of current and ongoing research. Central to this enquiry is the question 

of how animal weapons are involved in assessment – how, when and why the 

decision is made to retreat from a contest by combatants fighting over their future 

fertilization success. I investigated the agonistic role of highly elongated male 

hind-legs in an Orthopteran insect found in dense aggregations in New Zealand 

caves – the cave wētā Pachyrhamma waitomoensis (Rhaphidophoridae). I (a) 

demonstrate a large degree of sexual dimorphism in hind-legs, (b) describe 

contests among males in the field and determine that males with longer hind legs 

are more likely to win contests, while body size did not influence contest 

outcome. I also assessed the influence of winner, loser and relative hind-leg length 

on contest escalation, finding that (c) fights among males with greater differences 

in leg-length were resolved by less-escalated contests. In addition, (d) the level of 

contest escalation was positively correlated with the loser’s, but not the winner’s 

leg-length, matching the predictions of self-only models of animal assessment. 
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6.2 INTRODUCTION 

The evolution of extreme male morphology driven by competition and combat has 

interested biologists since Darwin (1871). Sexual selection is recognized as a key 

driver of this morphological trait exaggeration (Lavine et al., 2015),  through 

female mate choice, in the case of ornaments, or direct male competition, in the 

case of weapons. However, most research has focused on the drivers behind 

ornamentation rather than weaponry (Emlen, 2008; McCullough et al., 2016). 

Weapons can be modifications of almost every type of appendage or completely 

new structures adapted specifically to fighting (Emlen, 2008). For example, 

Cyrtodiopsis sp. stalk-eyed flies defend aggregation sites from other males in 

fights with their elongated eye-stalks (Wilkinson & Dodson, 1997) and Forficula 

auricularia (European earwig) males fight using forceps formed from extremely 

enlarged cerci (Kamimura, 2014). Pseudoscorpions wield pincers adapted from 

pedipalps (Zeh, 1987) and narwhals (Monodon monoceros) fight with tusks 

developed from an elongated canine tooth (Kelley et al., 2015). Ungulate 

mammals bear enormous horns and antlers (Emlen, 2008),various decapod 

crustaceans have huge claws developed from oversized chelipeds (e.g. fiddler 

crabs - Sneddon et al., 1997), and some salmonid fish (e.g. sockeye salmon 

Oncorhynchus nerka) have elongated jaws used in inter-male combat (Quinn & 

Foote, 1994). In addition, some insects such as frog-legged leaf beetles (Sagra 

femorata) and leaf-footed bugs (Mictis longicornis) use oversized hind legs in 

male-male combat (Emberts et al., 2017; O'Brien et al., 2017). 

Many of the animal weapons that have been investigated in detail display positive 

allometry in the scaling relationship between their magnitude and the size of their 

bearers (Gould, 1966; Emlen & Nijhout, 2000; Kodric-Brown et al., 2006; Berns, 

2013) but see Bonduriansky (2007).  Departures from a 1:1 relationship (isometry) 

are thought to commonly result from selection on reaction norms between 

condition of the animal and the development of the trait, which often means that 

larger individuals end up carrying far larger weaponry than their smaller rivals 

(Emlen & Nijhout, 2000; Cassidy et al., 2014; O'Brien et al., 2017). However, the 

importance of allometry in indicating the action of sexual selection on 

exaggerated traits and the mechanisms of their development are matters of 
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ongoing debate (Bonduriansky, 2001; Bonduriansky & Day, 2003; Bonduriansky, 

2007; Berns, 2013; Cassidy et al., 2014). 

Understanding the evolution of animal weaponry is intrinsically linked to our 

understanding of animal contests. Animals engaging in fights must make 

decisions about how long to persist, how much damage to endure, how much 

energy to expend, and when to initiate, escalate, or retreat from combat (Kokko, 

2013). Since the 1970s the decisions made by fighting animals have been best 

understood in terms of game theory – the rules governing optimal choices in the 

presence of other decision makers or “optimizing agents” (Smith & Price, 1973; 

Smith, 1976; Smith, 1982). The application of models derived from game theory 

helped to resolve the long-standing evolutionary question of why animals should 

show restraint in contests – through negative frequency dependent selection 

(Huxley, 1966; Smith & Parker, 1976). 

Elwood and Arnott (2012) outline four main game-theoretic models which 

describe different ways that simple agents may make the apparently complex 

decisions involved in animal contests; the hawk/dove game, the pure self-

assessment model, the cumulative assessment model and the sequential 

assessment model. Central to the latter three of these models is the concept of 

assessment – the gathering and use of information that is required to make 

decisions (Kokko, 2013). Under the pure-self and cumulative assessment models, 

the source of this information is considered to be entirely endogenous (Elwood & 

Arnott, 2013). More complexity is added by the possibility that animals can assess 

their opponents (simple mutual assessment and sequential assessment), and more 

still if we predict that they combine this with information about themselves 

(“complex mutual assessment”) to reach a conclusion about which has greater 

fighting ability, or resource holding potential (RHP). The latter mutual assessment 

models ascribe more information processing ability to the animals involved and 

thus it has been proposed that we should begin by invoking the simpler, self-only 

assessment models unless evidence mounts to suggest otherwise (Taylor & 

Elwood, 2003; Briffa & Elwood, 2009; Elwood & Arnott, 2013). In addition, 

measures of correlation between RHP difference and contest cost (e.g. escalation, 

intensity or duration) alone cannot be taken as evidence of mutual assessment. 

This is because apparent effects of RHP difference may appear when the weaker 
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rival’s decision to retreat is based entirely on assessment of its own RHP or 

accrued damage (Taylor & Elwood, 2003; Briffa et al., 2013). 

The need to test carefully for mutual assessment rather than assume that it occurs 

has been reiterated in recent years by studies demonstrating more and more 

examples of animals appearing to rely on pure self assessment (Bridge et al., 

2000; Taylor et al., 2001; Jennings et al., 2004; Morrell et al., 2005; Kelly, 2006a; 

Prenter et al., 2006; Stuart-Fox, 2006; Elias et al., 2008; Moore et al., 2008; 

Brandt & Swallow, 2009; Kasumovic et al., 2010; Copeland et al., 2011; Elwood 

& Prenter, 2013; Tsai et al., 2014; McGinley et al., 2015). Nevertheless, the extent 

to which animals gather and use information about themselves and/or their 

opponents is a matter of ongoing inquiry, with individuals of some species 

matching the predictions of each major assessment model (Taylor & Elwood, 

2003; Stuart-Fox, 2006). For example Diastatops obscura dragonfly males appear 

to use mutual assessment (Junior & Peixoto, 2013), Gryllus bimaculatus crickets 

show evidence for cumulative assessment (Rillich et al., 2007), Calopteryx 

maculata damselflies conform to an energetic war of attrition (Marden & Waage, 

1990), and Lasiorhynchus barbicornis giraffe weevils use sequential assessment 

(Painting & Holwell, 2014a). Others are found not to match the predictions of any 

common model formulation (e.g. Jennings et al., 2005; Stuart-Fox, 2006; Reichert 

& Gerhardt, 2011). 

Among the Orthoptera (crickets, grasshoppers, locusts, katydids and wētā), males 

exhibit diverse weaponry: enlarged mandibles (Kelly, 2006a), heads (Judge & 

Bonanno, 2008), horns (Kim et al., 2011), and in some species, hind legs (Conroy 

& Gray, 2015). Members of the order, especially grylline crickets, have also been 

used as model systems for studying combat (Alexander, 1961; Rillich et al., 2007; 

Briffa, 2008; Judge & Bonanno, 2008; Killian & Allen, 2008; Judge et al., 2010). 

Here, I report on the fighting behaviour and weaponry displayed by a species not 

previously known to possess either, the large New Zealand cave wētā, 

Pachyrhamma waitomoensis (Rhaphidophoridae). I set out to test the predictions 

that:1) the hind legs of males will show a positively allometric scaling relationship 

with body size; 2) the extremely long legs of males function as weaponry in 

combat; and 3) leg-length will correlate with measures of contest outcome and 

escalation. I also set out to compare the relationships between contest winner’s 
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and loser’s weaponry and contest escalation with the predictions of differing 

assessment models, to determine which forms of assessment P. waitomoensis 

males are most likely to be using. 

6.3 METHODS 

6.3.1 Study organism 

P. waitomoensis are omnivorous, nocturnal insects which forage in forests at night 

and retreat during daylight into dense aggregations within limestone karst caves in 

the Waitomo district of New Zealand. They possess enormously long legs and 

antennae, summing to a total length from hind-tarsus to antenna-tip of over 350 

mm in males, despite having actual body lengths of only 30-35 mm (pers. obs., 

see Figure 1). The extreme development of the antennae is no mystery considering 

the dark caves they inhabit, leading them to rely on touch and chemoreception to 

navigate, but why the hind legs should be similarly elongated is not as obvious. 

Long legs are a common feature of cavernicolous animals (Lavoie et al., 2007), 

but in the case of P. waitomoensis, they are also sexually dimorphic (See results, 

below), suggesting that sexual selection may have driven the extreme leg-length 

of males. 

Figure 1. Adult male P. waitomoensis on a cave wall. 
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P. waitomoensis appear to have a convenience polyandry mating system, with 

pairs forming and reforming continually throughout the daylight hours which they 

spend in caves (pers. obs.). While paired together, the wētā mate many times, with 

the length of association seeming to dictate the number of copulations a male can 

achieve with any particular female. My observations of this species in the field 

found that males often disrupt the mating of others, resulting in fights between 

them in many cases. Unpaired males were also observed to fight when 

encountering one another by chance. 

6.3.2 Data collection 

To determine how the elongated legs of male P. waitomoensis were used in 

contests, I collected morphometric and behavioural data from a population 

inhabiting limestone karst caves located at Stubb’s Farm, Awatiro, Waitomo, in 

the North Island of New Zealand (38.260592S, 175.027031E) during the autumn 

and winter seasons of 2015 and 2016. I carefully caught adult P. waitomoensis 

during daylight hours and temporarily housed them in mesh cages within their 

caves. I used callipers to measure (in mm):  pronotum width, hind tibia length, and 

hind femur length. Hereafter, “hind leg length” = sum of hind tibia and hind femur 

length. 

I subsequently marked each individual with a unique pattern of 1×1 mm dots 

using white, Lega Queen Bee® marking paint on their pronotum (Lega, Via 

Maestri del Lavoro, 23, 48018 Faenza, Italy). Once designated, I released the 

individuals back into the same location from which they were collected. 

Immediately after releasing the specimens, I set up Bushnell® HD trail cameras 

(model 119437) to record the wētā aggregations under infra-red illumination 

(Bushnell Outdoor Products, 9200 Cody, Overland Park, KS, 66214-1734, USA). 

I placed enough cameras (usually 3-5) at each aggregation to capture the full area 

occupied by the wētā over ~24 hours of each day. I placed cameras facing 

vertically, approximately 1.5 meters below the horizontal rock surface upon which 

the wētā were aggregated. Date and time stamps saved by the cameras on recorded 

footage prevented me from taking repeated counts of behaviour from any possibly 

overlapping cameras. 
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I replayed videos and observed all recorded fights between males, gathering the 

following observations of general contest behaviour: 

After intensely antennating his opponent, one of two forms of engagement are 

undertaken by the aggressor; he either turns around and begins extending his hind-

legs towards his opponent, or lunges forwards to push or strike his rival with his 

head and/or forelegs, before turning to face away from the other male. In either 

case he will eventually resort to raking or pushing the opponent with his hind-legs. 

If both remain in the fight after this second phase, they align themselves facing in 

opposite directions and extend their hind legs, kicking or pushing against one-

another, sweeping them from side to side or scraping their femora and tibiae along 

those of one another. During this third phase the wētā  gradually walked 

backwards with their fore- and mid-legs, so as to advance towards each other.  

If one wētā retreated from the other after escalating at least as far as sparring with 

their hind legs the other either remained stationary while continuing to extend his 

hind-legs, or turned around and made pursuit, usually lunging towards the 

retreating wētā to strike or push him with the front of his head. Such chases 

typically covered less than a meter before the pursuer stopped, allowing the other 

to retreat beyond the range of antennal contact. 

If the contestants continued to advance towards each other, they eventually got 

close enough together for their hind-legs to extend beyond their opponent and 

interlock at the femora, reducing the mobility of the pair and creating a grappling 

phase. Ultimately the pair end up pressing their terminal segments together, and at 

this point, bend their abdomens downwards, creating a crescent shape with their 

bodies such that the main point of contact are the posterior terga, and their hind-

legs extend far over their opponent, losing almost all mobility due to their 

interlocked state. 
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Thus I classified fights into the following escalation levels (from least to most 

escalated) and assigned them to the contests observed between the marked 

individuals: 

1 –An interaction of less than 30 seconds, with <10s of kicking if any, from which 

one or both wētā retreat until beyond reach of their rival. 

2 –An interaction of more than 30 seconds, or one in which at least one contestant 

turns away from the other and engages the opponent with his hind legs >10 s. 

3 –Both contestants turned away from each other, kicking or pushing each other 

with their hind legs. 

4 – Contestants advance enough to interlock hind femora, or a contest in which 

one chases the other after engaging in hind-leg kicking or sparring. 

5 – Contestants advance enough to press their terga together and grapple or push 

against one another. 

 

As advocated by Elwood and Arnott (2013) and Camerlink et al. (2016), I 

included interactions where the escalation level was below that which might 

conventionally be considered a fight (escalation level 1), since the decision not to 

escalate at all can be considered strategic as well (Parker & Rubenstein, 1981; 

Camerlink et al., 2016). 

I considered wētā which retreated from their opponent to be the losers of contests. 

I analyzed only fights between two clearly visible wētā, with clear winners and 

losers, discarding all others. I treated repeated fights between the same two 

contestants as pseudoreplicates and only used one randomly selected instance, 

discarding the others (N = 22). This left a sample of N = 44 contests. 

6.3.3 Analyses 

To test for static allometry in the scaling relationship of hind legs to body size, I 

used standardized major axis regression (SMA, using the R package smatr 

(Warton et al., 2012)) of log hind-leg length against log pronotum width, and 

tested for departure from the null expectation of a slope of 1. 
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To determine how male morphology affected the outcome of fights I regressed 

hind-leg length and pronotum width (as a proxy of body size) against contest 

outcome separately using binary generalized linear models (GLM) with a logit 

link. 

To test whether P. waitomoensis are able to resolve mismatched contests without 

resorting to highly escalated phases of combat, I regressed hind-leg length 

difference between contestants against the maximum escalation level using a 

standard linear model. 

To examine which model of assessment best explains how contests between 

P. waitomoensis are resolved, I separately regressed winner’s and loser’s leg-

lengths against maximum contest escalation using linear models. I used maximum 

escalation as a metric of contest severity, rather than the more commonly used 

metric of contest cost; duration. Fights of similar duration may differ greatly in 

intensity or injuriousness (Wells, 1988; Jennings et al., 2004; Briffa, 2013; 

McGinley et al., 2015; Camerlink et al., 2016), so measures which take escalation 

into account are desirable and in particular can allow superior resolution between 

sequential and cumulative assessment models (Briffa & Elwood, 2009; Constant 

et al., 2011; Briffa et al., 2013). Since my study species escalate their fights in a 

sequential manner, and my metric of escalation is based on phases of increasingly 

energetic behaviour, ‘escalation’ includes information on both duration and 

energetic intensity. 

I carried out all analyses using R ver. 3.2.2 (R core team 2016) and the packages 

ggplot2 (Wickham, 2009) and smatr (Warton et al., 2012). For models assuming 

normal distributions, I plotted the residuals of all variables against normal 

quantiles and found them to be normally distributed. 

6.4 RESULTS 

6.4.1 Morphology 

Male and female P. waitomoensis differed little in pronotum width, but greatly in 

the length of their hind-legs (mean pronotum width ± SE: male 6.6 ± 0.04 mm, N 

= 118, female 6.4 ± 0.06 mm, N = 47, mean hind-leg length ± SE: male 120.5 ± 

0.9 mm, N = 105, female 77.6 ± 0.7 mm, N = 48, Figure 2). 
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Both males and females displayed isometry in the relationship between their hind-

leg length and pronotum width using standardized major axis regression (SMA). 

The male estimated slope was: 1.103 (95% CI 0.929 – 1.31), not being 

significantly different to a slope of 1 (r112 = 0.106, P = 0.259, N = 115). The 

female estimated slope was: 0.869 (95% CI 0.682 – 1.108), not being significantly 

different to a slope of 1 (r45 = 0.169, P = 0.254, N = 47), see Figure 3. 

 

Figure 2. P. waitomoensis male pronotum width (a) compared with female (c), 

and sexual dimorphism in hind-leg length between males (b) and females (d). 
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Figure 3. Scaling relationships according to SMA between log hind-leg length 

and log pronotum width in P. waitomoensis males (blue) and females (red). 

Isometry indicated by dashed line for comparison. 

 

Figure 4. Schematic of male P. waitomoensis fighting behaviour showing typical 

escalation and de-escalation pathways and my classification of escalation levels. 
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6.4.2 Fighting behaviour 

Male P. waitomoensis fight by turning backwards and engaging their hind legs 

with those of their rival, following a typical pattern of escalation from minor 

encounters to prolonged grappling (Figure 4). I was not able to identify any 

particular events during fights that consistently signalled when one wētā would 

de-escalate or retreat, and no injuries were observed during the contests. Despite 

being capable of biting one another, I did not observe any wētā doing so. Among 

all contests observed, only one resulted in a combatant being pried off the cave 

wall. For video examples of fighting between males, see: 

https://tinyurl.com/y9whrxoq. 

6.4.3 What determines contest outcome and escalation? 

In their contests, male P. waitomoensis were more likely to win when their legs 

were longer than their opponent’s (Table 1, Figure 5). Body size had little effect 

on contest outcome (Table 1, Figure 5).When leg-lengths were more disparate 

between contestants, fights escalated to lower maximum levels (Table 1, Figure 

6). Loser’s leg-length was positively correlated with maximum fight escalation, 

while winner’s leg length was not. (Table 1, Figure 7). 

 

 



 

135 

 

 

Figure 5. Binary GLMs of leg-length difference (a) and body size difference (b) 

against contest outcome. Solid and dotted lines indicate predicted values and 

bound the 95% CIs respectively. 

 

Figure 6. Contests with greater leg-length disparity between combatants escalate 

less. Solid and dotted lines indicate predicted values and bound the 95% CIs 

respectively. 
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Figure 7. Expected relationships between contestant body sizes (proxy for RHP) and 

costs endured under a pure self-assessment model, from Arnott & Elwood (2012) (a), 

and linear models of winner’s and loser’s leg-lengths against escalation in 

P. waitomoensis (b). Solid and dotted lines indicate predicted values and bound the 95% 

CIs respectively.
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Table 1. Estimates and summary statistics for models predicting relationships between 

morphology and contest outcome and escalation. 
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6.5 DISCUSSION 

Male P. waitomoensis use their elongated hind-legs in contests, and those contests 

follow a stereotyped pattern of escalating phases from brief sparring to committed 

grappling, with de-escalation possible. Males with longer hind-legs than their 

opponents had an advantage with a greater probability of winning fights. When 

rivals showed a greater disparity in leg length, contests were resolved at lower 

levels of escalation. Despite that, maximum contest escalation showed a positive 

correlation with the loser’s hind-leg length, but not the winner’s, indicating that 

self-assessment is most likely to be used by males when deciding when to 

withdraw from contests. The observation of frequent, intense fighting adds a great 

deal to our understanding of the natural history and mating system of this species. 

The occurrence of combat had not previously been described and was not 

considered important to the ecology of the family as a whole (Richards, 1955, 

1961, 1962). Their backwards-facing, hind-leg based combat is similar to species 

from other orders, such as the leaf-footed bugs (Hemiptera) that attack each other 

back to back with their thickened and spiny hind femora while competing for 

access to females (Miyatake, 1997), suggesting that this may be a widespread 

phenomenon among insects with highly developed hind legs. 

Longer hind-legs granted higher chances of victory to their bearers in contests, 

and while I could not assess subsequent access to females in this study, I posit that 

this combat advantage has driven selection on their exaggerated form in male 

P. waitomoensis, and perhaps other members of the Rhaphidophoridae with 

similar morphology. 

Interestingly, although for any given body size males possessed substantially 

longer legs, I discovered similar, near-isometric scaling relationships between leg-

length and body size in both males and females. This likely indicates that larger 

males do not gain greater marginal fitness benefits from investing in leg length 

than do small males (Bonduriansky & Day, 2003). The scaling pattern I have 

observed reiterates the call of Bonduriansky (2007) to recognise that sexually 

dimorphic, exaggerated structures can exhibit many forms of scaling relationship. 

Surprisingly, and despite the positive relationship between body size and leg-

length, I did not find a strong effect of body size on contest outcome. This is in 



 

139 

 

contrast to the usual scenario whereby effects of body size on contests are difficult 

to disentangle from the effects of weaponry. For example, in the dung beetle 

Euoniticellus intermedius, horn size is correlated with body mass as well as 

predicting multiple other components of fighting ability, such as endurance and 

force output (Lailvaux et al., 2005). Similarly, weapon (rostrum) length in the 

male New Zealand giraffe weevil Lasiorhynchus barbicornis is tightly correlated 

with measures of body size with the larger male winning 90% of fights (Painting 

& Holwell, 2014a). Other species such as fallow deer (Dama dama), dwarf 

chameleons (Bradypodion pumilum), and the orb-weaving spider Metellina 

mengei have shown little importance for body size in predicting contest outcome, 

relative to the role of specialized, sexually dimorphic structures, including leg 

length in the case of the spider (Bridge et al., 2000; Jennings et al., 2004; Stuart-

Fox & Whiting, 2005).This is what I have observed for P. waitomoensis, 

indicating that the length of weaponry is of special importance to deciding contest 

outcome in this species. 

I found (a) a tendency for fights to escalate less when the combatants are more 

disparate in leg length, (b) a significant positive relationship between loser leg 

length and contest escalation, and (c) a weaker, non-significant positive 

relationship for winners (Figure 7). This combination is in agreement with 

expected patterns under a self-only assessment model of contest resolution, and 

most closely resembles an energetic war of attrition (Mesterton-Gibbons et al., 

1996; Payne, 1998; Gammell & Hardy, 2003; Taylor & Elwood, 2003). I conclude 

therefore that fighters persist in combat only in accordance with their own-RHP, 

such that contests that involve at least one shorter-legged opponent end up 

escalating less (Whitehouse, 1997; Taylor & Elwood, 2003). 

The apparent importance of leg-length, but lack of evidence for mutual assessment 

begs the question; if the wētā are not taking their opponent’s weaponry into 

account in their retreat decisions, what then is the functional purpose of the very 

long legs in fights? It is possible for differences between contestants to influence 

the fight’s outcome and escalation without information transfer or comparison of 

traits (Briffa et al., 2013). For example, if their phenotype allows them to alter the 

rate of costs accrued by their opponents, such that the loser meets an internal 

persistence threshold more quickly, fighters with a greater RHP advantage may 
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manage to settle their fights earlier. Conversely, if losers with higher RHP can 

reduce this rate of cost accrual, they will meet the same threshold later, requiring 

their contests to escalate more or last longer before they are resolved. Thus, the 

correlation between individual’s weapon dimensions and relative weaponry 

differences between pairs generates the same relationship as expected under 

mutual assessment, but without invoking the need for information gathering 

between opponents (Briffa et al., 2013).  

As such, the patterns in P. waitomoensis contests are adequately described by a 

situation whereby retreat decisions are based on cumulative accrued cost and an 

internal threshold of cost tolerance (Payne, 1998; Elwood & Prenter, 2013; 

Kokko, 2013). This could occur by way of the reach advantage granted by longer 

limbs. Since the wētā approach each other backwards, having longer legs than the 

opponent allows a contestant to reach the more anterior and delicate head and its 

sense organs, either causing actual damage or sending a signal that elicits a retreat. 

Conversely, losers may be able to postpone this damage more effectively if they 

have long enough legs to reduce their opponent’s reach advantage or block their 

early attacks altogether. 

Without direct evidence on these factors however, I cannot resolve with certainty 

among self-assessment models, especially as many factors in addition to body size 

and weaponry can be involved in contest resolution. These include previous 

experience (e.g. Reaney et al., 2011), resident vs. intruder status and energetic 

state (e.g. Briffa & Elwood, 2001, 2004), presence of females (e.g. Simmons, 

1986b) and perceived resource value (e.g. Gherardi, 2006; Kokko, 2013). Among 

this species, male-female associations are often terminated by interference from 

other males (pers. obs.). Thus, fighting may establish a dominance hierarchy 

among males which might alter the likelihood of future interference within the 

relatively long term social aggregations of P. waitomoensis. I was not able to 

establish a clear link between fighting success and access to females, beyond the 

observation that fights occur in aggregations that contain females. Examining 

these factors would be fruitful in shedding more light on the determinants and 

reproductive outcomes of contest resolution. 
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As was once the case with beetle’s horns (Knell, 2011), the hind legs of 

rhaphidophorids have not generally been considered to function as weaponry, but 

this may simply be due to lack of investigation. I have demonstrated that the 

extreme leg development in adult male cave wētā grants an advantage in 

intrasexual combat. Similar exaggerated hind-leg morphology occurs in a number 

of the Rhaphidophoridae (Scudder, 1894; Richards, 1954a, 1958; Richards, 1964; 

Di Russo et al., 2007; Lavoie et al., 2007). Thus, the family promises to provide 

ample prospects to further explore the evolution of animal weaponry and fighting 

behaviour.
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7. Robot Wars: Testing an Ecological 

Hypothesis with Cybernetic 

Combatants 

7.1 ABSTRACT 

A current ecological hypothesis predicts that the most extreme forms of animal 

weaponry arise in systems where opponents must fight each other one-to-one, in 

duels. Further, it has been suggested that arms races in other contexts (such as 

human interstate conflicts) are more likely to escalate under those conditions. 

Here, I test whether superior combatants experience a disproportionate advantage 

in duels, as compared with multi-contestant scrambles, in a system entirely 

removed from animal combat; the battles fought by artificial intelligence (A.I.) 

agents in a computer war-game. I found that contestants with experimentally 

improved fighting power had a large advantage in duels, but that this advantage 

deteriorated as the complexity of the battlefield was increased by the addition of 

further combatants. This pattern remained under the two different forms of 

advantage granted to the focal A.I. contestants, and became reversed when I 

switched the roles to feature a weak focal A.I. among strong opponents. In 

addition, the advantage of superior weaponry in particular (in contrast to pure 

fighting power) was similarly favoured in duels, suggesting that one-on-one 

combat may favour arms races in diverse systems. These results corroborate some 

of those found in various animal systems, and suggest that theory developed to 

model animal behaviour be widely applicable elsewhere. 

7.2 INTRODUCTION 

Recently, it has been suggested that weapon exaggeration is more likely to occur 

in species where combatants face each other in duels (Emlen, 2014a). This is 

because in that simple situation, the outcome is expected to be more predictable, 

with stronger or better-armed contestants consistently winning fights (Emlen, 

2014a). Thus, it is suggested that arms races are more likely to occur in dyadic 
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systems, leading to elaborate fighting structures such as the exaggerated and 

bizarre weapons of many male animals (reviewed by Emlen, 2008). A key 

observation supporting this hypothesis is that among dung beetles (Scarabaeidae), 

those that fight in the restricted space of tunnels (thus being forced to face each 

other head-to-head in dyadic contests) tend to bear large and elaborate horns, 

while those that fight in the open do not (Emlen et al., 2005; Emlen & Keith 

Philips, 2006). In systems where contestants face each other en masse (e.g. 

Houston, 1991) fights may have less predictable outcomes, and weaker or less 

well-armed individuals may be victorious (Emlen, 2014a). In such a scenario, 

selection may instead favour adaptations relating to energy efficiency, agility, 

endurance, learning or behaviour, instead of direct fighting power and extreme 

weaponry (Moczek & Emlen, 2000; Lailvaux et al., 2005; Husak et al., 2006; 

Reaney et al., 2011). It has also been suggested that such rules may apply to 

systems other than animal contests and weapon evolution, and may be underlying 

factors in diverse forms of conflict (Briffa, 2014; Emlen, 2014a). Testing whether 

this is the case in human conflicts has obvious practical and ethical drawbacks, but 

there are some systems in which there is severe conflict, without those obstacles. 

One example is computer simulated warfare, where programmed contestants 

attempt to destroy each other in a digital behavioural medium. 

Helpfully, the realm of computerised war-gaming has provided many highly 

tuned, adaptable, and diverse conflict simulators with massive effort spent 

perfectly tuning the models for high-stakes E-sports competition (Taylor, 2012; 

Wingfield, 2014; Makin & Bangay, 2017; Morosan & Poli, 2017). In addition, the 

user interfaces of these programs are developed to allow detailed customisation of 

factors such as arena layout, combatant characteristics, motivation, victory 

conditions, and countless more. These advantages have made war-games a 

favourite for research and testing of artificial intelligence (A.I.), statistics, human 

cognition, machine learning and strategy (e.g. Hsieh & Sun, 2008; Lewis et al., 

2011; Synnaeve & Bessiere, 2011; Othman et al., 2012; Ontanón et al., 2013), but 

have not been used for evolutionary or behavioural ecological theory, to my 

knowledge. 

Here, I pitch the A.I. combatants provided by a real-time strategy (RTS) war-

game against one-another to test whether an evolutionary prediction (that duels 
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favour superior combatants more so than skirmishes) is supported by the 

outcomes of their conflicts. Similarly to animals which have been workhorses of 

contest research, such as insects and crustaceans, the A.I.’s senses are limited to 

their local environment, they operate according to a set of simple rules, they are 

comprised of several sub-units operating in a cohesive mass, they utilise resources 

from their environment in order to grow, and they can trade off developmental 

speed with size or elaboration at maturity. As such, I consider them an appropriate 

subject for the extension of theory based on animal study species, while being 

different enough to be informative in regard to the generality of the hypothesis.  

For the purposes of this approach, I consider duels and skirmishes fought by the 

A.I.’s groups of units to be comparable to various biological scenarios, including 

for example actual one-on-one fights between individuals, as feature in the many 

animal mating systems where rival males clash head-to-head (e.g. Lott, 1974; 

Almeida-Santos & Marques, 2002; Tsuji & Matsui, 2002; Painting & Holwell, 

2014a) as opposed to the chaotic multi-contestant grappling matches that occur in 

other species (e.g. Houston, 1991; Madsen & Shine, 1993; Mendoza-Roldán, 

2017). In addition, because of the format of the game used (see below), I consider 

the A.I. matches to also serve as models of competition over resources among 

colonies of individuals, which may similarly unfold in colony-to- colony or multi-

colony conflicts, as for example occurs in many species of social hymenoptera 

(e.g. Palmer, 2004) or microbes (e.g. Be'Er et al., 2009). 

7.3 METHODS 

I used the RTS war-game Starcraft2
®
 to pitch the built-in A.I. combatants against 

one-another. In this game, competitors are spawned in separate locations on an 

arena containing resources, which are harvested in order to create units. The units 

are interactive game elements that can attack one another, and are represented 

graphically to the player as controllable soldiers or fighting creatures of varying 

technological sophistication. They consist of several fundamental attributes – a 

cost to build, a “supply” score reflecting their their approximate value, a spatial 

position and movement speed, a pool of “hit-points” which results in their 

removal from the game when depleted, a damage output rate that depletes the hit-

points of target enemy units during combat, and a range score determining their 

maximum and minimum reach. The ability of a contestant to produce different 
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units follows a branching, hierarchical “tech-tree”, such that technology 

investment unlocks more complex and powerful weaponry in the form of more 

advanced units. In this way, an arms race is built in to the game design, with a 

large advantage generally going to the side with superior armaments (Farkas, 

2001). The game includes three tech-tree subtypes, each of which features a 

unique suite of buildable units and a slightly different method of producing them. 

7.3.1 Relative advantage of power in duels vs. skirmishes. 

To test whether stronger fighters were more favoured in duels relative to 

scrambles, I compared the win-loss ratio achieved by a focal A.I. with varied 

numbers of opponents to the expected null win-loss ratio (i.e. 0.5 in a duel, 0.33 in 

a 3-way battle and so on). I tested two different forms of combat advantage 

granted to the focal A.I.; a 20% increase in all unit hit-points (thereby increasing 

their toughness and lifetime damage output), or a ‘difficulty setting’ one higher 

than all other opponents (focal A.I. “elite” vs. “very hard” opponents), thereby 

slightly but globally increasing their resource collection rate, developmental 

speed, and progression up the tech-tree. I also tested the inverse scenarios with a 

focal A.I. given a 20% decrease in unit hit-points or a ‘difficulty setting’ one unit 

lower than all other opponents (focal A.I. “very hard” vs. “elite” opponents). I 

used the top two difficulty settings to ensure that the A.I. invariably responded to 

each other aggressively. I observed battles with the focal A.I. facing between one 

and six opponents in free-for-all (FFA) battles (i.e. no allegiances, any contestant 

able to win by elimination of all opponents). I carried out 30 battles under each 

scenario, for a total of 720 battles. All battle simulations were carried out on a 

custom-made, radially symmetrical arena with unlimited resources to fuel the A.I. 

Starting positions, A.I. strategies, and A.I. tech-tree subsets were randomised in 

each trial. 

7.3.2 Relative advantage of upgrade spending in duels vs. skirmishes. 

To examine whether weaponry advancement in particular carried an advantage in 

duels relative to skirmishes, I observed further battles with all A.I. contestants 

starting on an equal footing, and compared the weaponry investment of eventual 

contest winners with that of losers in duels, four-way FFAs, and eight-way FFAs. 

I carried out 52 of each battle type, for a total of 156 battles. Arena layout and 

settings were kept as above; except that no advantage or disadvantage was granted 
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to any A.I. Post-battle upgrade spending scores for each contestant were saved 

after each match, and used to quantify mean match-winner weaponry investment 

as a proportion of the highest in the game over time. I did not collect data on 

upgrade spending in the last 60% of the elapsed match time, because in the late-

game, contestants which have already gained the upper hand will almost always 

acquire more resources and invest those in further tech-tree development, creating 

a feedback between success in the contest and upgrade spending. Because of that, 

I measured only early-game investment, to examine how that translated into 

eventual victory. 

7.3.3 Relative advantage of advanced units in duels vs. skirmishes. 

In addition, I observed matches between two to seven contestants, with a focal 

A.I. given a selection of high-tech units, while all others were restricted to the 

three most basic units for their tech-tree subset. In contrast to the previous trials, I 

did not observe “natural” battles with A.I. following the usual scenario of resource 

collection and development, culminating in a self-produced army. Instead, I set 

the starting conditions of the match such that each A.I began the game with a 

predetermined, fixed set of military units in close proximity to one-another. In this 

way, the experiment was more similar to a classical ethological experiment staged 

in a laboratory with fully-developed animals in a small arena. This approach 

therefore removed the stochastic influences of resource acquisition, strategy 

selection, arena exploration and tech-tree decision differences between the A.I. 

Instead, they appeared fully-formed and adjacent to one-another at the start of the 

match, and immediately fought to elimination. 

I repeated this process for each of the three tech-tree subsets, with 30 battles at 

each number of contestants (between two and seven), thus observing a total of 630 

battles. At first I carried out battles with all A.I. having a number of units that 

granted them equal total supply (the in-game measure of a unit’s value), however 

this made the technology advantage of the focal A.I. too strong, removing all 

variation from battle outcomes. I therefore increased the total unit supply of the 

low-tech A.I., to equal 150% of the focal A.I. unit supply. These contests were 

carried out on a circular, flat, featureless arena, with opposing armies starting in 

contact with each other. The units were arranged as columns (one column for each 

contestant) in a spoke formation, such that a duel started as a straight line of units, 
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half belonging to each contestant, and a multi-way battle started as a star or 

asterisk-shaped array, with each arm belonging to a different contestant. 

7.4 RESULTS 

The A.I. contestants fought each other to elimination in all cases except for N = 2 

draws in the first experiment, which were discarded and re-run. Free-for-all battles 

were obviously more chaotic than duels, with multi-way skirmishes, base-trades, 

and flanking manoeuvres commonly occurring (Figure 1). A.I. that were granted 

an advantage in either skill or unit hit-points relative to their competitors achieved 

a greater proportion of their null expected victory count in battles with fewer 

participants, while this trend was reversed when focal A.I. were weakened 

(Figure 2).
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Figure 1. Example of a typical 4-way battle, in birds-eye snapshots of the arena taken every two minutes. Black panels indicate the limits of the arena, and coloured dots are units 

controlled by each of four A.I. (a) The A.I. contestants start in opposite corners of the arena. (b-d) the A.I. utilise local resources to grow, expanding into nearby territory. (e) The 

Orange A.I. makes the first military excursion and (f) attacks the yellow A.I. unsuccessfully, while the pink and green A.I. continue to focus on growth. (g –i) The Green A.I. attacks 

the now weakened orange A.I. (j-k) The green A.I. finishes destroying orange, while pink expands territory, attacks and destroys the weakened yellow A.I. (l – n) The green and 

pink A.I. continue to grow, expanding into the territory of their defeated opponents, and exchanging minor battles. (o - p) The green A.I. makes an unsuccessful attack against pink, 

losing most of its fighting forces. (q) The pink A.I. counter-attacks the green peripheral territory, largely destroying it. (r – u) Pink attacks the green core territory, destroying it and 

consolidating dominance of the arena.
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Figure 2. Victories achieved by focal A.I. with an advantage or disadvantage 

relative to their opponents, in FFA battles of varying contestant number. 

Proportional victories are expressed as the number of wins achieved by a focal 

A.I. divided by the null expectation (i.e. N × 0.5 for a duel). 

 
Figure 3. Relative weaponry investment (mean proportion of technology spending 

to highest in game) of eventual contest winners in duels and FFAs of two different 

contestant numbers. Elapsed contest time is cut off at 40% due to feedback of 

contest-winning onto ubiquitous weaponry investment in later stages. 
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In battles without experimental alterations made to the A.I., duels were won more 

often by contestants with superior technology in the early-game (as proxied by 

upgrade spending) relative to their opponents, than were FFAs with four or eight 

contestants (Figure 3). Additionally, when focal A.I. armies with relatively more 

advanced weapon technology were pitched against each other, the focal A.I. won 

a greater proportion of their expected number of battles in duels relative to multi-

way skirmishes, for each of the three tech-tree subsets (Figure 4). 

 

 

 

Figure 4. Victories achieved by focal A.I. of each of the three tech-tree subsets in game 

(represented by the different line colours), with a technology advantage relative to their 

opponents. Proportional victories are expressed as the number achieved by a focal A.I. 

divided by the null expectation (i.e. N × 0.5 for a duel). 
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7.5 DISCUSSION 

These results with cybernetic combatants corroborate ideas developed in the 

distantly related field of animal contest theory and weapon evolution. In duels, 

contestants with greater power (as granted in two different forms) had a large 

advantage, but that advantage deteriorated as the number of competitors increased. 

Conversely, experimentally weakened contestants suffered less of a disadvantage 

in multi-way skirmishes, winning relatively more in contests with more 

opponents. In particular, contestants with the highest early-game investment in 

weaponry often went on to win duels, but in free-for-alls, this trend was reduced. 

Furthermore, when I experimentally granted focal A.I. a weaponry advantage, in 

the form of a high-tech starting army, they enjoyed a greater benefit in duels 

relative to multi-way skirmishes. Therefore, my results suggest that the 

evolutionary hypothesis regarding the importance of duels in driving the evolution 

of exaggerated weaponry may accurately reflect underlying natural laws of 

conflict, and possibly explain the occurrence of arms races in disparate duel-like 

systems. Although much animal contest research has focused on dyadic contests, 

the importance of third-party intervention and the possibility of multi-way combat 

is gaining attention, even in systems that have provided classic examples of duels, 

such as stag deer contests during the rut (Jennings et al., 2018). The results of this 

chapter indicate a novel way in which this topic can be assessed. 

It is interesting that strengthened A.I. won fewer than their null expected number 

of victories in skirmishes with more than four contestants, because it suggests that 

against multiple opponents their greater power actually became a disadvantage in 

some way. This could be due to early-game dominance granting them large 

territories which became hard to manage at later stages, or through hyper 

aggressive build-orders causing them to “burn out” against multiple opponents 

while more passive tactics endured longer. Assessment of these possibilities was 

beyond the scope of the current study, but they open interesting questions for 

future examination. 

Although game theory has been critical to explaining various evolutionary 

phenomena (e.g. Smith, 1974; Smith, 1976; Sinervo & Lively, 1996; Jennings et 

al., 2005; Stuart-Fox, 2006), the use of actual games to test evolutionary theory 

has not been employed to my knowledge, beyond the use of pure mathematical 
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models. However, war-games developed for human entertainment represent 

complex ‘grey box’ models, allowing for myriad parameters to be manipulated or 

allowed to vary. I was able to make these tests in a non-biological system thanks 

to the highly-developed and user-friendly software designed for strategy war-

gaming. 

Presently, sample sizes were limited by time as I ran the scenarios “manually”, 

and in sequence one after the other. By automating this process and running 

scenarios in parallel, a more thorough attempt at this approach could easily carry 

out similar experiments with many more variations, diverse scenarios, and 

thousands of iterations in a relatively short time using any of the myriad 

commercial gaming software that are available. In addition, millions upon 

millions of similar simulated battles are fought on a daily basis by human and A.I. 

agents using such software, and the details of those contests are often saved in 

user profiles, E-sports training records, developer and competition records, and 

replay packs (e.g. Blizzard Entertainment 2013), potentially representing a large, 

untapped resource for examination of this and other hypotheses. More 

sophisticated approaches to studying game outcomes and dynamics using 

automated data collection from huge databases have been carried out by others for 

different purposes (e.g. Lewis et al., 2011), and similar techniques might allow for 

more thorough tests of evolutionary and behavioural ecological theory. In 

particular, open source game-analysis software designed for player feedback and 

competitive training already exists for games which are popular in E-sports, 

allowing for quick extraction of useful data (for example GGtracker 

(http://ggtracker.com), s2protocol  https://github.com/Blizzard/s2protocol), and 

sc2gears (https://github.com/icza/sc2gears) are utilities designed for analysing 

matches in the game I used here). 

These results highlight the potential to examine complex biological contests with 

the pre-existing conflict simulators that are provided in the form of consumer war-

games. In this way, other aspects of contests could also be examined. For 

example, another important factor in the development of extreme weaponry in 

duels may be the differing ability to bring a large weapon to bear against a single 

opponent vs. many. In a duel, the movement of one’s opponent can be tracked 

relatively easily, and the moment of contact with them predicted, thus making a 
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powerful blow with a hefty weapon more feasible. This case is displayed in 

animals such as the harvestman (Opiliones) Pantopsalis cheliferoides which wield 

chelicerae that can be many times their own body length in duels (Painting et al., 

2015). In a chaotic skirmish with many opponents to keep track of, unexpected 

angles of engagement, and variable timing of attacks, a lighter, more wieldy and 

adaptable weapon may be favoured. The latter scenario is manifest in examples 

such as the male Dawson’s burrowing bees (Apidae) Amegilla dawsoni that 

scramble for emerging females and attack each other with non-exaggerated 

weaponry (Alcock, 1996). This is another aspect of weapon evolution that could 

be examined using war-games or combat games. For example, in the language of 

RTS war-gaming, so-called timing-attacks (specialized aggressive moves 

specifically planned to hit at a certain optimal time) are widely recognised as 

being among the strongest options, but require accurate information about the 

position and state of the opponent, which is more difficult to ascertain against 

multiple foes. As such, examination of strategies such as timing attacks may 

represent a fruitful avenue for assessing the benefits of different weapon types in 

different contexts. 

Various other behavioural ecological concepts have equivalents in war-gaming – 

resident vs. intruder status is recognised in terms such as “defender’s advantage”, 

assessment occurs during “scouting”, rock-paper-scissors style alternative 

strategies (e.g. Sinervo & Lively, 1996) are paralleled in the concept of “build-

order-wins”, and the novel weapons hypothesis appears in consideration and 

manipulation of the  “metagame” – knowledge about which strategies are 

prevalent among the pool of potential opponents (Farkas, 2001). Fighting 

technique also has an effect on the type of weaponry that evolves (Alvarez, 1990; 

Lundrigan, 1996), and war-games also usually feature a range of possible 

techniques that can be employed, some focused on quickly acquiring certain 

weapon technology, and some focused on making efficient use of low-tech units. 

Another area which is beginning to be incorporated into evolutionary models of 

contests is the potential for offense to result in damage-to-self as well as to the 

opponent (Lane & Briffa, 2017). This is also something that could be easily 

examined with war-game simulations, as aggressive forces suffer clear losses 
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while attacking (in fact, these data are specifically quantified and reported by 

software designed to aid match analysis and commentary). 

As such, consumer gaming software has the potential to be used in examining a 

variety of questions in modern animal contest research, and also for assessing the 

potential explanatory power of theory from that field in understanding human 

arms races. While war-games necessarily represent simplifications of real warfare, 

the fact that their mechanics follow similar underlying rules is apparent in the 

observation that skilled players have homed-in on the same strategic principles 

and are highlighted as being important to actual military battles by operations 

research. For example, the important difference in potential for focused fire 

between close-quarters vs. long-range weapons (Lanchester, 1916), superiority of 

heterogeneous unit composition (Roberts & Conolly, 1992), and minimization of 

unit overkill (Taylor, 1980).  While examining these systems, it is important to 

test our theories under a range of conditions - finding that the predictions of 

hypotheses apply to diverse systems suggests a match between the underlying 

theory and the laws of nature. Thus, we should seek to test predictions in systems 

different to those for which they were developed. I have done so with the current 

study, examining a hypothesis put forward to explain the evolution of animal 

weaponry in a completely novel context.



 

155 

 

8 General Discussion 

The research presented in this thesis has combined overarching evolutionary 

hypothesis testing across an entire order, with detailed focal-species behavioural 

ecology and morphology in the field and lab, spanning in scale from global to 

microscopic. Previously, the mating systems of the Orthoptera had not been 

comprehensively reviewed since Gwynne and Morris (1983), and the ecology of 

New Zealand cave wētā had hardly been examined since the 1960s. This thesis 

has addressed these lapses, as well as testing existing theory with a novel system 

and adding new data on cave wētā to the large body of work already existing for 

Orthopteran behavioural ecology. To date, research into the evolution and 

reproductive ecology of the Orthoptera has been dominated by studies of the 

Gryllidae and Tettigoniidae (Chapter 2), with little attention spared for the many 

other families in the order. This thesis and the publications arising from it make a 

step towards balancing this omission with examination of the Rhaphidophoridae, a 

worldwide, diverse and ancient family (Rampini et al., 2008; Allegrucci et al., 

2010; Taylan et al., 2011; Song et al., 2015). 

Chapter 6 provided the first ever detailed description of fighting and assessment 

for cave wētā, and demonstrated that the elongated hind-legs of male 

P. waitomoensis are used as weaponry. In addition, this is significant in providing 

an example of  sexually selected weaponry which does not exhibit positive 

allometry. This adds to the list of species (Bonduriansky, 2007) that contrast with 

the common assertion that all or most exaggerated traits show hyper-allometric 

scaling relationships (Green, 1992; Petrie, 1992; Kodric-Brown et al., 2006). The 

fact that contest outcomes in P. waitomoensis depended strongly on leg-length, 

but not on pronotum width, also contrasts with expectation, as measures of body 

size usually correlate strongly with dominance in animal fights (Archer, 1988; 

Arnott & Elwood, 2009). Furthermore, the wētā appeared to rely only on self-

assessment in deciding contest outcome, an interesting finding that raises further 

questions about the purpose of their weaponry. 
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Chapter 5 described mate guarding in P. waitomoensis, and determined a novel 

way for the behaviour to improve mating success – through sheltering the female 

from disturbance. To my knowledge, this has not previously been reported for any 

animal, and also provides one of the only examples to date (see Zeh & Zeh, 1992) 

of a structure being used to directly shield a mate. In addition, it provides an 

example in contrast to the usual expectation that mate guarding serves to directly 

reduce polyandry (Parker, 1979; Jormalainen, 1998; Bateman & MacFadyen, 

1999). Instead, males of this species seem to have prioritized maximization of 

their own repeated mating over time, with less disturbance allowing pairs to stay 

together for longer, and longer male legs reducing the likelihood of nuisance 

organisms disturbing their mates. 

Chapter 4 is the first investigation into rhaphidophorid sensory microstructures 

since Nishikawa et al. (1985) and the only examination of sexual dimorphism of 

the antennae in the family. I characterised fourteen sensilla types and sub-types, 

some of which appear unique to the Rhaphidophoridae. Interestingly, certain 

likely olfactory structures were present only on the antennae of females 

(particularly in P. waitomoensis), while for other sensilla types, there was a 

general trend of sensilla being longer on males. In addition, I provided the first 

microscopic examination of the namesake horn-like protrusions on the antennae of 

P. acanthocera, and discovered similar but less well-developed structures on the 

antennae of P. waitomoensis. The functional significance of these structures, as 

well as the role of the various sensilla, now awaits behavioural and 

electrophysiological investigation and comparison with other species. I hope that 

this work will stimulate other orthopterists to investigate, in detail, the sensory 

ecology and morphology of their study species, revealing whether these strange 

structures are widespread features, or another unique aspect of New Zealand’s 

fauna. 

Chapter 3 provided the first comparative examination of many orthopteran 

reproductive traits and proposed a hypothesis for the ancestral mating system 

components, based on one of the largest supertrees ever compiled (Lambkin et al., 

2009). While I did not find strong support for any of the comparative hypotheses 

regarding reproductive ecology, I did estimate an ancestral mating system that 

likely exhibited protandry, male-male combat and mate-guarding, acoustic mate-
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calling, and female-biased sexual size dimorphism, but without coercive mating or 

exaggerated weaponry. Over all, this indicates highly competitive scramble-like 

conditions under which orthopteran mating traits have evolved. The demand for 

comprehensive phylogenetic hypotheses is growing in ecology (Beaulieu et al., 

2012) and the supertree approach that I used is one way of catering to that 

demand. I hope that my use of the grafting method of tree synthesis demonstrates 

the utility of the technique in allowing comparisons to be made at broad 

taxonomic scales. 

Chapter 7 examined a difficult-to-test ecological hypothesis with a novel 

approach, finding that one-on-one battle seems to favour strong contestants more 

so than skirmishes with multiple opponents. In this way I was able to 

experimentally examine possible reasons for a widespread natural phenomenon 

(extreme weaponry) that occurs in diverse taxa, highlighting the potential role of 

duels in promoting arms races, a trend which may apply to other conflict systems 

with runaway weapon development, possibly even including human warfare. In 

addition, this chapter highlighted the potential for computerised consumer war-

games to act as models in behavioural ecology, a field that has long been enriched 

by game theory, but so far not by the use of actual games as simulators. 

8.1 PACHYRHAMMA SP. REPRODUCTIVE ECOLOGY 

Trivers ( 1972) pointed out that the spatial and temporal distribution of females 

has a direct influence on the strength of sexual selection on males due to mating 

competition – when females are aggregated, the pay-off to males of winning a 

contest for access to them is greater, and we should expect to see higher 

investment in male-male agonistic competitive traits such as weaponry. My data 

for P. waitomoensis corroborates this early idea – females are distributed in dense 

local aggregations, and males fight each other fiercely using specialised weapons. 

In addition, Wedell (1998) stated that there should be a greater advantage to 

guarding females that have a short refractory period, since it is more likely that a 

male will be able to guard her long enough from rivals to mate more than once. 

The case of P. waitomoensis supports this as well, since males may wait out the 

short refractory period (of a few minutes) and mate again and again over a period 

of hours if they can remain with the female. 
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8.1.1 The importance of environmental context to sexual selection 

It is important for the interpretation of evolutionary data to study the focal 

organism in its natural environment (Hansson & Stensmyr, 2011; Samietz et al., 

2014), as was demonstrated by Chapter 5 in showing a role of mate guarding in 

reducing heterospecific disturbance. I would not have noticed the importance of 

nuisance movement to adult P. waitomoensis mating success had I only observed 

them in the laboratory setting without heterospecific and juvenile neighbours. This 

research represents one of the few examples of studies which have considered 

interspecific interactions in mate guarding. Following this line of enquiry with 

other organisms may significantly add to our understanding of sexual selection. 

Specifically, that chapter provides an example of mate guarding behaviour which 

may carry a protective benefit to females, of which there have been few records to 

date (e.g. Wysocki & Halupka, 2004; Kahlenberg et al., 2008; Snyder et al., 

2011). Therefore I suggest that field studies of mate guarding behaviour, with 

focal species in their natural environment and surrounded by all of their natural 

enemies and environmental hazards, may contribute more examples of similar 

mate guarding benefits to females. This may highlight the potential for protection 

or sheltering of mates to act as an important factor in the economics of 

reproductive ecology and sexual conflict. 

The results of Chapter 5 in combination with the observations in Chapter 4 that 

male P. waitomoensis apparently lack olfactory sensitivity, also provide another 

example of how the unique cave environment has shaped the evolution of its 

inhabitants. Males protect their mates from disturbance, so that they won’t move 

away in response to the contact from nuisances, thus breaking contact with him. If 

the female moves beyond the antennal reach of the male, he has essentially lost 

her (possibly to another nearby male), and must re-embark upon the quest of mate 

searching. In an environment with light (or among species which use hearing or 

olfaction in mate detection), such an effect is unlikely to occur because animals 

can keep track of nearby conspecifics, and the consequences of losing physical 

contact with a mate would not be as severe. Thus particular aspects of the 

cavernous environment (in this case perpetual darkness) have large selective 

consequences for their biota through sexual as well as natural selection, an 

important point because most studies of sexual selected traits only consider 
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interactions between conspecific adult males and females, generally ignoring the 

influence of their environment and surrounding heterospecific biota. 

Chapters 4, 5, and 6 provided me with general natural history and mating system 

information regarding Pachyrhamma sp., both in their experimental results and in 

the informal observations made while gathering the data. The usefulness of this 

information was apparent when I came to make phylogenetic analyses across the 

order – having data for each trait in P. waitomoensis meant that a representative of 

the Rhaphidophoridae was present in most trees and character matrices, which 

would have been uncommon otherwise, effectively leaving an entire family out of 

many of the analyses. This reiterates the value of general natural history studies 

that report on a wide range of their study organism’s traits, habitat and ecology, 

especially in groups outside of the usual model organisms for a particular field 

(Hansson & Stensmyr, 2011). Both of the mating behaviours reported in Chapter 5 

and 6 appeared on preliminary video observation of the wētā in their caves, and 

may have escaped notice if I had approached the system with a fixed hypothesis 

and pre-determined experimental design from the outset instead of gathering 

plentiful general observations first. Thus it is my strong recommendation to future 

workers with this or similar study species to dedicate time to field observation of 

the study species in conditions that are as natural as possible before bringing 

specimens to the lab or intervening with in situ experimental treatments. 

8.1.2 Dual purposes of exaggerated structures 

P. waitomoensis are similar to other animals (e.g. Preston et al., 2003) in having 

both overt pre-copulatory competitive (male-male contest) behaviour and post-

copulatory competitive (mate guarding) behaviour. However, they differ from 

most cases by having a dual-purpose morphological adaptation which functions in 

both contexts, being a weapon for fighting rivals and a mate-guarding implement. 

This points out the importance of considering intra- and inter-sexual (and in fact 

interspecific) components of the mating system when examining sexual selection. 

It is interesting to note that the few secondary sexual traits studied in 

Rhaphidophoridae so far – protrusive scent glands in Troglophilus neglectus 

(Stritih, 2014), spined hind-femora of Daihinibaenetes giganteus (Weissmann, 

1997) crushing hind-legs in Pristoceuthophilus marmoratus (Conroy & Gray, 

2015) and the elongated hind-legs of P. waitomoensis all serve dual purposes in 
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male-male agonism and the courtship, coercion or guarding of females. In 

addition, both T. neglectus, and P. marmoratus males grasp the female with their 

hind legs during mating (Haley & Gray, 2012; Stritih & Čokl, 2012), meaning that 

hind-leg use in copulatory behaviour has been observed in most 

Rhaphidophoridae so far investigated. In this way the family may provide 

valuable comparative model species for examining the coercion-avoidance 

hypothesis of ornament evolution – that females should favour the use of 

ornaments as indicators of male quality over weapons, because they do not pose 

the same potential for acquiring a dual purpose in coercive mating (Pradhan & 

Van Schaik, 2009). 

Although the potential for weapons (and other male fighting traits) to serve in 

grasping, overpowering or otherwise coercing females has been recognised for a 

long time (e.g. Shine, 1978; Berry & Shine, 1980), few studies have examined 

specialised structures that serve both purposes. In contrast, the potential for 

weaponry to influence females without physically manipulating them, by serving 

as ornamentation has been demonstrated among various species (Berglund et al., 

1996). For example, the enlarged chela (pincers) of fiddler crabs (Uca sp.) are 

used to grip opponents during fights (Jennions & Backwell, 1996; Levinton & 

Allen, 2005), and also as visual signals to females influencing mate choice 

(Reaney, 2009). Similarly, the large horns of male mountain sheep (Ovis 

canadensis) are used in head-to-head clashes, and also allow females to assess 

mate quality (Geist, 1971). I was not able to approach the topic of mate attraction 

and female choice presently, but these potential dual-purposes highlight the fact 

that wētā hind-legs are involved in multiple aspects of their ecology and 

behaviour, which must be considered in interpreting the present findings. They are 

strong swimmers, climbers, kickers and jumpers (Richards, 1955), all behaviours 

that involve the legs, and so it is very likely that mobility and survival within their 

habitat also exerts strong natural selection upon leg structure. Whether these 

behaviours are more or less important to adult males vs. females and juveniles 

may also go a long way to explaining their sexual dimorphism. 



 

161 

 

8.1.3 Future directions for research into cave wētā reproductive ecology 

Several questions regarding the Pachyrhamma waitomoensis mating system are 

raised by this research, from which further work could build a clearer picture of 

their evolution and ecology. 

Firstly, discovering what males gain or lose in their combat is essential to fully 

understanding selection upon their weaponry. I was not able to accurately track 

the fate of contest winners or losers with my approaches, nor did I observe any 

obvious immediate benefit to contest victory (especially because any females 

present usually fled from the commotion caused by a fight, leaving both the 

winner and loser without any obviously improved chance of mating with her). 

Considering the longevity of the animals, and their restriction to localised 

aggregations, it is likely that the same individuals will fight repeatedly over their 

adult life, and a dominance hierarchy may emerge (as in grylline crickets (Boake, 

1983)) if they were observed long term, or if the local movement of wētā after 

fights was tracked. Key questions with which to approach this topic might 

include: are contest winners or losers more or less likely to be found outside of 

aggregations or associated with females? Are males more or less likely to disrupt 

the mating association of a rival they have previously beaten or been beaten by in 

combat? Are fights more or less likely to escalate when contestants have previous 

experience winning or losing against the rival in question? 

In addition, various other factors are likely to have a selective influence on male 

leg-length. As mentioned above, many sexually-selected traits that communicate 

RHP serve a role in both intra-sexual contest behaviour and ornamentation for 

mate attraction or signalling male quality (Berglund et al., 1996; Allen & 

Levinton, 2007; Emlen, 2008; Willemart et al., 2009). I also hypothesised that the 

female-flanking role of elongated male hind legs served to hide her from mate-

searching males, since they may rely on antennal contact to identify potential 

mates (Chapter 4). If a guard interposes part of his body between his mate and a 

searching rival, he may occlude her from the searcher’s senses and prevent her 

discovery. I was not able to closely observe the wētā’s antennal movements with 

the relatively low-resolution trail camera footage, but higher resolution video 

could easily provide data to examine this possibility. 
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Another possibility is that the mate-guarding behaviour presented here represents 

an intermediate step towards or away from female-trapping with the hind legs as 

displayed in other Rhaphidophoridae (Haley & Gray, 2012; Stritih, 2014). As the 

fore- and mid-tibiae of the female interlace with the hind- and mid-legs of the 

male while copulating (see Figure 1, Chapter 5), flexion of the male legs would be 

the only thing required to transition to a female-trapping behaviour in 

P. waitomoensis. Whether such a behaviour occurs among other New Zealand 

cave wētā would also be informative to discover, especially among species that 

have thickened or well armed hind-legs, as for example in Pachyrhamma longipes 

which bears curved spines on the male hind-tibiae (Richards, 1958). Many other 

New Zealand Rhaphidophoridae also feature highly elongated hind-legs (Morgan-

Richards, 2018), so it would be interesting to examine whether they feature 

similar combat or mate-guarding to P. waitomoensis (my informal observations of 

the Pallidoplectron turneri that co-habitate within P. waitomoensis aggregations 

indicate that this small species also employs male-male combat with their 

elongated hind legs). Since there are relatively few animals with long, thin 

exaggerated structures of known purpose in their reproductive ecology (Emlen, 

2008), this may make the group useful for examining the significance of such 

structures. 

The role of the antennal protrusions in Pachyrhamma sp. is another mystery raised 

by this research, but not one that couldn’t be solved with a combination of further 

behavioural observation, electro-antennography and histology. If the protrusions 

prove to be pheromone-dispersing vesicles as I suspect, it would also be 

particularly interesting to discover whether any of the porous sensilla present only 

on female antennae (such as sensilla basiconica I and III, and sensilla chaetica I 

and Ib in the case of P. waitomoensis) are receptive to the putative volatile. Very 

little is known about the role of chemical cues in female choice among Orthoptera 

(Brown, 1999), so if the antennal protrusions do play some role in distributing 

volatiles for communication or attraction, the New Zealand cave wētā  may again 

prove important model species for contributing to our knowledge of orthopteran 

mating systems. 
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8.2 EVOLUTION AND MATING SYSTEM TRAITS IN THE 

ORTHOPTERA 

Our understanding of sexual selection is still far from complete, especially in 

regard to the role of sexual conflict. Some argue that it is important to 

fundamental aspects of life such as speciation (Gavrilets, 2000), ecological 

diversification (Bonduriansky, 2011) and senescence (Promislow, 2003; 

Bonduriansky et al., 2008), and debate still remains around some processes (e.g. 

Cordero & Eberhard, 2003). Other hypotheses also remain largely unexplored, for 

example, the possible co-option of sexually selected traits as non-sexual viability 

adaptations (Bonduriansky, 2011). The future of the field clearly promises further 

exciting developments in our understanding of evolution. However, a great deal of 

our knowledge of sexual selection is still based on laboratory experimentation 

with a small number of model species (Bonduriansky, 2009). Although much has 

been learned from these studies, examination of a broad range of species, 

especially under natural conditions is needed to confirm the generality of these 

findings. 

The Orthoptera provide many suitable organisms with varied and in some cases 

extreme mating system traits, as demonstrated by the chapters of this thesis. As 

illustrated in Chapter 2, model organisms from the order have provided critical 

evidence for testing theory around sexual selection and conflict (e.g. Fedorka & 

Mousseau, 2004; Maklakov et al., 2008), as well as plentiful examples with which 

to make phylogenetic comparisons (Chapter 3). Nevertheless, many avenues for 

further research remain unexplored. Examination of male mate discrimination in 

particular promises new insight to sexual co-evolution, as this trait has been 

shown to either enhance or detract from female fitness (Bonduriansky, 2009), with 

further complex consequences such as attractiveness-dependant costs also being 

possible (Long et al., 2009). The question of why male mate choice hasn’t resulted 

in female ornamentation in cases where males invest heavily in each mating also 

awaits explanation (LeBas et al., 2003; Bonduriansky, 2009). As the Orthoptera 

have various species with demonstrated male mate-discrimination, costs and 

benefits of this to attractive females, and sex-role reversing species (Chapter 2), 

the order has potential to provide many useful model organisms for exploring 

these areas. In particular, examination of mate guarding may be a particularly 
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fruitful avenue, as it often represents a significant but variable investment made 

by males, and is generally an easily observable and quantifiable aspect of mating. 

In addition, Chapter 2 highlighted the large body of work that exists regarding 

acoustic signalling, and the advances that has provided to the field of reproductive 

ecology. However, the descriptions of antennal sensilla morphology in Chapter 4 

are some of the few that exist for Orthoptera, revealing an imbalance of research 

into the different communication and sensory channels available to insects in the 

order. If a similar effort can be applied to unveiling the details of their chemical 

communication, senses and neuroethology, further discoveries that advance our 

understanding of sexual selection may be gleaned. Similarly, chemosensory traits 

would prove to be very interesting as characters for phylogenetic comparisons 

with various mating system components as tested in Chapter 3. 

The ancestral character state reconstructions presented in Chapter 3 illustrated an 

ancient Orthoptera mating system with protandry, male-male combat and mate-

guarding, mate-calling, and female biased size dimorphism, but without coercive 

mating or exaggerated weaponry. This is informative to examinations of mating 

system evolution and reproductive ecology throughout the order. For example, my 

combative, mate-guarding, non-protandrous and silent study species 

P. waitomoensis appears plesiomorphic in regard to some traits, but apomorphic 

in others, contrasting with statements that they have changed little since diverging 

(e.g. Richards, 1955). Unfortunately, it is difficult to compare P. waitomoensis 

and the other Rhaphidophoridae, due to the lack of phylogenetic resolution in the 

family. In fact, the topology of the supertree created for the comparative approach 

(Chapter 3) revealed a great disparity in the phylogenetic resolution among 

families in the Orthoptera, with Tettigoniidae, Acrididae and Gryllidae in 

particular having comprehensive coverage (even after cutting them back to only 

include species for which I gathered ecological data), while other families ended 

up essentially as polytomies with resolution provided only by taxonomic 

relationships. Gaining even coarse phylogenetic knowledge of those neglected 

families would greatly increase the power of future comparative work in the order. 

8.3 COMBAT, DUELS AND ARMS RACES 

Because conflict is a property of living systems, the examination of evolutionary 

processes is integral to our understanding of conflict in general. In animals, 
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conflict is clearly manifest in combat, a behaviour that has led to the evolution of 

extreme weapons of mindboggling diversity. Chapters 6 and 7 provided 

examination of theory around animal combat, assessment and escalation in two 

completely unrelated systems, and both suggested underlying mechanisms driving 

the evolution of extreme weaponry. Although I was able to describe male fighting, 

weaponry and assessment with P. waitomoensis, I was not able to clearly identify 

the function by which elongated legs grant their advantage in combat. Further 

examination into this aspect of the system would certainly provide valuable 

insight into the varied functions of animal weapons, as there are relatively few 

other examples ofweapons with similar (very long and thin) morphology (Emlen, 

2008).   

Chapter 6 added another example to the literature of duelling males with 

specialised weapons, and Chapter 7 highlighted the potential importance of that 

duel-based system in producing arms races generally. The example of weaponry 

in P. waitomoensis is also interesting, because the males engage each other one-

on-one, despite not being spatially restricted, as in the classic weapon-bearing 

duelists the burrowing Scarabaeidae. In fact, spatial restriction doesn’t seem 

especially common in many duel-type systems – mammals such as elephants and 

bison engage in fierce head-to-head duels on open plains (Lott, 1974; Poole, 

1989a), and various other animals engage in duels with even less spatial 

restriction in open water (e.g. Fernald & Hirata, 1977; Panagiotopoulou et al., 

2016) or while airborne (e.g. Thompson, 1960; Kemp et al., 2006). Therefore, 

spatial restriction is clearly only one factor in determining why animals duel. 

Nevertheless, narrow arenas seem to be associated with exaggerated weapons 

(Emlen, 2014a). This hints at the presence of another quality of narrow arenas that 

favours arms races, besides the restriction of combatants to one-on-one fights. I 

suggest that the predictability of the opponent’s relative position may be an 

important factor, allowing powerful weapons to be reliably aligned against them. 

In an open space, even in a duel, an overly large or elaborate weapon may be 

circumvented or even used against its bearer by a mobile opponent, possibly 

limiting the development of extreme weaponry. This is another factor that is 

reflected in (and could be tested with) the dynamics of wargaming strategy – 

powerful, “all-in” moves such as timing attacks require accurate information 
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about the opponent’s position, whereas less committed, generalist strategies can 

be successful in less predictable circumstances (discussed in Chapter 7). 

The apparent rarity of multi-male skirmishes among animals may be explained by 

the clear disadvantage of joining in a risky pre-existing fight between two rivals, 

when the alternative of waiting until both combatants have weakened is an option. 

Only a pressingly urgent factor should result in simultaneous multi-way 

skirmishes, such as the presence of a receptive female in the actual location of the 

struggle, as for example occurs in the multi-male amplexus masses or mating balls 

of amphibians and snakes (e.g. Rivas & Burghardt, 2001; Tobias et al., 2014), or 

the intense skirmishes over females at oviposition and emergence sites in some 

insects (e.g. Parker, 1970a; Houston, 1991). Examining the underlying factors that 

cause these skirmishes to occur may shed more light on the occurrence of 

evolutionary arms races. However, the majority of contest and weaponry research 

has focused on dyadic fights, most probably due to the relative ease of creating 

and observing controlled experiments with only two animals at a time in the 

laboratory. Consequently, our overall understanding of conflict is likely 

influenced by the relative difficulty of experimentation with multiple animals at 

once. Chapter 7 highlighted one of the ways in which computer simulated combat 

could help address this gap – in providing easily manipulated and controlled 

conditions for large skirmishes in a variety of contexts. 

The field of animal combat and assessment as well as the associated research into 

arms races and weapon evolution, promise further understanding of processes that 

underlie conflict. This work has contributed novel examples and approaches that 

add to that understanding, in regard to the evolution of sex, combat and weaponry. 

8.4 CONCLUDING REMARKS 

Although a massive body of literature concerning Orthopteran mating tactics and 

adaptations has accumulated, many groups lack observation in the wild. Prior to 

this research, the Rhaphidophoridae were such a family, with very few studies 

having examined their ecology or mating systems. This was formerly the case for 

other groups (such as dung beetles) that went on to become important model 

species and contribute valuable observations for advancing the field (e.g. Moczek 

& Emlen, 2000; Emlen, 2001; Emlen et al., 2005; Knell, 2011; Tomkins & Hazel, 
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2011). Thus it is my hope that the work presented in this thesis and associated 

publications will stimulate interest in this largely un-studied and diverse family, 

bringing to light more interesting adaptations and potential for comparisons with 

other Orthoptera. 

The chapters of this thesis have shown that New Zealand cave wētā have a highly 

competitive mating system with many interesting adaptations that were not 

previously known or well-described. Although I have presented several 

informative results regarding these, the work also raised further questions which 

deserve more investigation. My description of sexually dimorphic antennal 

structures is particularly intriguing in regard to their potential presence on other 

Rhaphidophoridae, as so few species have any published examination of their 

microscopic sensillar and antennal morphology, and no other structure quite like 

them is recorded for any insect to my knowledge. Whether these are widespread, 

limited to New Zealand species, or only found on species with certain habitats 

such as caves would all be fascinating to discover. 

This research also provided the first order-wide analysis of orthopteran 

reproductive evolution, presenting a set of hypotheses for the ancestral mating 

system traits on which further work can now be based. As well as allowing for 

new comparisons to be made with other groups, this has demonstrated how a 

combined supertree and review based comparative method can be used to examine 

evolutionary hypotheses in a group using only the literature and freely available 

open-source software. 

The examinations of cave wētā combat and warfare between computer simulated 

fighters both revealed information about weapon evolution, and showed that 

disparate systems can be used to approach the same problem from different 

angles. In particular, I hope that the potential of wargames (and other formats of 

game) to act as simulations of natural systems will be explored further and come 

to provide useful techniques in examining diverse scientific questions. 
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Appendix 1 

Source tree contributions to supertree topology 
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Appendix 2 

Full supertree of orthopteran phylogenies 

Figure 1. Full supertree for Orthoptera having reproductive trait data, constructed by 

grafting  source trees listed in Appendix 1 to the backbone tree provided by Song et al. 

(2015). 
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Appendix 3 

Phylogenetic Comparisons using Pagel’s Discrete Character Evolution Test. 

In addition to running MCMCglmms, I tested each hypothesis using Mesquite’s 

implementation of Pagel’s (1994) discrete character evolution test (Maddison & 

Midford, 2002).This tests whether the rate of evolutionary transitions in one 

binary variable is dependent on transitions in the other, by fitting two models to 

the data using maximum likelihood; one with and one without dependence 

between the two traits in question. The independent model describes a situation 

where the transitions between presence or absence in each variable are equally 

likely regardless of the state in the other. In Mesquite’s implementation, this is 

derived as a constrained version of the dependent model, in which transition rates 

in each variable are influenced by the state in the other. The goodness of fit of 

each model can then be compared using a log-likelihood ratio test with simulated 

data. I tested each hypothesis regarding correlated character evolution, using the 

same data and phylogenetic structures as outlined in Chapter 3, using Mesquite 

v.3.5 (Maddison & Maddison, 2017).  

Prior to running the models, I set all branch lengths to one, resolved polytomies to 

branches with length = 0.000001, and made the trees ultrametric using Mesquite’s 

“arbitrarily ultrametricize” function. The module calculates transition probabilities 

for each branch of the tree starting with the observed values at the tips and 

working towards the root. This uses either spectral decomposition or, if this results 

in negative likelihoods, Putzer’s (1966) algorithm. The program implements 10 

extra likelihood searches starting at different points to try and optimize the 

maximum likelihood score. Significance of the ratio of likelihoods between 

dependent and independent models is estimated by Monte Carlo simulation, for 

which I used 2000 iterations (double the minimum recommended).  
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All tests returned similar log-likelihoods between models of dependent and 

independent evolution, with no evidence that they significantly differed (Table 1). 

As such they matched, in general, the results of tests with MCMCglmms, 

suggesting that strong correlations between traits could not be drawn from the 

data. 

 

Table 1. Model outputs for Pagel’s discrete tests of correlated evolution between 

reproductive traits in Orthoptera. 

 

Predictor 
variable 

Response 
variable 

Independent 
model log-
likelihood 

Dependent model 
log-likelihood P 

Combat Reduced SSD 53.703 52.934 0.1889 

Combat 
Lack of 

protandry 
-5.886 -5.299 0.139 

Combat ARTs -20.277 <0.0001 0.999 

Mate 
guarding 

Weaponry -37.502 -36.334 0.103 

Nuptial 
feeding 

Male mate 
discrimination 

-27.382 -26.826 0.305 
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Appendix 4 

All sensilla morphometrics 

Table 1. Morphometric data for all sensilla measured. Dimensions are in microns.

 



 

173 

 

 

 

 

 



 

174 

 

 

 



 

175 

 

 

 



 

176 

 

References 

Adamo, SA, & Hoy, RR. 1995. Agonistic behaviour in male and female field 

crickets, Gryllus bimaculatus, and how behavioural context influences its 

expression. Animal Behaviour, 49(6), 1491-1501 

 

Adamo, SA, & Lovett, MME. 2011. Some like it hot: The effects of climate 

change on reproduction, immune function and disease resistance in the 

cricket Gryllus texensis. Journal of Experimental Biology, 214(12), 1997-

2004 

 

Alatalo, R, Hoglund, J, & Lundberg, A. 1988. Patterns of variation in tail 

ornament size in birds. Biological Journal of the Linnean Society, 34(4), 

363-374 

 

Alberts, SC, Altmann, J, & Wilson, ML. 1996. Mate guarding constrains foraging 

activity of male baboons. Animal Behaviour, 51(6), 1269-1277 

 

Alcock, J. 1994. Postinsemination associations between males and females in 

insects: The mate-guarding hypothesis. Annual Review of Entomology, 39, 

1-21 

 

Alcock, J. 1996. The relation between male body size, fighting, and mating 

success in Dawson's burrowing bee, Amegilla dawsoni (Apidae, Apinae, 

Anthophorini). Journal of Zoology, 239(4), 663-674 

 

Alexander, RD. 1957. The taxonomy of the field crickets of the eastern United 

States (Orthoptera: Gryllidae: Acheta). Annals of the Entomological 

Society of America, 50(6), 584-602 

 

Alexander, RD. 1961. Aggressiveness, Territoriality, and Sexual Behavior in Field 

Crickets (Orthoptera: Gryllidae). Behaviour, 17(2/3), 130-223 

 

Alexander, RD, & Otte, D. 1967a. Cannibalism during copulation in the brown 

bush cricket, Hapithus agitator (Gryllidae). The Florida Entomologist, 

50(2), 79-87 

 

Alexander, RD, & Otte, D. 1967b. The Evolution of Genitalia and Mating 

Behavior in Crickets (Gryllidae) and Other Orthoptera: Michigan 

University Museum of Zoology Misc. Publications. 



 

177 

 

 

Allard, H. 1916. Some musical orthoptera at Clarendon, Virginia. The Canadian 

Entomologist, 48(10), 356-358 

 

Allegrucci, G, Todisco, V, & Sbordoni, V. 2005. Molecular phylogeography of 

Dolichopoda cave crickets (Orthoptera, Rhaphidophoridae): A scenario 

suggested by mitochondrial DNA. Molecular Phylogenetics and 

Evolution, 37(1), 153-164 

 

Allegrucci, G, Trewick, SA, Fortunato, A, Carchini, G, & Sbordoni, V. 2010. 

Cave crickets and cave weta (Orthoptera, Rhaphidophoridae) from the 

Southern End of the World: A molecular phylogeny test of 

biogeographical hypotheses. Journal of Orthoptera Research, 19(1), 121-

130 

 

Allen, BJ, & Levinton, JS. 2007. Costs of bearing a sexually selected ornamental 

weapon in a fiddler crab. Functional Ecology, 21(1), 154-161 

 

Allen, GR. 1995. The biology of the phonotactic parasitoid, Homotrixa 

sp.(Diptera: Tachinidae), and its impact on the survival of male Sciarasaga 

quadrata (Orthoptera: Tettigoniidae) in the field. Ecological Entomology, 

20(2), 103-110 

 

Allen, GR, & Bailey, WJ. 1994. Female encounter rate and the calling behavior 

and mating propensity of male Requena verticalis (Orthoptera: 

Tettigoniidae). Behavioral Ecology and Sociobiology, 34(1), 63-69 

 

Almeida-Santos, SM, & Marques, O. 2002. Male-male ritual combat in the 

colubrid snake Chironius bicarinatus from the Atlantic Forest, 

southeastern Brazil. Amphibia-Reptilia, 23(4), 528-533 

 

Alonzo, SH, & Warner, RR. 2000. Allocation to mate guarding or increased 

sperm production in a Mediterranean wrasse. The American Naturalist, 

156(3), 266-275 

 

Altner, H, & Loftus, R. 1985. Ultrastructure and function of insect thermo-and 

hygroreceptors. Annual Review of Entomology, 30(1), 273-295 

 

Altner, H, & Prillinger, L. 1980. Ultrastructure of invertebrate chemo-, thermo-, 

and hygroreceptors and its functional significance. International Review of 

Cytology, 67, 69-139 

 



 

178 

 

Altner, H, Routil, C, & Loftus, R. 1981. The structure of bimodal chemo-, thermo-

, and hygroreceptive sensilla on the antenna of Locusta migratoria. Cell 

and tissue research, 215(2), 289-308 

 

Altner, H, Sass, H, & Altner, I. 1977. Relationship between structure and function 

of antennal chemo-, hygro-, and thermoreceptive sensilla in Periplaneta 

americana. Cell and tissue research, 176(3), 389-405 

 

Alvarez, F. 1990. Horns and fighting in male Spanish ibex, Capra pyrenaica. 

Journal of Mammalogy, 71(4), 608-616 

 

Andersson, M. 1994. Sexual Selection. Princeton, New Jersey: Princeton 

University Press. 

 

Andersson, M, & Iwasa, Y. 1996. Sexual selection. Trends in Ecology and 

Evolution, 11(2), 53-58 

 

Andres, J, Maroja, L, & Bogdanowicz, S. 2006. Molecular evolution of seminal 

proteins in field crickets. Molecular biology and evolution, 23, 1574-1584 

 

Andrés, JA, Larson, EL, Bogdanowicz, SM, & Harrison, RG. 2013. Patterns of 

transcriptome divergence in the male accessory gland of two closely 

related species of field crickets. Genetics, 193(2), 501-513 

 

Anton, S, & Hansson, BS. 1996. Antennal lobe interneurons in the desert locust 

Schistocerca gregaria (Forskal): processing of aggregation pheromones in 

adult males and females. Journal of Comparative Neurology, 370(1), 85-

96 

 

Archer, CR, & Hunt, J. 2015. Understanding the link between sexual selection, 

sexual conflict and aging using crickets as a model. Experimental 

Gerontology(71), 4-13 

 

Archer, J. 1988. The behavioural biology of aggression (Vol. 1). Cambridge: 

Cambridge University Press. 

 

Arnold, SJ, & Wade, MJ. 1984. On the measurement of natural and sexual 

selection: applications. Evolution, 38(4), 720-734 

 

Arnott, G, & Elwood, RW. 2009. Assessment of fighting ability in animal 

contests. Animal Behaviour, 77(5), 991-1004 



 

179 

 

 

Arnqvist, G. 1939. Multiple mating in a water stritler: mutual benefits or 

intersexual conflict? Animal Behaviour, 38, 5 

 

Arnqvist, G. 1988. Mate guarding and sperm displacement in the water strider 

Gerris lateralis Schumm.(Heteroptera: Gerridae). Freshwater Biology, 

19(2), 269-274 

 

Arnqvist, G, Edvardsson, M, Friberg, U, & Nilsson, T. 2000. Sexual conflict 

promotes speciation in insects. Proceedings of the National Academy of 

Sciences, 97(19), 10460-10464 

 

Arnqvist, G, & Nilsson, T. 2000. The evolution of polyandry: multiple mating and 

female fitness in insects. Animal Behaviour, 60(2), 145-164 

 

Arnqvist, G, & Rowe, L. 2013. Sexual conflict: Princeton University Press. 

 

Assis, BA, Trietsch, C, & Foellmer, MW. 2017. Male mate choice based on 

chemical cues in the cricket Acheta domesticus (Orthoptera: Gryllidae). 

Ecological Entomology, 42(1), 11-17 

 

Ayal, Y, Broza, M, & Pener, MP. 1999. Geographical distribution and habitat 

segregation of bushcrickets (Orthoptera: Tettigoniidae) in Israel. Israel 

Journal of Zoology, 45(1), 49-64 

 

Bailey, NW, Gray, B, & Zuk, M. 2010. Acoustic Experience Shapes Alternative 

Mating Tactics and Reproductive Investment in Male Field Crickets. 

Current Biology, 20(9), 845-849 

 

Bailey, W. 1991. Acoustic behaviour of insects. London: Chapman and Hall. 

 

Bailey, W. 1998. Do large bushcrickets have more sensitive ears? Natural 

variation in hearing thresholds within populations of the bushcricket 

Requena verticalis (Listroscelidinae: Tettigoniidae). Physiological 

Entomology, 23(2), 105-112 

 

Bailey, W, & Haythornthwaite, S. 1998. Risks of calling by the field cricket 

Teleogryllus oceanicus; potential predation by Australian long-eared bats. 

Journal of Zoology, 244(4), 505-513 

 



 

180 

 

Bailey, WJ. 1995. Costs of calling in Tettigoniid Orthoptera: a case study of 

Requena verticalis (Tettigoniidae: Listroscelidinae). Journal of Orthoptera 

Research, 65-73 

 

Bailey, WJ. 2003. Insect duets: Underlying mechanisms and their evolution. 

Physiological Entomology, 28(3), 157-174 

 

Bailey, WJ, & Field, G. 2000. Acoustic satellite behaviour in the Australian 

bushcricket Elephantodeta nobilis (Phaneropterinae, Tettigoniidae, 

Orthoptera). Animal Behaviour, 59(2), 361-369 

 

Bailey, WJ, & Lebel, T. 1998. The mating biology of Phasmodes ranatriformis 

(Orthoptera: Tettigoniidae: Phasmodinae), a mute genus of bushcricket 

from Western Australia. Journal of the Royal Society of Western Australia, 

81(3), 149-155 

 

Bailey, WJR, D.C.F. 1990. The tettigoniidae biology systematics and evolution. 

Bathurst: Crawford House Press. 

 

Balakrishnan, R, & Pollack, G. 1997. The role of antennal sensory cues in female 

responses to courting males in the cricket Teleogryllus oceanicus. Journal 

of Experimental Biology, 200(3), 511-522 

 

Barbosa, F, Rebar, D, & Greenfield, MD. 2016. Reproduction and immunity 

trade-offs constrain mating signals and nuptial gift size in a bushcricket. 

Behavioral Ecology, 27(1), 109-117 

 

Barrett, P. 1991. Keeping Wetas in Captivity (G. W. Ramsay Ed.). Wellington: 

Wellington Zoological Gardens. 

 

Bateman, AJ. 1948. Intra-sexual selection in Drosophila. Heredity, 2(Pt. 3), 349-

368 

 

Bateman, PW. 1997. Operational sex ratio, female competition and mate choice in 

the ephippigerine bushcricket Steropleurus stali Bolivar. Journal of 

Orthoptera Research, 101-104 

 

Bateman, PW. 1998. Mate preference for novel partners in the cricket Gryllus 

bimaculatus. Ecological Entomology, 23(4), 473-475 

 

Bateman, PW. 2000. The influence of weapon asymmetry on male-male 

competition success in a sexually dimorphic insect, the African king 



 

181 

 

cricket Libanasidus vittatus (Orthoptera: Anostostomatidae). Journal of 

Insect Behavior, 13(1), 157-163 

 

Bateman, PW. 2001. Changes in phonotactic behavior of a bushcricket with 

mating history. Journal of Insect Behavior, 14(3), 333-343 

 

Bateman, PW, & Ferguson, JWH. 2004. Male mate choice in the Botswana 

armoured ground cricket Acanthoplus discoidalis (Orthoptera: 

Tettigoniidae; Hetrodinae). Can, and how, do males judge female mating 

history? Journal of Zoology, 262(3), 305-309 

 

Bateman, PW, & MacFadyen, DN. 1999. Mate Guarding in the Cricket Gryllodes 

sigillatus: Influence of Multiple Potential Partners. Ethology, 105(11), 

949-957 

 

Bateman, PW, & Toms, RB. 1998. Mating, mate guarding and male-male relative 

strength assessment in an African King Cricket (Orthoptera: 

Mimnermidae). Transactions of the American Entomological Society, 

124(1), 69-75 

 

Bazazi, S, Ioannou, CC, Simpson, SJ, Sword, GA, Torney, CJ, Lorch, PD, & 

Couzin, ID. 2010. The social context of cannibalism in migratory bands of 

the mormon cricket. PLoS ONE, 5(12), e15118 

 

Be'Er, A, Zhang, H, Florin, E-L, Payne, SM, Ben-Jacob, E, & Swinney, HL. 2009. 

Deadly competition between sibling bacterial colonies. Proceedings of the 

National Academy of Sciences, 106(2), 428-433 

 

Beaulieu, JM, Ree, RH, Cavender-Bares, J, Weiblen, GD, & Donoghue, MJ. 

2012. Synthesizing phylogenetic knowledge for ecological research. 

Ecology, 93(8 SPEC. ISSUE), S4-S13 

 

Beersma, D, Stavenga, D, & Kuiper, J. 1977. Retinal lattice, visual field and 

binocularities in flies. Journal of Comparative Physiology A: 

Neuroethology, Sensory, Neural, and Behavioral Physiology, 119(3), 207-

220 

 

Bell, PD. 1979. Acoustic attraction of herons by crickets. Journal of the New York 

Entomological Society, 87, 126-127 

 

Bell, PD. 1980. Multimodal communication by the black-horned tree cricket, 

Oecanthus nigricornis (Walker)(Orthoptera: Gryllidae). Canadian Journal 

of Zoology, 58(10), 1861-1868 



 

182 

 

 

Belovsky, GE, Slade, JB, & Chase, JM. 1996. Mating strategies based on foraging 

ability: An experiment with grasshoppers. Behavioral Ecology, 7(4), 438-

444 

 

Belwood, JJ. (1990). The influence of bat predation on calling behavior in 

neotropical forest katydids (Insecta: Orthoptera: Tettigoniidae). (PhD), 

University of Florida, Florida.    

 

Berger, D. (2008). The evolution of complex courtship songs in the genus 

Stenobothrus Fischer, 1853 (Orthoptera, Caelifera, Gomphocerinae). 

(PhD), Friedrich Alexander University, Nurnberg.    

 

Berger, D, & Gottsberger, B. 2010. Analysis of the courtship of Myrmeleotettix 

antennatus (Fieber, 1853)—with general remarks on multimodal courtship 

behaviour in Gomphocerinae grasshoppers. Articulata, 25(1), 1-21 

 

Berglund, A, Bisazza, A, & Pilastro, A. 1996. Armaments and ornaments: An 

evolutionary explanation of traits of dual utility. Biological Journal of the 

Linnean Society, 58(4), 385-399 

 

Berns, CM. 2013. The evolution of sexual dimorphism: understanding 

mechanisms of sexual shape differences. In H. Moriyama (Ed.), Sexual 

Dimorphism (pp. 1-16). Rijeka: InTech. 

 

Berry, JF, & Shine, R. 1980. Sexual size dimorphism and sexual selection in 

turtles (Order Testudines). Oecologia, 44(2), 185-191 

 

Bertram, SM, Schade, JD, & Elser, JJ. 2006. Signalling and phosphorus: 

correlations between mate signalling effort and body elemental 

composition in crickets. Animal Behaviour, 72(4), 899-907 

 

Bidau, CJ. 2014. Patterns in Orthoptera biodiversity. I. Adaptations in ecological 

and evolutionary contexts. Journal of Insect Biodiversity, 2(20), 1-39 

 

Bidochka, MJ, & Snedden, WA. 1985. Effect of nuptial feeding on the mating 

behaviour of female ground crickets. Canadian Journal of Zoology, 63(1), 

207-208 

 

Birkhead, T. 1979. Mate guarding in the magpie Pica pica. Animal Behaviour, 27, 

866-874 

 



 

183 

 

Bjork, A, & Pitnick, S. 2006. Intensity of sexual selection along the anisogamy–

isogamy continuum. Nature, 441(7094), 742 

 

Björklund, M, & Westman, B. 1986. Mate-guarding in the great tit: tactics of a 

territorial forest-living species. Ornis Scandinavica, 99-105 

 

Blanckenhorn, W. 2000. the evolution of body size: What keeps organisms small? 

Quarterly Review of Biology, 75, 385-407 

 

Bland, R. 1989. Antennal sensilla of Acrididae (Orthoptera) in relation to 

subfamily and food preference. Annals of the Entomological Society of 

America, 82(3), 368-384 

 

Bland, R. 1991. Antennal and mouthpart sensilla of Tetrigidae (Orthoptera). 

Annals of the Entomological Society of America, 84(2), 195-200 

 

Bland, R, & Rentz, D. 1994. External morphology and abundance of antennal 

sensilla in Australian Gryllacrididae. Journal of Morphology, 222(1), 11-

18 

 

Bland, RG. 1982. Morphology and Distribution of Sensilla on the Antennae and 

Mouthparts of Hypochlora alba (Orthoptera: Acrididae). Annals of the 

Entomological Society of America, 75(3), 272-283 

 

Blaney, W, & Chapman, R. 1969. The anatomy and histology of the maxillary 

palp of Schistocerca gregaria (Orthoptera, Acrididae). Journal of Zoology, 

157(4), 509-535 

 

Blankers, T, Oh, KP, Bombarely, A, & Shaw, KL. 2017. The genomic 

architecture of a rapid island radiation: mapping chromosomal 

rearrangements and recombination rate variation in Laupala. bioRxiv, 

160952 

 

Blizzard, E. (2013). Starcraft II Patch 2.0.8 Replay file enhancements. 2018, from 

http://us.battle.net/sc2/en/blog/9669862/StarCraft_II_Patch_208_Replay_F

ile_Enhancements-5_7_2013 

 

Blomberg, SP, & Garland, T. 2002. Tempo and mode in evolution: phylogenetic 

inertia, adaptation and comparative methods. Journal of Evolutionary 

Biology, 15(6), 899-910 

 



 

184 

 

Blomberg, SP, Garland, T, Ives, AR, & Crespi, B. 2003. Testing for phylogenetic 

signal in comparative data: behavioural traits are more labile. Evolution, 

57(4), 717-745 

 

Boake, CRB. 1983. Mating Systems and Signals in Crickets. In D. T. Gwynne & 

G. K. Morris (Eds.), Orthopteran Mating Systems (pp. 28-44). Boulder: 

Westview Science. 

 

Boake, CRB, & Capranica, RR. 1982. Aggressive signal in "courtship" chirps of a 

gregarious cricket. Science, 218(4572), 580-582 

 

Boeckh, J, Kaissling, K-E, & Schneider, D. (1965). Insect olfactory receptors. 

Paper presented at the Cold Spring Harbor Symposia on Quantitative 

Biology. 

 

Boldyrev, BT. 1915. Contributions a l'etude de la structure des spermatophores et 

des particularites de la copulation chez locustidae et grylodea. Horae 

Societatis Entomologicae Rossica, 6, 1-245 

 

Boldyrev, BT. 1928. biological studies on Bradyporus multituberculatus F.W. 

(Orth., Tettig). Eos, 4, 13-56 

 

Bonduriansky, R. 2001. The evolution of male mate choice in insects: A synthesis 

of ideas and evidence. Biological reviews of the Cambridge Philosophical 

Society, 76(3), 305-339 

 

Bonduriansky, R. 2007. Sexual selection and allometry: a critical reappraisal of 

the evidence and ideas. Evolution, 61, 838-849 

 

Bonduriansky, R. 2009. Reappraising sexual coevolution and the sex roles. PLOS 

Biology, 7(12), e1000255 

 

Bonduriansky, R. 2011. Sexual selection and conflict as engines of ecological 

diversification. The American Naturalist, 178(6), 729-745 

 

Bonduriansky, R, & Chenoweth, SF. 2009. Intralocus sexual conflict. Trends in 

Ecology & Evolution, 24(5), 280-288 

 

Bonduriansky, R, & Day, T. 2003. The evolution of static allometry in sexually 

selected traits. Evolution, 57(11), 2450-2458 

 



 

185 

 

Bonduriansky, R, Maklakov, A, Zajitschek, F, & Brooks, R. 2008. Sexual 

selection, sexual conflict and the evolution of ageing and life span. 

Functional Ecology, 22(3), 443-453 

 

Brandt, Y, & Swallow, JG. 2009. Do the elongated eye stalks of Diopsid flies 

facilitate rival assessment? Behavioral Ecology and Sociobiology, 63(8), 

1243-1246 

 

Braswell, WE, Andrés, JA, Maroja, LS, Harrison, RG, Howard, DJ, & Swanson, 

WJ. 2006. Identification and comparative analysis of accessory gland 

proteins in Orthoptera. Genome, 49(9), 1069-1080 

 

Braswell, WE, Birge, LM, & Howard, DJ. 2006. Allonemobius shalontaki, a new 

cryptic species of ground cricket (Orthoptera: Gryllidae: Nemobiinae) 

from the southwestern United States. Annals of the Entomological Society 

of America, 99(3), 449-456 

 

Bridge, AP, Elwood, RW, & Dick, JTA. 2000. Imperfect assessment and limited 

information preclude optimal strategies in male–male fights in the orb-

weaving spider Metellina mengei. Proceedings of the Royal Society of 

London. Series B: Biological Sciences, 267(1440), 273-279 

 

Bridle, JR, Saldamando, CI, Koning, W, & Butlin, RK. 2006. Assortative 

preferences and discrimination by females against hybrid male song in the 

grasshoppers Chorthippus brunneus and Chorthippus jacobsi (Orthoptera: 

Acrididae). Journal of Evolutionary Biology, 19(4), 1248-1256 

 

Briffa, M. 2008. Decisions during fights in the house cricket, Acheta domesticus: 

mutual or self assessment of energy, weapons and size? Animal Behaviour, 

75(3), 1053-1062 

 

Briffa, M. 2013. Contests in crustaceans: assessments, decisions and their 

underlying mechanisms. In I. Hardy & M. Briffa (Eds.), Animal Contests 

(pp. 86 - 112). Cambridge: Cambridge University Press. 

 

Briffa, M. 2014. What determines the duration of war? Insights from assessment 

strategies in animal contests. PLoS ONE, 9(9), e108491 

 

Briffa, M, & Elwood, RW. 2001. Decision rules, energy metabolism and vigour of 

hermit–crab fights. Proceedings of the Royal Society of London. Series B: 

Biological Sciences, 268(1478), 1841-1848 

 



 

186 

 

Briffa, M, & Elwood, RW. 2004. Use of energy reserves in fighting hermit crabs. 

Proceedings of the Royal Society of London. Series B: Biological Sciences, 

271(1537), 373-379 

 

Briffa, M, & Elwood, RW. 2009. Difficulties remain in distinguishing between 

mutual and self-assessment in animal contests. Animal Behaviour, 77(3), 

759-762 

 

Briffa, M, Hardy, I, Gammell, M, Jennings, D, Clarke, D, & Goubault, M. 2013. 

Analysis of Animal Contest Data. In I. Hardy & M. Briffa (Eds.), Animal 

Contests (pp. 47 - 85). Cambridge: Cambridge University Press. 

 

Brown, W, & Gwynne, D. 1997. Evolution of mating in crickets, katydids and 

wetas (Ensifera). Bionomics of grasshoppers, katydids, and their kin(1997) 

 

Brown, WD. (1999) Mate choice in tree crickets and their kin. Vol. 44. Annual 

Review of Entomology (pp. 371-396). 

 

Brown, WD. 2008. Size-biased mating in both sexes of the black-horned tree 

cricket, Oecanthus nigricornis Walker (Orthoptera: Gryllidae: 

Oecanthinae). Journal of Insect Behavior, 21(3), 130-142 

 

Brown, WD, Wideman, J, Andrade, MCB, Mason, AC, & Gwynne, DT. 1996. 

Female choice for an indicator of male size in the song of the black-horned 

tree cricket, Oecanthus nigricornis (Orthoptera: Gryllidae: Oecanthinae). 

Evolution, 50(6), 2400-2411 

 

Brundo, MV, Longo, G, Sottile, L, Trovato, M, Vitale, D, & Viscuso, R. 2011. 

Morphological and ultrastructural organization of the spermatheca of some 

Tettigoniidae (Insecta, Orthoptera). Italian Journal of Zoology, 78(1), 53-

62 

 

Burk, T. 1983. Male Aggression and Female Choice in a Field Cricket 

(Teleogryllus oceanicus): The Importance of Courtship Song. In D. T. 

Gwynne & G. K. Morris (Eds.), Orthopteran Mating Systems (pp. 97-119). 

Boulder: Westview Science. 

 

Burke, NW, & Bonduriansky, R. 2017. Sexual conflict, facultative asexuality, and 

the true paradox of sex. Trends in Ecology & Evolution, 32(9), 646-652 

 

Burke, NW, & Bonduriansky, R. 2018. The paradox of obligate sex: the roles of 

sexual conflict and mate scarcity in transitions to facultative and obligate 

asexuality. bioRxiv, 146076 



 

187 

 

 

Buss, DM. 2017. Sexual conflict in human mating. Current Directions in 

Psychological Science, 26(4), 307-313 

 

Buzatto, B, Tomkins, J, & Simmons, L. 2013a. Alternative Phenotypes Within 

mating systems. In D. M. Shuker & L. W. Simmons (Eds.), The evolution 

of insect mating systems (pp. 106-128). Oxford: Oxford University Press. 

 

Buzatto, BA, & Machado, G. 2008. Resource defense polygyny shifts to female 

defense polygyny over the course of the reproductive season of a 

Neotropical harvestman. Behavioral Ecology and Sociobiology, 63(1), 85-

94 

 

Buzatto, BA, Tomkins, JL, & Simmons, LW. 2013b. Alternative Phenotypes 

Within mating systems. In D. M. Shuker & L. W. Simmons (Eds.), The 

evolution of insect mating systems (pp. 106-128). Oxford: Oxford 

University Press. 

 

Cade, WH. 1981a. Alternative male strategies: genetic differences in crickets. 

Science, 212(4494), 563-564 

 

Cade, WH. 1981b. Field cricket spacing, and the phonotaxis of crickets and 

parasitoid flies to clumped and isolated cricket songs. Ethology, 55(4), 

365-375 

 

Cade, WH, & Cade, ES. 1992. Male mating success, calling and searching 

behaviour at high and low densities in the field cricket, Gryllus integer. 

Animal Behaviour, 43(1), 49-56 

 

Cade, WH, Ciceran, M, & Murray, A-M. 1996. Temporal patterns of parasitoid 

fly (Ormia ochracea) attraction to field cricket song (Gryllus integer). 

Canadian Journal of Zoology, 74(2), 393-395 

 

Cade, WH, & Otte, D. 1982. Alternation calling and spacing patterns in the field 

cricket Acanthogryllus fortipes (Orthoptera; Gryllidae). Canadian Journal 

of Zoology, 60(11), 2916-2920 

 

Cade, WH, & Wyatt, DR. 1984. Factors affecting calling behaviour in field 

crickets, Teleogryllus and Gryllus (age, weight, density, and parasites). 

Behaviour, 88(1), 61-75 

 

Cadena-Castañeda, OJ. 2015. The phylogeny of mole crickets (Orthoptera: 

Gryllotalpoidea: Gryllotalpidae). Zootaxa, 3985(4), 451-490 



 

188 

 

 

Cadena-Castañeda, OJ, & Braun, H. 2011. A new brachypterous genus of 

platyphyllini (Orthoptera, Tettigoniidae, Pseudophyllinae) from Colombia. 

Zootaxa(2763), 34-38 

 

Callahan, PS. 1975. Insect antennae with special reference to the mechanism of 

scent detection and the evolution of the sensilla. International Journal of 

Insect Morphology and Embryology, 4(5), 381-430 

 

Calos, JB, & Sakaluk, SK. 1998. Paternity of offspring in multiply-mated female 

crickets: The effect of nuptial food gifts and the advantage of mating first. 

Proceedings of the Royal Society B: Biological Sciences, 265(1411), 2191-

2195 

 

Camerlink, I, Arnott, G, Farish, M, & Turner, SP. 2016. Complex contests and the 

influence of aggressiveness in pigs. Animal Behaviour, 121, 71-78 

 

Cameron, E, Day, T, & Rowe, L. 2003. Sexual conflict and indirect benefits. 

Journal of Evolutionary Biology, 16(5), 1055-1060 

 

Cary, PL. (1981). The biology of the weta zealandosandrus gracilis: (Orthoptera: 

Stenopelmatidae) from the Cass region. (Master of Science), University of 

Canterbury, Christchurch.    

 

Cassidy, EJ, Bath, E, Chenoweth, SF, & Bonduriansky, R. 2014. Sex-specific 

patterns of morphological diversification: evolution of reaction norms and 

static allometries in neriid flies. Evolution, 68(2), 368-383 

 

Chapman, R. 1982. Chemoreception: the significance of receptor numbers 

Advances in insect physiology (Vol. 16, pp. 247-356). London: Academic 

Press. 

 

Chapman, T, Arnqvist, G, Bangham, J, & Rowe, L. 2003. Sexual conflict. Trends 

in Ecology and Evolution, 18(1), 41-47 

 

Chintauan-Marquier, IC, Amédégnato, C, Nichols, RA, Pompanon, F, Grandcolas, 

P, & Desutter-Grandcolas, L. 2014. Inside the Melanoplinae: New 

molecular evidence for the evolutionary history of the Eurasian Podismini 

(Orthoptera: Acrididae). Molecular Phylogenetics and Evolution, 71(1), 

224-233 

 



 

189 

 

Choudhuri, D, & Bagh, R. 1974. On the sub-social behaviour and cannibalism in 

Schizodactylus monstrosus (Orthoptera: Schizodactylidae). Revue 

d'Ecologie et de Biologie du Sol (France), 11, 569-573 

 

Clutton-Brock, TH, & Parker, GA. 1992. Potential reproductive rates and the 

operation of sexual selection. Quarterly Review of Biology, 67(4), 437-456 

 

Clutton-Brock, TH, & Parker, GA. 1995. Sexual coercion in animal societies. 

Animal Behaviour, 49(5), 1345-1365 

 

Cole, JA, & Chiang, BH. 2016. The Nearctic Nedubini: the most basal lineage of 

katydids is resolved among the paraphyletic “Tettigoniinae”(Orthoptera: 

Tettigoniidae). Annals of the Entomological Society of America, 109(4), 

652-662 

 

Conroy, LP, & Gray, DA. 2015. Male armaments and reproductive behavior in 

“Nutcracker” camel crickets (Rhaphidophoridae, Pristoceuthophilus). 

Insects, 6(1), 85-99 

 

Constant, N, Valbuena, D, & Rittscof, C. 2011. Male contest investment changes 

with male body size but not female quality in the spider Nephila clavipes. 

Behavioural Processes, 87, 218-223 

 

Convey, P. 1989. Post-copulatory guarding strategies in the non-territorial 

dragonfly Sympetrum sanguineum (Mu¨ ller)(Odonata: Libellulidae). 

Animal Behaviour, 37, 56-63 

 

Coome, LA. 2016. Nutritionally Deprived Black-Horned Tree Cricket (Oecanthus 

nigricornis) Consumes Own Spermatophore After Failed Mating. Archives 

of sexual behavior, 45(5), 1023-1025 

 

Copeland, DL, Levay, B, Sivaraman, B, Beebe-Fugloni, C, & Earley, RL. 2011. 

Metabolic costs of fighting are driven by contest performance in male 

convict cichlid fish. Animal Behaviour, 82(2), 271-280 

 

Cordero, C, & Eberhard, WG. 2003. Female choice of sexually antagonistic male 

adaptations: a critical review of some current research. Journal of 

Evolutionary Biology, 16(1), 1-6 

 

Cothran, RD, Chapman, K, Stiff, AR, & Relyea, RA. 2012. " Cryptic" direct 

benefits of mate choice: choosy females experience reduced predation risk 

while in precopula. Behavioral Ecology and Sociobiology, 66(6), 905-913 



 

190 

 

 

Couldridge, VCK, & Van Staaden, MJ. 2006. Female preferences for male calling 

songs in the bladder grasshopper Bullacris membracioides. Behaviour, 

143(12), 1439-1456 

 

Cueva Del Castillo, R. 2003. Body Size and Multiple Copulations in a Neotropical 

Grasshopper with an Extraordinary Mate-Guarding Duration. Journal of 

Insect Behavior, 16(4), 503-522 

 

Cueva del Castillo, R. 2015. Body size, fecundity, and sexual size dimorphism in 

the neotropical cricket Macroanaxipha macilenta (Saussure) (Orthoptera: 

Gryllidae). Neotropical Entomology, 44(2), 116-122 

 

Dadour, IR. 1990. Dispersal, dispersion, and mating behavior in Tettigonia 

cantans (Orthoptera: Tettigoniidae). Journal of Insect Behavior, 3(6), 805-

812 

 

Daly, PJ, & Ryan, M. 1979. Ultrastructure of antennal sensilla of Nebria 

brevicollis (Fab.)(Coleoptera: Carabidae). International Journal of Insect 

Morphology and Embryology, 8(3-4), 169-181 

 

Darwin, C. 1871. The Descent of Man, and Selection in Relation to Sex (Vol. 1). 

London: Murray. 

 

Davey, K. 1960. The evolution of spermatophores in insects. Physiological 

Entomology, 35(7‐9), 107-113 

 

Davis, ES. 2002. Female choice and the benefits of mate guarding by male 

mallards. Animal Behaviour, 64(4), 619-628 

 

Dawkins, R, & Carlisle, TR. 1976. Parental investment, mate desertion and a 

fallacy. Nature, 262(5564), 131 

 

De Mazancourt, C, Johnson, E, & Barraclough, T. 2008. Biodiversity inhibits 

species’ evolutionary responses to changing environments. Ecology 

Letters, 11(4), 380-388 

 

De Mello, FDAG. 2007. Female monopolization and paternity assurance in South 

American crickets (Orthoptera, Grylloidea): Mating plugs, extra claspers 

and forced copulation. Papeis Avulsos de Zoologia, 47(20), 245-257 

 



 

191 

 

deCarvalho, T, & Shaw, K. 2010a. Divergence of courtship and mating behaviors 

among endemic Hawaiian swordtail crickets. Behaviour, 147(4), 479-504 

 

deCarvalho, TN, & Shaw, KL. 2010b. Divergence of courtship and mating 

behaviors among endemic hawaiian swordtail crickets. Behaviour, 147(4), 

479-504 

 

deCarvalho, TN, & Shaw, KL. 2010c. Elaborate courtship enhances sperm 

transfer in the Hawaiian swordtail cricket, Laupala cerasina. Animal 

Behaviour, 79(4), 819-826 

 

Del Castillo, RC, & Gwynne, DT. 2007. Increase in song frequency decreases 

spermatophore size: Correlative evidence of a macroevolutionary trade-off 

in katydids (Orthoptera: Tettigoniidae). Journal of Evolutionary Biology, 

20(3), 1028-1036 

 

Derka, T, Fedor, P, Svitok, M, & Trizna, M. 2013. Hydrolutos gransabanensis 

sp.n. (Orthoptera: Anostostomatidae), a new semi-aquatic Lutosini species 

from Gran Sabana (Venezuela). Zootaxa, 3682(3), 432-440 

 

Destephano, DB, & Brady, UE. 1977. Prostaglandin and prostaglandin synthetase 

in the cricket, Acheta domesticus. Journal of Insect Physiology, 23(7), 

905-911 

 

Desutter-Grandcolas, L. 1993. The cricket fauna of Chiapanecan caves (Mexico): 

systematics, phylogeny and the evolution of troglobitic life (Orthoptera, 

Grylloidea, Phalangopsidae, Luzarinae). International Journal of 

Speleology, 22(1), 1-82 

 

Desutter-Grandcolas, L. 2003. Phylogeny and the evolution of acoustic 

communication in extant Ensifera (Insecta, Orthoptera). Zoologica Scripta, 

32(6), 525-561 

 

Dethier, VG. 1947. Chemical insect attractants and repellents. Philadelphia: 

Blakiston. 

 

Di Giulio, A, Maurizi, E, Rossi Stacconi, MV, & Romani, R. 2012. Functional 

structure of antennal sensilla in the myrmecophilous beetle Paussus favieri 

(Coleoptera, Carabidae, Paussini). Micron, 43(6), 705-719 

 

Di Russo, C, Rampini, M, & Landeck, I. 2007. The cave crickets of northeast 

Turkey and transCaucasian regions, with descriptions of two new species 



 

192 

 

of the genera Dolichopoda and Troglophilus (Orthoptera, 

Rhaphidophoridae). Journal of Orthoptera Research, 16(1), 67-76 

 

Dodson, GN, Morris, GK, & Gwynne, DT. 1983. Mating Behavior of the 

Primitive Orthopteran Genus Cyphoderris (Haglidae). In D. T. Gwynne & 

G. K. Morris (Eds.), Orthopteran Mating Systems (pp. 305-318). Boulder: 

Westview Science. 

 

Donelson, NC, Smith, AR, & van Staaden, MJ. 2008. Variation in adult longevity 

in a polymorphic grasshopper species. Journal of Orthoptera Research, 

17(2), 279-282 

 

Donelson, NC, & Van Staaden, MJ. 2005. Alternate tactics in male bladder 

grasshoppers Bullacris membracioides (Orthoptera: Pneumoridae). 

Behaviour, 142(6), 761-778 

 

Dowling, J, & Webster, MS. 2017. Working with what you've got: unattractive 

males show greater mate-guarding effort in a duetting songbird. Biology 

Letters, 13(1), 20160682 

 

Dumas, P, Tetreau, G, & Petit, D. 2010. Why certain male grasshoppers have 

clubbed antennae? Comptes rendus biologies, 333(5), 429-437 

 

Dunham, A, & Rudolf, VHW. 2009. Evolution of sexual size monomorphism: the 

influence of passive mate guarding. Evolutionary Biology, 22(7), 1376-

1386 

 

Dunn, AM. 1998. The role of calceoli in mate assessment and precopula guarding 

inGammarus. Animal Behaviour, 56(6), 1471-1475 

 

Eberhard, WG. 1982. Beetle horn dimorphism: making the best of a bad lot. The 

American Naturalist, 119(3), 420-426 

 

Eberhard, WG. 1991. Copulatory courtship and cryptic female choice in insects. 

Biological Reviews, 66(1), 1-31 

 

Eberhard, WG. 1994. Evidence for widespread courtship during copulation in 131 

species of insects and spiders, and implications for cryptic female choice. 

Evolution, 48(3), 711-733 

 

Eberhard, WG. 1996. Female Control: Sexual Selection by Cryptic Female 

Choice. Princeton: Princeton University Press. 



 

193 

 

 

Eberhard, WG. 2002. Natural history and behavior of Chymomyza mycopelates 

and C. exophthalma (Diptera: Drosophilidae), and allometry of structures 

used as signals, weapons, and spore collectors. The Canadian 

Entomologist, 134(5), 667-687 

 

Eberhard, WG, & Gutierrez, EE. 1991. Male dimorphisms in beetles and earwigs 

and the question of developmental constraints. Evolution, 45(1), 18-28 

 

Edvardsson, M, & Canal, D. 2006. The effects of copulation duration in the 

bruchid beetle Callosobruchus maculatus. Behavioral Ecology, 17(3), 430-

434 

 

Edward, DA, Stockley, P, & Hosken, DJ. 2015. Sexual conflict and sperm 

competition. Cold Spring Harbor perspectives in biology, 7(4), a017707 

 

Edwards, SV, & Naeem, S. 1993. The Phylogenetic Component of Cooperative 

Breeding in Perching Birds. The American Naturalist, 141(5), 754-789 

 

Edyta, KP, Judge, KA, & Gwynne, DT. 2010. polyandry and tibial spur chewing 

in the carolina ground cricket (Eunemobius carolinus). Canadian Journal 

of Zoology, 88, 988-994 

 

Eens, M, & Pinxten, R. 1995. Inter-sexual conflicts over copulations in the 

European starling: evidence for the female mate-guarding hypothesis. 

Behavioral Ecology and Sociobiology, 36(2), 71-81 

 

Eggert, AK, & Sakaluk, SK. 1994. Sexual cannibalism and its relation to male 

mating success in sagebrush crickets, Cyphoderris strepitans (Haglidae: 

Orthoptera). Animal Behaviour, 47(5), 1171-1177 

 

Elias, DO, Kasumovic, MM, Punzalan, D, Andrade, MC, & Mason, AC. 2008. 

Assessment during aggressive contests between male jumping spiders. 

Animal Behaviour, 76(3), 901-910 

 

Elias, DO, Sivalinghem, S, Mason, AC, Andrade, MCB, & Kasumovic, MM. 

2014. Mate-guarding courtship behaviour: Tactics in a changing world. 

Animal Behaviour, 97, 25-33 

 

Elwood, RW, & Arnott, G. 2012. Understanding how animals fight with Lloyd 

Morgan's canon. Animal Behaviour, 84(5), 1095-1102 

 



 

194 

 

Elwood, RW, & Arnott, G. 2013. Assessments in contests are frequently assumed 

to be complex when simple explanations will suffice. Animal Behaviour, 

86(5), e8-e12 

 

Elwood, RW, & Prenter, J. 2013. Aggression in spiders. In I. Hardy & M. Briffa 

(Eds.), Animal Contests (pp. 113 - 133). Cambridge: Cambridge 

University Press. 

 

Emberts, Z, Miller, CW, Li, D, Hwang, WS, & St Mary, CM. 2017. Multiple male 

morphs in the leaf‐footed bug Mictis longicornis (Hemiptera: Coreidae). 

Entomological Science 

 

Emlen, DJ. 1997. Alternative reproductive tactics and male-dimorphism in the 

horned beetle Onthophagus acuminatus (Coleoptera: Scarabaeidae). 

Behavioral Ecology and Sociobiology, 41(5), 335-341 

 

Emlen, DJ. 2001. Costs and the Diversification of Exaggerated Animal Structures. 

Science, 291(5508), 1534-1536 

 

Emlen, DJ. 2008. The evolution of animal weapons. Annual Review of Ecology, 

Evolution, and Systematics, 39, 387-413 

 

Emlen, DJ. 2014a. Animal weapons: the evolution of battle. New York: Henry 

Holt and Company. 

 

Emlen, DJ. 2014b. Reproductive Contests and the Evolution of Extreme 

Weaponry. In L. W. Simmons & D. M. Shuker (Eds.), The Evolution of 

Insect Mating Systems. Oxford: Oxford University Press. 

 

Emlen, DJ, & Keith Philips, T. 2006. Phylogenetic evidence for an association 

between tunneling behavior and the evolution of horns in dung beetles 

(Coleoptera: Scarabaeidae: Scarabaeinae). The Coleopterists Bulletin, 

60(sp5), 47-56 

 

Emlen, DJ, Marangelo, J, Ball, B, & Cunningham, CW. 2005. Diversity in the 

weapons of sexual selection: horn evolution in the beetle genus 

Onthophagus (Coleoptera: Scarabaeidae). Evolution, 59(5), 1060-1084 

 

Emlen, DJ, & Nijhout, HF. (2000) The development and evolution of exaggerated 

morphologies in insects. Vol. 45. Annual Review of Entomology (pp. 661-

708). 

 



 

195 

 

Emlen, DJ, Warren, IA, Johns, A, Dworkin, I, & Lavine, LC. 2012. A mechanism 

of extreme growth and reliable signaling in sexually selected ornaments 

and weapons. Science, 337(6096), 860-864 

 

Emlen, ST, & Oring, LW. 1977. Ecology, Sexual Selection, and the Evolution of 

Mating Systems. Science, 197(4300), 215-223 

 

Enders, MM, Schüle, H, & Henschel, JR. 1998. Sexual dimorphism, fighting 

success and mating tactics of male Onymacris plana Péringuey 

(Coleoptera: Tenebrionidae) in the Namib Desert. Ethology, 104(12), 

1003-1019 

 

Ento, K, Araya, K, & Kudo, SI. 2010. Laboratory observation of siblicide with 

hatching asynchrony in an insect with parental provisioning. Journal of 

Ethology, 28(2), 405-407 

 

Espadaler, X, & Olmo-Vidal, J. 2011. The myrmecophilic cricket Myrmecophilus 

in Spain (Orthoptera, Myrmecophilidae). Sociobiology, 57(2), 321 

 

Fairbairn, DJ. 1997. Allometry for sexual size dimorphism: pattern and process in 

the coevolution of body size in males and females. Annual Review of 

Ecology and Systematics, 28(1), 659-687 

 

Fairbairn, DJ, & Preziosi, RF. 1994. Sexual selection and the evolution of 

allometry for sexual size dimorphism in the water strider, Aquarius 

remigis. The American Naturalist, 144(1), 101-118 

 

Farkas, B. 2001. StarCraft: Prima's Official Strategy Guide. Roseville: Prima 

Communications, Inc. 

 

Fashing, PJ. 2001. Male and female strategies during intergroup encounters in 

guerezas (Colobus guereza): evidence for resource defense mediated 

through males and a comparison with other primates. Behavioral Ecology 

and Sociobiology, 50(3), 219-230 

 

Faucheux, MJ. 2006. La mante religieuse, Sphodromantis viridis occidentalis 

(Werner, 1906)[Dictyoptera: Mantodea: Mantidae]: prospections dans le 

Sud Marocain, étude des sensilles antennaires de la femelle. Bulletin de la 

Société des sciences naturelles de l'Ouest de la France, 28(2), 83-99 

 

Faucheux, MJ. 2009. Sensory and glandular structures on the antennae of Mantis 

religiosa, Iris oratoria and Rivetina baetica: sexual dimorphism, 



 

196 

 

physiological implications (Mantodea: Mantidae). Bulletin De L’institut 

Royal Des Sciences Naturelles De Belgique, 79, 231-242 

 

Faucheux, MJ. 2017. Antennal sensilla of the armoured ground cricket, Eugaster 

powysi Kirby, 1891 (Orthoptera, Tettigoniidae, Hetrodinae). Bulletin de 

l’Institut Scientifique, Rabat(39), 01-17 

 

Faucheux, MJ, & Goasmat, J. 2011. Les propriocepteurs du scape antennaire des 

Insectes: une nouvelle localisation observée chez la sauterelle, 

Phaneroptera nana nana Fieber 1853 (Ensifera: Tettigoniidae). Bulletin de 

la Société des sciences naturelles de l'Ouest de la France, 33(2), 91-94 

 

Fedorka, KM, & Mousseau, TA. 2002a. Material and genetic benefits of female 

multiple mating and polyandry. Animal Behaviour, 64(3), 361-367 

 

Fedorka, KM, & Mousseau, TA. 2002b. Nuptial gifts and the evolution of male 

body size. Evolution, 56(3), 590-596 

 

Fedorka, KM, & Mousseau, TA. 2002c. Tibial Spur Feeding in Ground Crickets: 

Larger Males Contribute Larger Gifts (Orthoptera: Gryllidae). Florida 

Entomologist, 85(2), 317-323 

 

Fedorka, KM, & Mousseau, TA. 2004. Female mating bias results in conflicting 

sex-specific offspring fitness. Nature, 429(6987), 65 

 

Fedorka, KM, Zuk, M, & Mousseau, TA. 2004. Immune suppression and the cost 

of reproduction in the ground cricket, Allonemobius socius. Evolution, 

58(11), 2478-2485 

 

Felsenstein, J. 1985. Phylogenies and the comparative method. The American 

Naturalist, 125(1), 1-15 

 

Fernald, RD, & Hirata, NR. 1977. Field study of Haplochromis burtoni: 

quantitative behavioural observations. Animal Behaviour, 25, 964-975 

 

Field, LH. 1982. Stridulatory structures and acoustic spectra of seven species of 

New Zealand wetas (Orthoptera: Stenopelmatidae). International Journal 

of Insect Morphology and Embryology, 11(1), 39-51 

 

Field, LH. 1993a. Observations on stridulatorp, agonistic, and mating behaviour 

of Hemideina ricta (stenopelmatidae: orthoptera), the rare banks peninsula 

weta. New Zealand Entomologist, 16(1), 68-74 



 

197 

 

 

Field, LH. 1993b. Structure and evolution of stridulatory mechanisms in New 

Zealand wetas (Orthoptera : Stenopelmatidae). International Journal of 

Insect Morphology and Embryology, 22(2-4), 163-183 

 

Field, LH, & Deans, NA. 2001. Sexual Selection and Secondary Sexual 

Characters of Wetas and King Crickets. In L. H. Field (Ed.), The Biology 

of Wetas, King Crickets and Their Allies (pp. 179-204). Wallingford Oxon: 

CABI Publishing. 

 

Field, LH, & Jarman, TH. 2001. Mating Behaviour. In L. H. Field (Ed.), The 

Biology of Wetas, King Crickets and Their Allies (pp. 317-332). 

Wallingford Oxon: CABI Publishing. 

 

Field, LH, & Sandlant, GR. 1983. Aggression and Mating Behavior in the 

Stenopelmatidae (Orthoptera, Ensifera), With Reference to New Zealand 

Wetas. In D. T. Gwynne & G. K. Morris (Eds.), Orthopteran Mating 

Systems (pp. 120-146). Boulder: Westview Science. 

 

Fisher, RA. 1915. The evolution of sexual preference. The Eugenics Review, 7(3), 

184 

 

Fisher, RA. 1930. The genetical theory of natural selection. Oxford: Clarendon 

Press. 

 

Flook, PK, Klee, S, & Rowell, CHF. 2000. Molecular phylogenetic analysis of the 

Pneumoroidea (Orthoptera, Caelifera): Molecular data resolve 

morphological character conflicts in the basal acridomorpha. Molecular 

Phylogenetics and Evolution, 15(3), 345-354 

 

Forrest, TG. 1983. Calling Songs and Mate Choice in Mole Crickets. In D. T. 

Gwynne & G. K. Morris (Eds.), Orthopteran Mating Systems (pp. 185-

204). Boulder: Westview Science. 

 

Freckleton, R, Harvey, P, & Pagel, M. 2002. Phylogenetic analysis and 

comparative data: a test and review of evidence. The American Naturalist, 

160(6), 712-726 

 

French, BW, & Cade, WH. 1989. Sexual selection at varying population densities 

in male field crickets, Gryllus veletis and G. pennsylvanicus. Journal of 

Insect Behavior, 2(1), 105-121 

 



 

198 

 

Fritz, SA, & Purvis, A. 2010. Selectivity in mammalian extinction risk and threat 

types: a new measure of phylogenetic signal strength in binary traits. 

Conservation Biology, 24(4), 1042-1051 

 

Fryer, T, Cannings, C, & Vickers, G. 1999. Sperm Competition. II—Post-

copulatory Guarding. Journal of Theoretical Biology, 197(3), 343-360 

 

Gage, AR, & Barnard, CJ. 1996. Male crickets increase sperm number in relation 

to competition and female size. Behavioral Ecology and Sociobiology, 

38(5), 349-353 

 

Gammell, MP, & Hardy, IC. 2003. Contest duration: sizing up the opposition? 

Trends in Ecology & Evolution, 18(10), 491-493 

 

Gao, Y, & Kang, L. 2006. Operational sex ratio and alternative reproductive 

behaviours in Chinese bushcricket, Gampsocleis gratiosa. Ethology, 

112(4), 325-331 

 

Garamszegi, LZ (Ed.). (2014). Modern Phylogenetic Comparative Methods and 

their Application in Evolutionary Biology. New York: Springer. 

 

García‐Navas, V, Noguerales, V, Cordero, PJ, & Ortego, J. 2017. Ecological 

drivers of body size evolution and sexual size dimorphism in short‐horned 

grasshoppers (Orthoptera: Acrididae). Journal of Evolutionary Biology, 

30(8), 1592-1608 

 

García, MD, Lorier, E, Clemente, ME, & Presa, JJ. 2003. Sound production in 

Parapellopedon instabilis (Rehn, 1906) (Orthoptera: Gomphocerinae). 

Annales de la Societe Entomologique de France, 39(4), 335-342 

 

Gavrilets, S. 2000. Rapid evolution of reproductive barriers driven by sexual 

conflict. Nature, 403(6772), 886-889 

 

Geist, V. 1971. Mountain sheep. A study in behavior and evolution. Chicago: 

University of Chicago Press. 

 

Gerber, N, & Kokko, H. 2016a. Sexual conflict and the evolution of asexuality at 

low population densities. Proc. R. Soc. B, 283(1841), 20161280 

 

Gerber, N, & Kokko, H. 2016b. Sexual conflict and the evolution of asexuality at 

low population densities. Proceedings of the Royal Society B: Biological 

Sciences, 283(1841) 



 

199 

 

 

Gerhardt, U. 1914. Copulation und spermatophoren von grylliden und locustiden. 

II. Zoologische Jahrbuecher Systematik, 37, 1-64 

 

Gerhardt, U. 1921. Neue studien uber copulation und spermatophoren von 

grylliden und locustiden. acta zoologica, 2(3), 293-327 

 

Gershman, SN, Hunt, J, & Sakaluk, SK. 2013. Food fight: sexual conflict over 

free amino acids in the nuptial gifts of male decorated crickets. Journal of 

Evolutionary Biology, 26(4), 693-704 

 

Gershman, SN, Mitchell, C, Sakaluk, SK, & Hunt, J. (2012). Biting off more than 

you can chew: sexual selection on the free amino acid composition of the 

spermatophylax in decorated crickets. Paper presented at the Proceedings 

of the Royal Society of London. Series B: Biological Sciences. 

 

Gherardi, F. 2006. Fighting behavior in hermit crabs: the combined effect of 

resource-holding potential and resource value in Pagurus longicarpus. 

Behavioral Ecology and Sociobiology, 59(4), 500-510 

 

Gibert, J, Danielopol, D, & Stanford, JA. 1994. Groundwater ecology (Vol. 1). 

London: Academic Press. 

 

Gilliard, E. 1969. Birds of paradise. New York: Natural History Press. 

 

Gittleman, JL, Anderson, CG, Kot, M, & Luh, H-K. 1996. Phylogenetic lability 

and rates of evolution: a comparison of behavioral, morphological and life 

history traits. In E. Martins (Ed.), Phylogenies and the comparative 

method in animal behavior (pp. 166-205). Oxford: Oxford University 

Press. 

 

Goasmat, J, & Faucheux, MJ. 2011. Le Phanéroptère méridional Phaneroptera 

nana nana Fieber 1853: II―Morphologie fonctionnelle des sensilles 

antennaires des imagos mâle et femelle (Orthoptera: Ensifera: 

Tettigoniidae). Bulletin de la Société des sciences naturelles de l'Ouest de 

la France, 33(1), 8-25 

 

Gorochov, AJ. 2001. The Higher Classification of Phylogeny and Evolution of the 

Superfamily Stenopelmatoidea. In L. H. Field (Ed.), The Biology of Wetas, 

King Crickets and Their Allies (pp. 3-34). Wallingford Oxon: CABI 

Publishing. 

 



 

200 

 

Gottsberger, B, & Mayer, F. 2007. Behavioral sterility of hybrid males in 

acoustically communicating grasshoppers (Acrididae, Gomphocerinae). 

Journal of Comparative Physiology A, 193(7), 703-714 

 

Gould, SJ. 1966. Allometry and size in ontogeny and phylogeny. Biological 

Reviews, 41(4), 587-638 

 

Gould, SJ. 1974. The origin and function of “bizarre” structures: antler size and 

skull size in the “Irish Elk,” Megaloceros giganteus. Evolution, 28(2), 191-

220 

 

Gray, DA. 1997. Female house crickets, Acheta domesticus, prefer the chirps of 

large males. Animal Behaviour, 54(6), 1553-1562 

 

Gray, DA, & Cade, WH. 2000. Sexual selection and speciation in field crickets. 

Proceedings of the National Academy of Sciences of the United States of 

America, 97(26), 14449-14454 

 

Gray, DA, Gutierrez, NJ, Chen, TL, Gonzalez, C, Weissman, DB, & Cole, JA. 

2016. Species divergence in field crickets: genetics, song, ecomorphology, 

and pre-and postzygotic isolation. Biological Journal of the Linnean 

Society, 117(2), 192-205 

 

Green, AJ. 1992. Positive allometry is likely with mate choice, competitive 

display and other functions. Animal Behaviour, 43(1), 170-172 

 

Green, AJ. 2000. The scaling and selection of sexually dimorphic characters: an 

example using the Marbled Teal. Journal of Avian Biology, 31(3), 345-350 

 

Greenfield, MD. 1994. Synchronous and alternating choruses in insects and 

anurans: common mechanisms and diverse functions. American Zoologist, 

34(6), 605-615 

 

Greenfield, MD. 1997. Sexual selection in resource defense polygyny: lessons 

from territorial grasshoppers. In J. C. Choe & B. Crespi (Eds.), The 

evolution of mating systems in insects and arachnids (pp. 75-88). 

Cambridge: Cambridge University Press. 

 

Greenfield, MD, Marin-Cudraz, T, & Party, V. 2017. Evolution of synchronies in 

insect choruses. Biological Journal of the Linnean Society, 122(3), 487-

504 

 



 

201 

 

Greenfield, MD, & Pener, MP. 1992. Alternative schedules of male reproductive 

diapause in the grasshopper Anacridium aegyptium (L.): Effects of the 

corpora allata on sexual behavior (Orthoptera: Acrididae). Journal of 

Insect Behavior, 5(2), 245-261 

 

Greenfield, MD, & Roizen, I. 1993. Katydid synchronous chorusing is an 

evolutionarily stable outcome of female choice. Nature, 364(6438), 618-

620 

 

Gross, MR. 1996. Alternative reproductive strategies and tactics: diversity within 

sexes. Trends in Ecology & Evolution, 11(2), 92-98 

 

Gurney, AB. 1947. A new species of Pristoceuthophilus from Oregon, and 

remarks on certain special glands of Orthoptera (Gryllacrididae; 

Rhaphidophorinae). Journal of the Washington Academy of Sciences, 

37(12), 430-435 

 

Gurney, AB. 1950. On Dicranostomus, a remarkable peruvian genus of katydids; 

and notes on other insects having elongate mandibles (orthoptera: 

Tettigoniidae). Annals of the Entomological Society of America, 43(4), 

546-554 

 

Gutterson, LD. (1988). Biology and Ecology of the New Zealand Mole Cricket 

Triamescaptor aotea Tindale (Orthoptera: Gryllotalpidae). Victoria 

University of Wellington.    

 

Gwynne, DT. 1981. Sexual Difference Theory: Mormon Crickets Show Role 

Reversal in Mate Choice. Science, 213, 14 

 

Gwynne, DT. 1983. Male Nutritional Investment and the Evolution of Sexual 

Differences in Tettigoniidae and Other Orthoptera. In D. T. Gwynne & G. 

K. Morris (Eds.), Orthopteran Mating Systems (pp. 337-366). Boulder: 

Westview Science. 

 

Gwynne, DT. 1984. Sexual selection and sexual differences in Mormon crickets 

(Orthoptera: Tettigoniidae, Anabrus simplex). Evolution, 38(5), 1011-1022 

 

Gwynne, DT. 1985. Role-reversal in katydids: Habitat influences reproductive 

behaviour (Orthoptera: Tettigoniidae, Metaballus sp.). Behavioral Ecology 

and Sociobiology, 16(4), 355-361 

 



 

202 

 

Gwynne, DT. 1986. Courtship feeding in katydids (Orthoptera: Tettigoniidae): 

investment in offspring or in obtaining fertilizations? The American 

Naturalist, 128(3), 342-352 

 

Gwynne, DT. 1990. Testing parental investment and the control of sexual 

selection in katydids: the operational sex ratio. American Naturalist, 

136(4), 474-484 

 

Gwynne, DT. 1995. A phylogeny of Ensifera (Orthoptera): a hypothesis 

supporting multiple origins of acoustical signalling, complex 

spermatophores and maternal care in crickets, katydids, and weta. Journal 

of Orthoptera Research, 4, 203-218 

 

Gwynne, DT. 1997. The evolution of edible 'sperm sacs' and other forms of 

courtship feeding in crickets, katydids and their kin (orthoptera: Ensifera). 

In J. C. Choe & B. J. Crespi (Eds.), The evolution of mating systems in 

insects and arachnids (pp. 110-129). Cambridge: Cambridge University 

Press. 

 

Gwynne, DT. 2001. Katydids and bush-crickets: reproductive behavior and the 

evolution of the tettigoniidae. Ithaca: Cornell University Press. 

 

Gwynne, DT. 2004. Reproductive behavior of ground weta (Orthoptera: 

Anostostomatidae): Drumming behavior, nuptial feeding, post-copulatory 

guarding and maternal care. Journal of the Kansas Entomological Society, 

77(4), 414-428 

 

Gwynne, DT. 2005. The secondary copulatory organ in female ground weta 

(Hemiandrus pallitarsis, Orthoptera: Anostostomatidae): A sexually 

selected device in females? Biological Journal of the Linnean Society, 

85(4), 463-469 

 

Gwynne, DT. (2008) Sexual conflict over nuptial gifts in insects. Vol. 53. Annual 

Review of Entomology (pp. 83-101). 

 

Gwynne, DT, & Bailey, WJ. 1988a. Mating system, mate choice and ultrasonic 

calling in a zaprochiline katydid (Orthoptera: Tettigoniidae). Behaviour, 

105, 202-223 

 

Gwynne, DT, & Bailey, WJ. 1988b. Mating system, mate choice and ultrasonic 

calling in a zaprochiline katydid (Orthoptera: Tettigoniidae). Behaviour, 

105(3), 202-223 

 



 

203 

 

Gwynne, DT, Bailey, WJ, & Annells, A. 1998. The sex in short supply for 

matings varies over small spatial scales in a katydid (Kawanaphila nartee, 

Orthoptera: Tettigoniidae). Behavioral Ecology and Sociobiology, 42(3), 

157-162 

 

Gwynne, DT, & Jamieson, I. 1998. Sexual selection and sexual dimorphism in a 

harem-polygynous insect, the alpine weta (Hemideina maori, Orthoptera 

Stenopelmatidae). Ethology Ecology and Evolution, 10(4), 393-402 

 

Gwynne, DT, & Morris, GK (Eds.). (1983). Orthopteran Mating Systems. 

Boulder: Westview Press. 

 

Gwynne, DT, & Simmons, LW. 1990. Experimental reversal of courtship roles in 

an insect. Nature, 346(6280), 172-174 

 

Hack, MA. 1997. The energetic costs of fighting in the house cricket, Acheta 

domesticus L. Behavioral Ecology, 8(1), 28-36 

 

Hadfield, JD. 2010. MCMC methods for multi-response generalized linear mixed 

models: the MCMCglmm R package. Journal of Statistical Software, 

33(2), 1-22 

 

Hale, R, & Rentz, DCF. 2001. The Gryllacrididae: an overview of the world fauna 

with emphasis on Australian examples. In L. H. Field (Ed.), The Biology of 

Wetas, King Crickets and Their Allies (pp. 95-110). Oxon: CABI. 

 

Haley, EL, & Gray, DA. 2012. Mating Behavior and Dual-Purpose Armaments in 

a Camel Cricket. Ethology, 118(1), 49-56 

 

Haley, EL, & Gray, DA. 2013. Abdominal Tubercles of Adult Male Camel 

Crickets, Pristoceuthophilus marmoratus Rehn (Orthoptera: 

Rhaphidophoridae), Produce Cues Attractive to Females. Journal of Insect 

Behavior, 26(6), 804-811 

 

Hall, MD, Bussière, LF, Hunt, J, & Brooks, R. 2008. Experimental evidence that 

sexual conflict influences the opportunity, form and intensity of sexual 

selection. Evolution, 62(9), 2305-2315 

 

Hallem, EA, Dahanukar, A, & Carlson, JR. 2006. Insect odor and taste receptors. 

Annu. Rev. Entomol., 51, 113-135 

 



 

204 

 

Hamilton, A. 1955. Parthenogenesis in the desert locust (Schistocerca gregaria 

Forsk.) and its possible effect on the maintenance of the species. 

Physiological Entomology, 30(7‐9), 103-114 

 

Hamilton, WD. 1967. Extraordinary sex ratios. Science, 156(3774), 477-488 

 

Hammond, TJ, & Bailey, WJ. 2003. Eavesdropping and defensive auditory 

masking in an Australian bushcricket, Caedicia (Phaneropterinae: 

Tettigoniidae: Orthoptera). Behaviour, 140(1), 79-95 

 

Han, CS, Jablonski, PG, & Brooks, RC. 2015. Intimidating courtship and sex 

differences in predation risk lead to sex-specific behavioural syndromes. 

Animal Behaviour, 109, 177-185 

 

Han, X, & Fu, J. 2013. Does life history shape sexual size dimorphism in anurans? 

A comparative analysis. BioMedCentral Evolutionary Biology, 13(1), 27 

 

Hansen, MJ, Buhl, J, Bazazi, S, Simpson, SJ, & Sword, GA. 2011. Cannibalism in 

the lifeboat—collective movement in Australian plague locusts. 

Behavioral Ecology and Sociobiology, 65(9), 1715-1720 

 

Hansson, Bill S, & Stensmyr, Marcus C. 2011. Evolution of Insect Olfaction. 

Neuron, 72(5), 698-711 

 

Hardy, IC, & Briffa, M. 2013. Animal contests. Cambridge: Cambridge University 

Press. 

 

Hardy, TN, & Shaw, KC. 1983. The role of chemoreception in sex recognition by 

male crickets: Acheta domesticus and Teleogryllus oceanicus. 

Physiological Entomology, 8(2), 151-166 

 

Hartley, J. 1993. Acoustic behaviour and phonotaxis in the duetting 

ephippigerines, Steropleurus nobrei and Steropleurus stali (Tettigoniidae). 

Zoological Journal of the Linnean Society, 107(2), 155-167 

 

Hartley, W, & Warne, A. 1984. Taxonomy of the Ephippiger ephippiger complex 

(Ephippiger cuciger  and cunii) with special reference to the mechanics of 

copulation (Orthoptera: Tettigoniidae). Eos, 60, 43-54 

 

Harts, AM, & Kokko, H. 2013. Understanding promiscuity: when is seeking 

additional mates better than guarding an already found one? Evolution, 

67(10), 2838-2848 



 

205 

 

 

Harz, K. 1969. Die Orthopteren Europas. Vol. 1. Berlin: Springer Science & 

Business Media. 

 

Haskell, PT. 1958. Stridulation and associated behaviour in certain orthoptera. 2. 

Stridulation of females and their behaviour with males. Animal Behaviour, 

6(1-2), 27-28 

 

Hastings, EJ, Guha, RK, & Stanley, KO. (2009). Evolving content in the galactic 

arms race video game. Paper presented at the IEEE Symposium on 

Computational Intelligence and Games. 

 

Hayashi, TI, Marshall, JL, & Gavrilets, S. 2007. The dynamics of sexual conflict 

over mating rate with endosymbiont infection that affects reproductive 

phenotypes. Journal of Evolutionary Biology, 20(6), 2154-2164 

 

Hebets, EA. 2003. Subadult experience influences adult mate choice in an 

arthropod: exposed female wolf spiders prefer males of a familiar 

phenotype. Proceedings of the National Academy of Sciences, 100(23), 

13390-13395 

 

Hedwig, B, & Robert, D. 2014. Auditory parasitoid flies exploiting acoustic 

communication of insects Insect hearing and acoustic communication (pp. 

45-63). Berlin: Springer. 

 

Heinrich, R, Rozwod, K, & Elsner, N. 1998. Neuropharmacological evidence for 

inhibitory cephalic control mechanisms of stridulatory behaviour in 

grasshoppers. Journal of Comparative Physiology A, 183(3), 389-399 

 

Heller, K-G, Hemp, C, Ingrisch, S, & Liu, C. 2015. Acoustic communication in 

Phaneropterinae (Tettigonioidea)-a global review with some new data. 

Journal of Orthoptera Research, 24(1), 7-18 

 

Heller, K-G, Ingrisch, S, Liu, C-X, Shi, F-M, Hemp, C, Warchałowska-Śliwa, E, 

& Rentz, DCF. 2017. Complex songs and cryptic ethospecies: the case of 

the Ducetia japonica group (Orthoptera: Tettigonioidea: Phaneropteridae: 

Phaneropterinae). Zoological Journal of the Linnean Society, 181(2), 286-

307 

 

Heller, K, & Lehmann, A. 2004. Taxonomic revision of the European species of 

the Poecilimon ampliatus-group (Orthoptera Phaneropteridae). Mem Soc 

Entomol Ital, 82, 403-422 

 



 

206 

 

Heller, KG, Fleischmann, P, & Lutz-Roder, A. 2000. Carotenoids in the 

spermatophores of bushcrickets (Orthoptera: Ephippigerinae). Proceedings 

of the Royal Society B: Biological Sciences, 267(1455), 1905-1908 

 

Heller, KGH, D. 1991. Operational sex ratio and individual mating frequencies in 

two bushcricket species (Orthoptera, Tettigonioidea, Poecilimon). 

Ethology, 89, 211-228 

 

Helversen, Dv, & Helversen, Ov. 1983. Species recognition and acoustic 

localization in acridid grasshoppers: a behavioral approach Neuroethology 

and behavioral physiology (pp. 95-107): Springer. 

 

Herberstein, ME, Painting, CJ, & Holwell, GI. 2017. Scramble competition 

polygyny in terrestrial arthropods. Advances in the Study of Behavior, 49, 

237-295 

 

Hildemann, WH, & Wagner, ED. 1954. Intraspecific sperm competition in 

Lebistes reticulatus. The American Naturalist, 88(839), 87-91 

 

Hill, PS, Hoffart, C, & Buchheim, M. 2002. Tracing phylogenetic relationships in 

the family Gryllotalpidae. Journal of Orthoptera Research, 11(2), 169-174 

 

Hill, PSM. 1999. Lekking in Gryllotalpa major, the prairie mole cricket (insecta: 

Gryllotalpidae). Ethology, 105(6), 531-545 

 

Hill, PSM, Deere, JPHH, Fancher, J, Howard, DR, & Tapp, JB. 2009. Burrow 

aggregation of prairie mole cricket, Gryllotalpa major saussure 

(Orthoptera: Gryllotalpidae) males is not based on soil microhabitat 

constraints at lek sites in Oklahoma. Journal of the Kansas Entomological 

Society, 82(2), 122-134 

 

Hissmann, K. 1991. Phonotaxis of male crickets (Gryllus campestris) in a field 

population as an indication of territorially (Orthoptera: Gryllidae). Journal 

of Insect Behavior, 4(5), 675-681 

 

Hochkirch, A, Deppermann, J, & Gröning, J. 2006. Visual communication 

behaviour as a mechanism behind reproductive interference in three 

pygmy grasshoppers (genus Tetrix, Tetrigidae, Orthoptera). Journal of 

Insect Behavior, 19(5), 559-571 

 

Hochkirch, A, & Gröning, J. 2008. Sexual size dimorphism in Orthoptera (sens. 

str.) — a review. Journal of Orthoptera Research, 17(2), 189-196 



 

207 

 

 

Hockham, LR, & Vahed, K. 1997. The function of mate guarding in a field cricket 

(Orthoptera: Gryllidae; Teleogryllus natalensis Otte and Cade). Journal of 

Insect Behavior, 10(2), 247-256 

 

Hoefler, CD, & Jakob, EM. 2006. Jumping spiders in space: movement patterns, 

nest site fidelity and the use of beacons. Animal Behaviour, 71(1), 109-116 

 

Höglund, J, & Alatalo, RV. 2014. Leks. New Jersey: Princeton University Press. 

 

Holland, B, & Rice, WR. 1998. Chase-away sexual selection: antagonistic 

seduction versus resistance. Evolution, 52(1), 1-7 

 

Horn, E, & Föller, W. 1985. Tonic and modulatory subsystems of the complex 

gravity receptor system in crickets, Gryllus bimaculatus. Journal of Insect 

Physiology, 31(12), 937-946 

 

Hornby, GS, Lohn, JD, & Linden, DS. 2011. Computer-automated evolution of an 

X-band antenna for NASA's space technology 5 mission. Evolutionary 

computation, 19(1), 1-23 

 

Hosken, D, Martin, O, Born, J, & Huber, F. 2003. Sexual conflict in Sepsis 

cynipsea: female reluctance, fertility and mate choice. Journal of 

Evolutionary Biology, 16(3), 485-490 

 

Houston, TF. 1991. Ecology and behaviour of the bee Amegilla (Asaropoda) 

dawsoni (Rayment) with notes on a related species (Hymenoptera: 

Anthophoridae). Records of the Western Australian Museum, 15, 591-609 

 

Howard, DR, Lee, N, Hall, CL, & Mason, AC. 2011. Are Centrally Displaying 

Males Always the Centre of Female Attention? Acoustic Display Position 

and Female Choice in a Lek Mating Subterranean Insect. Ethology, 117(3), 

199-207 

 

Howarth, FG. 1983. Ecology of cave arthropods. Annual Review of Entomology, 

28(1), 365-389 

 

Hsieh, JL, & Sun, CT. (2008, 1-8 June 2008). Building a player strategy model by 

analyzing replays of real-time strategy games. Paper presented at the 2008 

IEEE International Joint Conference on Neural Networks (IEEE World 

Congress on Computational Intelligence). 

 



 

208 

 

Hu, C-Y, Yang, J-T, & Tu, W-C. 2014. Antennal epicuticular structure of camel 

crickets (Orthoptera: Rhaphidophoridae) for identifying the prey of 

Mustella sibrica Pallas. Advances in Entomology, 2(1), 1-7 

 

Huang,  , Ort  , G, Sutherlin, M, Duhachek, A, & Zera, A. 2000. Phylogenetic 

relationships of North American field crickets inferred from mitochondrial 

DNA data. Molecular Phylogenetics and Evolution, 17(1), 48-57 

 

Hubbell, TH, & Norton, RM. 1978. The systematics and biology of the cave-

crickets of the North American tribe Hadenoecini (Orthoptera: Saltatoria: 

Ensifera: Rhaphidophoridae: Dolichopodinae). University of Michigan 

Museum of Zoology Miscellaneous Publications, 156 

 

Hunt, J, & Sakaluk, SK. 2014. Mate Choice. In D. M. Shuker & L. W. Simmons 

(Eds.), The Evolution of Insect Mating Systems. Oxford: Oxford University 

Press. 

 

Husak, JF, Fox, SF, Lovern, MB, Van Den Bussche, RA, & Schwenk, K. 2006. 

Faster lizards sire more offspring: sexual selection on whole-animal 

performance. Evolution, 60(10), 2122-2130 

 

Huxley, J. 1966. A discussion on ritualization of behaviour in animals and man. 

Philosophical transactions of the Royal Society of London. Series B: 

Biological sciences, 251, 247-271 

 

Inayatullah, C, El Bashir, S, & Hassanali, A. 1994. Sexual behavior and 

communication in the desert locust, Schistocerca gregaria (Orthoptera: 

Acrididae): sex pheromone in solitaria. Environmental Entomology, 23(6), 

1544-1551 

 

Itoh, MT, & Murakami, S. 2002. The effect of female wings on male courtship 

behavior in the cricket Gryllus bimaculatus. Naturwissenschaften, 89(5), 

230-232 

 

Ives, AR, & Garland, T. 2014. Phylogenetic regression for binary dependent 

variables. Modern phylogenetic comparative methods and their 

application in evolutionary biology (pp. 231-261). Berlin: Springer. 

 

Ivy, TM, Johnson, JC, & Sakaluk, SK. 1999. Hydration benefits to courtship 

feeding in crickets. Proceedings of the Royal Society of London B: 

Biological Sciences, 266(1428), 1523-1527 

 



 

209 

 

Iwasaki, M, Delago, A, Nishino, H, & Aonuma, H. 2006. Effects of previous 

experience on the agonistic behaviour of male crickets, Gryllus 

bimaculatus. Zoological Science, 23(10), 863-872 

 

Jamieson, IG. 2002. The relationship between male head size and harem size in 

the sexually dimorphic mountain stone weta Hemideina maori. Ecological 

Entomology, 27(1), 41-48 

 

Jang, Y, & Gerhardt, HC. 2006. Divergence in female calling song discrimination 

between sympatric and allopatric populations of the southern wood cricket 

Gryllus fultoni (Orthoptera: Gryllidae). Behavioral Ecology and 

Sociobiology, 60(2), 150-158 

 

Jang, Y, Gerhardt, HC, & Choe, JC. 2008. A comparative study of aggressiveness 

in eastern North American field cricket species (genus Gryllus). 

Behavioral Ecology and Sociobiology, 62(9), 1397-1407 

 

Jarčuška, B, & Kaňuch, P. 2014. Female Bush-Crickets, Pholidoptera 

griseoaptera, that have Received Smaller Ejaculates Show a Higher 

Mating Rate in the Field. Journal of Insect Behavior, 27(3), 411-418 

 

Jarrige, A, Body, M, Giron, D, Greenfield, MD, & Goubault, M. 2015. Amino 

acid composition of the bushcricket spermatophore and the function of 

courtship feeding: Variable composition suggests a dynamic role of the 

nuptial gift. Physiology and Behavior, 151, 463-468 

 

Jennings, DJ, Boys, RJ, & Gammell, MP. 2018. Suffering third-party intervention 

during fighting is associated with reduced mating success in the fallow 

deer. Animal Behaviour, 139, 1-8 

 

Jennings, DJ, Gammell, MP, Carlin, CoM, & Hayden, TJ. 2004. Effect of body 

weight, antler length, resource value and experience on fight duration and 

intensity in fallow deer. Animal Behaviour, 68(1), 213-221 

 

Jennings, DJ, Gammell, MP, Payne, RJH, & Hayden, TJ. 2005. An investigation 

of assessment games during fallow deer fights. Ethology, 111(5), 511-525 

 

Jennions, M, & Kokko, H. 2010. Sexual Selection. In D. F. Westneat, CW (Ed.), 

Evolutionary Behavioural Ecology. Oxford: Oxford University Press. 

 

Jennions, MD, & Backwell, PRY. 1996. Residency and size affect fight duration 

and outcome in the fiddler crab Uca annulipes. Biological Journal of the 

Linnean Society, 57(4), 293-306 



 

210 

 

 

Joern, A. 1979. Resource utilization and community structure in assemblages of 

arid grassland grasshoppers (Orthoptera: Acrididae). Transactions of the 

American Entomological Society, 253-300 

 

Johnson, JC, Ivy, TM, & Sakaluk, SK. 1999. Female remating propensity 

contingent on sexual cannibalism in sagebrush crickets, Cyphoderris 

strepitans: A mechanism of cryptic female choice. Behavioral Ecology, 

10(3), 227-233 

 

Johnstone, RA. 1995. Sexual selection, honest advertisement and the handicap 

principle: reviewing the evidence. Biological Reviews, 70(1), 1-65 

 

Jones, PL, Ryan, MJ, & Page, RA. 2014. Population and seasonal variation in 

response to prey calls by an eavesdropping bat. Behavioral Ecology and 

Sociobiology, 68(4), 605-615 

 

Jormalainen, V. 1998. Precopulatory mate guarding in crustaceans: male 

competitive strategy and intersexual conflict. The Quarterly Review of 

Biology, 73(3), 275-304 

 

Jost, MC, & Shaw, KL. 2006. Phylogeny of Ensifera (Hexapoda: Orthoptera) 

using three ribosomal loci, with implications for the evolution of acoustic 

communication. Molecular Phylogenetics and Evolution, 38(2), 510-530 

 

Jourdan, H, Barbier, R, Bernard, J, & Ferran, A. 1995. Antennal sensilla and 

sexual dimorphism of the adult ladybird beetle Semiadalia undecimnotata 

Schn.(Coleoptera: Coccinellidae). International Journal of Insect 

Morphology and Embryology, 24(3), 307-322 

 

Judge, KA, & Bonanno, VL. 2008. Male weaponry in a fighting cricket. PLoS 

ONE, 3(12), e3980 

 

Judge, KA, de Luca, PA, & Morris, GK. 2011. Food limitation causes female 

haglids to mate more often. Canadian Journal of Zoology, 89(10), 992-998 

 

Judge, KA, Ting, JJ, Schneider, J, & Fitzpatrick, MJ. 2010. A lover, not a fighter: 

Mating causes male crickets to lose fights. Behavioral Ecology and 

Sociobiology, 64(12), 1971-1979 

 

Junior, RSL, & Peixoto, PEC. 2013. Males of the dragonfly Diastatops obscura 

fight according to predictions from game theory models. Animal 

Behaviour, 85(3), 663-669 



 

211 

 

 

Kahlenberg, SM, Thompson, ME, Muller, MN, & Wrangham, RW. 2008. 

Immigration costs for female chimpanzees and male protection as an 

immigrant counterstrategy to intrasexual aggression. Animal Behaviour, 

76(5), 1497-1509 

 

Kalmring, K, Sickmann, T, Jatho, M, Zhantiev, R, & Grossbach, M. 1997. The 

auditory-vibratory sensory system of Polysarcus denticauda 

(Phaneropterinae, Tettigoniidae): III. Physiology of the ventral cord 

neurons ascending to the head ganglia. Journal of Experimental Zoology, 

279(1), 9-28 

 

Kamilar, JM, & Cooper, N. 2013. Phylogenetic signal in primate behaviour, 

ecology and life history. Philosophical transactions of the Royal Society of 

London. Series B: Biological sciences, 368(1618), 20120341 

 

Kamimura, Y. 2014. Pre‐and postcopulatory sexual selection and the evolution of 

sexually dimorphic traits in earwigs (Dermaptera). Entomological Science, 

17(2), 139-166 

 

Karaman, I, Hammouti, N, Pavicevic, D, Kiefer, A, Horvatovic, M, & Seitz, A. 

2011. The genus Troglophilus Krauss, 1879 (Orthoptera: 

Rhaphidophoridae) in the west Balkans. Zoological Journal of the Linnean 

Society, 163(4), 1035-1063 

 

Kasumovic, MM, Elias, DO, Punzalan, D, Mason, AC, & Andrade, MCB. 2009. 

Experience affects the outcome of agonistic contests without affecting the 

selective advantage of size. Animal Behaviour, 77(6), 1533-1538 

 

Kasumovic, MM, Mason, AC, Andrade, MC, & Elias, DO. 2010. The relative 

importance of RHP and resource quality in contests with ownership 

asymmetries. Behavioral Ecology, 39-45 

 

Kawakami, Y, & Tatsuta, H. 2010. Variation in the shape of genital appendages 

along a transect through sympatric and allopatric areas of two 

brachypterous grasshoppers, Parapodisma setouchiensis and Parapodisma 

subastris (Orthoptera: Podisminae). Annals of the Entomological Society 

of America, 103(3), 327-331 

 

Kawatsu, K. 2013. Sexual Conflict over the Maintenance of Sex: Effects of 

Sexually Antagonistic Coevolution for Reproductive Isolation of 

Parthenogenesis. PLoS ONE, 8(2), e58141 

 



 

212 

 

Keil, TA. 1999. Morphology and development of the peripheral olfactory organs. 

In B. Hansson (Ed.), Insect olfaction (pp. 5-47). Berlin: Springer. 

 

Kekeunou, S, Mbeng, D, Oumarou-Ngoute, C, & Wandji, AC. 2015. Morphology, 

development and reproduction of Pyrgomorpha vignaudii (Orthoptera: 

Pyrgomorphidae). Entomological Research, 45(2), 58-70 

 

Kelley, TC, Stewart, RE, Yurkowski, DJ, Ryan, A, & Ferguson, SH. 2015. Mating 

ecology of beluga (Delphinapterus leucas) and narwhal (Monodon 

monoceros) as estimated by reproductive tract metrics. Marine Mammal 

Science, 31(2), 479-500 

 

Kelly, CD. 2005. Allometry and sexual selection of male weaponry in Wellington 

tree weta, Hemideina crassidens. Behavioral Ecology, 16(1), 145-152 

 

Kelly, CD. 2006a. Fighting for harems: assessment strategies during male-male 

contests in the sexually dimorphic Wellington tree weta. Animal 

Behaviour, 72(3), 727-736 

 

Kelly, CD. 2006b. The relationship between resource control, association with 

females and male weapon size in a male dominance insect. Ethology, 

112(4), 362-369 

 

Kelly, CD. 2008a. Sperm investment in relation to weapon size in a male 

trimorphic insect? Behavioral Ecology, 19(5), 1018-1024 

 

Kelly, CD. 2008b. Why do male tree weta aggressively evict females from 

galleries after mating? Ethology, 114(2), 203-208 

 

Kelly, CD, & Adams, DC. 2010. Sexual selection, ontogenetic acceleration, and 

hypermorphosis generates male trimorphism in Wellington tree weta. 

Evolutionary Biology, 37(4), 200-209 

 

Kelly, CD, Bussière, LF, & Gwynne, DT. 2010. Pairing and insemination patterns 

in a giant weta (Deinacrida rugosa: Orthoptera; Anostostomatidae). 

Journal of Ethology, 28(3), 483-489 

 

Kelly, CD, & Gwynne, DT. 2016. The effect of condition on mate searching speed 

and copulation frequency in the Cook Strait giant weta. Behavioral 

Ecology and Sociobiology, 70(8), 1403-1409 

 



 

213 

 

Kelly, CD, & Jennions, MD. 2009. Sexually dimorphic immune response in the 

harem polygynous Wellington tree weta Hemideina crassidens. 

Physiological Entomology, 34(2), 174-179 

 

Kemp, DJ. 2011. Costly copulation in the wild: mating increases the risk of 

parasitoid-mediated death in swarming locusts. Behavioral Ecology, 23(1), 

191-194 

 

Kemp, DJ, Alcock, J, & Allen, GR. 2006. Sequential size assessment and 

multicomponent decision rules mediate aerial wasp contests. Animal 

Behaviour, 71(2), 279-287 

 

Kerr, GE. 1978. Uncertainty analyses of the behaviour of the Carolina locust, 

Dissosteira carolina (Orthoptera: Acrididae). Canadian Journal of 

Zoology, 56(2), 201-214 

 

Keuper, A, Kalmring, K, Schatral, A, Latimer, W, & Kaiser, W. 1986. 

Behavioural adaptations of ground living bushcrickets to the properties of 

sound propagation in low grassland. Oecologia, 70(3), 414-422 

 

Khalifa, A. 1950. Spermatophore production and egg-laying behaviour in 

Rhodnius prolixus Stal. (Hemiptera; Reduviidae). Parasitology, 40(3-4), 

283-289 

 

Killian, KA, & Allen, JR. 2008. Mating resets male cricket aggression. Journal of 

Insect Behavior, 21(6), 535-548 

 

Kim, H, Jang, Y, & Choe, JC. 2011. Sexually dimorphic male horns and their use 

in agonistic behaviors in the horn-headed cricket Loxoblemmus doenitzi 

(Orthoptera: Gryllidae). Journal of Ethology, 29(3), 435-441 

 

Kirkpatrick, M. 1982. Sexual selection and the evolution of female choice. 

Evolution, 36(1), 1-12 

 

Knell, R. 2011. Male contest competition and the evolution of weapons. In T. J. 

R.-S. L.W. Simmmons (Ed.), Ecology and Evolution of Dung Beetles (pp. 

47-65). Oxford: Blackwell. 

 

Knell, R, Fruhauf, N, & Norris, K. 1999. Conditional expression of a sexually 

selected trait in the stalk‐eyed fly Diasemopsis aethiopica. Ecological 

Entomology, 24(3), 323-328 

 



 

214 

 

Kodric-Brown, A, & Brown, JH. 1987. Anisogamy, sexual selection, and the 

evolution and maintenance of sex. Evolutionary Ecology, 1(2), 95-105 

 

Kodric-Brown, A, Sibly, RM, & Brown, JH. 2006. The allometry of ornaments 

and weapons. Proceedings of the National Academy of Sciences, 103(23), 

8733-8738 

 

Kokko, H. 2001. Fisherian and “good genes” benefits of mate choice: how (not) to 

distinguish between them. Ecology Letters, 4(4), 322-326 

 

Kokko, H. 2013. Dyadic contests: modelling fights between two individuals. In I. 

Hardy & M. Briffa (Eds.), Animal Contests (pp. 5 - 32). Cambridge: 

Cambridge University Press. 

 

Kokko, H, Brooks, R, McNamara, JM, & Houston, AI. 2002. The sexual selection 

continuum. Proceedings of the Royal Society of London B: Biological 

Sciences, 269(1498), 1331-1340 

 

Kokko, H, & Jennions, M. 2012. Sex differences in parental care. In N. Royle, P. 

Smitheth & M. Kolliker (Eds.), The evolution of parental care (Vol. 484). 

Oxford: Oxford University Press. 

 

Kokko, H, & Jennions, MD. 2008. Parental investment, sexual selection and sex 

ratios. Journal of Evolutionary Biology, 21(4), 919-948 

 

Kokko, H, Klug, H, & Jennions, M. 2014. Mating systems. In D. M. Shuker & L. 

W. Simmons (Eds.), The evolution of insect mating systems. Oxford: 

Oxford University Press. 

 

Koning, JW, & Jamieson, IG. 2001. Variation in size of male weaponry in a 

harem-defence polygynous insect, the mountain stone weta Hemideina 

maori (orthoptera: Anostostomatidae). New Zealand Journal of Zoology, 

28(1), 109-117 

 

Koontz, M, & Schneider, D. 1987. Sexual dimorphism in neuronal projections 

from the antennae of silk moths (Bombyx mori, Antheraea polyphemus) 

and the gypsy moth (Lymantria dispar). Cell and tissue research, 249(1), 

39-50 

 

Kosal, EF, & Niedzlek-Feaver, M. 1997. Female preferences for large, heavy 

mates in Schistocerca americana (Orthoptera: Acrididae). Journal of 

Insect Behavior, 10(5), 711-725 



 

215 

 

 

Kostromytska, O, Scharf, ME, & Buss, EA. 2015. Types and functions of mole 

cricket (Orthoptera: Gryllotalpidae) antennal and palpal sensilla. Florida 

Entomologist, 98(2), 593-605 

 

Kraushaar, U, & Blanckenhorn, WU. 2002. Population variation in sexual 

selection and its effect on size allometry in two dung fly species with 

contrasting sexual size dimorphism. Evolution, 56(2), 307-321 

 

Kumala, M, McLennan, DA, Brooks, DR, & Mason, AC. 2005. Phylogenetic 

relationships within hump-winged grigs, Cyphoderris (Insecta, Orthoptera, 

Tettigonioidea, Haglidae). Canadian Journal of Zoology, 83(7), 1003-

1011 

 

Kuřavová, K, Wahab, RA, & Kočárek, P. 2017. External morphology of the 

antennae and sense organs of the groundhopper Discotettix belzebuth 

(Orthoptera, Tetrigidae). Zoologischer Anzeiger-A Journal of Comparative 

Zoology, 266, 120-128 

 

Kuriwada, T, & Kasuya, E. 2009. Longer copulation duration increases the risk of 

injury during copulation in the male bell cricket Meloimorpha japonica. 

Entomological Science, 12(2), 141-146 

 

Kuriwada, T, & Kasuya, E. 2012. Nuptial gifts protect male bell crickets from 

female aggressive behavior. Behavioral Ecology, 23(2), 302-306 

 

Kvarnemo, C, & Simmons, LW. 1998. Male potential reproductive rate influences 

mate choice in a bushcricket. Animal Behaviour, 55(6), 1499-1506 

 

Labonte, D, Clemente, CJ, Dittrich, A, Kuo, C-Y, Crosby, AJ, Irschick, DJ, & 

Federle, W. 2016. Extreme positive allometry of animal adhesive pads and 

the size limits of adhesion-based climbing. Proceedings of the National 

Academy of Sciences, 113(5), 1297-1302 

 

Lagos, P. 2017. A review of escape behaviour in orthopterans. Journal of 

Zoology, 303(3), 165-177 

 

Lailvaux, S, Hathway, J, Pomfret, J, & Knell, R. 2005. Horn size predicts physical 

performance in the beetle Euoniticellus intermedius (Coleoptera: 

Scarabaeidae). Functional Ecology, 19(4), 632-639 

 



 

216 

 

Laird, G, Gwynne, DT, & Andrade, MCB. 2004. Extreme repeated mating as a 

counter-adaptation to sexual conflict? Proceedings of the Royal Society B: 

Biological Sciences, 271(SUPPL. 6), S402-S404 

 

Lambkin, CL, Trueman, JWH, Yeates, DK, Holston, KC, Webb, DW, Hauser, M, 

Metz, MA, Hill, HN, Skevington, JH, Yang, L, Irwin, ME, & Wiegmann, 

BM. 2009. Supertrees and the Tree of Life: Generating a metaphylogeny 

for a diverse invertebrate family (Insecta: Diptera:Therevidae) using 

constraint trees and the parsimony ratchet to overcome low taxon overlap. 

Invertebrate Systematics, 23(2), 171-191 

 

Lanchester, FW. 1916. Aircraft in warfare. New York: Appleton. 

 

Lande, R. 1980. Sexual dimorphism, sexual selection, and adaptation in polygenic 

characters. Evolution, 34(2), 292-305 

 

Lande, R. 1981. Models of speciation by sexual selection on polygenic traits. 

Proceedings of the National Academy of Sciences, 78(6), 3721-3725 

 

Lane, SM, & Briffa, M. 2017. The price of attack: rethinking damage costs in 

animal contests. Animal Behaviour, 126, 23-29 

 

Lange, AB. 1984. The transfer of prostaglandin-synthesizing activity during 

mating in Locusta migratoria. Insect Biochemistry, 14(5), 551-556 

 

Larrosa, E, García, MD, Clemente, E, & Presa, JJ. 2010. Sound production of two 

endemic Oedipodinae grasshoppers from the Iberian Peninsula: 

Jacobsiella imitans and Leptopternis candidus lusitanicus (Orthoptera: 

Acrididae). Italian Journal of Zoology, 77(4), 443-452 

 

Larson, EL, Andrés, JA, & Harrison, RG. 2012. Influence of the Male Ejaculate 

on Post-Mating Prezygotic Barriers in Field Crickets. PLoS ONE, 7(10), 

e46202 

 

Latimer, W. 1981. The acoustic behaviour of Platycleis albopunctata 

(Goeze)(Orthoptera, Tettigoniidae). Behaviour, 76(3), 182-205 

 

Latimer, W, & Broughton, W. 1984. Acoustic interference in bush crickets; a 

factor in the evolution of singing insects? Journal of Natural History, 

18(4), 599-616 

 



 

217 

 

Lau, T, Ohba, N, Arikawa, K, & Meyer-Rochow, V. 2007. Sexual dimorphism in 

the compound eye of Rhagophthalmus ohbai (Coleoptera: 

Rhagophthalmidae): II. Physiology and function of the eye of the male. 

Journal of Asia-Pacific Entomology, 10(1), 27-31 

 

Launois, M, & Grassé, PP. 1974. The comparison between the number of oocytes 

per ovary and the number of egg-layings in the migratory cricket Locusta 

migratoria capito (Sauss.) in nature. Comptes rendus hebdomadaires des 

seances de l"Academie des sciences. Serie D: Sciences naturelles, 279(10), 

847-850 

 

Lavine, L, Gotoh, H, Brent, CS, Dworkin, I, & Emlen, DJ. (2015) Exaggerated 

trait growth in insects. Vol. 60. Annual Review of Entomology (pp. 453-

472). 

 

Lavoie, KH, Helf, KL, & Poulson, TL. 2007. The biology and ecology of North 

American cave crickets. Journal of Cave and Karst Studies, 69(1), 114-

134 

 

Le Boeuf, BJ, & Mesnick, S. 1991. Sexual behavior of male northern elephant 

seals: I. Lethal injuries to adult females. Behaviour, 116(1), 143-162 

 

le Feuvre, WP. 1939. A Phasmid With a Spermatophore. Proceedings of the Royal 

Entomological Society of London, 14(24) 

 

Leavitt, JR, Hiatt, KD, Whiting, MF, & Song, H. 2013. Searching for the optimal 

data partitioning strategy in mitochondrial phylogenomics: A phylogeny of 

Acridoidea (Insecta: Orthoptera: Caelifera) as a case study. Molecular 

Phylogenetics and Evolution, 67(2), 494-508 

 

LeBas, NR, Hockham, LR, & Ritchie, MG. 2003. Nonlinear and correlational 

sexual selection on ‘honest’female ornamentation. Proceedings of the 

Royal Society of London B: Biological Sciences, 270(1529), 2159-2165 

 

Lehmann, G. 2012. Weighing costs and benefits of mating in bushcrickets 

(Insecta: Orthoptera: Tettigoniidae), with an emphasis on nuptial gifts, 

protandry and mate density. Frontiers in Zoology, 9(1), 19 

 

Lehmann, G, & Lehmann, AW. 2016. Material benefit of mating: the bushcricket 

spermatophylax as a fast uptake nuptial gift. Animal Behaviour, 112, 267-

271 

 



 

218 

 

Lehmann, GU. 2003. Review of biogeography, host range and evolution of 

acoustic hunting in Ormiini (Insecta, Diptera, Tachinidae), parasitoids of 

night-calling bushcrickets and crickets (Insecta, Orthoptera, Ensifera). 

Zoologischer Anzeiger-A Journal of Comparative Zoology, 242(2), 107-

120 

 

Lehmann, GU, Siozios, S, Bourtzis, K, Reinhold, K, & Lehmann, AW. 2011. 

Thelytokous parthenogenesis and the heterogeneous decay of mating 

behaviours in a bushcricket (Orthopterida). Journal of Zoological 

Systematics and Evolutionary Research, 49(2), 102-109 

 

Lehmann, GU, Strauß, J, & Lakes-Harlan, R. 2007. Listening when there is no 

sexual signalling? Maintenance of hearing in the asexual bushcricket 

Poecilimon intermedius. Journal of Comparative Physiology A, 193(5), 

537-545 

 

Lehmann, GUC, & Lehmann, AW. 2007. Sex differences in "time out" from 

reproductive activity and sexual selection in male bushcrickets 

(Orthoptera: Zaprochilinae: Kawanaphila mirla). Journal of Insect 

Behavior, 20(2), 215-227 

 

Levinton, J, & Allen, B. 2005. The paradox of the weakening combatant: trade‐off 

between closing force and gripping speed in a sexually selected combat 

structure. Functional Ecology, 19(1), 159-165 

 

Lewis, J, Trinh, P, & Kirsh, D. (2011). A corpus analysis of strategy video game 

play in starcraft: Brood war. Paper presented at the Proceedings of the 

Annual Meeting of the Cognitive Science Society. 

 

Lewis, SM, Vahed, K, Koene, JM, Engqvist, L, Bussiere, LF, Perry, JC, Gwynne, 

D, & Lehmann, GU. 2014. Emerging issues in the evolution of animal 

nuptial gifts. Biology Letters, 10(7), 20140336 

 

Li, N, Ren, B-Z, & Liu, M. 2007. The study on antennal sensilla of eight 

Acrididae species (Orthoptera: Acridoidea) in Northeast China. Zootaxa, 

1544, 59-68 

 

Lipovšek, S, Novak, T, Janžekovič, F, & Pabst, MA. 2011. Role of the fat body in 

the cave crickets Troglophilus cavicola and Troglophilus neglectus 

(Rhaphidophoridae, Saltatoria) during overwintering. Arthropod Structure 

and Development, 40(1), 54-63 

 



 

219 

 

Lis, J, & Eiben, ÁE. (1997). A multi-sexual genetic algorithm for multiobjective 

optimization. Paper presented at the IEEE International Conference on 

Evolutionary Computation, 1997. 

 

Litzenberger, G, & Chapco, W. 2001. Molecular phylogeny of selected eurasian 

podismine grasshoppers (orthoptera: acrididae). Annals of the 

Entomological Society of America, 94(4), 505-511 

 

Loher, W. 1979. The influence of Prostaglandin E2 on oviposition in Teleogryllus 

commodus. Entomologia Experimentalis et Applicata, 25(1), 107-109 

 

Loher, W, & Dambach, M. 1989. Reproductive behavior. In F. Huber, T. Moore 

& W. Loher (Eds.), Cricket behaviour and neurobiology (pp. 43-82). New 

York: Cornell University Press. 

 

Loher, W, & Rence, B. 1978. The Mating Behavior of Teleogryllus commodus 

(Walker) and its central and peripheral control. journal of Comparative 

Ethology, 46, 225-259 

 

Long, TA, Pischedda, A, Stewart, AD, & Rice, WR. 2009. A cost of sexual 

attractiveness to high-fitness females. PLOS Biology, 7(12), e1000254 

 

Loranger, MJ, & Bertram, SM. 2016. The effect of male dominance on female 

choice in a field cricket (Gryllus assimilis). Animal Behaviour, 114, 45-52 

 

Losos, JB. 2008. Phylogenetic niche conservatism, phylogenetic signal and the 

relationship between phylogenetic relatedness and ecological similarity 

among species. Ecology Letters, 11(10), 995-1003 

 

Lott, DF. 1974. Sexual and aggressive behavior of adult male American bison 

(Bison bison). IUCN Publications new series, 24, 382-394 

 

Lugo-Olguín, SD, & Del Castillo, RC. 2007. Multiple matings, female fecundity, 

and assessment of sperm competition risk in the protandrous grasshopper 

Sphenarium purpurascens (orthoptera: Pyrgomorphidae). Annals of the 

Entomological Society of America, 100(4), 591-595 

 

Lundrigan, B. 1996. Morphology of horns and fighting behavior in the family 

Bovidae. Journal of Mammalogy, 77(2), 462-475 

 



 

220 

 

Lunt, D. (1994). mtDNA Differentiation across europe in the meadow 

grasshopper Chorthippus parallelus (Orthoptera: Acrididae). University 

of East Anglia, Norwich.    

 

Maddison, W, & Maddison, D. 2017. Mesquite: a modular system for 

evolutionary analysis (Version 3.31). Retrieved from 

http://mesquiteproject.org 

 

Maddison, W, & Midford, P. (2002). Pagel's 1994 correlation method. 2016, from 

http://mesquiteproject.org/mesquiteArchives/mesquite2.75/Mesquite_Fold

er/docs/mesquite/CharacterEvolution/Pagel94.html 

 

Madsen, T, & Shine, R. 1993. Male mating success and body size in European 

grass snakes. Copeia, 1993(2), 561-564 

 

Mahoney, PC, Tatarnic, NJ, O’Hanlon, JC, & Umbers, KD. 2017. Mate guarding 

and male mate choice in the chameleon grasshopper Kosciuscola tristis 

(Orthoptera: Acrididae). Journal of Ethology, 35(2), 197-201 

 

Makin, O, & Bangay, S. (2017). Orthogonal analysis of StarCraft II for game 

balance. Paper presented at the Australasian Computer Science Week 

Multiconference. 

 

Maklakov, AA, Bilde, T, & Lubin, Y. 2004. Sexual selection for increased male 

body size and protandry in a spider. Animal Behaviour, 68(5), 1041-1048 

 

Maklakov, AA, Simpson, SJ, Zajitschek, F, Hall, MD, Dessmann, J, Clissold, F, 

Raubenheimer, D, Bonduriansky, R, & Brooks, RC. 2008. Sex-specific 

fitness effects of nutrient intake on reproduction and lifespan. Current 

Biology, 18(14), 1062-1066 

 

Marden, JH, & Waage, JK. 1990. Escalated damselfly territorial contests are 

energetic wars of attrition. Animal Behaviour, 39(5), 954-959 

 

Mariottini, Y, Pocco, ME, de Wysiecki, ML, & Lange, CE. 2015. Sex ratios in 

juveniles and adults of Dichroplus maculipennis (Blanchard) and Borellia 

bruneri (Rehn) (Orthoptera: Acrididae). Revista Brasileira de 

Entomologia, 59(2), 96-99 

 

Mark, C, Parsons, S, & Holwell, G. 2017. Antennal morphology and micro-

sensory architecture of the New Zealand magpie moth, Nyctemera 

annulata (Arctiinae, Erebidae). Austral Entomology, 56(3), 303-323 



 

221 

 

 

Marlowe, MH, Murphy, CA, & Chatzimanolis, S. 2015. Sexual dimorphism and 

allometry in the sphecophilous rove beetle Triacrus dilatus. Peerj, 3, e1123 

 

Matsumoto, K, & Suzuki, N. 1992. Effectiveness of the mating plug in 

Atrophaneura alcinous (Lepidoptera: Papilionidae). Behavioral Ecology 

and Sociobiology, 30(3-4), 157-163 

 

Mays, DL. 1971. Mating behavior of nemobiine crickets: Hygronemobius, 

Nemobius, and Pteronemobius (Orthoptera: Gryllidae). The Florida 

Entomologist, 54(2), 113-126 

 

McCartney, J, & Heller, K. 2008. A preliminary analysis of mate choice in a bush 

cricket (Poecilimon laevissimus: Tettigoniidae) suggests virginity is more 

important than body size. Journal of Orthoptera Research, 17(2), 227-230 

 

McCartney, J, Lehmann, AW, & Lehmann, GUC. 2010. Lifetime spermatophore 

investment in natural populations of two closely related bush-cricket 

species (Orthoptera: Tettigoniidae: Poecilimon). Behaviour, 147(3), 285-

298 

 

McCormack, G. (2007). Cook Islands Biodiversity Database, Version 2007.2. 

from http://cookislands.bishopmuseum.org. 

 

McCullough, EL, Ledger, KJ, O'Brien, DM, & Emlen, DJ. 2015. Variation in the 

allometry of exaggerated rhinoceros beetle horns. Animal Behaviour, 109, 

133-140 

 

McCullough, EL, Miller, CW, & Emlen, DJ. 2016. Why sexually selected 

weapons are not ornaments. Trends in Ecology & Evolution, 31(10), 742-

751 

 

McGinley, RH, Prenter, J, & Taylor, PW. 2015. Assessment strategies and 

decision making in male–male contests of Servaea incana jumping 

spiders. Animal Behaviour, 101, 89-95 

 

McIver, S, & Siemicki, R. 1985. Fine structure of antennal putative 

thermo‐/hygrosensilla of adult Rhodnius prolixus Stål (Hemiptera: 

Reduviidae). Journal of Morphology, 183(1), 15-23 

 

McPeek, M, Shen, L, Torrey, J, & Farid, H. 2008. The tempo and mode of 

three‐dimensional morphological evolution in male reproductive 

structures. The American Naturalist, 171(5), E158-E178 



 

222 

 

 

Mendelson, TC, Siegel, AM, & Shaw, KL. 2004. Testing geographical pathways 

of speciation in a recent island radiation. Molecular Ecology, 13(12), 

3787-3796 

 

Mendoza-Roldán, JS. 2017. Observations on the courtship behavior and nesting in 

Phyllomedusa venusta (Anura: Phyllomedusidae) from a seasonally dry 

forest in Colombia. Phyllomedusa: Journal of Herpetology, 16(2), 201-

209 

 

Merivee, E, Märtmann, H, Must, A, Milius, M, Williams, I, & Mänd, M. 2008. 

Electrophysiological responses from neurons of antennal taste sensilla in 

the polyphagous predatory ground beetle Pterostichus oblongopunctatus 

(Fabricius 1787) to plant sugars and amino acids. Journal of Insect 

Physiology, 54(8), 1213-1219 

 

Merivee, E, Ploomi, A, Rahi, M, Bresciani, J, Ravn, HP, Luik, A, & Sammelselg, 

V. 2002. Antennal sensilla of the ground beetle Bembidion properans 

Steph. (Coleoptera, Carabidae). Micron, 33(5), 429-440 

 

Merivee, E, Renou, M, Mänd, M, Luik, A, Heidemaa, M, & Ploomi, A. 2004. 

Electrophysiological responses to salts from antennal chaetoid taste 

sensilla of the ground beetle Pterostichus aethiops. Journal of Insect 

Physiology, 50(11), 1001-1013 

 

Merivee, E, Vanatoa, A, Luik, A, Rahi, M, Sammelselg, V, & Ploomi, A. 2003. 

Electrophysiological identification of cold receptors on the antennae of the 

ground beetle Pterostichus aethiops. Physiological Entomology, 28(2), 88-

96 

 

Mestel. 1994. Seamy side of sea otter life. New Scientist, 1913, 5-6 

 

Mesterton-Gibbons, M, Marden, JH, & Dugatkin, LA. 1996. On wars of attrition 

without assessment. Journal of Theoretical Biology, 181(1), 65-83 

 

Mhatre, N, & Balakrishnan, R. 2006. Male spacing behaviour and acoustic 

interactions in a field cricket: implications for female mate choice. Animal 

Behaviour, 72(5), 1045-1058 

 

Milius, M, Merivee, E, Must, A, Tooming, E, Williams, I, & Luik, A. 2011. 

Electrophysiological responses of the chemoreceptor neurones in the 

antennal taste sensilla to plant alkaloids and glucosides in a granivorous 

ground beetle. Physiological Entomology, 36(4), 368-378 



 

223 

 

 

Milligan, DD. 1926. The Genus Pachyrhamma (Rhaphidophorinae: Orthoptera). 

A New Species From New Zealand. Transactions of the Royal Society of 

New Zealand, 56, 79-80 

 

Miyatake, T. 1997. Functional morphology of the hind legs as weapons for male 

contests in Leptoglossus australis (Heteroptera: Coreidae). Journal of 

Insect Behavior, 10(5), 727-735 

 

Moczek, AP, & Emlen, DJ. 2000. Male horn dimorphism in the scarab beetle, 

Onthophagus taurus: do alternative reproductive tactics favour alternative 

phenotypes? Animal Behaviour, 59(2), 459-466 

 

Mohanty, S, Ring, JR, & Prusti, RK. 2008. Chemical communication: a visit with 

insects. Current Chemical Biology, 2(1), 83-96 

 

Møller, AP, & Alatalo, RV. 1999. Good-genes effects in sexual selection. 

Proceedings of the Royal Society of London B: Biological Sciences, 

266(1414), 85-91 

 

Möller, H. 1985. Tree wetas (Hemideina crassicruris) (Orthoptera: 

Stenopelmatidae) of stephens island, cook strait. New Zealand Journal of 

Zoology, 12(1), 55-69 

 

Moore, JC, Obbard, DJ, Reuter, C, West, SA, & Cook, JM. 2008. Fighting 

strategies in two species of fig wasp. Animal Behaviour, 76(2), 315-322 

 

Moran, DT, Chapman, KM, & Ellis, RA. 1971. The fine structure of cockroach 

campaniform sensilla. Journal of Cell Biology, 48(1), 155-173 

 

Morbey, YE. 2013. Protandry, sexual size dimorphism, and adaptive growth. 

Journal of Theoretical Biology, 339, 93-99 

 

Morbey, YE, & Ydenberg, RC. 2001. Protandrous arrival timing to breeding 

areas: a review. Ecology Letters, 4(6), 663-673 

 

Morgan-Richards, M. (2018). The natural history of tree weta and diversity of 

New Zealand cave weta. Paper presented at the 67th New Zealand 

Entomological Society Conference, Whanganui, New Zealand.  

 

Morgan-Richards, M, & Gibbs, GW. 2001. A phylogenetic analysis of New 

Zealand giant and tree weta (Orthoptera: Anostostomatidae: Deinacrida 



 

224 

 

and Hemideina) using morphological and genetic characters. Invertebrate 

Taxonomy, 15(1), 1-12 

 

Morosan, M, & Poli, R. (2017). Automated Game Balancing in Ms PacMan and 

StarCraft Using Evolutionary Algorithms. Paper presented at the European 

Conference on the Applications of Evolutionary Computation. 

 

Morrell, LJ, Backwell, PRY, & Metcalfe, NB. 2005. Fighting in fiddler crabs Uca 

mjoebergi: what determines duration? Animal Behaviour, 70(3), 653-662 

 

Morris, G. 1979. Mating systems, paternal investment and aggressive behavior of 

acoustic Orthoptera. The Florida Entomologist, 62(1), 9-17 

 

Morris, GK. 1971. Aggression in male conocephaline grasshoppers (tettigoniidae). 

Animal Behaviour, 19(1), 132-137 

 

Morris, GK. 1980. Calling display and mating behaviour of Copiphora rhinoceros 

Pictet (Orthoptera: Tettigoniidae). Animal Behaviour, 28(1), 42-51 

 

Morris, GK, Gwynne, DT, Klimas, DE, & Sakaluk, SK. 1989. Virgin male mating 

advantage in a primitive acoustic insect (Orthoptera: Haglidae). Journal of 

Insect Behavior, 2(2), 173-185 

 

Morris, GK, & Kerr, GEG, D.T. 1974. Ontogeny of phonotaxis in Orchelimum 

gladiator (Orthoptera: tettigoniidae: conocephalinae). Canadian Journal of 

Zoology, 53, 1127-1130 

 

Mugleston, JD, Song, H, & Whiting, MF. 2013. A century of paraphyly: A 

molecular phylogeny of katydids (Orthoptera: Tettigoniidae) supports 

multiple origins of leaf-like wings. Molecular Phylogenetics and 

Evolution, 69(3), 1120-1134 

 

Mullen, SP, Mendelson, TC, Schal, C, & Shaw, KL. 2007. Rapid evolution of 

cuticular hydrocarbons in a species radiation of acoustically diverse 

Hawaiian crickets (Gryllidae: Trigonidiinae: Laupala). Evolution, 61(1), 

223-231 

 

Müller, JK, & Eggert, A-K. 1989. Paternity assurance by “helpful” males: 

adaptations to sperm competition in burying beetles. Behavioral Ecology 

and Sociobiology, 24(4), 245-249 

 



 

225 

 

Murtaugh, MP, & Denlinger, DL. 1982. Prostaglandins E and F2α in the house 

cricket and other insects. Insect Biochemistry, 12(6), 599-603 

 

Muse, WA, & Ono, T. 1996. Copulatory behavior and post-copulatory mate 

guarding in a grasshopper Atractornorpha lata Motschulsky (Orthoptera: 

Tetrigidae) under laboratory conditions. Applied Entomology and Zoology, 

31(2), 233-241 

 

Myers, J. 1968. The structure of the antennae of the Florida queen butterfly, 

Danaus gilippus berenice (Cramer). Journal of Morphology, 125(3), 315-

328 

 

Myers, SS, Buckley, TR, & Holwell, GI. 2016. Male genital claspers influence 

female mate acceptance in the stick insect Clitarchus hookeri. Behavioral 

Ecology and Sociobiology, 70(9), 1547-1556 

 

Narvaez, A, & Robillard, T. 2012. The reproductive behaviour of the cricket 

Lebinthus santoensis Robillard, 2009 (Grylloidea, Eneopterinae, 

Lebinthini). Zoosystema, 34(2), 279-286 

 

Nash, KL, Welsh, JQ, Graham, NA, & Bellwood, DR. 2015. Home-range 

allometry in coral reef fishes: comparison to other vertebrates, 

methodological issues and management implications. Oecologia, 177(1), 

73-83 

 

Naskrecki, P. (2000). The Phylogeny of katydids (insecta: orthoptera: 

tettigoniidae) and the evolution of their acoustic behaviour. (Doctorate), 

University of Connecticut, Connecticut.    

 

Nattier, R, Robillard, T, Desutter-Grandcolas, L, Couloux, A, & Grandcolas, P. 

2011. Older than New Caledonia emergence? A molecular phylogenetic 

study of the eneopterine crickets (Orthoptera: Grylloidea). Journal of 

Biogeography, 38(11), 2195-2209 

 

Nijhout, HF. 2011. Dependence of morphometric allometries on the growth 

kinetics of body parts. Journal of Theoretical Biology, 288, 35-43 

 

Nishikawa, M, Yokohari, F, & Ishibashi, T. 1985. The antennal thermoreceptor of 

the camel cricket, Tachycines asynamorus. Journal of Insect Physiology, 

31(7), 517-524 

 



 

226 

 

Normark, B. 2014. Modes of Reproduction. In D. M. Shuker & L. W. Simmons 

(Eds.), The Evolution of Insect Mating Systems. Oxford, UK: Oxford 

University Press. 

 

Novak, T, & Kustor, V. 1983. On Troglophilus (Rhaphidophoridae, Saltatoria) 

from north Slovenia (YU). Preliminary note. Mémoires de biospéologie, 

10, 127-137 

 

Nurme, K, Merivee, E, Must, A, Sibul, I, Muzzi, M, Di Giulio, A, Williams, I, & 

Tooming, E. 2015. Responses of the antennal bimodal hygroreceptor 

neurons to innocuous and noxious high temperatures in the carabid beetle, 

Pterostichus oblongopunctatus. Journal of Insect Physiology, 81, 1-13 

 

O'Brien, BF, L.H. 2001. Morphology and Anatomy of New Zealand Wetas. In L. 

H. Field (Ed.), The Biology of Wetas, King Crickets and Their Allies (pp. 

127-162). Wallingford Oxon: CABI Publishing. 

 

O'Brien, DM, Katsuki, M, & Emlen, DJ. 2017. Selection on an extreme weapon in 

the frog‐legged leaf beetle (Sagra femorata). Evolution, 71(11), 2584-2598 

 

Olutoyin Ademolu, K, Adewunmi Idowu, B, & Oke, OA. 2011. Impact of 

Reproductive Activities on the Tissues of Zonocerus variegatus 

Grasshopper Adults (Orthoptera: Pygomorphidae). Florida Entomologist, 

94(4), 993-997 

 

Ono, T, Siva-Jothy, MT, & Kato, A. 1989. Removal and subsequent ingestion of 

rivals' semen during copulation in a tree cricket. Physiological 

Entomology, 14(2), 195-202 

 

Ontanón, S, Synnaeve, G, Uriarte, A, Richoux, F, Churchill, D, & Preuss, M. 

2013. A survey of real-time strategy game ai research and competition in 

starcraft. IEEE Transactions on Computational Intelligence and AI in 

games, 5(4), 293-311 

 

Orme, D. 2013. The caper package: comparative analysis of phylogenetics and 

evolution in R (Version 5).  

 

Ortíz-Jiménez, I, & del Castillo, RC. 2015. Nuptial gifts and female fecundity in 

the neotropical katydid Conocephalus ictus (Orthoptera: Tettigonidae). 

Insect Science, 22(1), 106-110 

 



 

227 

 

Ostrowski, TD, Sradnick, J, Stumpner, A, & Elsner, N. 2009. The elaborate 

courtship behavior of Stenobothrus clavatus Willemse, 1979 (Acrididae: 

Gomphocerinae). Journal of Orthoptera Research, 18(2), 171-182 

 

Othman, N, Decraene, J, Cai, W, Hu, N, Low, MYH, & Gouaillard, A. (2012). 

Simulation-based optimization of StarCraft tactical AI through 

evolutionary computation. Paper presented at the IEEE Conference on 

Computational Intelligence and Games. 

 

Otronen, M. 1994. Repeated copulations as a strategy to maximize fertilization in 

the fly, Dryomyza anilis (Dryomyzidae). Behavioral Ecology, 5(1), 51-56 

 

Otte, D. (1970). A Comparative Study of Communication in Grasshoppers. 

University of Michigan, Michigan.    

 

Otte, D, & Cade, W. 1976. On the role of olfaction in sexual and interspecies 

recognition in crickets (Acheta and Gryllus). Animal Behaviour, 24(1), 1-6 

 

Pagel, M. 1994. Detecting correlated evolution on phylogenies: a general method 

for the comparative analysis of discrete characters. Proceedings of the 

Royal Society of London B: Biological Sciences, 255(1342), 37-45 

 

Painting, CJ, & Holwell, GI. 2014a. Exaggerated rostra as weapons and the 

competitive assessment strategy of male giraffe weevils. Behavioral 

Ecology, 1223-1232 

 

Painting, CJ, & Holwell, GI. 2014b. Flexible alternative mating tactics by New 

Zealand giraffe weevils. Behavioral Ecology, 25(6), 1409-1416 

 

Painting, CJ, Probert, AF, Townsend, DJ, & Holwell, GI. 2015. Multiple 

exaggerated weapon morphs: a novel form of male polymorphism in 

harvestmen. Scientific reports, 5, 16368 

 

Palmer, TM. 2004. Wars of attrition: colony size determines competitive 

outcomes in a guild of African acacia ants. Animal Behaviour, 68(5), 993-

1004 

 

Panagiotopoulou, O, Spyridis, P, Abraha, HM, Carrier, DR, & Pataky, TC. 2016. 

Architecture of the sperm whale forehead facilitates ramming combat. 

Peerj, 4, e1895 

 



 

228 

 

Paradis, E, Claude, J, & Strimmer, K. 2004. APE: analyses of phylogenetics and 

evolution in R language. Bioinformatics(20), 289-290 

 

Pardo, M, López-León, M, Cabrero, J, & Camacho, J. 1995. Cytological and 

developmental analysis of tychoparthenogenesis in Locusta migratoria. 

Heredity, 75(5), 485-494 

 

Pardo, MC, Lopez-Leon, MD, Hewitt, GM, & Camacho, JP. 1995. Female fitness 

is increased by frequent mating in grasshoppers. Heredity, 74(6), 654-660 

 

Parker, DJ, & Vahed, K. 2010. The intensity of pre- and post-copulatory mate 

guarding in relation to spermatophore transfer in the cricket Gryllus 

bimaculatus. Journal of Ethology, 28(2), 245-249 

 

Parker, G. 1979. Sexual selection and sexual conflict. In M. Blum (Ed.), Sexual 

selection and reproductive competition in insects (pp. 123-166). New 

York: Academic Press. 

 

Parker, GA. 1970a. The reproductive behaviour and the nature of sexual selection 

in Scatophaga stercoraria L.(Diptera: Scatophagidae): II. The fertilization 

rate and the spatial and temporal relationships of each sex around the site 

of mating and oviposition. The Journal of Animal Ecology, 39(1), 205-228 

 

Parker, GA. 1970b. Sperm competition and its evolutionary consequences in the 

insects. Biological Reviews, 45(4), 525-567 

 

Parker, GA. 1970c. Sperm competition and its evolutionary effect on copula 

duration in the fly Scatophaga stercoraria. Journal of Insect Physiology, 

16(7), 1301-1328 

 

Parker, GA. 1974. Assessment strategy and the evolution of fighting behaviour. 

Journal of Theoretical Biology, 47(1), 223-243 

 

Parker, GA. 2006. Sexual conflict over mating and fertilisation: an overview. 

philosophical Transactions of the Royal Society, 361, 235-260 

 

Parker, GA, Baker, R, & Smith, V. 1972. The origin and evolution of gamete 

dimorphism and the male-female phenomenon. Journal of Theoretical 

Biology, 36(3), 529-553 

 



 

229 

 

Parker, GA, & Rubenstein, DI. 1981. Role assessment, reserve strategy, and 

acquisition of information in asymmetric animal conflicts. Animal 

Behaviour, 29(1), 221-240 

 

Pauchet,  , Wielsch, N, Wilkinson, PA, Sakaluk, SK, Svatoš, A, Hunt, J, & 

Heckel, DG. 2015. What’s in the Gift? Towards a Molecular Dissection of 

Nuptial Feeding in a Cricket. PLoS ONE, 10(10), e0140191 

 

Payne, RJH. 1998. gradually escalating fights and displays: the cumulative 

assessment model. Animal Behaviour, 56, 651-662 

 

Pearman, PB, Guisan, A, Broennimann, O, & Randin, CF. 2008. Niche dynamics 

in space and time. Trends in Ecology & Evolution, 23(3), 149-158 

 

Pelletier, Y, & Mcleod, C. 1994. Obstacle perception by insect antennae during 

terrestrial locomotion. Physiological Entomology, 19(4), 360-362 

 

Pellis, SM. 1997. Targets and tactics: The analysis of moment‐to‐moment 

decision making in animal combat. Aggressive Behavior, 23(2), 107-129 

 

Percy, DM, Taylor, GS, & Kennedy, M. 2006. Psyllid communication: acoustic 

diversity, mate recognition and phylogenetic signal. Invertebrate 

Systematics, 20(4), 431-445 

 

Petrie, M. 1992. Are all secondary sexual display structures positively allometric 

and, if so, why? Animal Behaviour, 43(1), 173-175 

 

Pickford, R, & Mukerji, M. 1974. Assessment of loss in yield of wheat caused by 

the migratory grasshopper, Melanoplus sanguinipes (Orthoptera: 

Acrididae). The Canadian Entomologist, 106(11), 1219-1226 

 

Pipan, T, Lopez, H, Oromi, P, Polak, S, & Culver, DC. 2010. Temperature 

variation and the presence of troglobionts in terrestrial shallow 

subterranean habitats. Journal of Natural History, 45(3-4), 253-273 

 

Pischedda, A, & Chippindale, AK. 2006. Intralocus sexual conflict diminishes the 

benefits of sexual selection. PLOS Biology, 4(11), e356 

 

Plaistow, SJ, Bollache, L, & Cézilly, F. 2003. Energetically costly precopulatory 

mate guarding in the amphipod Gammarus pulex: causes and 

consequences. Animal Behaviour, 65(4), 683-691 



 

230 

 

 

Poole, JH. 1989a. Announcing intent: the aggressive state of musth in African 

elephants. Animal Behaviour, 37, 140-152 

 

Poole, JH. 1989b. Mate guarding, reproductive success and female choice in 

African elephants. Animal Behaviour, 37, 842-849 

 

Poras, M. 1977. Maturation of the female Tetrix undulata (Swrb) (Orthoptera, 

Tetrigidae): influence of the male and copulation:parthenogenetic egg-

laying. Comptes rendus hebdomadaires des seances de l"Academie des 

sciences. Serie D: Sciences naturelles, 284(6), 457-460 

 

Pradhan, GR, & Van Schaik, CP. 2009. Why do females find ornaments 

attractive? The coercion-avoidance hypothesis. Biological Journal of the 

Linnean Society, 96(2), 372-382 

 

Prado, R. 2006. Reproductive behavior of Eidmanacris corumbatai garcia 

(Orthoptera: Phalangopsidae). Neotropical Entomology, 35(4), 452-457 

 

Pratt, RC, Morgan-Richards, M, & Trewick, SA. 2008. Diversification of New 

Zealand weta (Orthoptera: Ensifera: Anostostomatidae) and their 

relationships in Australasia. Philosophical Transactions of the Royal 

Society B: Biological Sciences, 363(1508), 3427-3437 

 

Prenter, J, Elwood, RW, & Taylor, PW. 2006. Self-assessment by males during 

energetically costly contests over precopula females in amphipods. Animal 

Behaviour, 72(4), 861-868 

 

Preston-Mafham, K. 2000. Diurnal mating behaviour of a Nisitrus sp. cricket 

(Orthoptera: Gryllidae) from sumatra. Journal of Natural History, 34(12), 

2241-2250 

 

Preston, BT, Stevenson, IR, Pemberton, JM, Coltman, DW, & Wilson, K. 2003. 

Overt and covert competition in a promiscuous mammal: the importance 

of weaponry and testes size to male reproductive success. Proceedings of 

the Royal Society of London. Series B: Biological Sciences, 270(1515), 

633 

 

Price, ME, Kang, J, Dunn, J, & Hopkins, S. 2011. Muscularity and attractiveness 

as predictors of human egalitarianism. Personality and Individual 

Differences, 50(5), 636-640 

 



 

231 

 

Probert, AF. (2013). Investigating the Ecology and Variation of Chelicerae for 

Species of Forsterpsalis and Pantopsalis (Opiliones: Monoscutidae). (BSc 

Hons), The University of Auckland, Auckland.    

 

Prokop, P, & Maxwell, MR. 2008. Interactions between multiple forms of nuptial 

feeding in the wood cricket Nemobius sylvestris (Bosc): Dual 

spermatophores and male forewings. Ethology, 114(12), 1173-1182 

 

Promislow, D. 2003. Mate choice, sexual conflict, and evolution of senescence. 

Behavior Genetics, 33(2), 191-201 

 

Pupko, T, Pe, I, Shamir, R, & Graur, D. 2000. A fast algorithm for joint 

reconstruction of ancestral amino acid sequences. Molecular Biology and 

Evolution, 17(6), 890-896 

 

Putzer, EJ. 1966. Avoiding the Jordan canonical form in the discussion of linear 

systems with constant coefficients. The American Mathematical Monthly, 

73(1), 2-7 

 

Queller, DC. 1997. Why do females care more than males? Proceedings of the 

Royal Society of London B: Biological Sciences, 264(1388), 1555-1557 

 

Quinn, TP, & Foote, CJ. 1994. The effects of body size and sexual dimorphism on 

the reproductive behaviour of sockeye salmon, Oncorhynchus nerka. 

Animal Behaviour, 48(4), 751-761 

 

Rampini, M, Di Russo, C, & Cobolli, M. 2008. The Aemodogryllinae cave 

crickets from Guizhou, Southern China (Orthoptera, Rhaphidophoridae). 

Monografie Naturalistiche, 3, 129-141 

 

Rasmussen, JL. 1994. The influence of horn and body size on the reproductive 

behavior of the horned rainbow scarab beetle Phanaeus difformis 

(Coleoptera: scarabaeidae). Journal of Insect Behavior, 7(1), 67-82 

 

Reaney, LT. 2009. Female preference for male phenotypic traits in a fiddler crab: 

do females use absolute or comparative evaluation? Animal Behaviour, 

77(1), 139-143 

 

Reaney, LT, Drayton, JM, & Jennions, MD. 2011. The role of body size and 

fighting experience in predicting contest behaviour in the black field 

cricket, Teleogryllus commodus. Behavioral Ecology and Sociobiology, 

65(2), 217-225 



 

232 

 

 

Regis, KW, & Meik, JM. 2017. Allometry of sexual size dimorphism in turtles: a 

comparison of mass and length data. Peerj, 5, e2914 

 

Rehn, JA, & Hebard, M. 1914. Studies in American Tettigoniidae (Orthoptera): 

III. Transactions of the American Entomological Society (1890-), 40(4), 

365-413 

 

Rehn, JA, & Hebard, M. 1915. Studies in American tettigoniidae. IV. A synopsis 

of the species of the genus Orchelimum. Transactions of the American 

Entomological Society, 41, 11-83 

 

Reichert, MS, & Gerhardt, HC. 2011. The role of body size on the outcome, 

escalation and duration of contests in the grey treefrog, Hyla versicolor. 

Animal Behaviour, 82(6), 1357-1366 

 

Reinhardt, K. 2001. Determinants of ejaculate size in a grasshopper (Chorthippus 

parallelus). Behavioral Ecology and Sociobiology, 50(6), 503-510 

 

Reinhold, K, & Helversen, D. 1997. Sperm number, spermatophore weight and 

remating in the bushcricket Poecilimon veluchianus. Ethology, 103(1), 12-

18 

 

Rence, B, & Loher, W. 1977. Contact chemoreceptive sex recognition in the male 

cricket, Teleogryllus commodus. Physiological Entomology, 2(3), 225-236 

 

Rentz, DCF. 1963. Biological observations on the genus Decticita (Orthoptera: 

Tettigoniidae). Wasmann Journal of Biology 

 

Rentz, DCF. 1993. Tettigoniidae of Australia Series: Volume 2. Melbourne: 

CSIRO. 

 

Rentz, DCF, You, NS, & Ueshima, N. 2006. Studies in Australian Tettigoniidae: 

The Mecopodine Katydids part 2 (Orthoptera: Tettigoniidae; 

Mecopodinae; Sexavaini) Queensland Palm Katydid. Transactions of the 

American Entomological Society, 132(3-4), 229-241 

 

Revell, LJ, Harmon, LJ, & Collar, DC. 2008. Phylogenetic signal, evolutionary 

process, and rate. Systematic Biology, 57(4), 591-601 

 

Rice, W, & Chippindale, A. 2001. Intersexual ontogenetic conflict. Journal of 

Evolutionary Biology, 14(5), 685-693 



 

233 

 

 

Richards, AM. 1954a. Notes on food and cannibalism in Macropathus filifer 

Walker, 1869 (Rhaphidophoridae, Orthoptera). Transactions of the Royal 

Society of New Zealand, 82, 733-737 

 

Richards, AM. 1954b. The systematics and ecology of the genus Macropathus 

Walker, 1869 (Orthoptera: Raphidophoridae). Transactions of the Royal 

Society of New Zealand, 82(3), 739-762 

 

Richards, AM. 1955. The cave wetas of New Zealand. New Zealand Speleological 

Bulletin, 15, 1-5 

 

Richards, AM. 1958. Revision of the Rhaphidophoridae (Orthoptera) of New 

Zealand. Part III. The genera Pachyrhamma Brunner and Pallidoplectron 

n. g. Transactions of the Royal Society of New Zealand, 85(4), 695-706 

 

Richards, AM. 1961. The life history of some species of Rhaphidophoridae 

(Orthoptera). Transactions of the Royal Society of New Zealand, 1(9), 121-

137 

 

Richards, AM. 1962. Feeding behaviour and enemies of the Rhaphidophoridae 

(Orthoptera) from Waitomo caves, New Zealand. transactions of the Royal 

Society of New Zealand Zoology, 2, 121-129 

 

Richards, AM. 1964. The Rhaphidophoridae (Orthoptera) of Australia, 1: 

Tasmania. Pacific insects, 6(1), 217-223 

 

Richards, AM. 1974. Arthropoda of the subantarctic islands of New Zealand: ∗ 7. 

Orthoptera: Rhaphidophoridae. New Zealand Journal of Zoology, 1(4), 

495-499 

 

Rico‐Guevara, A, & Hurme, KJ. 2018. Intrasexually selected weapons. Biological 

Reviews 

 

Riede, K. 1983. Influence of the courtship song of the acridid grasshopper 

Gomphocerus rufus L. on the female. Behavioral Ecology and 

Sociobiology, 14(1), 21-27 

 

Rillich, J, Buhl, E, Schildberger, K, & Stevenson, PA. 2009. Female crickets are 

driven to fight by the male courting and calling songs. Animal Behaviour, 

77(3), 737-742 

 



 

234 

 

Rillich, J, Schildberger, K, & Stevenson, PA. 2007. Assessment strategy of 

fighting crickets revealed by manipulating information exchange. Animal 

Behaviour, 74(4), 823-836 

 

Rillich, J, Schildberger, K, & Stevenson, PA. 2011. Octopamine and occupancy: 

an aminergic mechanism for intruder–resident aggression in crickets. 

Proceedings of the Royal Society of London B: Biological Sciences, 

278(1713), 1873-1880 

 

Ritchie, MG. 1990. Are differences in song responsible for assortative mating 

between subspecies of the grasshopper Chorthippus parallelus 

(Orthoptera: Acrididae)? Animal Behaviour, 39(4), 685-691 

 

Ritchie, MG, Sunter, D, & Hockham, LR. 1998. Behavioral components of sex 

role reversal in the tettigoniid bushcricket Ephippiger ephippiger. Journal 

of Insect Behavior, 11(4), 481-491 

 

Ritz, MS, & Köhler, G. 2007. Male behaviour over the season in a wild 

population of the field cricket Gryllus campestris L. Ecological 

Entomology, 32(4), 384-392 

 

Ritz, MS, & Sakaluk, SK. 2002. The role of the male's cerci in copulation and 

mate guarding in decorated crickets (Gryllodes sigillatus). Journal of 

Zoology, 257(4), 519-523 

 

Rivas, JA, & Burghardt, GM. 2001. Understanding sexual size dimorphism in 

snakes: wearing the snake's shoes. Animal Behaviour, 62(3), F1-F6 

 

Roberts, D, & Conolly, B. 1992. An extension of the Lanchester square law to 

inhomogeneous forces with an application to force allocation 

methodology. Journal of the Operational Research Society, 43(8), 741-

752 

 

Robillard, T, & Desutter-Grandcolas, L. 2004. Evolution of acoustic 

communication in crickets: Phylogeny of eneopterinae reveals an adaptive 

radiation involving high-frequency calling (orthoptera, grylloidea, 

eneopteridae). Anais da Academia Brasileira de Ciencias, 76(2), 297-300 

 

Robinson, DJ, & Hall, MJ. (2002) Sound signalling in orthoptera. Vol. 29. 

Advances in insect physiology (pp. 151-278). 

 



 

235 

 

Robson, LJ, & Gwynne, DT. 2010. Measuring sexual selection on females in sex-

role-reversed Mormon crickets (Anabrus simplex, Orthoptera: 

Tettigoniidae). Journal of Evolutionary Biology, 23(7), 1528-1537 

 

Rodríguez-Muñoz, R, Bretman, A, & Tregenza, T. 2011. Guarding males protect 

females from predation in a wild insect. Current Biology, 21(20), 1716-

1719 

 

Rowe, L, Arnqvist, G, Sih, A, & Krupa, JJ. 1994. Sexual conflict and the 

evolutionary ecology of mating patterns: water striders as a model system. 

Trends in Ecology & Evolution, 9(8), 289-293 

 

Rowell, GA, & Cade, WH. 1993. Simulation of alternative male reproductive 

behavior: calling and satellite behavior in field crickets. Ecological 

Modelling, 65(3-4), 265-280 

 

Rutledge, JM, Miller, A, & Uetz, GW. 2010. Exposure to multiple sensory cues as 

a juvenile affects adult female mate preferences in wolf spiders. Animal 

Behaviour, 80(3), 419-426 

 

Ryan, MJ. 1990. Sexual selection, sensory systems and sensory exploitation. 

Oxford surveys in evolutionary biology, 7, 157-195 

 

Sadowski, JA, Grace, JL, & Moore, AJ. 2002. Complex courtship behavior in the 

striped ground cricket, Allonemobius socius (Orthoptera: Gryllidae): Does 

social environment affect male and female behavior? Journal of Insect 

Behavior, 15(1), 69-84 

 

Saeki, Y, Kruse, KC, & Switzer, PV. 2005. Physiological costs of mate guarding 

in the Japanese beetle (Popillia japonica Newman). Ethology, 111(9), 863-

877 

 

Sakaluk, SK. 1987. Reproductive behaviour of the decorated cricket, Gryllodes 

supplicans (Orthoptera: Gryllidae): calling schedules, spatial distribution, 

and mating. Behaviour, 100(1-4), 202-225 

 

Sakaluk, SK. 1991. Post-copulatory mate guarding in decorated crickets. Animal 

Behaviour, 41(2), 207-216 

 

Sakaluk, SK. 1997. Cryptic female choice predicated on wing dimorphism in 

decorated crickets. Behavioral Ecology, 8(3), 326-331 

 



 

236 

 

Sakaluk, SK. 2000. Sensory exploitation as an evolutionary origin to nuptial food 

gifts in insects. Proceedings of the Royal Society of London B: Biological 

Sciences, 267(1441), 339-343 

 

Sakaluk, SK, Avery, RL, & Weddle, CB. 2006. Cryptic sexual conflict in gift-

giving insects: Chasing the chase-away. American Naturalist, 167(1), 94-

104 

 

Sakaluk, SK, Bangert, PJ, Eggert, AK, Gack, C, & Swanson, LV. 1995. The gin 

trap as a device facilitating coercive mating in sagebrush crickets. 

Proceedings of the Royal Society B: Biological Sciences, 261(1360), 65-71 

 

Sakaluk, SK, & Belwood, JJ. 1984. Gecko phonotaxis to cricket calling song: a 

case of satellite predation. Animal Behaviour, 32(3), 659-662 

 

Sakaluk, SK, Campbell, MTH, Clark, AP, Johnson, JC, & Keorpes, PA. 2004. 

Hemolymph loss during nuptial feeding constrains male mating success in 

sagebrush crickets. Behavioral Ecology, 15(5), 845-849 

 

Sakaluk, SK, & Ivy, TM. 1999. Virgin-male mating advantage in sagebrush 

crickets: Differential male competitiveness or non-independent female 

mate choice? Behaviour, 136(10), 1335-1346 

 

Sakaluk, SK, Morris, GK, & Snedden, WA. 1987. Mating and its effect on 

acoustic signalling behaviour in a primitive orthopteran, Cyphoderris 

strepitans (Haglidae): the cost of feeding females. Behavioral Ecology and 

Sociobiology, 21(3), 173-178 

 

Samietz, J, Schumacher, J, & Reinhardt, K. 2014. Comparison of the mating 

behaviour of a bush cricket in the laboratory and the field: Calling activity 

and mating frequency of a long-winged species, Phaneroptera falcata 

(Ensifera: Tettigoniidae). European journal of entomology, 111(2), 189-

197 

 

Sane, SP, Dieudonné, A, Willis, MA, & Daniel, TL. 2007. Antennal 

mechanosensors mediate flight control in moths. Science, 315(5813), 863-

866 

 

Schafer, R, & Sanchez, T. 1976. The nature and development of sex attractant 

specificity in cockroaches of the genus Periplaneta. I. Sexual dimorphism 

in the distribution of antennal sense organs in five species. Journal of 

Morphology, 149(2), 139-157 

 



 

237 

 

Schärer, L, Rowe, L, & Arnqvist, G. 2012. Anisogamy, chance and the evolution 

of sex roles. Trends in Ecology & Evolution, 27(5), 260-264 

 

Schneider, CA, Rasband, WS, & Eliceiri, KW. 2012. NIH Image to ImageJ: 25 

years of image analysis. Nature Methods, 9(7), 671-675 

 

Schneider, D. 1964. Insect antennae. Annual Review of Entomology, 9(1), 103-122 

 

Schneider, E, & Römer, H. 2016. Sensory structures on the antennal flagella of 

two katydid species of the genus Mecopoda (Orthoptera, Tettigonidae). 

Micron, 90, 43-58 

 

Schubert, M, Schradin, C, Rödel, HG, Pillay, N, & Ribble, DO. 2009. Male mate 

guarding in a socially monogamous mammal, the round-eared sengi: on 

costs and trade-offs. Behavioral Ecology and Sociobiology, 64(2), 257-264 

 

Schütz, D, & Taborsky, M. 2011. Sexual selection in the water spider: female 

choice and male–male competition. Ethology, 117(12), 1101-1110 

 

Scudder, SH. (1894). The North American Ceuthophili. Paper presented at the 

Proceedings of the American Academy of Arts and Sciences. 

 

Semlitsch, RD. 1986. Life history of the northern mole cricket, Neocurtilla 

hexadactyla (Orthoptera: Gryllotalpidae), utilizing Carolina-bay habitats. 

Annals of the Entomological Society of America, 79(1), 256-261 

 

Shaw, KL. 1996. Sequential radiations and patterns of speciation in the Hawaiian 

cricket genus Laupala inferred from DNA sequences. Evolution, 50(1), 

237-255 

 

Shaw, KL. 2005. Nuptial feeding of spermless spermatophores in the Hawaiian 

swordtail cricket, Laupala pacifica (Gryllidae: Triginodiinae). 

Naturwissenschaften, 92(10), 483-487 

 

Shaw, KL, & Khine, AH. 2004. Courtship Behavior in the Hawaiian Cricket 

Laupala cerasina: Males Provide Spermless Spermatophores as Nuptial 

Gifts. Ethology, 110(2), 81-95 

 

Shaw, KL, & Lesnick, SC. 2009. Genomic linkage of male song and female 

acoustic preference QTL underlying a rapid species radiation. Proceedings 

of the National Academy of Sciences, 106(24), 9737-9742 



 

238 

 

 

Shelly, TE. 1993. Effects of female deprivation on mating propensity and mate 

selectivity by male Requena verticalis (Orthoptera: Tettigoniidae). Journal 

of Insect Behavior, 6(6), 689-698 

 

Shelly, TE, & Greenfield, MD. 1989. Satellites and transients: ecological 

constraints on alternative mating tactics in male grasshoppers. Behaviour, 

109(3-4), 200-221 

 

Shelly, TE, & Greenfield, MD. 1991. Dominions and desert clickers 

(Orthoptera:Acrididae): influences of resources and male signaling on 

female settlement patterns. Behavioral Ecology and Sociobiology, 28(2), 

133-140 

 

Sherley, GH, & Hayes, LM. 1993. The conservation of a giant weta (Deinacrida 

n. sp. orthoptera: Stenopelmatidae) at mahoenui, king country: Habitat use, 

and other aspects of its ecology. New Zealand Entomologist, 16(1), 55-68 

 

Shine, R. 1978. Sexual size dimorphism and male combat in snakes. Oecologia, 

33(3), 269-277 

 

Shine, R. 1979. Sexual selection and sexual dimorphism in the Amphibia. Copeia, 

1979(2), 297-306 

 

Shingleton, AW, & Frankino, WA. 2013. New perspectives on the evolution of 

exaggerated traits. Bioessays, 35(2), 100-107 

 

Showler, A, & Potter, C. 1991. Synopsis of the 1986–1989 desert locust 

(Orthoptera: Acrididae) plague and the concept of strategic control. 

American Entomologist, 37(2), 106-110 

 

Shuker, DM. 2014a. Sexual selection theory. In D. M. Shuker & L. W. Simmons 

(Eds.), The evolution of insect mating systems. Oxford: Oxford University 

Press. 

 

Shuker, DMS, L.W. 2014b. The Evolution of Insect Mating Systems. Oxford: 

Oxford University Press. 

 

Silva, ARd, Paciencia, GdP, Bispo, PC, & Castilho, AL. 2017. Allometry and 

sexual dimorphism of the Neotropical freshwater anomuran Aegla 

marginata Bond-Buckup & Buckup, 1994 (Crustacea, Anomura, 

Aeglidae). Nauplius, 25 



 

239 

 

 

Simmons, L. 1988a. The calling song of the field cricket, Gryllus bimaculatus (De 

Geer): constraints on transmission and its role in intermale competition 

and female choice. Animal Behaviour, 36(2), 380-394 

 

Simmons, L. 1990a. Pheromonal cues for the recognition of kin by female field 

crickets, Gryllus bimaculatus. Animal Behaviour, 40(1), 192-195 

 

Simmons, L. 1990b. Post-copulatory guarding, female choice and the levels of 

gregarine infections in the field cricket, Gryllus bimaculatus. Behavioral 

Ecology and Sociobiology, 26(6), 403-407 

 

Simmons, L. 1995a. Courtship feeding in katydids (Orthoptera: Tettigoniidae): 

investment in offspring and in obtaining fertilizations. The American 

Naturalist, 146(2), 307-315 

 

Simmons, L, Craig, M, Llorens, T, Schinzig, M, & Hosken, D. 1993. Bushcricket 

spermatophores vary in accord with sperm competition and parental 

investment theory. Proceedings of the Royal Society of London B: 

Biological Sciences, 251(1332), 183-186 

 

Simmons, L, & Tomkins, J. 1996. Sexual selection and the allometry of earwig 

forceps. Evolutionary Ecology, 10(1), 97-104 

 

Simmons, LW. 1986a. Female choice in the field cricket Gryllus bimaculatus (De 

Geer). Animal Behaviour, 34(5), 1463-1470 

 

Simmons, LW. 1986b. Inter-male competition and mating success in the field 

cricket, Gryllus bimaculatus (de Geer). Animal Behaviour, 34(2), 567-579 

 

Simmons, LW. 1988b. Male Size, Mating Potential and Lifetime Reproductive 

Success in the Field Cricket, Gryllus bimaculatus (De Geer). Animal 

Behaviour, 42, 504-505 

 

Simmons, LW. 1992. Quantification of role reversal in relative parental 

investment in a bush cricket. Nature, 358(6381), 61-63 

 

Simmons, LW. 1994. Reproductive energetics of the role reversing bushcricket, 

Kawanaphila nartee (Orthoptera: Tettigoniidae: Zaprochilinae). Journal of 

Evolutionary Biology, 7(2), 189-200 

 



 

240 

 

Simmons, LW. 1995b. Male bushcrickets tailor spermatophores in relation to their 

remating intervals. Functional Ecology, 9(6), 881-886 

 

Simmons, LW. 2001. The evolution of polyandry: An examination of the genetic 

incompatibility and good-sperm hypotheses. Journal of Evolutionary 

Biology, 14(4), 585-594 

 

Simmons, LW. 2014. Sperm Competition. In D. M. Shuker & L. W. Simmons 

(Eds.), The Evolution of Insect Mating Systems. Oxford: Oxford University 

Press. 

 

Simmons, LW, & Bailey, WJ. 1990. Resource influenced sex roles of 

Zaprochiline tettigoniids (Orthoptera: Tettigoniidae). Evolution, 44(7), 

1853-1868 

 

Simmons, LW, & Gwynne, DT. 1991. The refractory period of female katydids 

(orthoptera: Tettigoniidae): Sexual conflict over the remating interval? 

Behavioral Ecology, 2(4), 276-282 

 

Simmons, LW, Llorens, T, Schinzig, M, Hosken, D, & Craig, M. 1994. Sperm 

competition selects for male mate choice and protandry in the bushcricket, 

Requena verticalis (Orthoptera: Tettigoniidae). Animal Behaviour, 47(1), 

117-122 

 

Simmons, LW, & Zuk, M. 1992. Variability in call structure and pairing success 

of male field crickets, Gryllus bimaculatus: the effects of age, size and 

parasite load. Animal Behaviour, 44(6), 1145-1152 

 

Sinervo, B, & Lively, CM. 1996. The rock–paper–scissors game and the evolution 

of alternative male strategies. Nature, 380(6571), 240 

 

Sivinski, J. 1983. Predation and Sperm Competition in the Evolution of Coupling 

Durations, Particularly in the Stick Insect Diapheromera veliei. In D. T. 

Gwynne & G. K. Morris (Eds.), Orthopteran Mating Systems (pp. 147-

162). Boulder: Westview Science. 

 

Slifer, EH. 1974. Structures on the antennal flagellum of a katydid, 

Neoconocephalus ensiger (orthoptera, tettigoniidae). Journal of 

Morphology, 143(4), 435-443 

 

Smiseth, PT, Kölliker, M, & Royle, NJ. 2014. Parental care The evolution of 

insect mating systems. (pp. 221-241). Oxford: Oxford University Press. 



 

241 

 

 

Smith, JM. 1974. The theory of games and the evolution of animal conflicts. 

Journal of Theoretical Biology, 47(1), 209-221 

 

Smith, JM. 1976. Evolution and the theory of games: in situations characterized 

by conflict of interest, the best strategy to adopt depends on what others 

are doing. American Scientist, 64(1), 41-45 

 

Smith, JM. 1978. The evolution of sex. Cambridge: Cambridge University Press 

Archive. 

 

Smith, JM. 1982. Evolution and the theory of games. Cambridge: Cambridge 

University Press. 

 

Smith, JM, & Parker, GA. 1976. The logic of asymmetric contests. Animal 

Behaviour, 24(1), 159-175 

 

Smith, JM, & Price, G. 1973. The logic of animal conflict. Nature, 246, 15 

 

Snedden, WA. 1996. Lifetime mating success in male sagebrush crickets: Sexual 

selection constrained by a virgin male mating advantage. Animal 

Behaviour, 51(5), 1119-1125 

 

Sneddon, L, Huntingford, FA, & Taylor, A. 1997. Weapon size versus body size 

as a predictor of winning in fights between shore crabs, Carcinus maenas 

(L.). Behavioural Ecology and Sociobiology, 41, 237-242 

 

Snook, R. 2014. The Evolution of Polyandry. In D. M. Shuker & L. W. Simmons 

(Eds.), The Evolution of Insect Mating Systems. Oxford: Oxford University 

Press. 

 

Snyder, JK, Fessler, DM, Tiokhin, L, Frederick, DA, Lee, SW, & Navarrete, CD. 

2011. Trade-offs in a dangerous world: Women's fear of crime predicts 

preferences for aggressive and formidable mates. Evolution and Human 

Behavior, 32(2), 127-137 

 

Snyder, RL, Frederick-Hudson, KH, & Schul, J. 2009. Molecular phylogenetics of 

the genus Neoconocephalus (orthoptera, tettigoniidae) and the evolution of 

temperate life histories. PLoS ONE, 4(9) 

 

Song, H, Amédégnato, C, Cigliano, MM, Desutter-Grandcolas, L, Heads, SW, 

Huang, Y, Otte, D, & Whiting, MF. 2015. 300 million years of 



 

242 

 

diversification: Elucidating the patterns of orthopteran evolution based on 

comprehensive taxon and gene sampling. Cladistics, 31, 621-651 

 

Song, H, & Bucheli, SR. 2010. Comparison of phylogenetic signal between male 

genitalia and non‐genital characters in insect systematics. Cladistics, 

26(1), 23-35 

 

Song, H, & Wenzel, JW. 2008. Phylogeny of bird-grasshopper subfamily 

Cyrtacanthacridinae (Orthoptera: Acrididae) and the evolution of locust 

phase polyphenism. Cladistics, 24(4), 515-542 

 

Souza-Dias, PGB, Desutter-Grandcolas, L, & Pereira, MR. 2015. Pizacris: a new 

genus and two new species of Luzarinae cricket close to Guabamima de 

Mello, 1992 and Mellopsis Mews & Sperber, 2010 (Orthoptera: 

Grylloidea: Luzarinae). Zootaxa, 3956(3), 374-388 

 

Spencer, AM. (1995). Sexual Maturity in the Male Tree Weta Hemideina 

Crassidens (Orthoptera: Stenopelmatidae). Victoria University of 

Wellington, Wellington.    

 

Spooner, JD. 1968. Pair-forming acoustic systems of phaneropterine katydids 

(Orthoptera, Tettigoniidae). Animal Behaviour, 16(2), 197-200 

 

Stange, N, & Ronacher, B. 2012. Grasshopper calling songs convey information 

about condition and health of males. Journal of Comparative Physiology 

A: Neuroethology, Sensory, Neural, and Behavioral Physiology, 198(4), 

309-318 

 

Steinbrecht, RA. 1997. Pore structures in insect olfactory sensilla: a review of data 

and concepts. International Journal of Insect Morphology and 

Embryology, 26(3-4), 229-245 

 

Steinbrecht, RA, & Müller, B. 1976. Fine structure of the antennal receptors of the 

bed bug, Cimex lectularius L. Tissue and Cell, 8(4), 615-636 

 

Stevenson, PA, & Rillich, J. 2012. The decision to fight or flee - insights into 

underlying mechanism in crickets. Frontiers in Neuroscience, 6, 1-12 

 

Stevenson, PA, & Rillich, J. 2013. Isolation associated aggression–a consequence 

of recovery from defeat in a territorial animal. PLoS ONE, 8(9), e74965 

 



 

243 

 

Stritih, N. 2014. Signaling by Protrusive Scent Glands in Cave Crickets, 

Troglophilus neglectus Krauss (Orthoptera: Rhaphidophoridae), is 

Primarily Involved in Male-male Agonism. Journal of Insect Behavior, 

27(3), 317-332 

 

Stritih, N, & Čokl, A. 2012. Mating Behaviour and Vibratory Signalling in Non-

Hearing Cave Crickets Reflect Primitive Communication of Ensifera. 

PLoS ONE, 7(10) 

 

Stuart-Fox, D. 2006. Testing game theory models: fighting ability and decision 

rules in chameleon contests. Proceedings of the Royal Society B: 

Biological Sciences, 273(1593), 1555-1561 

 

Stuart-Fox, M, & Whiting, M. 2005. Male dwarf chameleons assess risk of 

courting large, aggressive females. Biology Letters, 1(2), 231-234 

 

Sturm, R. 2011. The effect of remating on sperm number in the spermatophores of 

Teleogryllus commodus (Gryllidae). Invertebrate Biology, 130(4), 362-367 

 

Stutt, AD, & Siva-Jothy, MT. 2001. Traumatic insemination and sexual conflict in 

the bed bug Cimex lectularius. Proceedings of the National Academy of 

Sciences, 98(10), 5683-5687 

 

Sugano, YC, & Akimoto, SI. 2011. Mating asymmetry resulting from sexual 

conflict in the brachypterous grasshopper Podisma sapporensis. 

Behavioral Ecology, 22(4), 701-709 

 

Sutter, A, Simmons, LW, Lindholm, AK, & Firman, RC. 2015. Function of 

copulatory plugs in house mice: mating behavior and paternity outcomes 

of rival males. Behavioral Ecology, 27(1), 185-195 

 

Symes, LB, Ayres, MP, Cowdery, CP, & Costello, RA. 2015. Signal 

diversification in Oecanthus tree crickets is shaped by energetic, 

morphometric, and acoustic trade-offs. Evolution, 69(6), 1518-1527 

 

Synnaeve, G, & Bessiere, P. (2011). A Bayesian model for opening prediction in 

RTS games with application to StarCraft. Paper presented at the IEEE 

Conference on Computational Intelligence and Games. 

 

Taylan, MS, Di Russo, C, Rampini, M, & Cobolli, M. 2011. The Dolichopodainae 

and Troglophilinae cave crickets of Turkey: an update of taxonomy and 

geographic distribution (Orthoptera, Rhaphidophoridae). Zootaxa, 2829, 

59-68 



 

244 

 

 

Taylor, JG. (1980). Lanchester-Type Models of Warfare, Volume II. Paper 

presented at the 1st Conference on Operations Research, Operations 

Research Society of America. 

 

Taylor, PW, & Elwood, RW. 2003. The mismeasure of animal contests. Animal 

Behaviour, 65(6), 1195-1202 

 

Taylor, PW, Hasson, O, & Clark, DL. 2001. Initiation and resolution of jumping 

spider contests: roles for size, proximity, and early detection of rivals. 

Behavioral Ecology and Sociobiology, 50(5), 403-413 

 

Taylor, T. 2012. Raising the Stakes: E-sports and the Professionalization of 

Computer Gaming. Cambridge, Massachusetts: MIT Press. 

 

Templeton, AR. 1979. Once again, why 300 species of Hawaiian Drosophila? 

Evolution, 33(1), 513-517 

 

Thiele, D, & Bailey, W. 1980. The function of sound in male spacing behaviour in 

bush‐crickets (Tettigoniidae, Orthoptera). Austral Ecology, 5(3), 275-286 

 

Thomas, M, & Simmons, L. 2008. Male-derived cuticular hydrocarbons signal 

sperm competition intensity and affect ejaculate expenditure in crickets. 

Proceedings of the Royal Society of London B, 276, 383-388 

 

Thomas, ML, & Simmons, LW. 2010. Cuticular hydrocarbons influence female 

attractiveness to males in the Australian field cricket, Teleogryllus 

oceanicus. Journal of Evolutionary Biology, 23(4), 707-714 

 

Thomas, ML, & Simmons, LW. 2015. No Coolidge effect in the Australian field 

cricket Teleogryllus oceanicus (Orthoptera: Gryllidae). Austral 

Entomology, 54(4), 433-437 

 

Thompson, WL. 1960. Agonistic behavior in the House Finch. Part I: Annual 

cycle and display patterns. The Condor, 62(4), 245-271 

 

Thornhill, R. 1979. Male and Female Sexual Selection and the Evolution of 

Mating Strategies in Insects. In M. S. Blum & N. A. Blum (Eds.), Sexual 

selection and reproductive competition in insects. New York: Academic 

Press. 

 



 

245 

 

Thornhill, R, & Alcock, J. 1983. The evolution of insect mating systems. 

Cambridge, Massachusetts: Harvard University Press. 

 

Tiatragul, S, & Pruett, JE. 2017. Stabilizing selection on an animal weapon in a 

wild population. Evolution, 71(11), 2750-2751 

 

Tichy, H. 1979. Hygro-and thermoreceptive triad in antennal sensillum of the 

stick insect, Carausius morosus. Journal of Comparative Physiology A: 

Neuroethology, Sensory, Neural, and Behavioral Physiology, 132(2), 149-

152 

 

Tobias, ML, Korsh, J, & Kelley, DB. 2014. Evolution of male and female release 

calls in African clawed frogs. Behaviour, 151(9), 1313-1334 

 

Toh, Y. 1981. Fine structure of sense organs on the antennal pedicel and scape of 

the male cockroach, Periplaneta americana. Journal of ultrastructure 

research, 77(2), 119-132 

 

Tomkins, J, & Hazel, W. 2011. Explaining phenotypic diversity: the conditional 

strategy and threshold trait expression. Ecology and Evolution of Dung 

Beetles, 107-125 

 

Tooming, E, Merivee, E, Must, A, Luik, A, & Williams, IH. 2012. Antennal sugar 

sensitivity in the click beetle Agriotes obscurus. Physiological 

Entomology, 37(4), 345-353 

 

Tregenza, T, Simmons, LW, Wedell, N, & Zuk, M. 2006. Female preference for 

male courtship song and its role as a signal of immune function and 

condition. Animal Behaviour, 72(4), 809-818 

 

Tregenza, T, & Wedell, N. 1997. Definitive evidence for cuticular pheromones in 

a cricket. Animal Behaviour, 54(4), 979-984 

 

Tregenza, T, & Wedell, N. 1998. Benefits of multiple mates in the cricket Gryllus 

bimaculatus. Evolution, 52(6), 1726-1730 

 

Trewick, SA, & Morgan-Richards, M. 2004. Phylogenetics of New Zealand's tree, 

giant and tusked weta (Orthoptera: Anostostomatidae): evidence from 

mitochondrial DNA. Journal of Orthoptera Research, 13(2), 185-196 

 



 

246 

 

Trivers, RL. 1972. Parental Investment and Sexual Selection. In E. Campbell 

(Ed.), Sexual Selection and the Descent of Man (pp. 136-179). Chicago: 

Aldine. 

 

Tsai, YJJ, Barrows, EM, & Weiss, MR. 2014. Pure self‐assessment of size during 

male–male contests in the parasitoid wasp Nasonia vitripennis. Ethology, 

120(8), 816-824 

 

Tsuboko-Ishii, S, & Burton, RS. 2017. Sex-specific rejection in mate-guarding 

pair formation in the intertidal copepod, Tigriopus californicus. PLoS 

ONE, 12(8), e0183758 

 

Tsuji, H, & Matsui, M. 2002. Male-male combat and head morphology in a 

fanged frog (Rana kuhlii) from Taiwan. Journal of Herpetology, 36(3), 

520-526 

 

Tuni, C, Beveridge, M, & Simmons, LW. 2013. Female crickets assess relatedness 

during mate guarding and bias storage of sperm towards unrelated males. 

Journal of Evolutionary Biology, 26(6), 1261-1268 

 

Turnell, B (2016). [Personal Communication]. 

 

Twort, VG, Dennis, AB, Park, D, Lomas, KF, Newcomb, RD, & Buckley, TR. 

2017. Positive selection and comparative molecular evolution of 

reproductive proteins from New Zealand tree weta (Orthoptera, 

Hemideina). PLoS ONE, 12(11), e0188147 

 

Uhl, G, Kunz, K, Vöcking, O, & Lipke, E. 2014. A spider mating plug: origin and 

constraints of production. Biological Journal of the Linnean Society, 

113(2), 345-354 

 

Ulagaraj, S, & Walker, TJ. 1973. Phonotaxis of crickets in flight: attraction of 

male and female crickets to male calling songs. Science, 182(4118), 1278-

1279 

 

Ullrich, B, Reinhold, K, Niehuis, O, & Misof, B. 2010. Secondary structure and 

phylogenetic analysis of the internal transcribed spacers 1 and 2 of bush 

crickets (Orthoptera: Tettigoniidae: Barbitistini). Journal of Zoological 

Systematics and Evolutionary Research, 48(3), 219-228 

 

Uma, R, & Sevgili, H. 2015. Spermatophore allocation strategy over successive 

matings in the bushcricket Isophya sikorai (Orthoptera Phaneropterinae). 

Ethology Ecology & Evolution, 27(2), 129-147 



 

247 

 

 

Umbers, KDL (2015). [Personal Communication]. 

 

Umbers, KDL, Tatarnic, NJ, Holwell, GI, & Herberstein, ME. 2012. Ferocious 

Fighting between Male Grasshoppers. PLoS ONE, 7(11), e49600 

 

Urquhart, F. 1937. Some notes on the sand cricket (Tridactylus apicalis Say). 

Can. Field. Nat, 51, 28-29 

 

Vahed, K. 1996. Prolonged copulation in oak bushcrickets (Tettigoniidae: 

Meconematinae: Meconema thalassinum and M. meridionale). Journal of 

Orthoptera Research, 199-204 

 

Vahed, K. 1998. The function of nuptial feeding in insects: a review of empirical 

studies. Biological Reviews, 73(1), 43-78 

 

Vahed, K. 2002. Coercive copulation in the Alpine Bushcricket Anonconotus 

alpinus Yersin (Tettigoniidae: Tettigoniinae: Platycleidini). Ethology, 

108(12), 1065-1075 

 

Vahed, K. 2006. Larger ejaculate volumes are associated with a lower degree of 

polyandry across bushcricket taxa. Proceedings of the Royal Society B: 

Biological Sciences, 273(1599), 2387-2394 

 

Vahed, K. 2007a. All that glisters is not gold: Sensory bias, sexual conflict and 

nuptial feeding in insects and spiders. Ethology, 113(2), 105-127 

 

Vahed, K. 2007b. Comparative evidence for a cost to males of manipulating 

females in bushcrickets. Behavioral Ecology, 18(3), 499-506 

 

Vahed, K. 2015. Cryptic female choice in crickets and relatives (orthoptera: 

Ensifera) Cryptic Female Choice in Arthropods: Patterns, Mechanisms 

and Prospects (pp. 285-324). 

 

Vahed, K, & Carron, G. 2008. Comparison of forced mating behaviour in four 

taxa of Anonconotus, the Alpine bushcricket. Journal of Zoology, 276(3), 

313-321 

 

Vahed, K, & Gilbert, FS. 1996. Differences across taxa in nuptial gift size 

correlate with differences in sperm number and ejaculate volume in 

bushcrickets (Orthoptera: Tettigoniidae). Proceedings - Royal Society of 

London, B, 263(1374), 1255-1263 



 

248 

 

 

Vahed, K, Gilbert, JDJ, Weissman, DB, & Barrientos-Lozano, L. 2014. 

Functional equivalence of grasping cerci and nuptial food gifts in 

promoting ejaculate transfer in katydids. Evolution, 68(7), 2052-2065 

 

Vahed, K, Lehmann, AW, Gilbert, JDJ, & Lehmann, GUC. 2011. Increased 

copulation duration before ejaculate transfer is associated with larger 

spermatophores, and male genital titillators, across bushcricket taxa. 

Journal of Evolutionary Biology, 24(9), 1960-1968 

 

Vahed, K, Parker, DJ, & Gilbert, JDJ. 2011. Larger testes are associated with a 

higher level of polyandry, but a smaller ejaculate volume, across 

bushcricket species (Tettigoniidae). Biology Letters, 7(2), 261-264 

 

Valera, F, Hoi, H, & Schleicher, B. 1997. Egg burial in penduline tits, Remiz 

pendulinus: its role in mate desertion and female polyandry. Behavioral 

Ecology, 8(1), 20-27 

 

Valverde, JP, Eggert, H, Kurtz, J, & Schielzeth, H. 2017. Condition‐dependence 

and sexual ornamentation: Effects of immune challenges on a highly 

sexually dimorphic grasshopper. Insect Science, 25(4), 617-630 

 

Van den Brink, A, & McLay, C. 2010. Competing for last place: Mating 

behaviour in a pill-box crab, Halicarcinus cookii (Brachyura: 

Hymenosomatidae). Zoologischer Anzeiger - A Journal of Comparative 

Zoology, 249(1), 21-32 

 

Vandel, A. 2013. Biospeleology: the biology of cavernicolous animals (Vol. 22). 

Oxford: Pergamon. 

 

Vedenina, V, Fähsing, S, Sradnick, J, Klöpfel, A, & Elsner, N. 2013. A narrow 

hybrid zone between the grasshoppers Stenobothrus clavatus and 

Stenobothrus rubicundus (Orthoptera: Gomphocerinae): Female 

preferences for courtship songs. Biological Journal of the Linnean Society, 

108(4), 834-843 

 

Vedenina, V, & Mugue, N. 2011. Speciation in gomphocerine grasshoppers: 

Molecular phylogeny versus bioacoustics and courtship behavior. Journal 

of Orthoptera Research, 20(1), 109-125 

 

Vedenina, VY, & Shestakov, L. 2014. Stable and variable parameters in courtship 

songs of grasshoppers of the subfamily Gomphocerinae (Orthoptera, 

Acrididae). Entomological Review, 94(1), 1-20 



 

249 

 

 

Veen, T, Faulks, J, Rodríguez-Muñoz, R, & Tregenza, T. 2011. Premating 

reproductive barriers between hybridising cricket species differing in their 

degree of polyandry. PLoS ONE, 6(5) 

 

Vicente, NM, Olivero, P, Lafond, A, Dong, J, & Robillard, T. 2015. Gnominthus 

gen. nov., a new genus of crickets endemic to Papua New Guinea with 

novel acoustic and behavioral diversity (Insecta, Orthoptera, Gryllidae, 

Eneopterinae). Zoologischer Anzeiger, 258, 82-91 

 

Villarreal, SM, & Gilbert, C. 2014. Male Scudderia pistillata katydids defend 

their acoustic duet against eavesdroppers. Behavioral Ecology and 

Sociobiology, 68(10), 1669-1675 

 

Vincent, S, & Lailvaux, S. 2008. Does phenotypic integration constrain sexual 

size dimorphism in eastern lubber grasshoppers (Romalea microptera). 

Journal of Orthoptera Research, 17(2), 219-225 

 

Viscuso, R, Barone, N, Sottile, L, & Narcisi, L. 1996. Spermiolytic activity of the 

epithelium of the spermathecal duct of Rhacocleis annulata fieber 

(Orthoptera: Tettigoniidae). International Journal of Insect Morphology 

and Embryology, 25(1-2), 135-144 

 

Voigt, CC, Kretzschmar, AS, Speakman, JR, & Lehmann, GUC. 2008. Female 

bushcrickets fuel their metabolism with male nuptial gifts. Biology Letters, 

4(5), 476-478 

 

Voigt, CC, Michener, R, & Kunz, TH. 2005. The energetics of trading nuptial 

gifts for copulations in katydids. Physiological and Biochemical Zoology, 

78(3), 417-423 

 

Wade, MJ. 1979. Sexual selection and variance in reproductive success. The 

American Naturalist, 114(5), 742-747 

 

Walker, E. 1911. On the habits and stridulation of Idionotus brevipes Caudell, and 

other notes on Orthoptera. The Canadian Entomologist, 43(9), 303-304 

 

Walker, MP, Lewis, CJ, & Whitman, DW. 1999. Effects of males on the fecundity 

and fertility of female Romalea microptera grasshoppers. Journal of 

Orthoptera Research, 277-283 

 



 

250 

 

Walker, T. 1973. Systematics and acoustic behavior of United States and 

Caribbean short-tailed crickets (Orthoptera: Gryllidae: Anurogryllus). 

Annals of the Entomological Society of America, 66(6), 1269-1277 

 

Walker, T. 1983. Diel patterns of calling in nocturnal Orthoptera. In D. T. 

Gwynne & G. K. Morris (Eds.), Orthopteran mating systems: sexual 

competition in a diverse group of insects. Boulder: Westview Press. 

 

Walker, TJ. 1964. Experimental demonstration of a cat locating orthopteran prey 

by the prey's calling song. The Florida Entomologist, 47(2), 163-165 

 

Walker, TJ. 1980. Reproductive behavior and mating success of male short-tailed 

crickets: differences within and between demes. In M. Hecht, W. Steere & 

B. Wallace (Eds.), Evolutionary Biology (Vol. 13). New York: Plenum 

Publishing Corporation. 

 

Walker, TJ, & Moore, T. (2013). Singing insects of North America. from 

http://entnemdept.ifas.ufl.edu/walker/Buzz/crickets.htm 

 

Wallis, GP, Morgan-Richards, M, & Trewick, SA. 2000. Phylogeographical 

pattern correlates with Pliocene mountain building in the alpine scree weta 

(Orthoptera, Anostostomatidae). Molecular Ecology, 9(6), 657-666 

 

Wang, GY, Greenfield, MD, & Shelly, TE. 1990. Inter-male competition for high-

quality host-plants: the evolution of protandry in a territorial grasshopper. 

Behavioral Ecology and Sociobiology, 27(3), 191-198 

 

Warchalowska-Sliwa, E, Bugrov, A, & Maryanska-Nadachowska, A. 1996. 

Karyotypes and C-banding patterns of some species of Phaneropterinae 

(Orthoptera, Tettigonioidea). Folia biologica (Kraków), 44(1-2) 

 

Wardlaw, AM, & Agrawal, AF. 2018. Sexual conflict and STIs: coevolution of 

sexually antagonistic host traits with a sexually transmitted infection. 

bioRxiv, 203695 

 

Warton, DI, Duursma, RA, Falster, DS, & Taskinen, S. 2012. smatr 3- an R 

package for estimation and inference about allometric lines. Methods in 

Ecology and Evolution, 3(2), 257-259 

 

Warwick, S. (1999). Nutritional regulation and spermatophylax donation in the 

mating system of Gryllodes sigillatus (Orthoptera: Gryllidae). University 

of Oxford, Oxford.    



 

251 

 

 

Warwick, S, Vahed, K, Raubenheimer, D, & Simpson, SJ. 2009. Free amino acids 

as phagostimulants in cricket nuptial gifts: Support for the 'Candymaker' 

hypothesis. Biology Letters, 5(2), 194-196 

 

Webster, MS, & Robinson, SK. 1999. Courtship disruptions and male mating 

strategies: examples from female-defense mating systems. The American 

Naturalist, 154(6), 717-729 

 

Wedell, N. 1992. Protandry and mate assessment in the wartbiter Decticus 

verrucivorus (Orthoptera : Tettigoniidae). Behavioral Ecology and 

Sociobiology, 31(5), 301-308 

 

Wedell, N. 1993a. Mating effort or paternal investment? Incorporation rate and 

cost of male donations in the wartbiter. Behavioral Ecology and 

Sociobiology, 32(4), 239-246 

 

Wedell, N. 1993b. Spermatophore size in bushcrickets: comparative evidence for 

nuptial gifts as a sperm protection device. Evolution, 47(4), 1203-1212 

 

Wedell, N. 1998. Sperm protection and mate assessment in the bushcricket 

Coptaspis sp. 2. Animal Behaviour, 56(2), 357-363 

 

Wedell, N, & Arak, A. 1989. The wartbiter spermatophore and its effect on female 

reproductive output (Orthoptera: Tettigoniidae, Decticus verrucivorus). 

Behavioral Ecology and Sociobiology, 24(2), 117-125 

 

Wedell, N, Gage, MJ, & Parker, GA. 2002. Sperm competition, male prudence 

and sperm-limited females. Trends in Ecology & Evolution, 17(7), 313-

320 

 

Wehi, PM, Jorgensen, M, & Morgan-Richards, M. 2013. Sex- and season-

dependent behaviour in a flightless insect, the Auckland tree weta 

(Hemideina thoracica). New Zealand Journal of Ecology, 37(1), 75-83 

 

Wehi, PM, Nakagawa, S, Trewick, SA, & Morgan-Richards, M. 2011. Does 

predation result in adult sex ratio skew in a sexually dimorphic insect 

genus? Journal of Evolutionary Biology, 24(11), 2321-2328 

 

Weissman, DB. 2001. Communication and reproductive behavior in north 

american jerusalem crickets (Stenopelmatus)(Orthoptera: 

Stenopelmatidae). In L. H. Field (Ed.), The Biology of Wetas, King 

Crickets and Their Allies. Oxon, UK: CABI Publishing. 



 

252 

 

 

Weissmann, MJ. 1997. Natural History of the Giant Sand Treader Camel Cricket, 

Daihinibaenetes giganteus Tinkham (Orthoptera: Rhaphidophoridae). 

Journal of Orthoptera Research(6), 33-48 

 

Wells, M. 1988. Effects of body size and resource value on fighting behaviour in a 

jumping spider. Animal Behaviour, 36, 321-326 

 

West-Eberhard, MJ. 1983. Sexual selection, social competition, and speciation. 

Quarterly Review of Biology, 58(2), 155-183 

 

West, MJ, & Alexander, RD. 1963. Sub-social behavior in a burrowing cricket 

Anurogryllus muticus (De Geer) Orthoptera: Gryllidae. The Ohio Journal 

of Science, 63(1), 19-24 

 

Whitehouse, ME. 1997. Experience influences male–male contests in the spider 

Argyrodes antipodiana (Theridiidae: Araneae). Animal Behaviour, 53(5), 

913-923 

 

Whitman, DW. 2008. The significance of body size in the Orthoptera: a review. 

Journal of Orthoptera Research, 17(2), 117-134 

 

Whitman, DW, & Agrawal, AA. 2009. What is phenotypic plasticity and why is it 

important. In D. W. A. Whitman, T.N. (Ed.), Phenotypic plasticity of 

insects: Mechanisms and consequences (pp. 1-63). Enfield: Science 

Publishers. 

 

Wickham, H. 2009. Ggplot2: elegant graphics for data analysis. New York: 

Springer-Verlag. 

 

Wiens, J, Ackerly, D, Allen, A, Anacker, B, Buckley, L, Cornell, H, Damschen, 

E, Davies, T, Grytnes, J, Harrison, S, Hawkins, B, Holt, R, McCain, C, & 

Stephens, P. 2010. Niche conservatism as an emerging principle in 

ecology and conservation biology. Ecology Letters, 13(10), 1310-1324 

 

Wilkinson, G, & Dodson, GN. 1997. Function and evolution of antlers and eye 

stalks in flies. In J. C. Choe & B. J. Crespi (Eds.), Mating systems in 

insects and arachnids (pp. 310-328). Cambridge: Cambridge University 

Press. 

 

Willemart, RH, Osses, F, Chelini, MC, Macías-Ordóñez, R, & Machado, G. 2009. 

Sexually dimorphic legs in a neotropical harvestman (Arachnida, 

Opiliones): Ornament or weapon? Behavioural Processes, 80(1), 51-59 



 

253 

 

 

Wiman, FH. 1981. Mating behavior in the Streptocephalus fairy shrimps 

(Crustacea: Anostraca). The Southwestern Naturalist, 25(4), 541-546 

 

Wingfield, N. (2014). In eSports, video gamers draw real crowds and big money. 

New York Times, 30, A1. 

 

Wirmer, A, Faustmann, M, & Heinrich, R. 2010. Reproductive behaviour of 

female Chorthippus biguttulus grasshoppers. Journal of Insect Physiology, 

56(7), 745-753 

 

Woller, DA, Fontana, P, Mariño-Pérez, R, & Song, H. 2014. Studies in Mexican 

grasshoppers: Liladownsia fraile, a new genus and species of dactylotini 

(acrididae: Melanoplinae) and an updated molecular phylogeny of 

melanoplinae. Zootaxa, 3793(4), 475-495 

 

Worthington, AM, Jurenka, RA, & Kelly, CD. 2015. Mating for male-derived 

prostaglandin: a functional explanation for the increased fecundity of 

mated female crickets? Journal of Experimental Biology, 218(17), 2720-

2727 

 

Worthington, AM, & Kelly, CD. 2016. Females gain survival benefits from 

immune‐boosting ejaculates. Evolution, 70(4), 928-933 

 

Worthington, R, Brady, U, Thean, J, & Wilson, D. 1981. Arachidonic acid: 

occurrence in the reproductive tract of the male house cricket (Acheta 

domesticus) and field cricket (Gryllus spp.). Lipids, 16(1), 79-81 

 

Wulff, NC, Lehmann, AW, Hipsley, CA, & Lehmann, GUC. 2015. Copulatory 

courtship by bushcricket genital titillators revealed by functional 

morphology, micro-CT scanning for 3D reconstruction and female sense 

structures. Arthropod Structure & Development, 44(4), 388-397 

 

Wulff, NC, & Lehmann, GU. 2016. Function of male genital titillators in mating 

and spermatophore transfer in the tettigoniid bushcricket Metrioptera 

roeselii. Biological Journal of the Linnean Society, 117(2), 206-216 

 

Wynn, H, & Vahed, K. 2004. Male Gryllus bimaculatus guard females to delay 

them from mating with rival males and to obtain repeated copulations. 

Journal of Insect Behavior, 17(1), 53-66 

 



 

254 

 

Wysocki, D, & Halupka, K. 2004. The frequency and timing of courtship and 

copulation in blackbirds, Turdus merula, reflect sperm competition and 

sexual conflict. Behaviour, 141(4), 501-512 

 

Yamamoto, M, Chellappa, S, Cacho, M, & Huntingford, F. 1999. Mate guarding 

in an Amazonian cichlid, Pterophyllum scalare. Journal of Fish Biology, 

55(4), 888-891 

 

Yi, S-X, & Gillott, C. 1999. Purification and characterization of an oviposition-

stimulating protein of the long hyaline tubules in the male migratory 

grasshopper, Melanoplus sanguinipes. Journal of Insect Physiology, 45(2), 

143-150 

 

Zahavi, A. 1975. Mate selection—a selection for a handicap. Journal of 

Theoretical Biology, 53(1), 205-214 

 

Zefa, E. 2006. Comparison of calling songs in three allopatric populations of 

Endecous itatibensis (Orthoptera, Phalangopsinae). Iheringia - Serie 

Zoologia, 96(1), 13-16 

 

Zeh, DW. 1987. Aggression, density, and sexual dimorphism in chernetid 

pseudoscorpions (Arachnida: Pseudoscorpionida). Evolution, 1072-1087 

 

Zeh, DW, & Zeh, JA. 1992. Sexual Selection and Sexual Dimorphism in the 

Harlequin Beetle Acrocinus longimanus. Biotropica, 24, 86-96 

 

Zeh, DWZ, J.A. 1992. Sexual Selection and Sexual Dimorphism in the Harlequin 

Beetle Acrocinus longimanus. Biotropica, 24, 86-96 

 

Zeh, JA, & Zeh, DW. 2003. Toward a new sexual selection paradigm: Polyandry, 

conflict and incompatibility. Ethology, 109(12), 929-950 

 

Zhang, HL, Huang, Y, Lin, LL, Wang, XY, & Zheng, ZM. 2013. The phylogeny 

of the orthoptera (insecta) as deduced from mitogenomic gene sequences. 

Zoological Studies, 52(1), 37-50 

 

Zheng, Y, Li, S, & Fu, J. 2008. A phylogenetic analysis of the frog genera 

Vibrissaphora and Leptobrachium, and the correlated evolution of nuptial 

spine and reversed sexual size dimorphism. Molecular Phylogenetics and 

Evolution, 46(2), 695-707 

 



 

255 

 

Zhou, Z, Zhao, L, Liu, N, Guo, H, Guan, B, Di, J, & Shi, F. 2017. Towards a 

higher-level Ensifera phylogeny inferred from mitogenome sequences. 

Molecular Phylogenetics and Evolution, 108, 22-33 

 

Zhu, DH, & Tanaka, S. 2002. Prolonged precopulatory mounting increases the 

length of copulation and sperm precedence in Locusta migratoria 

(Orthoptera: Acrididae). Annals of the Entomological Society of America, 

95(3), 370-373 

 

Zonneveld, C. 1996. Being big or emerging early? Polyandry and the trade-off 

between size and emergence in male butterflies. The American Naturalist, 

147(6), 946-965 

 

Zuk, M, & Kolluru, GR. 1998. Exploitation of sexual signals by predators and 

parasitoids. The Quarterly Review of Biology, 73(4), 415-438 

 

Zuk, M, Rotenberry, JT, & Tinghitella, RM. 2006. Silent night: adaptive 

disappearance of a sexual signal in a parasitized population of field 

crickets. Biology Letters, 2(4), 521-524 

 

Zuk, M, Simmons, LW, & Rotenberry, JT. 1995. Acoustically‐orienting 

parasitoids in calling and silent males of the field cricket Teleogryllus 

oceanicus. Ecological Entomology, 20(4), 380-383 

 

Zuk, MS, L.W. 1997. Cricket reproductive strategies. In J. Choe & B. Crespi 

(Eds.), The evolution of mating systems in the insects and arachnids. 

Cambridge: Cambridge University Press. 

 

 


