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Abstract 
 

Through male competition and female choice, sexual selection favours traits that are 

advantageous for mating success. Trait investment is costly; therefore, males invest a set 

amount of resources into pre-copulatory traits to aid in competition or post-copulatory traits 

to increase fertilisation success. The aim of this project was to investigate hissing cockroach 

sexual selection, looking at both female choice and post-copulatory sperm competition. 

Firstly, by manipulating horn length of models in two-way choice experiments to understand 

what role weaponry might play in competition and female choice, in both Gromphadorhina 

oblongonota and Aeluropoda insignis species. Secondly, by comparing post-copulatory traits 

and horn size across five hissing cockroach species to understand investment allocation and 

sperm competition pressures. Both G. oblongonota and A. insignis were able to distinguish 

between control and life-like models. However, when using life-like models with 

manipulated weaponry, females and males displayed no preference towards horn length. 

Horns are likely one part of a complex multi-modal signal in male-male interactions and 

females may not choose males based on this pre-copulatory trait. Comparing post-

copulatory traits between the five species, A. insignis, G. oblongonota and Elliptorhina 

javanica differed significantly in horn length, relative testes mass, spermatophore weight, 

sperm number, acrosome and head length. However, these species are phylogenetically 

distant from one another, which could play a large role in driving their trait differences. 

Comparing sperm morphology and other post copulatory traits, similar patterns in trait 

investment were found and relationships often became non-existent when correcting for 

phylogenetic relatedness, suggesting these species may have similar levels of post-

copulatory sperm competition. Due to sexual selection pressures being species specific, 

intraspecific patterns might be more revealing about response to local selection pressure 

rather than generic pressure amongst species as different species may respond to this 

shared pressure in different ways. These results imply a complex influence of phylogenetic 

dependence and sexual selection pressures on post copulatory traits, similar to other studies 

that correct for phylogenetic relatedness. 
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Introduction 
         
First described by Darwin (1859), sexual selection is a form of natural selection 

that can be driven by competition for mates (intrasexual selection) or mate 

choice (intersexual selection), favouring the evolution of traits advantageous for 

mating success (Kodric-Brown & Brown, 1987; Murphy, 1998). Mating success 

relies on single or multiple traits that provide an advantage to an individual, 

either assisting in attractiveness or winning competitions that lead to successful 

mating (Moore, 1990). The competition between males to mate with females 

causes a high reproductive variance among males, which leads to stronger sexual 

selection in males and sexually dimorphic traits (Bateman, 1948; Kodric-Brown & 

Brown, 1987).  

Pre-copulatory sexual selection 

Males can increase their chances of success by morphological, physiological and 

behavioural adaptations, and often develop strategies to outcompete rival males 

or make themselves seem more attractive to gain access to mates. The most 

common form of intrasexual selection is male-male competition. Male-male 

competition usually results in males acquiring traits that aid them whilst fighting 

a competitor, such as body size, horns and antlers (Berglund et al. 1996; Lailvaux 

et al. 2005; Kelly, 2006; Vanpé et al. 2008; Emlen, 2008; Miller, 2013). With the 

aid of these traits individuals can exclude their rivals and in doing so gain a 

greater chance of acquiring mates and fathering offspring, increasing their 

reproductive success. 
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Multiple mating strategies have evolved to gain access to females and increase 

an individual’s chance of mating success (Gross, 1996; Wong & Candolin, 2005; 

McCullogh & Simmons, 2016). Monopolisation of an individual or groups is one 

way a male can increase his chances of reproductive success. An example of this 

is seen in harems, where a group of females are defended by a single male who 

monopolises the group and competes with other males for control (Modig 1996; 

Kelly, 2006). Megalorchestia california amphipod males have enlarged 

gnathopods and red antennae to signal quality (Iyengar & Starks, 2008). Males 

use antennae and gnathopods in male-male competition, and to hold and guard 

female harems. Larger males with longer and brighter antenna outcompete rivals 

for bigger burrows and obtain larger clusters of females. In extreme cases, males 

can adapt to develop different mate strategies within the same species. This is 

often seen when monopolisation of one or multiple females by a dominant male 

reduces a lower quality male’s chance of mating. Under these pressures, low 

quality males have evolved varied mating strategies which allow them to 

successfully copulate with females via alternate strategies. In Onthophagus 

taurus beetles, for example, horned male morphs physically compete with other 

males to control female access, while male morphs with no horns sneak 

copulations opportunistically and avoid competition (Moczek & Emlen, 2000).  

Visual signals, such as ornaments and armaments, are traits that are selected for 

based on their attractiveness or effectiveness in beating males in competition. 

Ornaments are traits that are exaggerated in intricacy, size or colour and are 

used as attractive signals. Females have a selective preference for these 
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exaggerated traits. This causes the trait to be under sexual selection as females 

want to mate with more attractive males. For example, Brazilian whiptail lizards 

Cnemidophorus ocellifer females preferred males with the brightest UV 

reflectance compared with duller males, selecting for exaggerated reflectance 

and brightness (Lisboa et al. 2017). Armaments, on the other hand, are traits 

selected to better an opponent under male-male competition, aiding the 

organism in physical male-male combat. In Sagra femorata leaf beetles, for 

example, males have weaponised hind legs which they use in physical male-male 

competition to grasp, kick off and attack rival males that enter their territory 

(Katsuki et al. 2014). Males with larger hind legs win more fights than those with 

smaller hind legs. Therefore, the trait helps aid in fighting success to help guard 

their territory and mates. Armaments can also be used as a signal to show 

competitors their strength and fitness, allowing the competitors to assess their 

opponent’s armaments and decide whether it is beneficial to engage in combat 

(Elias et al. 2008; Schnell et al. 2015). Females can generate selection on both 

armaments and ornaments. In the white-tailed deer Odocoileus virginianus, 

males produce antlers that they use in physical male-male competition; antler 

size is also used in female choice, as females choose males with larger antlers 

over males with smaller antlers (Morina et al. 2018).  

Body size can also be a visual signal to both male competitors and choosy 

females. In most cases, organisms with greater body size have a competitive and 

attractive advantage, so that body size acts as a signal for fitness and strength. 

Many sexually selected traits tend to be positively correlated with body size 
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(Tokarz, 1985; Bonduriansky, 2007; Huyghe et al. 2012; Voituron et al. 2012; 

McCullough et al. 2015). However, body size can have no correlation at all with 

sexually selected traits and larger body size is not always more attractive (Knapp 

& Warner, 1991; Zhu et al. 2016). 

Auditory signals may also be expressed in order to attract mates or as part of 

male-male competition (Mountjoy & Lemon, 1996; Iglesias & Hasson, 2017).  

These signals are usually produced through the respiratory system and as such 

are usually a proxy for body size (Pfefferle & Fischer, 2006; Hal et al. 2013; 

Rodriguez et al. 2014; Reber et al. 2017). Male grey tree frogs Hyla versicolor  

with longer mating calls are larger and more attractive to females and produce 

healthier stronger offspring with higher chances of survival (Welch et al. 1998). 

This call acts as a cue that females can use to assess and choose males. In insects, 

acoustic signals are different, in the fact sounds are typically made from 

vibrations or rubbing of certain body parts to create noise (stridulation). For 

example, male house crickets Acheta domesticus, chirp during male-male 

competition, to attract mates or during courtship, by rubbing their wings 

together. When attracting mates, chirp complexity provides a signal to the 

female of male body size, with larger males producing a more complex song 

(Gray, 1997). Females prefer males with a more complex chirp than males with 

simple chirps, using this signal to select better quality males. 

Signals can be complex, consisting of multicomponent or multimodal signals 

(Guilford & Dawkins, 1995; Holldobler, 1995; Rowe, 1999). A multimodal signal is 

where two or more types of signals (chemical, visual, auditory, behaviour or 
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tactile) are used together as a form of communication and can be categorised as 

multiple message signals, where each signal carries different information, or 

back-up signals, where multiple signals carry a single message (Johnstone, 1997; 

Candolin, 2003; Ronald et al. 2017).  In courtship, male bush spiders Schizocosa 

ocreata use two modes of signals, visually raising and waving their front legs, and 

vibration signals. Females then assess males based on both these signals in 

unison whilst choosing a mate (Kozak & Uetz, 2016). Multicomponent signals are 

single sensory signals that convey two or more messages (Candolin, 2003). 

Greenfinches Carduelis chloris have visual cues on their tails and wings; wing 

colour signals the individual's age and tail colour indicates male parasite 

resistance (Lindstrom & Lundstrom, 2000). Both these cues are through one 

mode of signal (visual) and the female can use these visual cues to identify two 

separate pieces of information to assess overall male quality.  

Signals (chemical, visual, auditory, motion or tactile) are often used to create 

maximum impact both in courtship displays and male-male competition. The 

benefits of using multimodal signals allow an individual to strengthen their 

display for attractiveness or in competition, allowing others to assess multiple 

qualities of the individual before making an informed decision. Rituals or mating 

displays often use a combination of signals, particularly acoustic and visual 

signals, together to create a greater display of attractiveness (Frith & Frith, 

1987). For example, male túngara frogs Engystomops pustulosus produce 

acoustic whines as well as visual signals of inflating and deflating their vocal sac 

in mate attraction (Stange et al. 2016). Females use the visual and audio signal 
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separately when judging male attractiveness. Females prefer those with both 

complex song and visual cues, which enhances the male attractiveness to the 

females.  

In male-male competition, assessment strategies can play an important part in 

contests. They can allow an individual to decide whether they are physically 

matched, assess their opponents in a mutual assessment, or the individual’s own 

abilities in a self-assessment (Kelly, 2006; Schnell et al. 2015; Wofford et al. 

2015). This is beneficial as it can be costly to engage in such contests, particularly 

if the odds of the opponent winning are small. Having multiple signals can aid in 

decision making to better assess the chance of winning against an opponent and 

work out the most beneficial course of action i.e. retreating or engaging. Male 

jumping spiders Phidippus clarus display both visual size and vibratory signals to 

one another before physically interacting. Body weight signals strength and 

contest success, while vibrations predict stamina and interaction time (Elias et al. 

2008). Before physical contact, males make a self-assessment, based on both 

signals from the opponent, of whether they are likely to win. The complexity of 

multimodal signals can be a challenge to untangle. Some signals may be under 

differing forms of selection or under more than one form of selection and 

disentangling these can be tricky (Wilkins et al. 2015).   

Post-copulatory sexual selection: Sperm competition 

Intrasexual selection also occurs post-copulation in the form of sperm 

competition and cryptic female choice. Sperm competition is defined as a post-

copulatory form of sexual selection that occurs when a female mates with two or 
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more males, causing multiple male ejaculates to compete for fertilization of the 

same female's ova (Parker, 1970).  The strength of sperm competition is heavily 

influenced by mating systems and extra pair paternity. The more males a female 

copulates with the greater the amount of competition those sperm face to 

successfully achieve fertilisation; thus, sperm competition is driven by 

polyandrous mating (Tourmente et.al. 2013).  

Traits are selected to increase the male's likelihood of reproductive success post-

copulation, where individuals compete for fertilisation. Testes size is a trait 

known to be associated with sperm production and is related to sperm 

competition intensity. In male yellow-pine chipmunks Tamias amoenus, 

reproductive success is correlated to testes size (Schulte-Hostedde & Millar, 

2004). Males with larger testes father more offspring than males with smaller 

testes as larger testes have a greater volume of sperm per ejaculate, suggesting 

that testes size is positively related to sperm competition outcome. Another 

common trait under sperm competition pressure is sperm length (Byrne et al. 

2003; Gomendio & Roldan, 2008; Mossman et al. 2009; Helfenstein et al. 2010). 

In primates, sperm length differs between species in different mating systems, 

with longer sperm in species with polygamous mating systems, where sperm 

competition is higher, and shorter sperm in species with monogamous mating 

systems where sperm competition is lower (Gomendio & Roldan, 1991). Longer 

sperm were also found to swim faster. Therefore, sperm has adapted to be 

longer and faster to out-compete rival sperm under high levels of sperm 

competition.  
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Sperm competition is widespread across the Animal Kingdom, with a huge 

diversity of adaptations. The diversification of adaptation can be influenced by 

pressures from cryptic female choice, sperm competition and sperm storage 

(Kleven et al. 2008; Higginson et al. 2012; Tourmente et al. 2013; Bennison et al. 

2015). Sperm competition can be categorised into defensive and offensive 

competition. Defensive adaptations are those that prevent sperm competition 

from occurring, by preventing another male from mating with the female. This 

can be done by mate guarding, when the male actively guards the female either 

physically (Benvenuto et al. 2009) or without contact (Alcock, 1982), or by 

mating plugs, which block the females reproductive tract preventing other males 

from mating without having to be present (Mangels et al. 2016). These strategies 

prevent sperm competition for a time, which increases the chances for the 

male's sperm to successfully fertilise the ova. A female will try to reject these 

strategies, often by expelling mating plugs or opportunistically sneaking off to 

allow other males to copulate with her, or physically wrestling off the male 

(Pitnick et al. 2001; Arnquist & Rowe, 2002; Nessler et al. 2007; Sentenska et al. 

2015) .  

Offensive adaptations include penile morphology, sperm morphology, sperm 

quality and number. These adaptations can be used to lower the intensity of 

sperm competition or outcompete rival male sperm. Penile morphology comes in 

a diverse array of forms (e.g. scoops, needles, barbs) that aid in sperm delivery 

and removal of rival sperm, cause damage to the female’s reproductive tract to 

prevent further copulations or in extreme cases are used to traumatically 
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inseminate the female through her abdomen directly (Waage, 1979; Stutt & Siva-

Jothy, 2001; Brennan et al. 2007; Eady et al. 2007). These penile functions reduce 

sperm competition and increase the male’s chance of fathering offspring. In 

other extreme sperm competition cases, some species have developed multiple 

sperm types known as sperm heteromorphism, where eusperm that function in 

fertilisation and parasperm that aid eusperm or disable or block rival sperm are 

produced (Snook & Karr, 1998; Winik et al. 2000; Hayakawa et al. 2002; 

Hayakawa, 2006; Holman & Snook, 2008). Sperm gigantism is also found in 

extreme sperm competition, where males produce very few very large sperm 

that fill the female reproductive tract or storage tubules, preventing rival sperm 

access, to help increase their chance of successful fertilization (Pitnick & 

Markow, 1994; Vielle et al. 2016). 

Males can increase fertilisation success by increasing copulation duration or the 

number of repeated copulations with a female, increasing their chance of 

fertilization by increasing the number of sperm transferred to the female and 

displacing rival male ejaculates (Parker & Simmons, 2000). These strategies work 

under the raffle model, where a male’s chance of fertilization success increases 

with the more sperm he contributes to the competing ejaculate pool (Parker, 

1982). The more sperm a male provides the greater the likelihood of one of his 

sperm fertilising the ova. Male Atlantic salmon Salmo salar, invest heavily in 

sperm number and quality under increased sperm competition (Vladic & Jarvi, 

2001). Males with high numbers of better-quality sperm, fertilise a greater 

number of eggs. Under sperm competition, sperm are more uniform in their 
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morphology with less abnormality or damage, so each sperm cell they produce 

has an equal chance of success, increasing the males chance of fertilisation 

(Immler et al. 2008; Aron et al. 2016; Godwin et al. 2017). This quality control of 

creating equal sperm is a response to sperm competition. The greater the 

amount of high-quality sperm, the greater the chance one of these sperm is 

successful in fertilizing the ova (Parker & Simmons, 2000). Under relaxed sperm 

competition, sperm vary greatly in morphology with increased numbers of 

abnormal sperm. This is because selection on the male's sperm traits is reduced, 

and fertilization of an ovum can easily be achieved. Males do not have to spend 

resources on creating high-quality sperm when it is not necessary, due to the 

process being costly (Williams et al. 2005; Birkhead & Immler, 2007).  

Sperm cells usually consist of a head containing the acrosome and nucleus, a 

midpiece containing mitochondria, and a flagellum known as the tail. In insects, 

such as Drosophila, sperm do not have a midpiece; instead their mitochondria 

are found in the tail (Shahaney et al. 1973; Laueinyecz et al. 2019). Sperm are 

extremely diverse in their morphology and energetics and differ dramatically 

across taxa. Variation in sperm morphology can be found both within and 

between species. The diversification of sperm traits is a response to post-

copulatory sexual selection pressures. Sperm competition is thought to strongly 

influence sperm trait diversity, shaping sperm to maximise their fertilisation 

success (Kleven et al. 2008; Higginson et al. 2012; Tourmente et al. 2013; 

Bennison et al. 2015). Sperm morphological traits are the most commonly 

observed adaptation in response to sperm competition. Sperm competition 
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influences sperm morphology, generally causing tail and total sperm length to 

increase, and head length to either increase or decrease with increased sperm 

competition (Gomendio & Roldan, 1991; Anderson & Dixson, 2002; Fitzpatrick et 

al. 2009; Gómez-Montoto et al. 2011). These adaptations relate to motility, 

enhancing speed and endurance to help sperm swim faster and last longer, to 

outcompete rival sperm to successfully fertilise the ova. The relationship 

between motility and morphology has been well documented in many taxa, 

including rodents (Gómez-Montoto et al. 2011), cichlid fish (Fitzpatrick et al. 

2009) and passerine birds (Lüpold et al. 2009; Rowe et al. 2012), with many 

studies finding that longer sperm swim faster, and sperm tail and total length is 

positively correlated with swimming speed (Gomendio & Roldan, 1991; 

Helfenstain et al. 2010). These traits allow the sperm to reach storage tubules or 

the ova quicker than shorter sperm (Rowe et al. 2012; Bennison et al. 2016). The 

effect of midpiece size on competitive ability is more complicated and its 

association with other traits varies between taxa. In Iberian deer Cervus elaphus 

hispanicus sperm, shorter midpieces have greater speed, whereas in house mice 

Mus domesticus sperm, longer midpieces have increased speed. Yet, in 

passerines midpiece length and speed have no association (Malo et al. 2006; 

Immler & Birkhead, 2006; Firman & Simmons, 2010; Rowe et al. 2012). Midpiece 

size is thought to be under pressure for speed and longevity in sperm storage 

tubules. The trade-off between speed to reach the storage tubule or the ova and 

energy storage for the sperm to last within storage tubules before racing to the 

ova could explain the diversity of trends found across taxa.  
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Female Mate Choice 

In mate choice, females evaluate single or multiple signals or traits when 

choosing a male to mate with (Murphy, 1998). Female choice can also occur 

post-copulation, which allows her to influence the choice of sperm for 

fertilization; this is known as cryptic female choice (Pizzari & Birkhead, 2000). By 

being choosy, females can increase their reproductive success. Carefully selecting 

mates rather than mating at random can have direct and indirect benefits. Direct 

benefits include access to resources such as food, shelter and territory, paternal 

care of offspring, protection from infanticide or male harassment or 

disease/parasite avoidance from choosing healthy mates (Trivers, 1972; Forsgren 

et al. 1996; Oneal et al. 2007). Female Katydids Conocephalus nigropleurum, 

when presented with a choice of large and small males, choose large males as 

they gain a greater direct benefit from them (Gwynne, 1982). Larger males 

produce larger protein-rich nuptial gifts that increase egg production through 

female consumption.  

Benefits can be indirect through offspring, such as producing sons with the same 

attractive traits of the father, which increase the sons’ mating success known as 

the ‘sexy sons’ hypothesis, or choosing a male of high quality to increase 

offspring quality, survival and fitness (Fisher, 1915; 1958; Wilkinson & Reillon, 

1994). In field crickets Gryllus interger, females choose males with longer calls 

(Hedrick, 1988). Offspring inherit their father’s attractive call length, increasing 

their reproductive success. This complies with the sexy sons hypothesis, where 

females choose males with an attractive trait so that their sons will inherit the 
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trait and have greater reproductive success (Weatherhead & Robertson, 1979; 

Pai & Yan, 2002; Prokop et al. 2012). In the three-spine stickleback Gasterosteus 

aculeatus, females prefer males with bright red markings compared to duller 

males (Barber et al. 2001). Offspring of males with bright red colouration grow 

slower but become more resistant to disease and parasites and have a high 

white blood cell content than offspring of dull males, showing a health link to the 

sexually selected trait. By being choosy of red colouration, a female gains indirect 

benefits, improving her offspring’s survival and disease resistance. Sons also 

show this bright red colouration that the females can use as a signal of fitness.  

The good genes hypothesis proposes that variation among males provides 

females with information about the genetic quality that those males possess. 

From this, the female can choose a mate with good genes that can then be 

inherited by the offspring to indirectly increase female fitness (Zahavi, 1975; 

Kodrick-Brown & Brown, 1984; Anderson, 1986). Traits that indicate male quality 

are known as honest signals. Honest signals are phenotypic traits that differ in 

the population, are costly to produce and maintain and are strongly condition 

dependent. Males of good quality are able to displaying these traits. However, 

the traits are too costly for males of poorer condition and lesser quality. This is 

known as the handicap principle (Zahavi, 1975). Female yellowthroat warblers 

Setophaga dominica choose males based on traits that signal male health such as 

black mask and yellow bib size, with most attractive males having greater disease 

resistance and survival (Whittingham et al. 2015). This is a good example of how 

female choice with indirect benefits can link with an honest trait that shows that 
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signal. In the blue grosbeak Passerina caerulea, males with deep blue plumage 

are larger, possess bigger territories with good prey abundance and provided 

greater feeding rates than males with duller plumage, suggesting that male 

plumage is an honest signal of quality (Keyser & Hill, 2000). The trait needs to be 

costly in order to be honest to show the true quality of the male. In the scarlet-

tufted malachite sunbirds Nectarinia famosa, females prefer males with bright 

long tail feathers; these males successfully find mates and produce offspring 

earlier (Evans & Hatchwell, 1992). Having long tail feathers reduces flight time 

and ability to catch prey, therefore, entails a cost and handicap to the trait. 

However, handicaps are not necessarily honest. With honest signals there will 

always be cheating; individuals of lower quality may put more resources into 

their signalling to appear high quality, thus defeating the handicap principle of 

honest signalling (Backwell et al. 2000; Bee et al. 2000; Moore et al. 2009). The 

cost of cheating needs to be considered as part of an honest signal, not just the 

cost of producing the signal directly (Weaver et al. 2017).  

Trade-offs in sexual selection 

Trade-offs are common in sexual selection and often shape the strategies and 

traits males and females use. Investment in traits is costly, and therefore it 

benefits an individual to invest in a way that gives them a sexual or competitive 

advantage. Males usually resolve trade-offs by investing a set amount of energy 

and resources in pre-copulatory or post-copulatory competition, enhancing their 

ability to compete with rival males. It is assumed that males cannot pay costs 

associated with both high-quality pre-copulatory traits to aid in winning male-
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male competitions and high-quality post-copulatory traits to increase fertilisation 

success in sperm competition. If a male invests heavily in a pre-copulatory trait, 

such as armament size, then he has fewer resources and energy to invest in post-

copulatory traits such as sperm number. This concept is known as the sperm 

competition hypothesis (Parker, 1970; Parker et al. 1997,2013).  

Whether males invest more heavily in pre or post-copulatory traits depends on 

the number of males with which an individual competes, the extent to which 

males can monopolise females, and the environment (Parker et al. 2013; Lupold 

et al. 2014; Katsuki  & Lewis, 2015). Female Salvator rufescens lizards mate with 

multiple males and can store sperm for large periods of time, and males have 

large jaw bulges that females find attractive. Males who have larger bulges have 

lower quality sperm compared to males with smaller bulges (Blengini et al. 

2016). Due to the large amount of sperm competition these males face, males  

invest in sperm quality over attractive bulge size to increase their chance of 

fertilization success. Male bean beetles Callosobruchus chinensis have a trade-off 

between hind wing size used to find and attract females and sperm number 

(Katsuki & Lewis, 2015). Investment in the two traits is negatively correlated. 

Therefore, males can only invest maximally in one of the traits. In larger 

populations, males have higher sperm competition intensity and invest in sperm 

number to increase their chances of paternity. However, when the population is 

smaller there are fewer males, and males invest more in hind wing size and 

travel distance to find and attract a mate than in sperm number. It is not always 

the case that pre-copulatory and post-copulatory traits demonstrate a trade-off 
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in investment; they can be positively correlated with one another, whereby 

individuals invest in both pre and post-copulatory traits to increase total 

fertilization success or, the pre-copulatory trait acts as a signal of post-copulatory 

trait quality or reproductive condition (Shutler, 2011; Naretto et al. 2014; Supriya 

et al. 2018; Tuni et al. 2018).  

Trade-offs are also found between different post-copulatory traits, such as 

sperm size and sperm number. For example, male passerine birds invest more in 

sperm number than sperm size. The more sperm they have the greater the 

chance of fertilization success. This is a better choice of investment under the 

raffle model, where fertilization success increases with the more sperm a male 

contributes to the competing ejaculate pool (Parker, 1982). However, Drosophila 

males invest more in sperm size than sperm number (Immler et al. 2011). Larger 

sperm have a greater chance of blocking up the female's reproductive tract, 

preventing other sperm from entering or fertilising. Nauphoeta cinereal 

cockroaches face multiple trade-offs between ejaculate traits (Moore et al. 

2004). Males have limited resource investment to either produce lots of sperm 

or produce high-quality sperm. These traits are also negatively correlated with 

spermatophore size suggesting that producing a large spermatophore is costly 

and limits investment in sperm number and quality. Spermatophore investment 

reduces the chance of females re-copulating; therefore, lowers sperm 

competition, where sperm quality and number are not as important. However, 

investing in either sperm number or sperm quality is a beneficial investment 
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when females mate with multiple males. Trait investment must increase the 

males chance of outcompeting rival male sperm for the choice to be beneficial.  

Use of models in behaviour 

Model stimuli are used to understand behaviour by looking at an organism's 

reaction.  There are many types of model stimuli used in behavioural studies 

today from live animals, to handmade physical and computer-animated models 

(Tinbergen, 1951; Dziewaczynski & Leopard, 2010; Iglesias & Hasson, 2017; 

Ronald et al. 2018). Handmade model stimuli are diverse and can be used to 

examine the role of single and multimodal/multicomponent signals in 

competition and mate choice. Tinbergen (1951;1952) was one of the first to use 

models to understand animal behaviour, to investigate red colouration and male 

aggression in three-spine sticklebacks. Models ranging from realistic to abstract 

shapes, with or without red displays, were presented to males. Males in breeding 

condition attacked any shaped model with red colouration, demonstrating colour 

alone provokes an aggressive reaction in sticklebacks.  

Handmade model stimuli, often known as dummies or decoys, are commonly 

used in behavioural research. Dummies are handcrafted from materials to 

represent an animal and are made from scratch, casting dead animals or  

taxidermized specimens (Dziewaczynski & Leopard, 2010; Locatello et al. 2012). 

This method allows researchers to look at specific colour-based questions such 

as mate choice, as the dummies can be painted with variations of colour or 

patterns based on the questions being asked. For example, blenny Salaria 

pavoale male dummies were used in a two-way choice test to look at female 
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mate preference of size, yellow spot coverage and yellow patch intensity 

(Locatello et al. 2015). This shows dummies can work well for the use of visual 

stimuli to look at sexually selected traits.  

Tactile auditory and olfactory stimuli can also be used in conjunction with visual 

stimuli (Klein et al. 2012; Callander et al. 2013; Stewart et al. 2017). This 

approach makes the stimuli more realistic and relatable to live stimuli and allows 

a wide variety of different questions to be addressed. Acoustics are often used 

with models to look at both acoustic and visual signals. One study used visual 

stimuli with audio recording to look at different combination of song complexity 

and visual display complexity in cowbirds Molothrus ater (Ronald et al. 2018). 

This allowed the researchers to look at both visual and auditory stimuli together 

to better understand mate preference using multimodal signals. 

Recently, studies employing models have exploited modern techniques such as 

robotics, 3D printing and laser sintering (Klein et al. 2012; Callander et al. 2013; 

Igic et al. 2015; Stewart et al. 2017).  Models can be created from CT or 3D scans 

of live or dead animals, and then 3D objects can be constructed using a software 

or files from a database. Laser sintered 3D models can provide more precise 

replicas of natural occurring stimuli than traditional physical models  (Igic et 

al. 2015; Stewart et al. 2017). These models can be manipulated in different 

ways (e.g. body size and the size of features can be altered, or features can be 

removed or added entirely) to address different questions (Bartolini et al. 2016). 

Studies looking at sexual selection have used 3D model stimuli in both male and 

female mate choice experiments. 3D printed female turtles of large and small 
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sizes were used to look at male mating preference in the wild, revealing that 

males prefer larger females (Bulté et al. 2018). This shows 3D models work in the 

wild as well as controlled environments. 3D models of male guppies were printed 

and painted with different colourations in order to look at female choice with 

both colour and pattern (Heinen-Kay et al. 2014). Measuring the amount of time 

a female spends when given choice between different males, allows an 

assessment of female preference while controlling for size of the male models to 

look at selected traits. 3D models can also be applied in a teaching environment. 

Male guppy models of differing size were created to test female preference, and 

students then manipulated other traits such as coloration to create different 

projects, building a large database of traits and mate choice (Stewart et al. 

2017).  

Colour models have been used to act as visual stimuli to answer a range of 

behaviour questions about sexually selected traits in many species from fish to 

reptiles (Dziewaczynski & Leopard, 2010; Heinen-Kay et al. 2014). However, 

insects are one group where models are not often used in behavioural research, 

particularly sexual selection (Zagatti & Castel, 1987; Ruther et al. 2002). The 

studies that use models tend to look at defence and predatory behaviour by 

providing model prey, such as plasticine caterpillars and model moths (Rebora et 

al. 2004; Cuthill et al. 2005; Fan et al. 2009). An example of this is model 

caterpillars coated in Mamestra brassicae moth larvae haemolymph, acting as 

visual and scented stimuli among dead and live individuals to look at predation 
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preference and recognition by the Pterostichus melanarius beetle (Ferrante et 

al. 2017).  

Madagascan hissing cockroaches  

Hissing cockroaches are a small nocturnal tribe (Gromphadorhini) indigenous to 

Madagascar and Europa Island, known for their acoustic signals, which are 

created by forcing air through modified abdominal spiracles, creating a hiss like 

sound (Schal et al. 1984; Clark & Moore, 1995a; Clark & Moore, 1995b; Sueur & 

Aubin, 2006). Unlike other insects that create sounds through vibration and 

movements of body parts, hissing cockroaches produce acoustic signals through 

their respiratory system much like vocalisations in birds, mammals and 

amphibians. Males, females and juveniles produce hiss-like acoustics in a 

defensive manner to warn off other cockroaches and predators (Frazer & Nelson, 

1984). Males also produce hisses during antagonistic interactions with other 

males, and during courtship and mating with females (Clark & Moore, 1994; 

Sueur & Aubin, 2006; Logue et al. 2009; Clark, 2010; Hunsinger et al. 2017). Being 

nocturnal, hissing could be helpful by providing information to potential 

opponents or mates, as sight is limited during active hours. 

The males and females are sexually dimorphic, with males producing large 

pronotal shields and horns that differ with species. The two hissing cockroaches 

that differ the most in both pronotal shield shape and horn length are 

Aeluropoda insignis and Gromphadorhina oblongonota. A. insignis have flat 

horns and an elaborate pronotal shield with nodules along its rim that extend at 
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each side of the head. G. oblongonota have large horns and their pronotal shield 

forms a hood over the head of the cockroach (Figure. 1). 

Males are known to compete both acoustically and physically against other 

males. During male-male competition males give aggressive displays, including 

thrashing their abdomen, walking over other males, hissing and more physical 

interactions such as butting and flipping (Schal et al. 1984; Durrant et al. 2016; 

Hunsinger et al. 2017). During antagonistic interactions between male 

Gromphadorhina portentosa, the male that hisses more tends to win the 

interaction (Clark & Moore, 1995b). Antagonistic hisses are variable and are 

correlated to male body size, with larger males producing lower frequency and 

longer hisses that dominate smaller males. Hissing could allow the males to 

assess their opponents relevant to their own competitive ability. This would 

benefit both males by avoiding unnecessary physical harm (Clark and Moore, 

1994). 

When comparing two different species of hissing cockroaches that use different 

strategies for antagonistic interactions, larger-horned cockroaches G. 

oblongonota were more aggressive, physically butting and flipping their 

opponents, whereas the flat-horned cockroaches A. insignis were less aggressive 

and preferred to hiss (Durrant et al. 2016). These two species were also found to 

invest differently in the pre-copulatory trait horn length and post-copulatory trait 

testes mass, with A. insignis investing more in testes mass and G. oblongonota 

investing more in horn length. The use of different strategies between species  
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Figure. 1 Male flat horned hissing cockroach Aeluropoda insignis pronotal shield (Left) 

and long horned hissing coach male Gromphadorhina oblongonota pronotal shield 

(Right). Ruler scale in mm. 
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could explain the diversity in pronotal shield shape and horn size we see 

between hissing cockroaches.  

It is not known, however, whether other postcopulatory traits such as sperm 

morphology and number differ across hissing cockroach species or relate to pre-

copulatory traits. Comparing post-copulatory traits will provide a further 

understanding of what sexual selection pressures hissing cockroach species are 

under and the mating strategies they choose. 

Males and females are known to engage in courtship before mating. This has 

been documented in G. portentosa (Schal et al. 1984; Frazer & Nelson 1984; 

Leibensperger et al. 1985). During courtship, antennation between males and 

females releases a pheromone emission that creates an initial attraction, then 

males adopt a specific posture and display to the female. When males are in the 

courtship posture, hissing often accompanies this (Schal et al. 1984; Frazer & 

Nelson, 1984; Leibensperger et al. 1985). Females discriminate between hissing 

and non-hissing males, as only males that hiss during courtship are successfully 

mated with (Frazer & Nelson, 1984; Clark & Moore, 1995a; Logue et al. 2009; 

Clark, 2010). It is still unknown if physical traits play a role in female choice. 

Traits such as body size, pronotal shield shape and horn length could provide 

signals females can use to assess males. 

A better understanding of female responses to visual traits, as well as comparing 

post-copulatory traits and mating strategies between hissing cockroach species, 

could provide valuable information about the evolution of mating strategies in 

these species, where we know little about natural courtship. Hissing cockroaches 
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make an ideal study system with which to test hypotheses about sexual signals, 

as they are easily maintained and thrive in lab conditions. Detailed ethograms 

have been developed to characterize behavior in these species, and they are 

highly social and not easily stressed (Logue et al. 2009; Durrant et al. 2016).  

Aims and Objectives 

This study seeks to understand hissing cockroach sexual selection, looking at 

both female choice and post-copulatory sperm competition across hissing 

cockroach species. Firstly, female choice and male interactions were investigated 

in G. oblongonota and A. insignis to find out what role horn length plays in mate 

choice and competition. G. oblongonota and A. insignis are already known for 

differing in male-male competition strategies and there is a trade-off in horn 

length and testes size. Using CT scans from Durrant et al. (2016), 3D printed 

models of males with manipulated horn and pronotal shield sizes were created 

and presented to live individuals to understand the role these signals might play 

in male competition and female choice. Secondly, I compared post-copulatory 

traits among five species of hissing cockroaches, to understand investment 

allocation, mating strategies and sperm competition intensity. Mitochondrial 

DNA were sequenced for each of the species, in order to enable a 

phylogenetically correlated analysis of trait values.  

I hypothesized that post-copulatory traits among hissing cockroach species, 

particularly that of A. insignis and G. oblongonota, vary in accordance with the 

predictions of sperm competition theory (Parker, 1970), as some of these species 

are known to use different pre-copulatory strategies. Thus, I predict that the 
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species will invest differently in their post-copulatory traits. I also predict that 

females will exhibit a preference for shield horn length and that female G. 

oblongonota will choose longer horns as they show more physical strength and 

are likely to win in male-male competition, whilst I predict that A. insignis 

females will choose males with exaggerated pronotal shields and longer horns 

over those with reduced traits. 
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Methodology 
 

Lab maintenance 

Four cockroach species (Gromphadorhina oblongonota, Gromphadorhina 

portentosa, Elliptorhina javanica, Eublaberus distanti) were sourced from an 

online supplier BUGZ UK (www.bugzuk.com) and the other two species (Princisia 

vanwaerebeki, Aeluropoda insignis) from independent breeder hobbyists (Figure. 

2). Each species was maintained in lab populations at the University of 

Nottingham in a temperature-controlled room, kept at a constant 26⁰C with 60% 

± 10% humidity on a reversed 12:12h day: night cycle to mimic a comfortable 

environment for growth and survival. Maturing nymphs were sexed and 

separated into individual clear plastic containers measuring 12 x 18 x 7cm. 

Containers allowed for isolation to ensure both males and females grew up as 

virgins while still seeing and smelling other cockroaches without direct contact 

until controlled behavioural interactions. Adults for MtDNA extraction were also 

placed in separate containers until euthanised. Others were kept in colonies to 

encourage the breeding of lab populations. Containers were set up with Eco bark 

rainforest substrate (Lucky reptile, LivefoodsUK) with egg carton shelters. 

Cockroaches were fed an ad libitum diet of dried complete dog food and orange 

or strawberry jelly pots (LivefoodsUK.com) which were replenished on a bi-

weekly basis. Cockroaches used for behaviour experiments were kept on the 

same consistent orange jelly flavour whilst males used for mating were 

constantly fed on strawberry, so that any potential nutritional differences in 

flavour would not affect any results, most importantly that of sperm and 
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spermatophore traits. Water was sprayed on lids of the containers weekly for 

humidity and hydration.  

Laser sintering 

Life-like models were created from CT scans of male cockroaches from Durrant et 

al. (2016). One file each from G. oblongonota and A. insignis was chosen at 

random and edited using 3DS Max (Computer software, Autodesk, USA) to 

create a solid mesh and converted to stereolithography (.STL) files suitable for 

laser sintering. Control models were formed using AutoCAD (Computer software, 

Autodesk, USA) to create a rectangular cuboid similar in size to the life-like 

models. The dimensions of the control models were set at the mean width, 

length and height of the two species individuals which provided the CT scans. 

Files were sent to print in a Formiga-P100 laser sintering machine (EOS, 

Germany) using Nylon-12 powder chosen for its absorbency, lack of odour and 

take to colour dyes. After a 6-hour printing phase models are found within the 

powder block and cleaned using pressured air and water to remove any loose 

powder.  

Behavioural response to 3D laser sintered models 

Pilot trials were conducted to test cockroach response to 3D laser sintered 

models to see if cockroaches interact and perceive them as conspecifics, in order 

to use models in choice experiments. To do this 3D models, from CT scans of 

male G. oblongonota and A. insignis, were created as representatives of the 

species. Live males from both species were introduced to the models in various 
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trials in relation to colour, texture, control objects, background contrasts and 

cuticular hydrocarbon scent to see if males would display  behaviors towards the 

models as they would a conspecific, and to find out what visual stimuli are 

required for a successful interaction. Male cockroaches were used in these trials, 

as the supply of females was limited. We used males under the assumption that 

male and female vision, perception and general behaviour does not differ, and 

hence that, if a male recognises a model cockroach as a conspecific then a 

female will also respond in a similar manner. 

Arena set up 

Trials took place under red light to allow for natural nocturnal behaviour to occur 

in a clear 17 x 14.5 x 10 cm Perspex arena placed inside a polystyrene box to 

diffuse noise, with an open-top for video recording. A white piece of paper with a 

black cross in the middle for camera focus drawn in pen was placed on the area 

floor and changed every trial. The paper allows for easy removal of cockroach 

scent between each trial as well as a surface for the cockroach to walk on. A 

further piece of white paper was used upright in the middle of the area to create 

a partition barrier between the live male and the models; this was removed 

before interactions were recorded (see Appendix Figure. A). A clamp and stand 

held a video camera (HDRXR 160 EB, Sony, Japan) over the arena to give an aerial 

view recording of the interactions and a directional microphone (MKH70, 

Sennheiser, Germany) was placed through a 3cm hole in the polystyrene box up 

to a mesh-covered hole in the arena and connected to a solid-state recorder 

(PDM660, Marantz, Japan) to record any hisses.  



29 
 

Colour trial protocol 

In this first experiment, the aim was to establish whether cockroaches can detect 

and respond to objects which resemble conspecifics visually, and whether colour 

affects this response. A. insignis (n= 60) and G. oblongonota (n= 60) male 

cockroaches were exposed to life-like and control models in each of three 

treatments: plain white undyed, matt brown dyed, to represent real cockroach 

cuticle colour but not gloss, and shiny brown, dyed and sprayed to represent the 

real colour and shine of the cockroach cuticle (Figure. 3). To dye the models, RIT 

dark brown powdered clothing dye was mixed with water as per instructions and 

heated under a hot plate. Models were then submerged in the boiling dye and 

left 24 hours for the colour to take, then oven dried. Dye was chosen due to its 

easy take to the nylon-12 models, and because it has no odour that could affect 

cockroach behaviour. Shiny models were sprayed with Plasticote clear shine, 

chosen for its aquarium safe recipe so no toxins or odour would affect cockroach 

behaviour. Colour and level of gloss were matched to cockroaches by eye, under 

the assumption hissing cockroaches don’t have strong visual senses due to their 

nocturnal behaviour (Mishra & Meyer-Rochow 2008). 

For each of the three colour treatments, cockroaches were randomly subjected 

to either the control or the life-like model to observe interactions. These 

cockroaches were then subjected to the corresponding life-like or control model, 

with the same treatment, at a later date, in a paired design. The time between 

the first and second trial for each cockroach was the same for each individual. 

Half of the trial population was given control models first, then life-like models  



30 
 

  

Figure. 2 (a)Gromphadorhina portentosa, (b) Princisia vanwaerebeki, (c) Elliptorhina javanica, 

(d) Gromphadorhina oblongonota, (e) Aeluropoda insignis males. Ruler scale in cm. 

(a) (b) (c) 

(d) (e) 

Figure. 3 A. insignis life-like (a), control (b) and G. 

oblongonota life-like (c) models remaining white (left), 

dyed matt brown (centre) and dyed brown and coated 

shiny (right) for visual experiments. Ruler scale in cm. 

(a) 

(b) 

(c) 
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and the other half of the population were given the life-like models first. All trials 

were carried out between 9:00hrs and 17:00hrs.  

Male cockroaches were removed from their housing with gloved hands and 

placed in one of the divided sections of the arena and left to acclimatise for 5 

minutes with the model in the other divided section. The side of the arena in 

which the model and cockroach were placed was randomly switched. Video and 

audio were set to record just before the trial started and the barrier lifted. Trials 

were then recorded and terminated after 15 minutes. If cockroaches tried to exit 

the arena, they were tapped gently on their antennae or head to encourage 

them to return to the arena floor or they were picked up and placed back on 

their side of the arena. After each trial cockroaches were placed back 

in their housing, the paper was replaced, and models were cleaned by rigorous 

shaking in distilled water for 5 minutes to eliminate any cockroach odour. Video 

and audio were reviewed once trials were complete using a modified version of 

Durrant et al’s (2016) male-male interaction ethogram in Jwatcher 1.0 (Table. 1).  

Background contrast protocol 

In this second experiment, the aim was to establish whether background 

contrast effects whether cockroaches can detect and respond to objects which 

resemble conspecifics visually. 

To test whether contrast of models against the background mattered, matt 

brown life-like models, matt brown controls and white life-like models were  
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Table. 1 Ethogram of behaviours recorded during visual, background and scent 

experiments to look at cockroach interactions with models. Adapted from 

Durrant et al. (2016). 

Observed 

Behaviour 

JWatcher 

Category 

Definition 

Approach State A head-on walk towards the model. 

Stationary State A cease in all movement. 

Retreat State A swift movement away from the model after 

approach or interaction. 

Low Posture State Flattening the body low to the ground and 

tucking antennae and legs under the body. 

Antennation State Contacting the model with one or both 

antennae. 

Contacting State Contacting the model with any body part other 

than the antennae. 

Antennal thrashing Event A quick strike to the model using the antennae. 

Hiss Event Hissing directed towards the model. 

Butt Event A forceful motion, contacting the model with 

the head and pronotal shield. 

Flip Event Forcibly turning the model around or over on 

to its side. 

Abdominal 

thrashing 

Event Vigorous shaking of the abdomen towards or 

on to the model.  

Walk over Event Walking over the model, approaching from the 

head across its body and back towards the 

head.  

Movement State General movement in no relation to the 

model. 
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shown to A. insignis (n= 30) and G. oblongonota (n= 30) males on either a white 

or black paper background. Cockroaches were randomly subjected to white or 

black backgrounds with one of the models to observe interactions. These 

cockroaches were then subjected to the opposite background colour with the 

same model, at a later date, to get paired results to see whether interactions of 

the individual for each of the models differed on white and black backgrounds. 

The time between the first and second trial for each cockroach was the same for 

each individual. Half of the trial population was recorded on black backgrounds 

first, and the other half on white backgrounds first. All trials were carried out 

between 9:00hrs and 17:00hrs.  

Protocol and data collection for male A. insignis and G. oblongonota individuals 

was identical to the first experiment.  

Scent trials 

In this experiment, the aim was to establish whether cockroaches can detect and 

respond more strongly to objects which resemble conspecifics when male or 

female scent is added to the models, and whether sex specific scent affects this 

response. Cuticular hydrocarbons were extracted from individuals via a non-

lethal water-based method, following Roux et al. (2009).  Scents were collected 

from five males per species through vigorous shaking of individuals in 500ml 

wide neck PP bottles (Aslon) filled with 100ml distilled water for 5 minutes. The 

supernatant (~5ml) was collected then rehydrated in 100ml distilled water for 

trials when needed. Male scent was mixed together for each species to create a 

generalized scent emulsion to minimise the effect of individual variation. 
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Another set of scents were extracted from five females using the same method. 

The emulsions were applied to the models using the same process of vigorously 

shaking the model in the emulsion for 5 minutes and leaving them to air dry to 

fix the scent to the models. The water based method was chosen due to being 

non-lethal and easy to carry out, as alternative solvent based methods require 

detailed steps with equipment and chemicals not accessible for this research 

(Roux et al. 2009; Turillazzi et al. 2010; Gerhardt et al. 2015; Inui et al. 2015). 

Matt brown models were used for these trials after finding males of both species 

respond well to them. Individuals A. insignis (n= 30) and G. oblongonota (n= 30) 

males were then randomly given matt brown life-like models, painted with male 

scent, female scent or distilled water (control). All trials were carried out 

between 9:00hrs and 17:00hrs.  

Protocol and data collection for male A. insignis and G. oblongonota individuals 

was identical to the first experiment.  

Weaponry manipulation: male response and female 

choice 

Two-way choice trials were conducted to test whether females have any 

preference towards males based on weaponry size, independently of any other 

cues (e.g. behavioural, olfactory or body size-related). To do this, models were 

manipulated to have either reduced, standard-sized or longer horns. Male 

response to weaponry size in conspecifics was also tested in the same way using 

two-way choice trials. Matt brown models were used as the experiments one 

and two above showed that cockroaches do interact with them as they would a 
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conspecific. Scent was not used as the scent extraction experiments did not 

increase behavioural response.  

Both G. oblongonota and A. insignis cockroach horn sizes were manipulated 

using the 3DS Max Autodesk software, CT scans were uploaded into the program 

and adapted using a variety of different tools, first an edit poly modifier was 

applied to the surface of the cockroach generating over 600 points (vertices) on 

the cockroach that could be manipulated. The cockroaches were then scaled up 

to the largest male body length for each of the two species (Body length: A. 

insignis = 7cm, G. oblongonota= 8.5cm). The CT scans at this scale had horns 

which were close in length (within 3%) to the length predicted, based on body 

length, according to Durrant et al. (2016). Unmanipulated models printed at this 

scale were used in the standard-sized horn treatment. For horn manipulation, 

vertices at the tip of the horns were then selected with the soft selection tool 

applied with a falloff distance of 7mm, generating a mesh over the horns with 

the ability to effect all vertices in its selection zone so that when one vertex is 

moved they all move in relation to it, with vertices at the edge of the falloff zone 

moving less than those closer to the selected vertex stretching it from the base 

up (Figure. 4). The movement tool was selected and used to pull and stretch the 

horns to the maximum and minimum absolute horn lengths found in each 

species population (Durrant et al. 2016), while measuring the lengths with a 

guide block. In A. insignis due to naturally having very reduced horns and 

different shield shapes, the shield’s outer edge with raised nodules was also 

stretched or reduced, to test if the shield size is a weapon or ornamental trait  
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Figure. 4 Manipulation of horn size using 3DS MAX for A. insignis (left) and G. 

oblongonota (right). Mesh is selected around the horns to manipulate to the 

appropriate size using guide blocks set at chosen measurements (seen in top right 

image). Colour of the highlighted area indicates natural peaks and dips in the horns 

structure and keeps them in proportion whilst manipulation is carried out, so 

structure is not lost but is reduced or exaggerated as desired. Square grids are 2x2 

cm.  

Figure. 5 Manipulation of shield ornaments in 3DS MAX for A. insignis. Square grids 

are 2x2 cm.  
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(Figure. 5).  All other traits including body size of the models remained the same 

so horn size and A. insignis shield size were the only parts manipulated. These 

files were then exported as STL. files for laser sintering and dyed in the same way 

as the pilot models above.  

Trials took place under red light to allow for natural nocturnal behaviour to occur 

in a white Perspex Y-maze with 20 x 12cm sections partitioned with paper and an  

open top for video recording. White paper was placed on the floor of each 

section of the Y-maze and changed every trial. Vaseline was placed at the top of 

the Y-maze to discourage cockroaches from escaping. If cockroaches tried to exit 

the arena, they were tapped gently on their antennae or head to encourage 

them to return to the arena floor or they were picked up and placed back in the 

main section of the Y-maze. A video camera was held on a stand over the arena 

to give an aerial view for recording choice and any interactions.  

Female choice trials 

Female A. insignis (n= 50) and G. oblongonota (n= 50) cockroaches were 

randomly selected to receive a two-way choice trial involving either standard-

sized horn models and long-horned models, or standard-sized horned models 

and short horned models. All trials were carried out between 9:00hrs and 

17:00hrs.  

Female cockroaches were picked up with gloved hands and placed in the main 

section of the Y maze to acclimatise for 5 minutes. In the two Y maze division 

sections, the standard-sized horned model and either long or short horned 

model were placed at either side section. The section in which each model was 
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placed was alternated to control for any bias of side preference. Videos were set 

to record just before the trial started and the barriers were removed 

simultaneously. Trials were terminated after 10 minutes to allow time for a 

response. The type of model approached first (when the female crosses over the 

border of the models section), the type of model interacted with first 

(antennation or contact) and any unexpected behaviour such as hissing, 

thrashing, attempting to shove or roll the model were noted in real-time. After 

each trial cockroaches were placed back in their housing, paper was replaced in 

each section and the models were cleaned by rigorous shaking in distilled water 

for 5 minutes to eliminate any cockroach odour and replaced. Video footage was 

then reviewed once trials were complete. Total interaction times for the two 

model choices were recorded using JWatcher 1.0 (Table. 2).  

Male choice  trials  

Male A. insignis (n= 50) and G. oblongonota (n= 50) cockroaches were randomly 

subjected to either standard-sized horned models and long horned models or 

standard-sized  horned models and short horned models in two-choice trials. All 

trials were carried out between 9:00hrs and 17:00hrs and completed in the same 

way as the female two-way choice trials above. As with the female choice 

experiment, the type of model approached first, the type of model interacted 

with first and any unexpected behaviour were noted in real-time. After each trial, 

the cockroach’s body length was measured to find most males were of a similar 

length, few males were of short lengths and few males of long lengths. Males  
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Table. 2 Ethogram of recorded interactions during two-way choice trials. 

Observed 

Behaviour 

JWatcher 

Category 

Definition 

Movement State General movement in no relation to any of the 

models. 

Stationary 

(centre) 

State A cease in all movement in the centre area.  

Stationary 

(standard-size) 

State A cease in all movement in the standard-size 

horn model segment. 

Stationary 

(manipulation) 

State A cease in all movement in the manipulated 

horned model segment. 

Approach 

standard-size 

horn models 

State A head-on walk towards the standard-size 

horned model. 

Approach 

manipulated 

horn models 

State A head-on walk towards the manipulated 

(small or large) horned model. 

Standard-size 

horn models 

interaction. 

State All forms of interaction; contacting model 

with antenna or other body parts, butting or 

flipping the model with force using their head, 

hissing, thrashing abdomen at or on model, 

walking over model, lowering posture to the 

ground or deliberately retreating away from 

model after interacting or approaching. 

Manipulated 

horn model 

interaction. 

State All forms of interaction; contacting model 

with antenna or other body parts, butting or 

flipping the model with force using their head, 

hissing, thrashing abdomen at or on model, 

walking over model, lowering posture to the 

ground or deliberately retreating away from 

model after interacting or approaching. 
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were categorized into small, medium or large to see if responses to the large 

models changes with size, as males tend to challenge those of a similar match 

(Schal et al. 1984; Clark & Moore, 1995a,1995b; Durrant et al. 2016; Hunsinger et 

al. 2017). Video footage was then reviewed once trials were complete. Total 

interaction times for each model presented were recorded using JWatcher 1.0.  

Post-copulatory trait investment  

Post-copulatory trait comparisons among five hissing cockroach species (G. 

oblongonota, G. portentosa, E. javanica, A. insignis, P. vanwaerebeki) were  

conducted to establish the level of sperm competition hissing cockroaches face, 

whether this differs between the species, what post-copulatory traits are 

influenced by sperm competition and whether there is a trade-off between post-

copulatory traits and horn length. Understanding differences among individual 

post-copulatory traits can help depict the strategies these species choose by 

looking at trait investment. If species do not differ it is likely they are under 

similar strengths of sperm competition. MtDNA was taken from each of the 

species to create a phylogenetic tree so a phylogenetic-correlated analysis of 

trait values could be completed.  

Hissing cockroach phylogenetic analysis  

Two males and two females from each of the five species, along with a sixth 

species E. distanti as an outgroup for phylogenetic analysis, were humanely 

euthanized by freezing for 30 minutes at -18 °C prior to dissections. The back 

four legs were then removed from the body with scissors and the muscle tissue 

pried away and extracted with tweezers and put into an Eppendorf tube on ice. 
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Leg muscle was used to extract MtDNA following Bourguignon et al. (2018). 

Homogenization buffer along with four Precelly beads were then added to the 

samples and placed in Precelly’s evolution tissue homogenization machine 

(P000062-PEVO0-A) to homogenise on a hard setting (8000rpm, 8 x 15sec cycle, 

15sec pause). Salt extraction method for small-scale isolation of mitochondrial 

DNA was then carried out (see Ahmad et al. 2007). To amplify isolated MtDNA, 

the samples then went through PCR using 12S MtDNA primers (see 

Kambhampati & Smith, 1995). A sample from each of the PCR products was run 

on a gel to check for sufficient product before sending the sample off for 

sequencing at Macrogen Inc. (Amsterdam Netherlands). Sequences were then 

quality checked and clean sections were taken and blasted through the GenBank 

database (NIH genetic sequence database) to check sequences have a match to 

those published by Bourguignon et al. (2018). Unsuccessful or messy sequences 

were not included and samples from new individuals were taken and sequenced 

as replacements.  

Neighbour adjoining trees, parsimony trees, distance-based and bootstrapped 

trees were then created to find the best fitting tree that had the outgroup in the 

correct place and results best match those of published trees (Kambhampati & 

Smith, 1995; Inward et al. 2007). To check species lines were not contaminated, 

all samples were used to make sure samples from each species clustered 

together. Once the quality of the samples was confirmed, the cleanest longest 

sequence from each of the species was used to represent the species to create a 

phylogenetic tree used for sperm trait analysis (Figure. 6). 
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Figure. 6 (a) Distance-based tree with Eublaberus distanti as an outgroup to the five 

hissing cockroach species, numbers represent likelihood from 100 bootstrapped trees. 

(b) Reduced tree without outgroup E. distanti, used for phylogenetically independent 

analysis of post-copulatory traits among hissing cockroach species.  

(a) 

(b) 

97 

86 100 

(b) 



43 
 

Sperm data collection 

Mating protocol 

Mating took place under red light to allow for natural nocturnal behaviour. Virgin 

males and females from isolated stock were placed into a Perspex arena set up 

identical to experiment one. This footage was then later used to calculate total 

copulation time for analysis. Mating interactions took place for roughly 15-30 

minutes depending on whether the male and female both engaged with one 

another and successfully mated. Videos were terminated once mating was 

complete. Trials were stopped after 10-20 minutes if one or both individuals 

were not interacting with one another. Males and females were both replaced 

upon each unsuccessful or successful interaction, with the exception when stock 

became low. Where males were trying to mate with females unsuccessfully just 

the females were replaced in hope that the male would continue to court the 

new female to increase mating success. Mating’s were carried out until 3-4 

successful mating’s were obtained per species (G. oblongonota n= 3, G. 

portentosa n= 4, E. javanica n= 3, A. insignis n= 4, P. vanwaerebeki n= 3).  

Upon successfully mating, males and females were then humanely euthanized by 

freezing for 20 minutes. Males were weighed to the nearest 0.001g and their 

body length (from the top of their head to the end of the last body segment), 

shield width (bottom of the shield at the straightest point) and horn length were 

measured using dial callipers in millimetres. Males were then dissected to extract 

and weigh both left and right testes. Male ventral plates were cut off from the 

abdomen using scissors to open up the cockroach. Fatty tissue was pulled away 
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at each side of the last third of the abdomen, using a dissection pin, until testes 

at either side were visible. Testes could then be detached from the body by 

gently cutting away with the pin. Any remaining fat on the testes was removed 

before obtaining fresh weight of both right and left testes to the nearest 0.001g 

and stored in 10% formalin/PBS solution. Body weight and testes weight were 

then used to calculate mean relative testes mass (RTM) to account for body size 

effects on testes size. 

Sperm extraction and preparation 

Once the female was euthanized, the spermatophore placed by the male inside 

the female's primary genital pouch was quickly identified and removed. Females 

were placed on their dorsal side and the ventral plates were cut off and valves 

disconnected to expose the internal organs. The spermatophore could be 

detected easily at the end of the abdomen, half exposed and half in the genital 

pouch. Fatty tissue was gently moved away to expose the whole female 

reproductive structure. The genital pouch that contains the spermatophore was 

removed by cutting away from the rest of the body and picked up using 

tweezers. The spermatophore, partially exposed, was pulled out neatly using 

dissecting tweezers. In all but one of the hissing cockroach species (A. insignis) 

the spermatophore has an extra rubberised mass that fills the genital pouch; this 

part attaches itself to the female's pouch and is removed carefully with scissors. 

This mass of the spermatophore does not contain spermatozoa. Both parts of the 

spermatophore were photographed for measuring length and width to the 

nearest 0.001cm and weighed separately to the nearest 0.001g. The part that 
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contains the sperm was then placed in an Eppendorf tube with 1ml of PBS and 

broken apart with dissection pins to release the sperm. 

From these sperm stocks, 300µl sub-sample was taken and fixed in 200µl 

formalin for concentration counts to work out sperm number. Another 300 µl 

was taken and mixed with 300 µl of Mitotracker Green dye to stain the 

mitochondria before being fixed in 10% formalin solution for morphology 

analysis. All samples were stored at room temperature in polystyrene boxes to 

prevent light exposure.  

Sperm morphology 

For all species, 5µl of sperm of each male was mixed with 2.5µl of Hoechst-33342 

to stain the nuclear DNA (to highlight the head of the sperm) on a coverslip 

before being placed on a microscope slide and positioned on the microscope 

(ZEISS Exciter wide field). The stained sperm was viewed at 20 x 0.75 

magnification and ten random healthy sperm, where morphology could be seen 

clearly for accurate measurement, were photographed using the attached HAL 

100 camera, to provide a good estimate of within-male variation for trait lengths 

(Kleven et al. 2008). Photographs were taken under FITCI and DAPI fluorescent 

channels for each of the ten sperm per male to highlight the acrosome, head and 

tail of the sperm clearly (Figure. 7). ImageJ was then used to measure different 

sperm traits from the images to the nearest 0.001µm: (i) acrosome length, (ii) 

head length, (iii) tail length, (vi) total length. For each sperm trait, a mean from  
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Figure. 7 Image of Hissing cockroach G. portentosa sperm 

under fluorescent light channels, head is stained blue, the 

tail and acrosome either side of the head is stained green 

making the sperm traits visible for measurement.  
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three measurements was taken per individual sperm. From this, a mean for each 

sperm trait per male was calculated to the nearest 0.001um. Sperm 

measurements where highly repeatable for acrosome, head, tail and total length 

(ANOVA: F= 2.22, df= 9, R2= 0.99, p < 0.0001; F= 2.23, df= 9, R2=0.992, p < 0.0001; 

F= 2.13, df= 9, R2= 0.985, p <0.001; F= 2.73, df= 9, R2= 0.985, p <0.001). 

Sperm count  

Sperm count samples for each male were mixed to displace the sperm that sank 

to the bottom of the Eppendorf tube. For each sample, 8µl were pipetted into a  

Neubauer cell counting chamber under a microscope (Labourlux S) at x10 

magnification under transmitted light. Sperm were counted by eye, using a 

clicker counter, in each section of the chambers until a full square had been 

counted. Counts where highly repeatable (ANOVA: F= 2.87, df= 2, R2= 0.999, p < 

0.0001). The sperm count and square sections were used to work out the 

concentration of sperm (concentration=number of sperm x 10000/number of 

squares).  

This was repeated until there were three concentrations per male to calculate 

mean sperm concentration. From this concentration total sperm number 

produced by the male could be estimated.  

Statistical analysis  

To explore the effects of cockroach interaction for both A. insignis and G. 

oblongonota on model colour (matt brown, shiny brown, white) between control 

and life-like models for each treatment category, paired interaction and the 
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interaction between each of these factors, generalised linear mixed effects 

models (GLMM) were conducted with individual subjects used as the random 

effect. Total time spent interacting and interaction time for each behaviour 

category, aggressive (butt, flip, abdomen thrash, hiss, walk over, antennal 

thrash), submissive (low posture, retreat) and exploratory (antennation, 

approach, contact) were compared. Data were log-transformed (natural) to 

normalise the distribution. 

To test whether background colour affects cockroach interactive response to 

models, GLMM analysis of the time spent interacting with models (life-like matt 

brown, life-like white, matt brown control), background (black, white), species, 

paired interactions and the interaction between each of these factors were 

conducted with individual subjects used as the random effect. Total time spent 

interacting and interacting time for each behaviour category aggressive, 

submissive and exploratory were compared. Data were log-transformed (natural) 

to normalise the distribution. 

To understand if scent increases interactions with models for both species, 

GLMM analyses were used to compare the total time spent interacting and time 

spent interacting aggressively, exploratorily and submissively between male 

scented, female scented and distilled water scented models, species and the 

interacting between scented models and species with individual subjects used as 

the random effect. Data were log-transformed (natural) to normalise the 

distribution. 
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Two-way choice trials were conducted to understand if female and male G. 

oblongonota and A. insignis respond to horn size. First approach choice and first 

interaction choice were compared using Chi-square. The total time spent 

interacting with both models in each experiment were compared using intercept 

only models (Sefc et al. 2017; Muff et al. 2019). Due to A. insignis horns being 

reduced, pronotal shield size was also manipulated. For the intercept only 

models following Sefc et al. (2017), female interaction index (FII) from was 

calculated as (female interaction with standard-sized models - female interaction 

with manipulated models)/(female interaction with standard-sized models + 

female interaction with manipulated models) for each female to test whether 

the FII average in each experiment deviated significantly from zero and the male 

interaction index (MII) was calculated as (male interaction with standard-sized 

models - male interaction with manipulated models)/(male interaction with 

standard-sized models + male interaction with manipulated models) for each 

male to test whether the MII average in each experiment deviated significantly 

from zero. Deviations indicate bias towards either models, with positive values 

indicating standard-sized horns preference and negative values indication 

manipulated horn preference. As males varied dramatically in size, they were 

categorised in to large, medium and small groups to see if interactions differed 

between each size group. ANOVAS were conducted to see if body size of both G. 

oblongonota males and A. insignis males affected interaction choice. Both first 

choice and total interaction time are frequent methods used to analyse two-way 

choice (Sefc et al. 2017; Bulté, et al. 2018). 



50 
 

ANOVA was used to look at post-copulatory trait characteristics and horn length 

between hissing cockroach species, to find similarities and differences that could 

indicate different mating and trait investment strategies. Phylogenetic generalist 

least squares regressions (PGLSR) were conducted to explore relationships and 

patterns between post-copulatory traits of interest (relative testes mass, 

spermatophore weight, ampulla weight, sperm number), sperm characteristics 

(acrosome length, tail length, head length and total length), mating time, male 

weight and horn size between each species, whilst accounting for phylogenetic 

relationships. Male body size was used as a covariant. PGLS correlations were 

also used to look at the relationships between sperm characteristics across the 

five species of hissing cockroaches. 

All data were analysed using R Studio version 1.2.1335 (Boston MA). 

Phylogenetic trees were created using the packages ape (analyses of phylogenies 

and evolution 5.1) and phangorn (phylogenetic reconstruction and analysis 

2.4.0). PGLSR was conducted using ape 5.1 (with nlme 3.1) and geiger (analysis of 

evolutionary diversification 2.0) packages.   
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Results 
 

Behavioural response to 3D laser sintered models  

Colour trials  

Although individual males spent most of their total amount of time stationary 

(58%) or moving around the arena (29%) in the interaction, they displayed a wide 

range of behaviours directed at the models. The most common behaviours 

exhibited towards the models were apparently exploratory, such as using their 

antennae to touch the model (4%), making physical contact with their body (4%) 

or approaching the models (1%). Aggressive behaviours were less common, but 

included attempting to flip the model (0.05%), thrashing their antennae on the 

model (0.05%), hissing (0.02%), butting the model (0.1%),  thrashing their 

abdomen (0.23%) and walking over the model as a sign of dominance (1.45%) 

(Schal et al. 1984; Durrant et al. 2016). Submissive behaviours were also less 

common but included lowering their posture to the ground and tucking in their 

antennae (2%) and retreating from the model upon approaching it (0.1%).  

Male cockroaches spent a greater amount of time interacting with life-like 

models compared to control models, the total time spent interacting with the 

models during colour trials significantly differed depending on the shape of the 

models, independently of other factors (Table. 3, Figure. 8a). Total time spent 

interacting was not affected by model colour and species (Table. 3). However, 

the interaction between species and colour was significant, with A. insignis males 

spending  
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Table. 3 General linear mixed effects models (GLMM) of the time spent interacting 

against model colour (matt brown, shiny brown, white), model shape (life-like or 

control), species (A. insignis, G. oblongonota), paired interaction and the interaction 

between each of these factors. Significant effects are highlighted in bold. Data had 

been log-transformed (natural) to normalise the distribution.  

 

Interaction Term Chi-squared df p 

Total time spent 

interacting 

Colour 2.982 2 0.225 

Shape 14.014 1 <0.001 

Species 0.36 1 0.548 

Colour x Species 6.231 2 0.042 

Colour x Shape  3.186 2 0.203 

Shape x Species 0.039 1 0.843 

Shape x Species x 

Colour 

1.644 2 0.439 

Exploratory interactions Colour 3.004 2 0.222 

Shape 14.071 1 <0.001 

Species 1.678 1 0.195 

Colour x Species 6.852 2 0.032 

Colour x Shape  0.713 2 0.7 

Shape x Species 0.069 1 0.791 

Shape x Species x 

Colour 

2.83 1 0.335 

Aggressive interactions Colour 3.421 2 0.18 

Shape 11.057 1 <0.001 

Species 0.062 1 0.803 

Colour x Species 2.568 2 0.276 

Colour x Shape  7.572 2 0.022 

Shape x Species 0.16 1 0.688 

Shape x Species x 

Colour 

0.406 2 0.816 

Submissive interactions Colour 6.09 2 0.047 

Shape 12.07 1 <0.001 

Species 0.106 1 0.744 

Colour x Species 9.288 2 0.009 

Colour x Shape  3.86 2 0.145 

Shape x Species 0.978 1 0.322 

Shape x Species x 

Colour 

7.029 2 0.029 
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Figure. 8 (a) Mean total time male cockroaches of both species combined spent interacting, 

(b) time spent conducting exploratory interactions, (c) time spent interacting aggressively (d) 

and time spent interacting submissively between life-like and control models. Error bars 

represent ±1SE. 

a b 

c d 
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less time interacting with white models and more time with matt brown models, 

and G. oblongonota males spending less time with white models and similar time 

with matt and shiny brown models (Table. 3, Figure. 9a). There was no significant 

interaction between the effects of the colour and shape of the models on the 

total amount of time spent interacting, nor was there between shape and 

species, or colour, shape and species (Table. 3).  

The time spent engaging in exploratory interactions significantly differed 

depending on the shape of the models, with male cockroaches spending a 

greater amount of time conducting exploratory interactions with life-like models 

compared to control models (Table. 3, Figure. 8b). Time spent conducting 

exploratory interactions was not affected by model colour or species 

independently (Table. 3). However, the interaction between species and colour 

was significant, with A. insignis males interacting less with white models and 

similarly with shiny and matt brown models, and G. oblongonota males spending 

differing amounts of time conducting exploratory interactions with models of 

each colour (Table. 3, Figure. 9b). There was no significant interaction between 

the effects of the colour and shape of the models on the amount of time spent 

conducting exploratory interactions, nor was there between shape and species, 

or colour, shape and species (Table. 3). 

Overall, the time spent interacting aggressively with the models during colour 

trials was significantly affected by the shape of the models, independently of 

other factors, with male cockroaches spending a greater amount of time  
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Figure. 9 (a) Mean total time male cockroaches spent interacting, (b) time 

spent conducting exploratory interactions, (c) and time spent interacting 

submissively (c) between matt brown, shiny brown and white coloured 

models for both A. insignis and G. oblongonota cockroach species. Error 

bars represent ±1SE. 
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interacting aggressively with life-like models compared to control models (Table. 

3, Figure. 9c). Total time spent interacting aggressively was not affected by 

model colour or species independently (Table. 3). There was, however, a 

significant interaction  

between the effects of model colour and model shape on total time spent 

interacting aggressively, with little aggressive interaction between control 

models and cockroaches interacting more aggressively towards matt brown life-

like models (Table. 3, Figure. 10). There was no significant interaction between 

the effects of the species and colour of the models on the total amount of time 

spent interacting aggressively, nor was there between shape and species, or 

colour, shape and species (Table. 3). 

The time spent engaging in submissive interactions significantly differed 

depending on the shape of the models, with male cockroaches spending a 

greater amount of time interacting submissively with life-like models compared 

to control models (Table. 3, Figure. 8d). Time spent interacting submissively with 

the models was also significantly affected by the colour of the models 

independently, with cockroaches spending a greater amount of time interacting 

submissively with matt brown models compared to shiny brown and white 

models (Table. 3, Figure. 11).  There was no effect on the time spent interacting 

submissively with cockroach species independently (Table. 3). There was no 

significant interaction between the effects of the colour and shape of the models 

on the total amount of time spent interacting submissively, nor was there 

between model colour and species (Table.3). There was a significant two-way 

interaction between the effects of model colour and cockroach species on the  
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Figure. 11 Mean time male cockroaches of both species combined 

spent interacting submissively between matt brown, shiny brown 

and white coloured models. Error bars represent ±1SE. 
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Figure. 10 Mean time male cockroaches of both species combined spent interacting 

aggressively between matt brown, shiny brown and white coloured control and life-

like models. Error bars represent ±1SE. 
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time spent interacting submissively with the models, with G. oblongonota males 

spending a particularly long time interacting with the matt brown models (Table. 

3, Figure. 9c). However, there was also a significant three-way interaction 

between species, model type and model colour: the increased time spent 

behaving submissively with the matt brown models by G. oblongonota males 

were more pronounced with the life-like models compared with the control 

models (Table. 3). 

Background contrast trials 

The results of the previous experiments showed that male cockroaches 

interacted more with life-like models over control models and generally matt 

brown models received more interactive responses and white models received 

less. To find out whether interactive responses were affected by the contrast of 

the models against the background colour, trials using a white life-like model, a 

matt brown life-like model and a matt brown control model were conducted on 

black and white backgrounds.  

The total time spent interacting during background colour trials significantly 

differed between model types, with male cockroaches spending a greater 

amount of total time interacting with matt brown life-like models compared to 

white life-like models and matt brown control models (Table. 4, Figure. 12a). 

Total time spent interacting did not differ with background colour or species 

independently, and there were no significant interactions between any of the 

main effects of model type, species or background colour (Table. 4). 
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Table. 4 General linear mixed effects analysis (GLMM) of the time spent interacting 

with models (life-like matt brown, life-like white, matt brown control), background 

(black, white), species (A. insignis, G. oblongonota), paired interaction and the 

interaction between each of these factors. Significant effects are highlighted in bold. 

Data had been log-transformed (natural) to normalise the distribution. 

 

Interaction Term Chi-

squared 

df p 

Total time spent 

interacting 

Model 13.912 2 <0.001 

Background 0.054 1 0.814 

Species 3.817 1 0.051 

Model x Species 4.028 2 0.133 

Model x Background  4.556 2 0.102 

Background x Species 0.504 1 0.477 

Background x Species x 

Model 

0.641 2 0.725 

Exploratory interactions Model 13.949 2 <0.001 

Background 0.253 1 0.614 

Species 4.225 1 0.039 

Model x Species 2.523 2 0.283 

Model x Background  3.378 2 0.184 

Background x Species 0.886 1 0.346 

Background x Species x 

Model 

2.888 2 0.235 

Aggressive interactions Model 8.733 2 0.012 

Background 0.091 1 0.762 

Species 2.706 1 0.099 

Model x Species 9.208 2 0.01 

Model x Background  3.577 2 0.167 

Background x Species 0.723 1 0.395 

Background x Species x 

Model 

7.29 2 0.694 

Submissive interactions Model 4.612 2 0.099 

Background 2.35 1 0.125 

Species 2.351 1 0.124 

Model x Species 4.997 2 0.082 

Model x Background  5.451 2 0.065 

Background x Species 2.923 1 0.087 

Background x Species x 

Model 

6.312 2 0.042 
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Model 

 
Figure. 12 (a) Mean total time male cockroaches of both 

species combined spent interacting, (b) time spent conducting 

exploratory interactions and (c) time spent interacting 

aggressively between matt brown life- like, matt brown control 

and white life like models. Error bars represent ±1SE. 
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A. insignis        G. oblongonota 

          Species 

Figure. 13 Mean time spent conducting exploratory interactions 

between A. insignis and G. oblongonota males. Error bars 

represent ±1SE. 

Figure. 14 Mean time A. insignis and G. oblongonota males spent 

interacting aggressively between matt brown control, matt brown life-

life and white life-like models. Error bars represent ±1SE. 
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Time spend conducting exploratory interactions was significantly different 

between model types and species independently (Table. 4). Cockroaches spent a 

greater amount of time interacting normally with matt brown life-like models 

compared to white life-like models and matt brown control models (Figure. 12b). 

G. oblongonota males spent more time interacting than A. insignis males (Figure. 

13). Time spent conducting exploratory interactions did not differ with 

background colour independently, and there were no significant interactions 

between any of the main effects of model type, species or background colour 

(Table. 4). 

The time spent interacting aggressively during background trials significantly 

differed between model types, with cockroaches spending more time interacting 

aggressively towards matt brown life-like models compared to white life-like 

models and matt brown control models (Table. 4, Figure. 12c). Aggressive 

interaction time did not differ between species or background colour 

independently (Table. 4).  There was no significant interaction between the 

effects of the models and background colour on the amount of time cockroaches 

spent interacting aggressively, nor was there between species and background 

colour, or background colour, model and species (Table. 4). However, there was 

a significant interaction between models and species on the time spent 

interacting aggressively, with G. oblongonota spending a greater amount of time 

interacting with the models and spending the most time interacting aggressively 

to the life-like matt brown models (Table. 4, Figure. 14). 
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There were no significant main effects of model type, species or background 

colour on the time spent interacting submissively, or any significant two-way 

interactions. There was, however, a significant three-way interaction, with A. 

insignis males spending more time interacting submissively with dull brown life 

like models, but more so when viewed against a black background. 

Overall, both A. insignis and G. oblongonota interacted more with the dull brown 

life-like model compared to the control and white life-like model, regardless of 

background colour, suggesting background colour and model contrast does not 

affect interaction response to models. 

Scent trials 

To find out whether interactive responses increased when scents are added to 

the models, trials using matt brown life-like models with distilled water (control), 

female scent and male scent were conducted. The results of the previous 

experiments showed that dull brown life-like models received more interactive 

responses from cockroaches and background colour does not affect the level of 

interactive response, therefore this model was chosen for the scent experiment.  

Overall, the total time spent interacting with the models during scent trials was 

not affected by model scent, nor species independently (Table. 5).  However, the 

interaction between species and model scent was significant, with A. insignis 

interacting similarly with each scent, and G. oblongonota spending a greater 

amount of time interacting with female scented models (Table. 5, Figure. 15a).  
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The time spent engaging in exploratory interactions significantly differed 

depending on the scent of the models, with cockroaches spending a greater 

amount of time conducting exploratory interactions with female scented models 

compared to male scented and control models (Table. 5). Time spent conducting 

exploratory interactions was not affected by species independently (Table. 5). 

However, the interaction between species and model scent was significant, with 

A. insignis spending a similar amount of time conducting exploratory interactions 

across the scented models, and G. oblongonota spending a greater amount of 

time conducting exploratory interactions with female scented models (Table. 5, 

Figure. 15b).  

The time spent interacting aggressively significantly differed between scented 

models, with cockroaches spending less time interacting aggressively towards 

female scented models compared to control and male scented models (Table. 5). 

Aggressive interaction time did not differ between species independently, nor 

was there a significant effect of model scent and species interaction on the time 

spent interacting aggressively (Table. 5). There were no significant main effects 

of model scent or species on the time spent interacting submissively, nor a 

significant two-way interaction between model scent and species (Table. 5).  

The results showed both heightened exploratory and lower aggressive 

interactions, though time spent interacting with the models varied between A. 

insignis and G. oblongonota. However, the overall response was not changed by   
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Table 5. General linear mixed effects analysis (GLMM) of the time spent 

interacting with female scented, male scented and distilled water scented 

models, species (A. insignis, G. oblongonota), paired interaction and the 

interaction between species and scented models. Significant effects are 

highlighted in bold. Data had been log-transformed (natural) to normalise the 

distribution. 

 

Interaction Term Chi-

squared 

df p 

Total time spent 

interacting 

Scent 4.857 2 0.088 

Species 0.549 1 0.458 

Scent x 

Species 

6.495 2 0.038 

Exploratory interactions Scent 10.455 2 0.005 

Species 2.625 1 0.105 

Scent x 

Species 

12.203 2 0.002 

Aggressive interactions Scent 12.763 2 0.001 

Species 3.078 1 0.079 

Scent x 

Species 

4.313 2 0.115 

Submissive interactions Scent 4.461 2 0.107 

Species 2.047 1 0.152 

Scent x 

Species 

0.606 2 0.738 
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Figure. 15 (a) Mean total time spent interacting and (b) time conducting 

exploratory interactions between distilled water, female and male scented 

models for both A. insignis and G. oblongonota males. Error bars represent 

±1SE.   
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the scents, suggesting this method does not increase male cockroach response 

to the models and will not be added to the models in the two-way choice 

experiments.  

Weaponry manipulation: female choice 

When G. oblongonota females were presented a two-way choice of a standard-

size horned model and a short horned model they had no preference for models 

they approached (small n= 12, standard-sized  n= 11) or interacted with (small n= 

10, standard-size n= 12) (X2= 0.043, df= 1, p= 0.834; X2= 0.181, df= 1, p= 0.663). 

Females interacted more with small horned models (Mean= 74680 seconds 

SEM= 23472.956 ) than the standard-size horned models (Mean= 69075 seconds 

SEM= 11488.448), but there was no preference of total interaction time for 

either model (intercept only model: estimate= 0.125, SE= 0.107, t= 1.174, p= 

0.252) (Figure. 16a). When presented a two-way choice of a standard-size 

horned model and a long horned model, females had no preference for the type 

of model they approached (large n= 11 standard-sized n= 11) or interacted with 

(large n= 11, standard-sized  n= 10) (X2= 0, df= 1, p= 1; X2= 0.047, df= 1, p= 

0.827). Females tended to interact with large horned models (Mean= 53381 

seconds SEM= 11937.864) more than standard-size horned models (Mean= 

37472 seconds SEM= 9741.894), but there was no difference in total interaction 

time for either model (intercept only model: estimate= -0.093, SE= 0.108, t= -

0.863, p= 0.397) (Figure. 17a).  
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Figure. 16 Female interaction preference in two-way choice experiments for (a) G. 

oblongonota and (b)  A. insignis. Values are plotted in rank order. Female interaction index (FII) 

values indicate the rate of interaction directed towards standard-horned models in relation to 

interaction directed to small horned models. Positive values= standard-horn preference. 

Negative values= small horn preference. Values are plotted in rank order. Each bar represents 

one two-way choice trial.  
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Figure. 17 Female interaction preference in two-way choice experiments for (a) G. 

oblongonota and (b) A. insignis. Female interaction index (FII) values indicate the rate of 

interaction directed towards standard-horned models in relation to interaction directed to 

large horned models. Positive values= standard-horn preference. Negative values= large horn 

preference. Values are plotted in rank order. Each bar represents one two-way choice trial.  
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When A. insignis was presented a two-way choice of a standard-size horned (and 

shield) and short horned models they had no preference for the type of model 

they approached (small n= 11, standard-sized  n= 8) or interacted with (small n= 

11, standard-sized n= 8);(X2= 0.473, df= 1, p= 0.491). Females tended to interact 

with standard-size horned models (Mean= 25191 seconds SEM= 13039.304) 

more than small horned models (Mean= 12169 seconds SEM= 3214.419), but 

there was no preference of total interaction time for either model (intercept only 

model: estimate= 0.017, SE= 0.127, t= 56, p= 0.581) (Figure. 16b). When 

presented a two-way choice of a standard-size horned model and a long horned 

model, females again had no preference for models they approached (large n= 

13 standard-sized n= 9) or interacted with (large n= 11, standard-sized  n= 9) (X2= 

0.727, df= 1, p= 0.393; X2= 0.2, df= 1, p= 0.654). Females tended to interact with 

standard-size horned models (Mean= 23128 seconds SEM= 6598.247) more than 

long horned models (Mean= 19622 seconds SEM= 4363.442), but there was no 

preference of total interaction time for either model (intercept only model: 

estimate= 0.095, SE= 0.119, t= 0.855, p= 0.401) (Figure. 17b).  

Overall females approached and interacted with both standard-sized and small-

horned models and standard-sized and large horned models the same amount of 

times and did not show a preference to horn size. 

Weaponry manipulation: male response 

Body size did not affect total time G. oblongonota males spent interacting for 

both the long vs standard horn size  (ANOVA: F= 6.278, df=2,2 p= 0.137) and the 

short vs standard horn size two-way choice experiments (ANOVA: F= 1.965, df= 
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2,2, p= 0.337). Body size also did not affect A. insignis males’ interactions for 

both the long vs standard horn size  (ANOVA: F= 2.333, df=2,2 p= 0.299) and 

short vs standard horn size two-way choice experiments (ANOVA: F= 12.741, 

df=2,2, p= 0.072). 

Both A. insignis and G. oblongonota males were presented with either a 

standard-size horned model and a short-horned model, or a standard-size 

horned model and a long-horned model. When G. oblongonota was presented a 

two-way choice of a standard-size horned model and a short horned model they 

had no preference for the type of model that they approached (small n= 15, 

standard-sized  n= 7) or interacted with (small n= 14, standard-sized n= 8) (X2= 

2.909, df= 1, p= 0.088; X2= 1.636, df= 1, p= 0.201). Males interacted with both 

the small horned models (Mean= 61696 seconds SEM= 11884.535) and standard-

size horned models (Mean= 52978 seconds SEM= 14284.934), but there was no 

preference of total interaction time for either model (intercept only model: 

estimate= -0.16, SE= 0.139, t= -1.151, p= 0.261) (Figure. 18a). When presented a 

two-way choice of a standard-size horned model and a long horned model, 

males had no preference for the type of model that they approached (large n= 

11 standard-sized  n= 8) or interacted with (large n= 13, standard-sized  n= 7) 

(X2= 0.473, df= 1, p= 0.493; X2= 1.8, df= 1, p= 0.179. Males again interacted with 

both large horned models (Mean= 37297 seconds SEM= 12755.71 ) and  
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Figure. 18  Male interaction preference in two-way choice experiments for (a) G. 

oblongonota and (b) A. insignis. Male interaction index (MII) values indicate the rate of 

interaction directed towards standard-horned models in relation to interaction directed to 

small horned models. Positive values= standard-horn preference. Negative values= small 

horn preference.  Values are plotted in rank order. Each bar represents one two-way 

choice trial.  
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Figure. 19 Male interaction preference in two-way choice experiments for (a) G. oblongonota 

and (b) A. insignis. Male interaction index (MII) values indicate the rate of interaction directed 

towards standard-horned models in relation to interaction directed to large horned models. 

Positive values= standard-horn preference. Negative values= large horn preference.  Values are 

plotted in rank order. Each bar represents one two-way choice trial.  
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standard-size horned models (Mean= 33487 seconds SEM= 8149.367), but had 

no preference in terms of total interaction time for either model (intercept only 

model: estimate = -0.17, SE= 0.128, t= -1.406, p= 0.172) (Figure. 19a). When A. 

insignis males were presented a two-way choice of a standard-size horned (and 

shield) models and a short-horned model they had no preference for models 

they approached (small n= 11, standard-sized  n= 6) or interacted with (small n= 

9, standard-sized n= 10) (X2= 1.47, df= 1, p= 0.225; X2= 0.052, df= 1, p= 0.818). 

Males interacted with both small horned (Mean= 14746 seconds SEM= 5207.47) 

and standard-size horned models (Mean= 16361 seconds SEM= 6524.769), with 

no preference of total interaction time for either model (intercept only model: 

estimate= 0.028, SE= 0.133,  t= 0.211, p= 0.834) (Figure. 18b). When presented a 

two-way choice of a standard-size  horned models and a long horned models, 

males had no preference for models they approached (large n= 12, standard-

sized  n= 8) or interacted with (large n= 11,  standard-sized n= 9) (X2= 0.8, df= 1, 

p= 0.371; X2= 0.2, df= 1, p= 0.654). Males interacted with large horned models 

(Mean= 32155 seconds SEM= 5783.23) and standard-size horned models (Mean= 

27116 seconds SEM= 12648.046 ), with no preference of total interaction time 

for either model (intercept only model: estimate= -0.007, SE= 0.094, t= -0.394, 

p= 0.697) (Figure. 19b).  

Overall males approached and interacted with all models the same amount of 

times and did not show a preference to horn size when presented with a choice 

of models to interact with. 
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Post-copulatory trait investment  

Hissing cockroaches significantly differed in horn length (ANOVA: F= 4.226, df= 

4,12, p= 0.023; Tukey multiple comparison test: p<0.05) with G. oblongonota 

having significantly longer horns than A. insignis, which had the smallest horns 

(see Table. 6) Relative testes mass significantly differed amongst the hissing 

cockroach species (ANOVA: F= 3.448, df= 4,12, P= 0.042; Tukey multiple 

comparison test: p<0.05), with E.  javanica having significantly larger relative 

testes mass and G. oblongonota having significantly smaller relative testes mass  

in relation to one another (see Table. 6). Copulation time between hissing 

cockroach species did not differ (ANOVA: F= 2.968, df= 4,12, p= 0.064), 

suggesting it takes a similar amount of time to transfer a spermatophore over to 

a female regardless of the species. Total spermatophore weight significantly 

differed between the hissing cockroach species, with A. insignis having 

significantly lighter spermatophores and G. oblongonota and G. portentosa 

producing the heaviest spermatophores (ANOVA:5.703, df= 4,12, p= 0.008; 

Tukey multiple comparison test: p<0.05, see Table. 6), but ampulla weight, 

where the sperm is stored, does not differ between the species (ANOVA: F= 

0.998, df= 4,12, p= 0.445). The number of sperm produced in a single mating 

differed significantly across hissing cockroach species, with A. insignis producing 

the least amount of sperm and E. javanica producing the greatest amount of 

sperm (ANOVA: F= 4.507, df= 4,12, p= 0.018, see Table. 6). The coefficient of 

variance between male’s sperm for each species were compared to see if 

variation within species differed significantly across species. All coefficient of 

variance for acrosome, head, tail and total length of sperm did not differ  
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Table 6. Post-copulatory trait characteristics and horn length means for five hissing 

cockroach species. Means followed by the same letter do not differ significantly 

(Tukey multiple comparison test, p> 0.05). RTM = Relative testes mass. SD= standard 

deviation. SE= standard error. 

Trait Species  Means SD SE 

Horn length 

(mm) 

A. insignis B 2.024 1.109 0.277 

 G. oblongonota A 5.434 0.322 0.107 

 G. portentosa AB 3.635 1.32 0.412 

 P. vanwaerebeki AB 5.093 2.339 0.779 

 E. javanica AB 2.197 0.322 0.107 

RTM (g) A. insignis AB 0.00731 0.001 0.0004 

 G. oblongonota B 0.00506 0.0007 0.0002 

 G. portentosa AB 0.00965 0.003 0.0005 

 P. vanwaerebeki AB 0.00737 0.001 0.0005 

 E. javanica A 0.0106 0.001 0.0003 

Total 

spermatophore 

weight (g) 

A. insignis B 0.0135 0.005 0.001 

G. oblongonota A 0.055 0.032 0.0109 

G. portentosa A 0.0512 0.003 0.0009 

P. vanwaerebeki AB 0.0383 0.011 0.003 

E. javanica AB 0.0183 0.0008 0.002 

Sperm number A. insignis B 2950833 277306.8 69326.71 

 G. oblongonota AB 3307778 470275.7 156758.58 

 G. portentosa AB 4054167 829468.3 201367.06 

 P. vanwaerebeki AB 3205556 645749.6 215249.88 

 E. javanica A 4951111 1041160.3 347053.44 

Sperm 

acrosome 

length (µm) 

A. insignis A 2.193 0.968 0.242 

G. oblongonota AB 2.936 1.12 0.373 

G. portentosa AB 3.276 0.357 0.089 

P. vanwaerebeki AB 3.2 0.109 0.036 

 E. javanica B 4.301 0.968 0.242 

Sperm head 

length (µm) 

A. insignis B 20.938 2.196 0.549 

G. oblongonota A 25.836 3.548 1.182 

G. portentosa AB 22.217 0.872 0.218 

P. vanwaerebeki B 20.18 1.455 0.485 

 E. javanica AB 21.678 2.196 0.549 
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between species (ANOVA: F= 2.511, df= 4,12,  p= 0.097; F= 1.409, df= 4,12, p= 

0.285; F= 2.012, df= 4,12, p= 0.156; F= 0.887, df= 4,12, p= 0.501). Therefore, 

species variation will not affect any between species analysis on sperm 

morphology characteristics. Sperm acrosome length did differ significantly 

between hissing cockroach species with E. javanica having a longer acrosome 

than A. insignis which had the shortest acrosome (ANOVA: F= 3.739, df= 4,12, p= 

0.033, Tukey multiple comparison test: p<0.05, see Table. 6). Sperm head length 

also differed across hissing cockroach species with G. oblongonota having the 

longer head in comparison to A. insignis and P. vanwaerebeki which had the 

shortest sperm head lengths (ANOVA: F= 3.779, df=4,12, p= 0.032, Tukey 

multiple comparison test: p<0.05, see Table. 6).  Sperm total length and tail 

length did not differ between each of the hissing cockroach species (ANOVA: F= 

0.719, df= 4,12, p= 0.595; F= 0.647, df= 4, p= 0.639).  

There was no relationship between male weight, horn length or copulation time 

with any of the sperm characteristics (acrosome length, head length, tail length 

and total length) (see Table.7).  Sperm number was not related to male body 

weight, horn length or copulation time (see Table. 7). There was also no 

relationship between total spermatophore weight or ampulla weight with male 

body size, male horn length or copulation time (see Table. 7). Male body size, 

horn length and copulation time did not relate to relative testes mass (see Table. 

7). This suggests time spent copulating between species does not affect any post-

copulatory characteristics and male horn length does not have any trade-offs 

with the post copulatory traits. This also shows that male weight did not affect  
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Table. 7 PGLS model estimates for relationships between sperm 

characteristics and male traits across five species of hissing cockroaches 

with body size as a covariate. SE= standard error. λ was set at best estimate. 

 

Response variable Coefficient Estimate SE t- value P- value 

Acrosome length Male weight -0.662  0.402 -1.646   0.347 

 Horn length 0.85 0.764 1.113 0.465 

λ = 1 Copulation time -0.042 0.192 -0.217 0.863 

 Intercept  4.868 2.636  1.846   0.315 

Head length Male weight 1.972 1.201 0.896 0.534 

 Horn length -1.766 4.182 -0.422 0.745 

λ = 1 Copulation time 0.623 1.055 0.59 0.66 

 Intercept  7.531 14.42 0.522 0.693 

Tail length Male weight 6.121 3.588 1.706 0.337 

 Horn length -13.948 6.817 -2.045 0.289 

λ = 1 Copulation time 2.449 1.720 1.424 0.389 

 Intercept  254.065 23.507 10.807 0.058 

Total sperm length Male weight 8.909 6.235 1.428 0.388 

 Horn length -16.823 11.848 -1.419 0.39 

λ = 1 Copulation time 3.218 2.989 1.076 0.476 

 Intercept  2.63.201 40.852 6.442 0.098 

Sperm number Male weight -594975 598077 -0.994 0.501 

 Horn length 724880 1136419 0.637 0.638 

λ = 1 Copulation time -89210 206746 -0.311 0.808 

 Intercept  6275990 3918358 1.601 0.355 

Total spermatophore 

weight 

Male weight 0.008 0.005 1.499 0.374 

 Horn length 0.005 0.02 0.265 0.763 

λ = 1 Copulation time -0.002 0.006 -0.389 0.763 

 Intercept  0.011 0.084 0.139 0.911 

Ampulla weight Male weight -0.003 0.001 -2.085 0.284 

 Horn length 0.005 0.003 1.482 0.377 

λ = 1 Copulation time -0.001 0.0008 -1.59 0.357 

 Intercept  0.04 0.012 3.328 0.185 

RTM Male weight -0.002 0.0004 -5.689 0.11 

 Horn length 0.002 0.0007 3.585 0.173 

λ = 1 Copulation time -0.0007 0.0001 -3.941 0.158 

 Intercept  0.024 0.002 9.106 0.069 
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any post-copulatory trait characteristic so any relationships that are found have 

no relation to the varied body sized of the five species.  

When exploring the relationships between sperm morphology characteristics, 

PGLSR were conducted. Acrosome length showed no relationship with head 

length (PGLS: estimate= 1.961, SE= 1.402, t= 1.398, p= 0.395,  λ= 0.999), tail 

length (PGLS: estimate= 1.762, SE= 1.256, t= 1.402, p= 0.39, λ= 0.999) or total 

length of sperm (PGLS: estimate= -1.679, SE= 1.186, t= -1.415, p= 0.391, λ= 

0.999, see Table. 8). Therefore, acrosome length is independent of other sperm 

characteristics. Sperm head length was negatively related to tail length (PGLS: 

estimate= -0.895, SE= 0.053, t= -16.844, p= 0.037, λ= 0.999, see Table. 8). Sperm 

with longer tails have shorter heads when controlling for phylogenetic 

relatedness of species. Sperm head length and tail length were both positively 

related to total sperm length (PGLS: estimate= 0.852, SE= 0.031, t= -27.341, p= 

0.023, λ= 0.999; estimate= 0.949, SE= 0.022, t= -42.723, p= 0.014, λ= 0.999), with 

longer sperm having longer heads and tails when controlling for phylogenetic 

relatedness of species (see Table. 8). All sperm morphology characteristics have a 

strong phylogenetic signal suggesting traits are dependent on phylogenetic 

relatedness λ= 0.999.  

PGLSR were conducted to explore the relationships between sperm morphology 

characteristics and other post copulatory traits of interest (total spermatophore 

weight, ampulla weight, relative testes mass and sperm number) when 

controlling for phylogenetic relatedness of species. Acrosome length was not 

related to spermatophore total weight, ampulla weight or relative testes mass, 
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but was positively related to sperm number (see Table. 9, Figure. 20). Total 

spermatophore weight, ampulla weight, relative testes mass or sperm number 

were not related to sperm head length (see Table. 9). There was no relationship 

between tail length and total spermatophore weight, ampulla weight, relative 

testes mass or sperm number (see Table. 9). Total sperm length was also not 

related to total spermatophore length, ampulla length, relative testes mass or 

sperm number (see Table. 9). Overall no sperm characteristic length related to 

relative testes mass or total spermatophore weight.  
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Table. 8 PGLS correlations for relationships between sperm characteristics 

across five species of hissing cockroaches. Significant results highlighted in bold.  

Variables Acrosome 

length 

Head length Tail length Total 

length 

Acrosome length --------    

Head length -0.801 --------   

Tail length -0.858 -0.941 --------  

Total length  0.837  0.894 0.949 --------- 

Figure. 20  PGLS Relationship between sperm acrosome length and 

sperm number of five hissing cockroach species. Line estimate using 

PGLS data parameters (line equations y= -0.207+0.00008). 
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Table. 9 PGLS model estimates for relationships between sperm 

characteristics and post copulatory traits across five species of hissing 

cockroaches. RTM= relative testes mass. SE= standard error. Significant results 

highlighted in bold. λ was set at best estimate. 

 

Response 

variable 

Coefficient Estimate SE t- value P- value 

Acrosome 

length 

Total spermatophore 

weight 

8.183 29.093 0.825 0.608 

 Ampulla weight -105.155 236.984 -0.443 0.734 

λ = 1  RTM 335.179 370.706 0.904 0.532 

 Intercept  1.626 2.302 0.706 0.608 

λ = 1 Sperm number 0.00008 0.000002 -4.438 0.021 

 Intercept -0.207 0.806 -0.257 0.813 

Head length Total spermatophore 

weight 

61.804 11.845 5.217 0.12 

 Ampulla weight -795.538 96.483 -8.25 0.076 

λ = 1 RTM 355.434 150.926 2.355 0.255 

 Intercept  28.478 0.937 30.385 0.021 

λ = 1 Sperm number -0.00001 0.000003 -0.648 0.777 

 Intercept 25.465 10.403 2.447 0.091 

Tail length Total spermatophore 

weight 

-291.892 143.617 -2.032 0.291 

 Ampulla weight -2120.132 1169.844 -2.325 0.258 

λ = 1 RTM 2845.347 1829.947 1.554 0.363 

 Intercept  304.617 11.362 26.805 0.023 

λ = 1 Sperm number 0.0001 0.0000005 0.0214 0.984 

 Intercept 282.001 21.421 13.164 0.0009 

Sperm total 

length 

Total spermatophore 

weight 

-226.585 168.215 -1.346 0.406 

 Ampulla weight -4188.072 702.898 -5.958 0.105 

λ = 1 RTM 3819.254 1691.518 2.257 0.265 

 Intercept  341.868 12.495 27.36 0.023 

λ = 1 Sperm number 0.0001 0.0000007 -0.157 0.885 

 Intercept 313.902 27.965 11.224 0.001 
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Discussion 
 

Hissing cockroaches were found to interact with 3D models as a conspecific. 

Although, females and males did not have any preference of model interaction 

choice between manipulated weaponry in two-way choice experiments, 

suggesting horns as a signal alone are not related to male or female choice. 

When comparing post-copulatory traits and horn length, A. insignis, G. 

oblongonota and E. javanica had the greatest differences between species.  

Comparing sperm morphology and other post copulatory traits between the five 

species of hissing cockroaches, sperm total length was positively correlated with 

head and tail length, although sperm head length was negatively correlated with 

tail length across species. There was also a positive relationship between sperm 

acrosome length and sperm number. Though, most traits were similar across 

species, suggesting these species may have similar levels of post-copulatory 

sperm competition. These results start to build a picture of mating strategies and 

trait investment across hissing cockroach species. 

Model stimuli experiments 

G. oblongonota and A. insignis were chosen for the model and two-way choice 

experiments due to their opposing strategies and visual characteristics, based on 

the work of Durrant et al. (2016). Throughout the colour experiments, both A. 

insignis and G. oblongonota interacted more with the 3D laser sintered life-like 

model compared to the control, suggesting that both species potentially 

recognise the model as a conspecific. A. insignis and G. oblongonota also spent a 
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greater amount of time interacting using exploratory behaviours such as 

antennation and contact, aggressively by walking over and butting, and 

submissively by retreating and adopting a low posture more frequently with the 

life-like model compared to the control. Matt brown or shiny brown models, 

both of which mimic cockroach cuticle colour, received greater amounts of 

interaction generally, with white models receiving the least amount of attention. 

This difference in response could be a visual problem with the perception of the 

cockroaches, as experiments were conducted on a white background, potentially 

making it harder for the cockroaches to identify the white model and control. 

Hissing cockroaches rely less on sight and more on chemical and mechanical 

senses to view their environment; therefore, the contrast between model colour 

and background may affect their visual perception (Dixon et al. 2015). However, 

having large compound eyes, hissing cockroaches do have some sense of sight 

and can use low level light to detect and see their environment (Mishra et al. 

2008). 

The importance of background contrast was tested by exploring interactions with 

white and matt brown models on black and white backgrounds. Background 

colour did not affect cockroach interactions with the models, and matt brown 

life-like models were interacted with more than white life-like models or control 

models. Therefore, it is unlikely that background colour affected cockroach 

interactions. When cockroaches moult to their next instar, the cockroach 

becomes white and vulnerable before the cuticle has hardened. In this state, 

other cockroaches tend to avoid these individuals (pers. obvs.). Male A. insignis 
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and G. oblongonota may associate white life-like models with a recently moulted 

cockroach, which could explain these interactions. Submissive and aggressive 

interactions were rarely displayed throughout all trials. Visual cues alone may 

not threaten the male due to the model being stationary. Therefore, there is no 

need for males to act in a submissive or challenging manner as the model is not 

interacting with them. These results reveal that hissing cockroaches do recognise 

and interact with models as conspecifics. Generally, the matt brown life-like 

models, that mimic the hissing cockroach colour, provoked the greatest level of 

interaction. Models have been used on a range of taxa to answer a multitude of 

questions about specific traits to complex behaviours, including the response to 

visual cues in male aggression (Dziewaczynski & Leopard, 2010), as well as a 

range of other behaviours from mate choice to predatory behaviour (Rebora et 

al. 2004; Fan et al. 2009; Heinen-Kay et al. 2014; Locatello et al. 2015; Ferrante 

et al. 2017). Tinbergen (1951) used models ranging from life-like to circular 

shapes with and without red colouration to look at visual response to colour and 

shape in conspecific recognition and male aggression in the three-spine 

stickleback, Gasterosteus aculeatus. He found that colouration alone signalled 

male aggression as males acted aggressively towards any model shape with red 

colouration. There is less use of models on invertebrates and how they respond 

to models compared to other taxa, although model response by invertebrates is 

generally positive (Parish & Fowler, 1983; Frantsevich & Mokrushov, 1984; Gorb, 

1998; Rutowski et al. 2001; Domingue et al. 2011). 3D printed models of emerald 

ash borers Agrilus planipennis, attract female and more so males just as well as 

live beetles when displayed in traps compared to empty control traps, suggesting 
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models are perceived just as well as live individuals as conspecifics to both sexes 

of these species (Domingue et al. 2014). Models could provide a better 

alternative to dead or live insects as they have the potential to be perceived by 

individuals in the same way as conspecifics, creating and easy alternative to 

collecting live or dead specimens. 

An issue that can arise with model stimuli, is that individuals may become 

habituated as the model cannot interact with the subject. If the subject spends a 

long time with the stimulus, it may start to behave differently to it or completely 

ignore it. Habituation can also change preference of traits, as the subject loses 

interest due to long exposure (Rowland, 2000). This can be seen in guppies 

Poecillia reticulata where females are exposed to males of the same colour 

pattern. Females lose interest in those males and prefer males with differing 

colour patterns. The first colour preference then increased again once the female 

is left without males of any colour (Daniel et al. 2019). 

In the scent experiments, cockroaches spent less time interacting aggressively 

and a greater amount of time conducting exploratory interactions with female 

scented models. This is most likely due to the female scent, causing males to 

make contact and antennate with the female-scented model. As aggression is 

provoked by male-male competition, males may not feel challenged by female 

scent whereas visual cues of the model alone or with a male scent provokes an 

aggressive response. Sex specific scents are likely to create different signals to a 

male individual; therefore, males are likely to act differently with females. During 

courtship G. portentosa females produce sex pheromones that initially attract 
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the male (Fraser & Nelson, 1984). It is likely the extracted female scent has some 

attractive quality that could explain the increase in exploratory behaviour of the 

males with female scented models.  

Scent adds another signal to the model to become a multi-modal signal of both 

visual and olfactory cues, which could create a stronger interactive response to 

the model, as cockroaches have two signals to interpret and act upon (Ward & 

Mehner, 2010; KonDo et al. 2012). Another explanation could be that scent is  

stronger than visual signals, therefore interactions are strongly influenced by 

scent over the visual model, hence why interaction towards the model changes 

despite its visual appearance as a male (Dixon et al. 2015). This change in 

response shows that adding scent provokes a greater level of response in G. 

oblongonota and could be applied to other questions related to scent-based 

cues. Scent play a varied role in cockroaches and other insects providing signals 

for a range of different messages from sex and age, group aggregation, male 

quality, dominance and kin recognition (Fraser & Nelson, 1984; Roux et al. 2002; 

Lihoreau & Rivault, 2008; Hamilton et al. 2019). Female G. portentosa have been 

found to discriminate between male and female scent as well as determine age 

and dominance rank of males through scent cues, preferring the scent of mature 

dominant males, using scent as a cue for mate choice (Leibensperger et al. 1985). 

Although the results showed both heightened exploratory and lower aggressive 

interactions, time spent interacting with the models varied between A. insignis 

and G. oblongonota, with G. oblongonota displaying greater interaction times 

towards the male scented models. A. insignis spent a similar amount of time 
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interacting with male scented models, female scented models and the controls. 

Therefore, the response was not changed by scents, suggesting scent does not 

heighten response to models in this species. Alternatively, the water-based 

method used to extract the scent may have caused the lack of increased 

response from the hissing cockroaches. Roux et al. (2009) found that using 

water-based removal and application of hydrocarbons were quantitatively and 

qualitatively similar to solvent based removal and application. However, cuticular 

hydrocarbons act as water repellent compounds and due to their properties are 

not soluble in water, which could result in very little extraction success (Drijfhout 

et al. 2009).  Studies generally use hexane-based methods of extracting cuticular 

hydrocarbons, which is more reliable, as well as using gas chromatography-mass 

spectrometry to analyse the level of cuticular hydrocarbons extracted (Turillazzi 

et al. 2010; Gerhardt et al. 2015; Inui et al. 2015). Using a solvent based method, 

i.e. hexane instead of water, is likely to have a greater chance of extracting 

cuticular hydrocarbons, additionally using gas chromatography-mass 

spectrometry to test the levels of cuticular hydrocarbons extracted would show 

if the method was successful.  

Scent was not added to the models for the two-way choice experiments as the 

aim was to investigate visual signals alone. 

Female trait preference 

The overall results of the two-way choice tests suggest both A. insignis and G. 

oblongonota females do not have a preference regarding horn size. Females 

approached and interacted with both standard-sized and small-horned models 
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and standard-sized and large horned models the same amount of times. Total 

interaction times also did not differ between each two-way choice experiment. 

These results suggest females may not use horn length as a quality indicator 

trait. In nature, many armaments used for male-male competition are not a 

selective trait for the female (Gross, 1996; Wong & Candolin, 2005; Rios-

Cardenas & Morris, 2011; McCullogh & Simmons, 2016). It’s most likely that 

hissing cockroach horns are purely a weapon and are used to outcompete 

opponents in physical male-male competitions and are not assessed by the 

female when choosing a mate.  

Horns are generally used as a weapon in hissing cockroach species, with males 

using their horns to butt and flip, dominating their opponents to gain access to 

females (Schal et al. 1984; Durrant et al. 2016; Hunsinger et al. 2017). Horn 

function can be easily observed in the long-horned cockroach G. oblongonota, 

but not so much in the flat horned cockroach A. insignis which differ in their 

investment in horn length. G. oblongonota invests more in horn length than 

testes mass and A. insignis invests more in testes mass than horn size. These two 

species also behave very differently when competing with other males. G. 

oblongonota regularly engage in physical male-male competition and A. insignis 

relying more on hissing than engaging in physical combat (Durrant et al. 2016). A. 

insignis have greatly reduced horns compared to other hissing cockroach species, 

whereby they appear as small flat mounds rather than horns. Interestingly this 

species also has a pronotal shield that is flatter, more ornate and protrudes out 

slightly at either side of the head. This ornate pronotal shield along with male-
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male competitive strategy of auditory hissing rather than physical engagement 

makes it hard to assume its purpose is competition related, though the shield is 

known to be used to push opponents and objects(Durrant et al. 2016; Hunsiger 

et al. 2017).  

The results do not suggest any female preference in horn size and shield size 

alone. However, male weaponry can be indicative of other traits such as body 

size that allow the female to assess the males current condition or potential 

genetic quality. Many sexually selected traits tend to be isometric with body size, 

so that larger individuals have proportionately larger ornaments or armaments 

(Tseng & Rowe, 1999; Bonduriansky, 2007). However, sexually selected traits can 

also be positively allometric, where larger individuals have larger than expected 

ornaments, or can be negatively allometric (Bonduriansky, 2007; Painting & 

Holwell, 2013; McCullough et al. 2015; Voje, 2016). These patterns tend to 

emerge when there is a trade-off between traits and traits are affected by 

genetic constraints, when traits are honest signals. In the heliconia bug 

Leptoscelis tricolor, males have a positive allometric relationship between body 

size and weaponised hind legs, where larger males produce heavier hind legs for 

their body size compared to smaller males (Somjee et al. 2018). Weaponised 

hind legs are costly to produce, but the cost is reduced in larger males allowing 

then to produce larger than expected legs. 

In our experiments body size was not only controlled but only large male models 

were presented to females. If medium and small individuals with the same 

manipulated weaponry were also shown to females, we could assess whether 
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weaponry in relation to body size, body size alone or exaggerated weaponry is a 

selective trait. Acoustic hisses used in courtship may also be linked to horn and 

pronotal shield size and females may use this acoustic signal to interpret the 

male physical features or quality (Frazer & Nelson, 1984; Clark & Moore, 1995a; 

Logue et al. 2009). Concentrating more on pronotal morphological complexity 

and size, manipulating body size or adding mating hiss acoustics could help break 

down and understand what signals are related to female choice and understand 

the role of these traits, particularly pronotal shield morphological complexity. 

Male response to manipulated weaponry 

Both A. insignis and G. oblongonota males showed no difference in preference 

between models with manipulated and standard-sized horns, suggesting males 

may not assess other males based on horn length. It is likely horn length is only a 

small part of the signal males use to assess their opponent or themselves before 

deciding whether to challenge another male. Live males were categorized into 

small, medium, and large individuals, to see if their size affected their choice of 

model to interact with. There was no difference in either species for interaction 

times between small, medium or large males and the models. When a male 

interacts with a model, the model is stationary and does not respond as a live 

opponent might, which may have caused the male to stop interacting.  

Movement of models using robotics has been found to evoke a greater response 

than static visual signals of stationary models, in species where males physically 

interact and conduct behavioural displays, such as frogs (Preininger et al. 2013; 

Stange et al. 2016) and lizards (Clark et al. 2019; Frohnwieser et al. 2019). When 
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Allobates femoralis frog models have added movement, male aggression and the 

probability of attack increase compared to static models, and any movement is 

enough to elicit an attack (Luna et al. 2010). Without movement the model may 

not trigger strong or prolonged aggressive behaviour.  

Usually armaments are a signal to show competitors their strength and fitness 

without physical engagement or help the organism in combat. In male-male 

competition, assessment strategies can play an important part in contests. They 

can allow an individual to decide whether they are physically matched, assess 

their opponents in a mutual assessment or assess the individual’s own abilities in 

a self-assessment (Kelly, 2006; Elias et al. 2008; Schnell et al. 2015; Wofford et al. 

2015). This is beneficial as it can be costly to engage in contest behaviour, 

particularly if the odds are against them. Having multiple signals can aid in these 

decisions through increasing the response to one or both signals when displayed 

together (signal enhancement), or by providing the same information through 

multiple signals to backup that signal information (signal conformation), helping 

to better assess the odds of beating an opponent and to work out the most 

beneficial course of action (Johnstone, 1996; Cooper & Goller, 2004; Hebets & 

Papaj, 2005; Uetz et al. 2009). 

It is likely that both A. insignis and G. oblongonota produce multimodal signals 

that males use to assess opponents, such as body size, hisses and visual displays 

e.g. abdomen thrashing (Schal et al. 1984; Durrant et al. 2016; Hunsinger et 

al. 2017). If medium and small models with the same manipulated weaponry 

were also presented to the males, we could assess whether weaponry in relation 
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to body size, body size alone or exaggerated weaponry are signals in male-male 

competition. Antagonistic hisses used during male-male competition may also be 

linked to weaponry size or body size, and males may use this acoustic signal to 

interpret the oppositions physical traits or strength. In G. portentosa individuals 

hiss during male-male competition. Larger males produce lower frequency, 

longer hisses that cause smaller males to retreat (Clark & Moore, 1995b). Hiss 

duration and frequency can communicate male size that the males use to assess 

who is larger without physical contact. Only closely matched opponents engage 

in physical competition to determine who is dominant (Clark & Moore, 1994; 

1995a; 1995b).  

It is likely males could not assess and interact with the models in a similar way to 

live individuals due to missing multicomponent signals. Stomatopod 

Neogonadactylus oerstedii males have complex multimodal signals comprised of 

chemical, and visual cues that they display during contest, both these cues are 

used to assess their opponents fighting ability before deciding whether to 

engage in physical combat (Franklin et al. 2016). When either cue is taken away 

the decision response on whether to engage in offensive behaviours and speed 

of approach into competition changes. This is because males do not have all the 

information required to make an informed decision about its competitor and 

each signal separately only give part of the information required to make a 

beneficial decision.  
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Post-copulatory trait investment 

When comparing post-copulatory traits and horn length, the results showed both 

differences and similarities between hissing cockroach species. Horn length 

differed between the species with A. insignis having the most reduced horns and 

G. oblongonota having the longest horns. A. insignis horn reduction may have a 

link to environmental factors such as habitat, as A. insignis look the most 

different from the other species, having a dorsoventrally flattened body shape 

and are broad laterally, making then lower to the ground Not much is known 

about any hissing cockroach species’ natural habitat or the densities they live in 

(Clark & Moore, 1995a; Clark & Moore, 1995b; Sueur & Aubin, 2006). However, if 

A. insignis live in enclosed and narrow habitats, large horns may prevent them 

from fitting in to these spaces (Goodman et al. 2008; Tomkins et al. 2011). A . 

insignis and G. oblongonota are quite distantly related with A. insignis the second 

most distant of the 5 species and G. oblongonota the most recent of the species 

along with P. vanwaerebeki. This phylogenetic gap may have some influence on 

the difference in horn length we see G. oblongonota invest heavily in horn length 

at a cost to testes mass, using their horns when engaging in male-male 

competitions (Durrant et al. 2016). A. insignis males engage less in physical 

competition and more in hissing to win male-male interactions and invest heavily 

in testes mass at a cost to horn size (Durrant et al. 2016). This suggests the 

difference in horn size is linked to the reproductive strategy of the species. In 

Onthophagus beetles, some males have horns on their heads, while others do 

not. Horned males often use their horns to physically attack others during male-

male competition, while those without horns prefer to sneak copulations and 
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avoid competition. These different strategies relate to the horn phenotype of the 

beetles (Moczek & Emlen, 2000). This is most likely what is happening here with 

these two hissing cockroach species, where weaponry is only maintained at 

larger sizes, when it is used as a competitive strategy. Two species of closely 

related porcelain crabs Petrolisthes spinifrons and Petrolisthes mitra have 

different reproductive tactics like that of the hissing cockroaches, with P. mitra 

using male-male competition to gain access to females and P. spinifrons trying to 

copulate with females as the opportunity arises. Due to these differing 

strategies, P. mitra, which engages in male-male competition, have larger 

weapons, whereas P. spinifrons have reduced weapons (Baeza & Asorey, 2012).  

Amongst the hissing cockroach species relative testes mass (RTM) was the most 

reduced in G. oblongonota, this is consistent with the findings of Durrant et al. 

(2016), where G. oblongonota invest heavily in horn size resulting in reduced 

testes mass due to the trade-off between the two traits. This trade off occurs 

due to a limited amount of investment in resources between pre-copulatory and 

post-copulatory traits and the level of pre-copulatory competition a male faces, 

when winning mostly relies on pre-copulatory trait investment (Parker et al. 

2013).  

Interestingly E. javanica had the greatest RTM producing similarly weighted 

testes to the other species, though their body size is 45% smaller than the next 

largest species, A. insignis. In the yellow dung fly, Scathophaga stercoraria, males 

faced with intense sperm competition developed heavier testes than those 

experimentally restricted to monogamy (low sperm competition) (Hosken & 
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Ward, 2001). E. javanica are likely under intense sperm competition to develop 

their larger testes relative to their body size, and sperm competition is likely to 

be more extreme in E. javanica than other hissing cockroach species, due to their 

significantly greater RTM. E. javanica also produced more sperm than other 

species and had the longest sperm acrosome length. This investment strategy 

works under the raffle model, where the more sperm a male provides the 

greater the likelihood of his sperm fertilising the ova (Parker, 1982). Sperm 

competition is likely to be intense in this species, with males investing heavily in 

testes mass and sperm number in order to increase chances of fathering 

offspring (Gomendio & Roldan, 1991; Schulte-Hostedde & Millar, 2004).    

E. javanica horn length in in relation to their body size is similar to that of the 

other hissing cockroach species, with the exception of A. insignis, which have 

reduced horns. This is interesting as it seems there may not be a strong trade-off 

between RTM and horn length for this species, unlike previous findings in A. 

insignis and G. oblongonota (Durrant et al. 2016). However, to see whether a 

trade-off exists in E. javanica, within species variation would need to be 

explored. E. javanica are not only the smallest of the species, they are also more 

colourful, producing yellow and brown banded stripes compared to the duller 

colouration of other hissing cockroaches and are most distantly related to the 

other four species. This gap could explain the size and coloration of the 

cockroach, and its relationship with the other cockroaches may affect its traits 

depending on if the traits have a strong genetic relation. 
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Acrosome length was found to be positively related to sperm number. This 

pattern was quite unexpected as the acrosome is not usually associated with any 

post-copulatory traits like sperm number or influenced by sperm competition 

and is usually not included or combined with head length in studies (Johnson & 

Briskie, 1999; Bennison et al. 2008; Hermosell et al. 2013). The acrosome 

function in fertilisation is to initiate a reaction in the zona pellucida membrane to 

break through the egg’s protective barrier so that the sperm may enter. Across 

Muroid rodents, acrosome integrity calculated by the percentage of the 

acrosome that was intact pre-fertilisation, was positively correlated with sperm 

number, suggesting investment in sperm load positively relates to higher-quality 

sperm and the two trait investments are linked (Gómez-Montoto et al. 2011). 

High numbers of sperm in the oviduct could lead to polyspermy, where multiple 

sperm try to fertilise the egg at once. This can be a problem in some species, as 

the zygote contains more copies of chromosomes than required and is often 

deleterious causing death in the zygote. To prevent polyspermy, species either 

reverse their electrical charge across the egg’s surface once a sperm has fused 

with the egg or create a chemical barrier around the egg or thicken the existing 

barrier to prevent sperm from penetrating (Jaffe et al. 1982; Primakoff & Myles, 

2002; Halet & Wessel, 2004). Acrosome size could relate to acrosome reaction 

reducing the time it takes for a sperm to penetrate the egg (Eckelbarger, 1984; 

Familiari et al. 2007; Edward et al. 2015). Although it is not known if polyspermy 

is a problem in hissing cockroaches, it could explain why acrosome length is also 

longer when sperm number is greater. 
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A. insignis males produced lower quantities of sperm compared to the other 

species. This is unexpected as A. insignis invest heavily in RTM (Durrant et al. 

2016). RTM usually positively correlates with sperm number (Gomez-Montoto et 

al. 2011). However, this is not the case in A. insignis. A. insignis sperm also had a 

shorter sperm acrosome length and sperm head length than other cockroach 

species. Shorter sperm heads have been associated with more intense sperm 

competition with shorter heads being linked to longevity of sperm and increased 

swimming velocity in house sparrow Passer domesticus. (Helfenstein et al. 2010) 

and the superb fairy-wren Malurus cyaneus. (Calhim et al. 2011). It may be that 

this is true of A. insignis sperm and they invest in creating faster and/or longer 

living sperm rather than in numbers or length, as investment in individual traits is 

costly. Understanding what benefits A. insignis get from investing in testes mass 

is not clear from this study but could be linked to velocity or longevity of sperm, 

which requires investigation. A. insignis is the second most distantly related of 

the hissing cockroaches after E. javanica, and its relation to the other 

cockroaches may bare some explanation to the different trait investments not 

just sexual selective pressures. However, its reduced horn and mating strategies 

and investment trade-off, suggest sexual selection does play a large role in its 

differing traits (Durrant et al. 2016), but phylogeny may play a greater role in 

post-copulatory trait investment as post-copulatory traits were found to be 

highly dependent on phylogenetic relatedness.  

Interestingly sperm with longer tails have shorter heads across species when 

controlling for phylogeny. Generally, head length and tail length are positively 



97 
 

correlated, as longer heads help with sperm swimming velocity (Byrne et al. 

2003; Gomendio & Roldan, 2008; Mossman et al. 2009; Johnson et al. 2012). 

However negative relationships between sperm head and tail length has also 

been found to be associated with sperm competition and swimming velocity. In 

Piterian boars Sus scrofa domesticus, males that are highly fertile have sperm 

with shorter head length and longer tail length than males with lower fertilising 

capacity (Kondracki et al. 2012). In house sparrows, Passer domesticus, pressure 

from strong sperm competition results in sperm with short heads and longer tails 

(Helfenstein et al. 2010). These sperm were found to have a greater swimming 

velocity due to smaller heads causing less drag resulting in faster sperm. This 

negative relationship is also associated with longevity as shorter sperm were 

found to live longer (Helfenstein et al. 2010). It is likely in these hissing cockroach 

species that longevity of sperm plays some role in shaping sperm traits as 

females can store sperm and use it for multiple clutches (pers. obs.). In the 

cockroach Diploptera punctata, females store sperm from a single male and do 

not mate again until the first batch of eggs are laid. After this, females are willing 

to mate with a new male. Using irradiated males Woodhead (1985) was able to 

demonstrate that females store the first male’s sperm and use this sperm even 

after their second mating when producing their second batch of eggs, with one 

third of the eggs in the second batch being fathered by the first male. Non-virgin 

female A. insignis kept in isolation produced multiple (2-4) litters of offspring 

throughout the year, suggesting females store and use stored sperm to fertilise 

eggs over time (pers. obs.). Therefore, sperm with greater longevity would be 
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beneficial for males that could increase their paternity through utilisation of 

stored sperm.   

Total spermatophore weight differed between the hissing cockroaches with A. 

insignis having the lightest spermatophores and G. portentosa and G. 

oblongonota producing the heaviest spermatophores. The weight of A. insignis 

spermatophore as a trait again differed significantly to the other four hissing 

cockroach species, due to A. insignis not producing the extra gelatinous mass 

around the ampulla. All other species produced a white gelatinous rubbery mass 

around the ampulla, function currently unknown, that filled the female 

reproductive pouch. This could be a part of the spermatophore itself to protect 

the ampulla, or may hold some nutritional benefit to the female or may be a way 

of preventing another male to mate with the female due to filling the whole 

pouch, acting as a sperm competition defensive strategy (Moore et al. 2004; 

Mangels et al. 2016). Interestingly, ampulla, where the sperm is held, weights did 

not differ between the five hissing cockroach species. Therefore, it is unlikely 

that total spermatophore weight has any relation to sperm number itself and 

suggest species produce a similar amount of sperm to the female and use similar 

strategies for sperm delivery.  

The results also show many traits did not differ between species. Each species 

spent a similar length of time copulating, and courtship was similar in the way a 

male hissed and adopted a mating posture to attract a female (Schal et al. 1984; 

Frazer & Nelson, 1984; Leibensperger et al. 1985). This hiss became faster-paced 

and louder as the male tried to attach itself to the female. A few individuals of 
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each species did not hiss during courtship. Though this is not uncommon, 

females have been found to prefer males who were hissing over those that did 

not (Frazer & Nelson, 1984; Clark & Moore, 1995a; Logue et al. 2009). Two male 

A. insignis continued to hiss during copulation. This may be a strategy to give the 

female information about his quality and allow extended copulation times as she 

processes this information or may be a strategy to warn off rival males 

(Mountjoy & Lemon, 1996; Gray, 1997; Clark, 2010).  

Sperm total length and tail length did not differ between species. This suggests 

males are likely to be under similar selective pressures. Sperm total length and 

tail length are commonly associated with pressure of sperm competition, where 

high sperm competition pressure causes sperm to be longer to swim faster 

(Gomendio & Roldan, 1991; Fitzpatrick et al. 2009; Lüpold et al. 2009; 

Holfenstain et al. 2010; Gómez-Montoto et al. 2011; Rowe et al. 2012). As 

cockroach species share similar sperm lengths, it’s likely that all species are 

under high sperm competition as inter-sperm morphological variation is low. 

Male variance of sperm characteristics did not differ between species, which 

suggests males are facing strong selective pressures. If the individual species 

differed in sperm competition intensity then we would see a greater variance in 

those who are under relaxed sperm competition and a smaller variance in those 

species with greater sperm competition pressures (Parker & Simmons, 2000; 

Williams et al. 2005; Birkhead & Immler, 2006). 

Many expected relationships did not appear between species. This could be 

because hissing cockroach species have similar post-copulatory selection 
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pressures causing species traits to be similar. It is likely any relationships 

between traits are within species. Across 83 mammalian species, there were 

positive associations between RTM and sperm length. However, when correcting 

for phylogenetic relatedness, there was no relationship between RTM and sperm 

lengths as sperm length was heavily dependent on phylogeny (Gage & 

Freckleton, 2002). Immler & Birkhead (2006) looked at the relationship between 

sperm traits and sperm competition intensity both within and between species 

of passerines. They found that when looking within individual species there were 

positive and negative associations between sperm morphology and RTM. 

However, when looking across species, these relationships did not occur.   

In this study, when comparing horn size (a pre-copulatory trait) to RTM (a post-

copulatory trait) across species, no patterns were found. However, a study 

looking at two species of hissing cockroaches found there was a negative 

relationship between horn length and RTM (Durrant et al. 2016). Therefore, this 

trade-off is likely found within species, but does not differ between species 

themselves when multiple species are examined. Often when looking across 

species, patterns within species are not reflected and can be masked (Gage & 

Freckleton, 2002; Immler & Birkhead, 2006). This could be because of 

phylogenetic constraints, limiting trait adaptations or local selection rather than 

generic pressure amongst species as different species may respond to this shared 

pressure in different ways (Gage & Freckleton, 2002; Badyaev et al. 2007; 

Hoffmann, 2012; Scordato et al. 2014; Servedio & Boughman, 2017).   
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Another explanation for lack of relationships could be that the traits of interest 

are influenced by another selection pressure such as cryptic female choice or 

sperm storage (Birkhead et al. 2006; Calhim et al. 2009). Sperm morphology is 

strongly influenced by time spent in female storage tubules rather than sperm 

competition in species of turtles (Zhang et al. 2016), Galliformes (Immler et al. 

2007) and Passerines (Briskie & Montgomerie, 1992). Cockroaches may share 

similar effects from female storage tubules, as all species have sperm storage 

tubules present and personal observations have shown females from all species 

produced multiple batches of offspring (2-4) whilst isolated for over 10 months. 

Therefore, during this time sperm must face the pressure of surviving the storage 

tubules over this time period. Across 20 species of passerines researchers found 

no association between sperm length and sperm competition intensity, except a 

positive association between tail length and total length (Briskie & Montgomerie, 

1992). Similarities were found in the hissing cockroaches, with no association 

between sperm length and RTM, positive relationships between sperm total 

length with head and tail length and negative relationship between tail and head 

length. Briskie & Montgomerie (1992) also found sperm length was positivity 

associated with sperm length and storage tubule length, and the more storage 

tubules there were the shorter the sperm were across species. Like passerines it 

may be that some cockroach sperm traits are associated with manner of storage, 

swimming velocity or sperm longevity, which were not investigated in this study. 

It is often found when sperm traits are not influenced by sperm competition, 

they become influenced by cryptic female choice and sperm storage (Eberhard, 
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1996). It is possible that female storage and cryptic choice could influence post 

copulatory traits within and between hissing cockroach species.  

Conclusion 

This study sought to better understand sexual selection in hissing cockroaches, 

looking at both female choice and post-copulatory sperm competition across 

hissing cockroach species. As hissing cockroaches responded to models 

successfully, models produced using 3D laser sintering could potentially be 

applied to other insect species to look at single and multimodal/multicomponent 

traits, and address questions about competition and mate choice as well as other 

behaviours. Colour can be added to the models to look at colour preference and 

scent can be applied, providing possibilities to look at these stimuli in greater 

detail in relation to behavioural questions (Stewart et al. 2017). Although laser 

sintered models have rarely been used, they show potential and could provide a 

greater understanding of specific behaviours in male-male competition, mate 

choice and species recognition, by manipulating specific traits such as 

colouration, weaponry and body size to understand their importance. Horn 

length did not play a part in female choice or male interactions in G. oblongonota 

and A. insignis species. However, pre-copulatory trait manipulation of models 

may be a useful tool with potential to be applied to other insect species to 

understand the role they may play in mate competition and female choice whilst 

providing a standardized control of other traits. The role A. insignis shields play is 

still unclear, as neither males nor females interacted differently to the models 

with manipulated shields. Further work on A. insignis pronotal shields as well as 
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what cues could be used in female choice such as courtship hisses, is needed to 

understand mate choice in hissing cockroaches and why A. insignis pronotal 

shield shape differs to that of all other hissing cockroach species. 

When comparing sperm morphology and other post copulatory traits between 

the five species of hissing cockroaches, similar patterns in trait investment were 

found suggesting these species may have similar levels of post-copulatory sperm 

competition. When controlling for phylogenetic association, relationships often 

became non-existent. This is often the case for studies that look across a group 

of species as it can be difficult to explain variation of post-copulatory traits, due 

to sexual selection pressures being species specific (Gage & Freckleton, 2002). 

Sexual selection, trait investment and strategies in hissing cockroaches may be 

better understood by comparing post-copulatory traits within species rather 

than between species. Ecological data for hissing cockroach species is missing 

and the density of hissing cockroach wild populations is unknown. This 

information is required to complete our understanding of what strategies are 

beneficial for hissing cockroach species. 

This study has given an insight into post-copulatory trait investment to 

understand what mating strategies and sperm competition intensities these 

species face. It is clear that each species may have similar pressures amongst 

them. Although some trait investment patterns are shown and many post-

copulatory traits differed between A. insignis, G. oblongonota and E. javanica. 

However, these species are phylogenetically distant from one another, which 

could play a large role in driving their trait differences, especially as results show 
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post-copulatory traits were highly phylogenetically influenced. Even so, this 

information provides an insight into hissing cockroach post-copulatory traits, 

which until now had not been uncovered. This adds to the growing body of 

literature (Gage & Freckleton, 2002; Immler & Birkhead, 2006; Kleven et al. 2008; 

Gómez-Montoto et al. 2011; Rowe et al. 2012; Higginson et al. 2012) that looks 

at sexual selection across species, whilst accounting for phylogenetic 

relatedness, to better understand if and what patterns form across a group of 

species, whether any general patterns emerge, and whether pressure and traits 

evolve among or between species.   
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Appendix 
 

Figure. B Diagram of Y- maize. The live cockroach is placed in the 

blue area and the two models in the orange areas. The barriers 

highlighted in green are removed once trail commences.  

Figure. A Diagram of pilot trail arena. The live cockroach is placed 

in the blue area and the model in the orange area, the sides 

alternate randomly to avoid any bias. The barrier highlighted in 

green is removed once trail commences. Sound recorder stays on 

the right in front of a mesh covered hole. 


