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ABSTRACT

Matings systems using signals for sexual communication have been studied

extensively and results commonly suggest that females use these signals for locating

males, species-identification, and mate choice. Although numerous mating systems

employ multiple signals, research has generally focused on long-range signals perhaps

due to their prominence and ease of study. This study focused on the short-range

acoustic courtship song of crickets. The results presented here suggest this signal is

under selection by female choice. Females mated preferentially with males having

shorter silences between the two types of ticks within the song. The length of these

silences (Gap 1) was correlated with male condition such that males having long

silences were significantly lower in mass with respect to body size when compared to

males having short silences. Both Gap 1 length and male condition were significantly

repeatable within males over time suggesting the possibility these traits have a genetic

basis. This study is the first empirical study to test female preferences within the natural

variation of the courtship song. It now appears, at least in crickets, that both the long-

and short-range signals of a multi-signal mating system may contribute to male mating

success.
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INTRODUCTION

Animals use behavioural, chemical, and visual signals for communication. Most

animals using signals for sexual communication employ multiple signals. Information

such as viability, genetic quality, dominance, health, location, and alarms can all be

communicated by signals. Bradbury and Vehrencamp (2000) suggested that for a

signalling system to evolve the receiver should benefit from responding to the signal.

Although it is possible for multiple signals to contain the same information, Meller and

Pomiankowski (1993) showed that different selection pressures on each can result in

different information communicated.

Both long- and short-range signals can be used for sexual signalling. Varying

selective pressures are likely to shape long- and short-range signals differently. Long-

range signalling is commonly used to attract females from distances. There are

substantial energetic and mortality costs associated with producing this type of signal

given that receptive females may not be available and that predators, along with

territorial conspecifics, may also use these signals (reviewed by Zuk & Kolluru 1 998).

Consequently, the probability of each individual long-range signal resulting in a mating

is low. Short-range signals (i.e. within the direct proximity of a female), however, have a

much higher probability of resulting in a mating simply because the female is present.

Males should maximize their energetic output to elicit a mating when females are in

close proximity and the probability of mating is high. Differences in male quality are

more likely to be revealed during maximal display. For example, poor quality males

could be physically incapable of producing the energetically expensive attractive signal.

Therefore, mate choice based on the short-range signal could increase female
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reproductive success along with the reproductive success of males capable of

producing an attractive signal.

The field cricket mating system provides an excellent model for exploring the role

of long- and short-range mating signals. Male crickets use acoustic signals to attract

females in the form of two different song types: calling song and courtship song (a third

song, aggressive song, is used for territorial interactions) (Alexander 1961). The calling

song is broadcast long-range and is used by males to attract females who fly or walk

towards attractive songs (Zuk 1988; Cade 1989; Weber & Thorson 1989). The courtship

song, a short-range signal, is only produced when in direct physical contact with the

female (Alexander 1961). Studies on the calling songs of field crickets generally show

female preferences for the average song and this suggests its role in species-

identification and location (Shuvalov & Popov 1973; Pollack & Hoy 1981; Stout et al.

1983; Hedrick & Weber 1998; Gray & Cade 1999a). The courtship song is necessary for

mating, although selection on the song by female choice is either inconclusive

(Crankshaw 1979; Burk 1983; Nelson & Nolen 1997) or suggestive at best (Fitzpatrick

1998). However, the above noted studies did not measure female preferences on song

characters experimentally. A recent publication by Hack (1998) on the energetics of

male song showed the courtship song of the house cricket, Acheta domesticus (a

chirping cricket), to be two and a half times more energetically expensive to produce

than the calling song. An expensive display may contain information that reveals male

quality. However, the author did note that calling effort and courtship effort in trilling field

crickets, like Gryllus texensis, is likely to be similar. Tettigoniids, like crickets, use both

long-range and short-range communication. Deluca & Morris (1998) recently showed

that females preferred short inter-pulse-intervals in the courtship vibrations of male

Conocephalus nigropleurum. Short inter-pulse-intervals were positively correlated with
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male size. The authors suggested that selection for larger males would benefit females

by receiving larger courtship gifts.

The Texas trilling cricket, G. texensis (formerly known as G. integei) was used in

this study (see Cade & Otte 2000). I tested the hypothesis that courtship song

influences mate choice using two experiments. The first was designed to: 1)

characterize the courtship song; 2) determine the repeatability of courtship song

characters; 3) determine parameters of the courtship song that may be subject to

female choice; and 4) determine whether any courtship song characters indicate male

quality - measured as size, age, and condition. Repeatability indicates the variation in a

phenotypic trait that can be explained by differences in individuals. In good genes

systems females can increase their reproductive success by mating with high quality

males (e.g. good condition). If good genes were operating here we would expect a

correlation between male quality and the characters of the song under selection by

females.

In the second experiment I generated an average G. texensis courtship song that

was manipulated to test the female responses to the natural range of variation of

courtship song characters.
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LITERATURE REVIEW

Sexual Selection and Natural Selection

Darwin (1859,1871) used the term natural selection to suggest that traits

conferring a confipetitive advantage are selected for since those individuals best

adapted to their environment will most likely survive to reproduce. Traits favoured by

natural selection are those decreasing vulnerability to predation, environmental change,

and parasites (Darwin 1871; Wallace 1889). Sexual selection, however, refers to one's

ability to propagate their genes and thus focuses on reproduction and reproductive

competition. For traits involved in mating (i.e. signals, gifts, offspring care, courtship),

sexual selection favours those linked to increased reproduction and fitness. Dan/vin

(1871) suggested there are two types of traits important in sexual selection: primary sex

traits and secondary sex traits. Primary sex traits are those directly involved in

reproduction: genitalia and copulatory organs. Secondary sex traits are not directly

involved in reproduction but instead are those used in attracting mates (e.g. signals),

locating mates (e.g. pheromones), stimulating mates (e.g. gifts), and intraspecific

competition (e.g. weapons and large body size).

Secondary sex traits have been an intense focus of research since the early

1970s with the majority of research focusing on possible mechanisms that could lead to

the evolution of these traits. Parental investment (e.g. Trivers 1972), good genes (e.g.

Zahavi 1975, 1977), Fisherian runaway selection (e.g. Fisher 1915, 1930), and sensory

exploitation (e.g. Ryan & Keddy-Hector 1992) are all extensions of Darwin's

fundamental theories of natural and sexual selection.

..tV^I
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Female Choice

There is often a disparity with respect to the reproductive input from the two

sexes whereby females typically invest substantially more in zygote production, rearing,

and offspring care when compared to males (often only contributing sperm) (Trivers

1972). Males often compete for reproductive access to females and therefore females

choose males. Studies investigating female choice are abundant and generally address

the interaction between the male trait(s) under selection with the female preferences

(see Andersson 1994). The selection of mates by females should reflect the cost of

mating with inferior males, environmental stresses, and the risk of predation and

parasitism. In turn, females may receive either direct benefits (gifts, food, protection,

oviposition sites) or indirect benefits (attractive offspring, more offspring, healthy

offspring) from selecting 'high quality' mates. High quality mates are considered those

offering the best direct benefit (e.g. the largest nuptial gift) or the best indirect benefit

(e.g. the healthiest offspring).

Direct Benefits:

Resource-Based

In many insect species, sexual selection has favoured males that provide nuptial

gifts as a direct benefit offered to females. The typical example of this is in the black-

tipped hangingfly, Bittacus apicalis (Mecoptera: Bittacidae), where males offer a prey

gift to the female. Females select for males offering large gifts. Males offering these

large prey gifts benefit from attaining more matings. In addition, more sperm are

transferred as a result of longer copulations with the female (Thornhill 1 976).

Orthopteran males, including crickets and katydids, attach a spermatophore to

the female that pumps sperm into her spermatheca. Many male katydids, unlike field
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crickets, offer nuptial gifts in the form of a nutrient-rich gelatinous material attached to

their spermatophore. This complex of spermatophore and gelatinous material is referred

to as a spermatophylax. Gwynne (1984) determined that female katydid egg mass and

fecundity increased directly with the number of consumed spermatophylaxes. Similar to

the hangingfly, gift size is positively correlated with courtship duration and the number of

sperm transferred. However, in field crickets such as G. texensis, female choice based

on the spermatophore as a nuptial gift is unlikely. Simmons (1986) determined that

spermatophores of the field cricket, Gryllus bimaculatus, constitute only 0.18% of the

male's body mass. In contrast, the spermatophylax offered by male katydids can

constitute up to 25% of the male's body mass (Gwynne 1984).

Male bullfrogs, Rana catesbeiana (Anura: Ranidae), fight over oviposition sites

and the larger males are most often able to secure the best sites. Preferred oviposition

sites are those associated with cool temperatures. As the temperature increases above

32 °C, offspring development is highly prone to abnormalities. The territories claimed by

large males rarely reach this temperature. By preferring large males, females are

increasing their reproductive success (Howard 1978a,b). Similarly, male red-winged

blackbirds (Emberizidae: Agelaius phoeniceus) occupy territories used for breeding.

Females select males based on the quality of these breeding sites by mating

preferentially with those occupying territories containing vegetation appropriate for

nesting and access to food resources (Holm 1973; Searcy 1979; Yasukawa 1981).

Indirect Benefits:

Selection often results in female preferences for male traits even in the absence

of direct benefits. Visual traits can be communicated by plumage or colouration,

behavioural traits can be communicated by song or dominance, and chemical traits can
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be communicated by pheromones. These traits can either simply be attractive, provide

an indication of male quality, or could stimulate pre-existing preferences in the female.

Three strategies have been suggested to explain how this could occur: Fisherian

runaway selection, good genes selection, and sensory exploitation.

Fisherian Runaway

Runaway selection, as originally proposed by Fisher (1915, 1930), states that

females prefer exaggerated traits in males. By mating with an exaggerated male, there

is a high probability that her male offspring share this exaggerated trait and her female

offspring prefer this trait. If only the most exaggerated males are able to mate, sexual

selection drives these traits to the extreme resulting in outrageously exaggerated and

elaborated males. In this type of system, females receive neither parental care nor

nuptial gifts from males. Therefore, benefits are experienced only through leaving

attractive offspring, i.e. sexy fathers sire sexy sons.

Andersson (1982) showed that female widowbirds, Euplectes progne

(Ploceidae), mate preferentially with males having longer tails. The author tested the

responses of females to 'supernormal stimuli' by experimentally manipulating tail length

as follows: 1) artificially shortened; 2) unaltered (control); or 3) artificially elongated.

Male mating success was lowest for those with shortened tails and highest for those

with elongated tails. Tail length was not correlated with courtship intensity or the quality

of territories and hence, the author suggested that Fisherian runaway selection may

explain the preferences for extreme tail length.
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Good Geiies

In runaway selection, females generally prefer exaggerated or novel male traits

whereas in good genes selection, these traits indicate male quality. This hypothesis is

likely to operate in systems where male reproductive and/or parental investment is small

with respect to that of females (for review see Anderson 1994). For this model to

operate, two premises must be met (Zahavi 1975): 1) the genes must play a role in

survival (viability); and 2) the male behaviour and ornamentation must provide an

accurate indication of his genes. Females receive from males, good quality traits that

increase the viability of their offspring. Viability ultimately refers to an individual's 'fit' in

the natural environment excluding the influence of sexual selection. Viability is often

measured as longevity; however, researchers often consider healthy sperm and the

production of healthy offspring to be indicators of a male's viability.

Zahavi's (1975, 1977) "Handicap Principle", similar to the good genes model,

involves females preferring those males able to overcome a handicap. For example,

sexually selected traits that increase vulnerability to predation, decrease foraging ability,

and decrease mobility can be considered as handicaps. Zahavi (1975) proposed the

elaborate train of male peacocks, once considered the archetypical example of runaway

selection, as a handicap since long trains decrease flight capabilities and increase

vulnerability to predators. Zahavi suggested that by mating with males having long

elaborate trains, females are selecting 'high quality' mates able to sustain the handicap.

Petrie (1994) showed that the elaboration of the male train feathers does indicate

quality. The offspring from males having elaborate trains had increased growth and

survival.

Kotiaho et al. (1996) provided evidence for the good-genes model using the wolf

spider, Hygrolycosa rubrofasciata (Lycosidae). Males of this species drum for females.
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Drumming behaviour is energetically expensive, and males that drum more often are

more viable (increased longevity). Since males do not offer direct benefits to females,

the offspring may inherit high viability characters. Mappes et al. (1996), using the same

species, experimentally manipulated drumming activity by producing two groups of

males: high drummers and low drummers. The results of their study showed that high

drummers suffered increased mortality costs relative to low drummers. However, within

the high drummers, those drumming the most often are also those most likely to live the

longest.

Simmons (1986) suggested that male songs in crickets are a means whereby

females can express choice for good genes if information in the song indicates high

genetic quality. Song may be a phenotypic quality that could be linked to heritable high

quality genes. In the fruit fly, Drosophila montana (Diptera: Drosophilidae), Hoikkala et

al. (1998) showed that the carrier frequency of the courtship song is positively

correlated with offspring fitness (a measure of viability). Females can significantly

increase the viability of their offspring JDy selecting for males having a carrier frequency

greater than one standard deviation above the average. : .

Sensory Exploitation

Good genes and runaway selection assume that female preferences coevolve (or

are coupled genetically) with the male trait. Alternatively, the theory of sensory

exploitation argues that the male trait exploits a pre-existing female bias (Ryan 1 990,

1998; Ryan & Keddy-Hector 1992; Ryan & Rand 1993a). Female biases originally

evolved for purposes not associated with sexual selection. Ryan (1998) suggested three

possible origins for these biases in females: 1) incidental effects from previous mate

choice preferences; 2) stimuli used either to locate prey or avoid predators; or 3) simply
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the pre-existing characteristic of stimulation through neural firing. Male secondary sex

traits manipulate these intrinsic behavioural responses of females for the benefit of

increased male fitness.

Using swordtails and platyfish (Poecilidae), Basolo (1990 1995a,b, 1998) showed

that females of related genera share the same preference for longer tails even though

long tails are absent in one of these genera. Female swordtails, Xiphophorus helleri,

mate preferentially with males having longer swords. Female platyfish, Phapella

olmecae, a non-sworded relative of swordtails, prefer to mate with conspecific males

having artificial swords. Phylogenetic evidence suggests this bias for swords evolved

before the divergence of the Xiphophorus and Priapella genera. In swordtails, the male

secondary sex trait (swords) has evolved towards the pre-existing bias in females for

the presence of swords. The nature of this bias has not been determined.

Evidence to support the evolution of a bias as stimuli used to locate prey or avoid

predators can be illustrated using water mites (prey detection) and moths (predator

avoidance). Water mites (Acari: Parasitengona) locate prey by detecting swimming

vibrations used by copepods. Proctor (1991, 1992) showed that males mimic these

swimming patterns that innately attract females. By demonstrating that food-deprived

females were more likely to respond to the male vibrations than satiated females, the

author convincingly showed that males are exploiting a female bias.

Bats use ultrasonic echolocation to locate moth prey. Some species of wax

moths (Pyralidae) and ctenuchid moths (Ctenuchidae) have evolved ultrasonic calls of

their own that serve to disrupt the bat signal. Over evolutionary time, this predator

avoidance has also become a communicatory signal between males and females and is

used in acoustic courtship (Sanderford & Conner 1995; Jang & Greenfield 1996;

Simmons & Conner 1996). Males that call more often have increased mating success.
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Using the common grackle, Quiscalus quiscula (Icteridae), Searcy (1992)

showed that females prefer males with large song repertoires even though male

grackles produce only single call type song. This was one of the first examples of

sensory exploitation and was best explained using the hypothesis that female grackles

have a pre-existing bias for increased neural stimulation. Large song repertoires result

in more song stimulus and thus, increased neural stimulation. However, using a

phylogenetic comparison of North American birds, Gray and Hagelin (1996) showed

data to suggest that grackles do not necessarily prefer more song stimulus, but that

males have reduced their calls to a single call type while retaining the ancestral

preference. Comparing 18 bird species, the grackle is the only bird to use a single call

type.

Male tungara frogs, Physalaemus coloradorum (Leptodactylidae), use a simple

call type consisting of only whines. However, when chucks (a different sound type)

similar to those used by a related species (P. pustulosus) are artificially added to P.

coloradorum songs, females prefer the more complex song (Ryan & Rand 1 993a,b).

Similarly, when female P. pustulosus were offered either conspecific whines or whines

arranged in doublets (characteristic of P. coloradorum song), the doublet song had the

highest response. In both cases it appears that females have a biased preference for

more complex song. Phylogenetic evidence comparing five species within the

monophyletic P. pustulosus species group (P. pustulosus, P. petersi, P. pustulatus-

Peru, P. pustulatus, and P. coloradorum) to three outgroup species (P. ephippifer, P.

enesefae, and P. 'roraima) suggests that call complexity is high within the P. pustulosus

species group and that chucks evolved twice - once in P. pustulosus and once in P.

petersi. The authors suggest this preference for more complex song may have evolved
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before the adaptive radiation within the P. pustulosus species group and that chucks

evolved subsequent to the female bias.

Condition-Dependent Sex Traits

In good genes models, the character(s) under selection communicate male

quality and/or viability. Publications on vertebrates and invertebrates commonly address

male quality using an index of condition (e.g. Andersson 1986; Mappes et al. 1996;

Hoback & Wagner Jr. 1997; Hoikkala & Isoherranen 1997; von Schantz et al. 1997;

Hoikkala etal. 1998; Ritchie etal. 1998; Candolin 1999; Gwynne & Bailey 1999; Kose et

al. 1999; Reinhold 1999). Condition itself is likely to be influenced by an ensemble of

variables (e.g. foraging ability, predator avoidance, metabolism, and muscle mass) and

hence, measuring condition is complicated. Consequently it is often addressed as a

single measure; researchers concede to the fact that explaining the entire range of

variation in condition is extremely difficult. Calculated in a variety of different ways, the

condition variable ultimately denotes some measure of phenotypic health.

In Orthoptera, condition is commonly measured as the residuals from a linear

regression of mass on pronotum width (the shield over the thorax) (Gwynne & Bailey

1999; Wagner & Hoback 1999). Pronotum width is fixed throughout the adult life of

crickets and is an accurate measure of body size (Fitzpatrick 1998). Mass, however, is

likely to be influenced by food availability, health, and parasitism. 'Good condition'

males are considered those heavier for their body size. 'Poor condition' males are those

lighter for their body size.

Signals have previously been shown to vary with male body condition in sage

grouse (Vehrencamp et al. 1989), house finches (Hill 1990), fruit flies (Aspi & Hoikkala

1993), and field crickets (Simmons & Zuk 1992; Wagner and Hoback 1999). Since
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condition reflects male quality, females may receive 'good genes' from males having

attractive signals.

Role-Reversal

Females are not exclusively the choosy sex. As stated previously, the sex that

invests more is likely to be the chooser. There are instances where male investment

substantially outweighs that of the female.

In several species of pipefish and seahorse, males are responsible for the

brooding of eggs. This increases the parental investment of males to be greater than

that of females through increased predation risks assumed while brooding (decreased

mobility) along with decreased foraging ability. Therefore, males are the choosy sex and

females are the more elaborately ornamented sex (Berglund et al. 1 986). Since female

fecundity increases with body size, male pipefish, Syngnathus typhle, are attracted, and

mate most often, with larger females along with those having larger blue body patches

(Berglund ef a/. 1986, 1989). . r . m ,,

A second example of this role-reversal can be seen in the Mormon cricket, a

Tettigoniid, where females compete for the nutritious male spermatophylax. However,

this mating system is not an absolute role-reversal since choosiness is dependent on

food availability. Females choose males when food is plentiful; selection for

spermatophylaxes is unnecessary. However, when food becomes limited, females

compete for male spermatophylaxes and hence males choose females (Gwynne 1981,

1984, 1985; Gwynne & Simmons 1990). The spermatophylax is approximately 25% of

the male's body mass, a considerable investment. By choosing a female weighing 3.5 g

over one weighing 3.2 g, there are approximately 50% more eggs available for

fertilization. When food is abundant the rate of spermatophylax production increases
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and this shifts the limiting factor to be the rate of egg production. Thus, females choose

males.

Multiple Mating Behaviours

Although female field crickets receive adequate amounts of sperm to fertilize all

their eggs from a single mating, multiple matings are common (Sakaluk & Cade 1983;

Solymar & Cade 1990b; Burpee & Sakaluk 1993; Zuk & Simmons 1997). Simmons

(1988b) discovered that the lifetime reproductive success of multiply-mated female G.

bimaculatus is increased by receiving: 1 ) replenished sperm stores; 2) egg stimulants

transferred by males to the female during mating; and 3) nutrients via the consumed

spermatophore. However, these benefits are only effective through lifelong repeated

matings (Simmons 1988a,b; Burpee and Sakaluk 1993). Generally, there is last male

sperm precedence in crickets (Backus & Cade 1986). Since the eggs are fertilized

immediately prior to oviposition, the final male to inseminate will fertilize most of the

eggs. Therefore, females could potentially 'upgrade' their mate quality by ensuring that

the final mating is with the best male. Females assume high predation risks while

approaching a calling male (Cade 1975; Gray & Cade 1999b). The benefits of multiple

matings must then outweigh these risks. Selection of the highest quality mate, leading

to increased offspring survival, could benefit female reproductive success.

Alternative Reproductive Strategies

Sexual selection has led to the evolution of several unusual mating systems. This

illustrates, in part, that varying selective pressures can shape different systems and

signals differently - some to the extreme.
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A trimorphism is used by the marine isopod Paracerceis sculpta (Isopoda:

Sphaeromatidae) (Shuster 1989; Shuster & Wade 1991). The large ornamented a male

protects and defends an aggregation of females within a sponge, p males, which are

smaller than a males and in fact resemble females, have the ability to enter the sponge

apparently unnoticed and solicit matings unbeknownst to the a male. The third morph,

the Y male, is extremely small in size, y males are able to permeate the sponge by use

of stealth since their small size makes them inconspicuous to the a male. As the density

of females within the sponge increases, the ability of the a male to guard decreases

thus increasing the mating success of the p male, y male mating success increases

linearly with female density.

Leks are most often discussed with respect to birds, although they have also

been reported in deer (Clutton-Brock et al. 1989), frogs (Robertson 1990), fruit flies

(Droney 1996), and sandflies (Jones etal. 1998). Within these mating aggregations are

usually several males defending small territories. Females survey males within the lek in

search of a mate. The mating success of individual males on a lek is highly variable.

Female preferences for lekking males are commonly perceived to be for male

ornamentation, behavioural displays, or aggressive male-male contests usually from

attempts to secure positions near the centre of the lek. Although females seldom

receive direct benefits from choosing lekking males, the intensity of choice is

substantial. Kirkpatrick and Ryan (1991) termed this the "lek paradox"; the heritability of

the sire's traits is expected to be low, although there is strong selection on lekking

males.

Male white-bearded manakins, Manacus manacus tn'nitatis Hartert (Pipridae),

form aggregations of as many as 70 males during the breeding season. Each male
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occupies a small territory from which it produces courtship displays. Males jump from

perch to perch, and to the ground, making loud noises by smacking their wings

together. Females enter the lek often mating with the most actively displaying male (Lill

1974a,b). Mating success of males within the lek is very low. The author reported that

75 % (328 of 438) of the copulations were elicited by a single male, 13 % from another

individual male, and the remaining 12 % obtained by the remainder of individuals

collectively. ;

Male bowerbirds (Ptilonorhynchidae: Ptilonorhynchus) construct a bower, a long

inverted arbor, usually from tall dry grass and decorate it with coloured objects such as

feathers, berries, and leaves. Diamond (1988) proposed that bowers likely reflect

qualities of the male, including age and dominance, such that the bower of a dominant

male (good quality mate) should be highly decorated and in good condition. Bowerbirds

do not offer any parental care to the offspring therefore, the time and intense effort by

males in building and maintaining the bower is compensated by the lack of future effort

in the offspring. Male satin bowerbirds, Ptilonorhynchus violaceus, decorate their

bowers with blue feathers, yellow leaves, and snail shells. The intensity of decoration

was positively correlated with male mating success (Borgia 1985b). Several males

steal the coveted blue feathers from other bowers along with destroying them. Borgia

discovered that males able to maintain a bower with many blue feathers were both

successful stealers and strong defenders; therefore, the number of feathers reflects

male dominance. Females can select for high quality (dominant) males by choosing a

highly decorated bower (Borgia 1985a; Borgia & Gore 1986).

'.(::• ( ',.,:r:
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Acoustic Communication in Crickets

Otte (1974) suggested that signals are maintained by natural selection because

they provide valuable information to both conspecifics (e.g. aggressive displays and

mating calls) and/or heterospecifics (e.g. warning colouration). The author argued that

many signals are often incorrectly referred to as communication due to the failure to

distinguish between evolved functions and incidental effects. Otte defines

communicatory signals as those where both the receiver and the sender benefit from

the exchange of information.

Many insects use acoustics, commonly in the form of calls, to communicate

between the sexes (Ewing 1984, 1989; Greenfield 1997; Gerhardt 1998; Brown 1999).

Attracting the greatest research attention are the Orthopterans, namely crickets,

katydids, and grasshoppers. In addition, there has been considerable research

published on the songs of cicadas (Homoptera), lacewings (Neuroptera) and a recent

surge on the courtship song in fruit flies (Diptera). Songs are favoured as

communicatory signals because they are easily perceived, can provide information on

location and species recognition, and are extremely variable within species allowing for

the potential of high quality mate choice based on song quality (reviewed by Ewing

1989; Brown 1999).

Acoustic communication in crickets was enabled by the evolution of highly

modified male forewings (tegmina). A scraper on the upper surface of one wing strikes

a file on the underside of the other wing (Bennet-Clark 1989). Sound is only produced

during the inward stroke i.e., the wings are converging. The harp, a triangular structure

found within the venation of the forewings, is used as a resonating apparatus that

vibrates according to the carrier frequency of the song aiding in amplification.
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Crickets can generally be classified as either chirpers or trillers based on the

temporal arrangement of song components. Chirpers are those having sound pulses

arranged in groupings of 2 to 5 (e.g. G. bimaculatus, G. campestris, G. veletis, G.

pennsylvanicus, G. firmus, Acheta domesticus). Trilling crickets arrange sound pulses in

long trains generally ranging from approximately 20 to 90 pulses per trill (e.g. G.

texensis and G. rubens).

Changes in temperature could potentially miscommunicate species-specificity if

components of the song are affected by temperature. Temperature is known to

significantly affect rate-dependent components within the song such as pulse rate and

inter-pulse-interval (Walker 1962, 1975; Doherty 1985; Pires & Hoy 1992a,b; Souroukis

etal. 1992; Ciceran & Murray 1994; Martin etal. 2000). It is then essential that females

are able to recognize conspecific song at different temperatures. Doherty (1985) first

discovered temperature coupling in crickets by showing that females at a given

temperature prefer the calls of males at that same temperature.

Phonotactic Mate Choice in Crickets

Brown (1999) summarized four reasons why songs are effective signals used in

mating systems (references therein). They are: 1) easy to locate; 2) variable; 3)

energetically costly; and 4) are perceived almost immediately upon production. Mate

choice in acoustic signalling organisms is commonly measured using phonotaxis.

Females respond to long-range calling song by orienting towards sound. Positive

phonotaxis is defined as the movement towards the sound. Negative phonotaxis is

movement away from the sound. Phonotactic measurements produce reliable results,

are easily repeatable, and do not depend on both sexes being present.
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Most studies on phonotactic mate choice in crickets have focused on the long-

range calling song, and experiments commonly compare the degree of phonotaxis by

females to components of the song. Correlations between the intensity of mate choice

and components of the song are not only based on obtaining reproductive benefits but

also on species identification. Female crickets are known to discriminate between

heterospecific and conspecific male song (Moiseff et al. 1978; Pollack & Hoy 1979;

Pollack 1986; Doherty & Callos 1991; Doherty & Storz 1992; but see Thorson et al.

1982). Temporal patterns such as pulse rate (in trilling species) and chirp rate (in

chirping species) are commonly thought to serve as the species-specific components of

song (Walker 1957; Doherty & Storz 1992; Gray & Cade in preparation). Selection for

species-specificity has not reduced the variation in calling song parameters; songs are

still highly variable even within species (Walker 1962; Souroukis et al. 1992). High

variation in song could be correlated with differences between males within the

population, differences upon which females could base their mate choice (Boake 1983;

Walker & Masaki 1989). Positive phonotaxis provides a reliable indicator for these mate

preferences in crickets (Sakaluk 1982; Stout etal. 1983; Hedrick 1988; Solymar & Cade

1990b).

Females can potentially measure four aspects of sound within the calling song:

1) intensity; 2) frequency; 3) temporal aspects; and 4) direction (Greenfield 1997). Gray

(1997) showed that female house crickets, A. domesticus, mate preferentially with

larger males. Females are able to measure male size using calling song; larger males

produce louder chirps. Using the same species, Crankshaw (1979) showed that females

are able to distinguish between the calls of dominant and subordinate males. Although

Crankshaw did not correlate his results with body size, dominance is commonly

associated with size since larger males win most fights (Alexander 1961; Nelson &
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Nolen 1997; Tachon et al. 1999). In only two species of tree cricket, Oecanthus

burmeisteri and O. quadripunctatus, do females prefer louder songs in males (Forrest

1991).

Preferences for frequency-related components of calling song are also rare

(Popov & Shuvalov 1977; Ewing 1989). Brown (1999) suggested this is likely due to the

narrow frequency range of calling song; the variation needed for mate choice is absent.

For example, Stout et al. (1983) showed that phonotaxis in A. domesticus is sharply

tuned to 4 to 5 kHz, the carrier frequency of A. domesticus calling song. This preference

is likely used for species-identification and not a trait used in mate choice.

Female crickets may choose mates on the basis of size, among other variables

(Simmons 1986, 1995). For example, female G. bimaculatus choose large males as

mates by preventing sperm transfer from smaller males by removing their

spermatophore soon after mating (Simmons 1986). The spermatophores of larger

males are generally not removed until sperm transfer is completed, usually one hour.

Size is heritable in this species of cricket; therefore, female mating with larger males will

likely have larger offspring (Simmons 1987). Female G. bimaculatus can use variation in

the calling song to determine male size since size is positively correlated with pulse rate

and chirp duration (Simmons 1988b; Simmons & Zuk 1992). Size was not found to

influence mating success at courtship in G. bimaculatus (Fitzpatrick 1 998).

Hedrick showed that female G. integer prefer longer calling bout times (Hedrick

1986, 1988). This is both repeatable (Hedrick 1986) and heritable (Hedrick 1988);

females preferring longer bout times will produce sons that produce longer bout times

and daughters that prefer longer bouts. Also in G. integer, females prefer the average

chirp pause of males (Hedrick & Weber 1998).





30

In G. texensis, females show a stabilizing preference for the average male when

measured using the number of pulses per trill (Gray & Cade 1999a,b). Gray and Cade

(1999a) showed that both the female preference and the male trait are heritable;

however, female choosiness was not heritable. The authors concluded that choosiness

is not influenced by genetic effects but is mostly under environmental influence through

factors such as temperature and age.

Females also prefer the average pulse rate in several species of Gryllus (G.

firmus, Doherty & Storz 1992; G. campestris, Popov & Shuvalov 1977; G. bimaculatus,

Popov & Shuvalov 1977; Simmons 1988a; G. texensis, Prosser etal. 1997). Testing the

phonotaxis of females to different pulse rates, Prosser et al. (1997) showed that the

intensity of preference is age-dependent. Young females (11 - 14 d as adults) showed

preferences for pulse rates similar to the species-average (64 and 70 pulses/s) over a

slower rate of 76 pulses/s. When older females were tested in the same manner (20 -

28 d), they did not show any preference for these three pulse rates.

Courtship Song and Courtship Behaviour in Criclcets

Once the receptive female has approached the calling male, courtship begins

(Alexander 1961; Adamo & Hoy 1994; Balakrishnan & Pollack 1996). The sequence of

courtship behaviours can be categorized into four steps leading to mating (Fitzpatrick

1998). Firstly, antennal and/or physical contact is made between male and female.

Secondly, the male produces the courtship song by the rubbing of the forewings (a

scraper on one wing strikes a file on the other). Thirdly, the male assumes the mating

posture by spreading his flight wings to expose his genitalia. Fourthly, the female

approaches the male, touches his genitalia with her mandibular palps, and then mounts.
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The final step, mating, is the protrusion of a spermatophore and its transfer from the

male to the base of the female abdomen.

Using the house cricket, A. domesticus, Crankshaw (1979) proposed that

courtship song acts as a prerequisite for mating. The author also suggested that

courtship song might act as a species-specific identification signal where females use

the calling song for the sole purpose of locating males. However, recent evidence

comparing the response of female G. texensis and its closest relative G. rubens, to

variation in calling song (the only known mechanism to differentiate between males of

these species) suggests that calling song serves as both the locator and the species-

specific identification signal (D.A. Gray, unpublished data). With respect to courtship

song, these two species readily hybridize in the lab, suggesting the absence of species-

specific signals (D.A. Gray, unpublished data). -.

Courtship song is often considered absolutely necessary for mating to occur.

Crankshaw (1979) discovered that female A. domesticus did not mount artificially muted

males. However, when courtship song was played via a recording, females proceeded

to mount the muted males. Besides the fact that muted males were unable to produce

courtship song, their courtship behaviours were the same as those of intact males.

Similarly, Nelson and Nolan (1997) reported that only male A. domesticus employing

courtship song were likely to mate. Interestingly, in G. bimaculatus and G. texensis,

females have mated with very little or no courtship song (M.J. Fitzpatrick & D.A. Gray,

personal observations). However, this is an extremely rare occurrence.

Unlike the calling song (carrier frequency approx. 4 - 5 kHz), the courtship song

of field crickets contains a sound pulse with a carrier frequency greater than 1 1kHz. The

courtship song of G. bimaculatus consists of two sound pulse types (Libersat et al.

1994; Fitzpatrick 1998). Low frequency (LF) ticks have a carrier frequency of
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approximately 4 to 5 kHz. High frequency (HF) ticks are louder than LF ticks and

commonly peak in frequency between 11 and 16 kHz. The period of time between the

stridulation of sequential high intensity pulses, termed HF tick period, is 300 to 400 ms.

HF ticks can easily be discerned from LF ticks based on peak frequencies using a

spectrogram. The courtship song of G. texensis, the study organism used in this thesis,

is characterized in the 'Results' section to follow. However, it generally follows the same

arrangement of HF and LF ticks as G. bimaculatus.

The individual components of courtship song that are either necessary and/or

sufficient to elicit a mating have been addressed in Teleogryllus oceanicus and G.

bimaculatus (Libersat et al. 1994; Balakrishnan & Pollack 1996). Results suggest that

females require information from the dominant frequency in G. bimaculatus (Libersat et

al. 1 994) and the higher harmonics are not sufficient in T. oceanicus (Balakrishnan &

Pollack 1996).

The Cost of Signalling in G. texensis

There are substantial mortality costs associated with producing long-range

signals since predators have often exploited these signals to locate prey (e.g. bats,

frogs, flies) (reviewed by Zuk & Kolluru 1998). Female G. texensis, as well as the

parasitic fly Ormia ochracea (Diptera: Tachinidae), are attracted to the male calling song

(Cade 1975, 1979a). The fly larvaposits on or near the cricket, and the developing

larvae kill the host within 7 to 10 days. Aside from these predation risks, the long-range

calling song is only successful if receptive females are listening. Optimally, each call

produced by a male should elicit a mating. This is likely never the case. The costs

associated with long-range signalling and the low probability of each call resulting in a
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mating have resulted in high genetic variation in the calling effort of male G. texensis

(Cade 1979a, 1981, 1991; Cade & Wyatt 1984; Cade & Cade 1992).

The attraction of O. ochracea to courtship song has never been reported or

investigated. However, it is unlikely these parasitic flies use the courtship song for

phonotaxis since courtship song is much quieter than the calling song. Mortality costs

associated with producing courtship song have not been investigated. Mating success is

likely to be a much higher during courtship than during calling simply because the

receptive female is in close proximity. Therefore, even if courtship has associated costs,

courtship effort is probably not compromised by these costs.

The Objectives of this Study

The objectives of this study were to determine: 1) if female field crickets use the

short-range courtship song for mate choice; 2) if any characters of the song indicate

male quality as measured through condition; and 3) if any characters of the song are

repeatable.
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METHODS: Female Responses to Courtship Song

Culture Maintenance

Crickets were obtained from a laboratory stock derived from a field caught

population at the Brackenridge Field Laboratory, Austin TX in September 1998.

Crickets were raised as nymphs in tubs (37 X 32 X 1 7 cm) kept in a temperature-

controlled room (28°C, 14h L: 10h D). Each tub was supplied with cardboard for shelter,

moist vermiculite to aid in molting, water filled vials plugged with cotton, and Purina Cat

Chow® ad libitum. By removing newly molted adults daily virginity was insured (Cade &

Wyatt 1984). The molt mass of all newly emerged adults was recorded to the nearest

0.001 g (Ohaus Precision Standard Scale) before placing the crickets in individual 600

mL containers (11.5 cm diam X 7.5 cm height) containing the same provisions as

above.

Female Responses to Courtship Song Characters - Correlational

Analysis

Males were tested three times each in the following age categories: young (8-10

d as adults), mid (15 - 17 d), and old (22 - 24 d). Table 1 shows the age distribution

used in this study was consistent with field-representative ages. Crickets live much

longer in the lab in comparison to the field (Gray & Cade 2000). When choosing the age

categories it was important to select those that reflect field conditions. Male size was not

controlled. Although males were initially virgin, mating was permitted for all recordings.

Females were controlled for by testing virgins that were both 7 to 12 days as

adults (females are sexually mature at 7 d: (Solymar & Cade 1990a; Murray & Cade

1995), and within two standard deviations of the average molt mass (0.250 - 0.650 g, N
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Table 1 . Age structure of field caught and lab reared G. texensis measured
in days since the adult molt.

Sex N Mean + SD Source
Lab

Field

M
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= 94; D.A. Gray, unpublished data). It was assumed that males would court females

indiscriminately of female size.

A recording chamber was constructed by inserting a plastic pail lined with foam

inside a plastic garbage bin also lined with foam. A thermocouple probe was positioned

inside the pail to record the ambient temperature to the nearest 0.5 °C using a Digi-

Sense Type K Thermocouple Thermometer. The range of temperatures during this

experiment was 21 to 28 °C (mean = 23 °C. mode = 22 °C). In G. texensis, most

matings occur several hours before dawn and several hours after dawn (Cade 1979b).

Therefore all recordings tool< place within six hours before and three hours after sunrise

(according to the cricket photoperiod) in an isolated room. The cricket pair was placed

inside the male's isolation container that had a screened lid to allow sound recording

through the container. The courtship songs of 36 male crickets were recorded three

times each; however, two recordings were accepted as the minimum (some males died

before the third recording and others did not court for all three ages tested). Those only

courting once were not included in the data analysis. Recordings were made using a

Linear X M51 Precision Acoustic Measurement Microphone (10 Hz to 40 kHz + 1 dB)

positioned 19 cm above the crickets. The courtship song was recorded on a Tascam

DA-PI Digital Audio Tape (DAT) Recorder set at mono, 44.1 kHz, and record level of 5

(20 Hz to 20 kHz + 1 dB). The DAT recorder was equipped with a low pass filter at 20

kHz and since 20 kHz is less than half of the sample rate (44.1 kHz), aliasing was not a

concern. Mating success (i.e., spermatophore attachment) was noted after five minutes

had elapsed following the initiation of courtship. The male's mass (nearest 0.001 g,

Ohaus Precision Standard Scale) and pronotum width (nearest 0.01 mm, Mitutoyo 500-

15 Digimatic Caliper) were also recorded at this time.
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After each male was recorded, the digital recordings were transferred to a

computer-readable file (AIFF) using the Mac software Sound Edit 16 Version 2 set at

mono, 16 bit, 44.1 kHz. Songs were then analyzed using Canary 1.2.4 Bioacoustics

Software for the Mac (Cornell Laboratory of Ornithology, Ithaca, NY). A recording of

known intensity (75 dB) was also recorded and analyzed using the exact same setup as

that used for this experiment to calibrate the Canary software. For analysis, a

spectrogram of the song was created using the following specifications: filter bandwidth

of 683.89 Hz, Fast Fourier Transform of 256 points, and a clipping level of -15 dB.

Before analysis of the courtship song, all recordings were high pass filtered at 0.5 kHz

to remove any background noise; filtering out sound below 0.5 kHz did not interfere with

analysis since the minimum frequency of the courtship song is approximately 5 kHz

(personal observations). The following 12 characters of the song were measured: high

frequency (HF) tick period, HF tick peak amplitude, HF tick peak frequency, HF tick

width. Gap 1 length, Gap 2 length, low frequency (LF) tick peak amplitude, LF tick peak

frequency, LF tick width, LF inter-tick-interval, LF tick rate, and the number of LF ticks

per HF tick period (NLF) (see Figure 1). Measurements were made using the

'measurement panel' and 'data log' capabilities of the sound analysis software. It was

determined that 15 measurements of individual courtship song characters provided an

accurate indication of males by performing a preliminary analysis that compared the

running median for several courtship characters as a function of sample size for five

males (see Appendices A - D). Fewer measurements were accepted in instances

where 15 were impossible (i.e. short recordings). The median value for each character

was calculated for each recording of each male.
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Figure 1 . The courtship song of G. texensis showing waveform (bottom) and spectrogram

(top). High frequency (HF) ticl^, low frequency (LF) ticl<, HF ticl< period, Gap 1, and Gap 2 are

labeled.
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Statistical Analysis

Prior to any statistical analysis, histograms were viewed for each variable paying

attention to extreme outliers and normality. Univariate plots were also used to assess

normality, variance, and outliers. Extreme outliers were not found and the distributions

did not require transformation. Since the temperature during recordings was not

accurately controlled, all recordings were corrected for temperature to 22 °C using a

linear regression of the courtship song character on temperature. Temperature

corrections were calculated using the following formula: character (corrected to 22 °C) =

character + slope * (temp - 22).

Male condition was calculated as residuals from a linear regression of mass at

recording on pronotum width. Males heavy for their size (i.e. positive residuals values)

were considered to be in good condition and those lighter for their body size (i.e.

negative residuals) were considered to be in poor condition.

The repeatability of courtship song characters was calculated using a One-Way

ANOVA that compared variation within each male (across all recordings) and variation

between males. The statistics obtained from the ANOVA were converted to repeatability

values that indicate the percentage of variation in a trait that can be attributed to

consistency within individual males (Lessells & Boag 1987).

The effect of male age on mating success was tested in two ways: as a

categorical variable (young, mid, old) and as a continuous variable (actual age in days).

The influence of male age (categorical) on mating success was calculated using a 2X3

Chi-Square. The influence of male age (continuous) was calculated using logistic

regression analysis.
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Correlations between courtship song characters and male size, age (continuous),

or condition were calculated using Spearman Rank Correlations. The a-value was

Bonferroni corrected for 12 comparisons (a = 0.05 / 12 = 0.004)

The relationship between courtship song characters and mating success was

calculated using logistic regression. It was assumed that if the courtship song is under

selection by female choice, the mating success of attractive males would be higher than

non-attractive males.
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RESULTS: Female Responses to Courtship Song

Table 2 shows distributions of male size, age, and condition. For the distribution

courtship song characters, refer to Table 3. The total number of male crickets included

in the data analysis was 36. Condition was calculated for 35 males (one male escaped

before the pronotum was measured). Twenty-two males courted in all three trials while

the remaining 14 courted in only two of three trials. Of the entire sample, only nine

males (25 %) were successful at mating during all three trials. Twenty-four males

mated at least twice (69.4 %) and 32 mated during at least one of the trials (88.9 %).

Sixteen males only mated twice (44.5 %), seven mated only once (19.4 %), and four

males were unsuccessful in mating during this experiment (11.1 %). Mating success

during courtship, in the absence of preferences known to occur on calling song, is still

highly variable. The 36 males tested courted a total of 88 times. During these 88 times

where courtship song occurred, 23 trials did not result in a mating (26 %).

Repeatability of Courtship Song Characters

Table 4 shows the results from a One-Way ANOVA used to the calculate

repeatability of courtship song characters. All characters of the song investigated in this

study were significantly repeatable. The highest repeatability was seen in LF inter-tick-

interval having a value of 61 %. LF tick rate was the least repeatable having a value of

20 %. Of particular note are the repeatabilities of Gap 1 length (47%), NLF (31%), HF

tick peak amplitude (32 %), and condition (55 %) as these four variables are mentioned

in the results to follow.
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Table 2. Size distributions for all male G. texensis used in Experiment 1 . Record mass and
condition are expressed as the average across all recordings. Condition was calculated as

the residuals from a linear regression of record mass on pronotum width.
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Table 3. Descriptive statistics for the characters of G. texensis courtship song. All

measurements represent the average value produced by each male across all recordings.

Analyses of individual recordings constitute the median value of 15 measurements. Data are

corrected for temperature.
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Table 4, Repeatability of courtship song characters and male condition calculated using a
one-way ANOVA. Data are corrected for temperature. Condition was calculated as the

residuals from a regression of mass at recording on pronotum width.

Male Characteristic df Source Mean
Square

Repeatability

Condition 34

56

Between
Within

0.003

0.001

3 4.67"" 55%

HF tick peal amplitude (dB) 35
51

Between
Within

26.013

11.673

2.608 2.23* 32%

HF tick period (ms) 35
51

Between
Within

3557.604

2060.686

2.608 1 .73* 21%

LF tick peak amplitude (dB) 35
51

Between
Within

50.181

23.169

2.608 2.17" 30%

Number of LF ticks 35
51

Between
Within

13.057

5.946

2.608 2.20** 31%

HF tick peak frequency (kHz) 35

51

Between
Within

36.122

13.442

2.608 2.69*** 39%

LF tick peak frequency (kHz) 35
51

Between
Within

0.252

0.139

2.608 1.81" 23%

HF tick width (ms) 35
51

Between
Within

6.875

2.299

2.608 2.99*" 43%

Gap 1 length (ms) 35
51

Between
Within

418.459

125.813

2.608 3.33* 47%

Gap 2 length (ms) 35
51

Between
Within

15.2122

3.451

2.608 4.41"" 56%

LF inter-tick-lnterval (ms) 35
51

Between
Within

4.333

0.853

2.608 5.08**** 61%

LF tick width (ms)

LF tick rate (ticks/s)

35
51

35
51

Between
Within

Between
Within

5.015

1.451

59.251

35.209

2.608 3.46***

2.608 1 .53*

48%

20%

* = p < 0.05, ** = p < 0.01 ,

*** = p < 0.0001 ,

*"* = p < 0.0001
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Effect of Male Age on Mating Success

Male age was tested as both a categorical and a continuous variable. Both types

were analyzed statistically to determine their influence on mating success.

As a categorical variable (young, mid, old), age did not have a significant effect

on mating success (2X3 Chi-Square, X^ = 0.805, df = 2, p = 0.669). As a continuous

variable (actual age in days since adult molt), age did not have a significant effect on

mating success (Logistic Regression, PE = 0.025, SE = 0.042, Wald X^ = 0.374, p =

0.541). Since age did not influence mating success, the averages for males, across all

three recordings, are used herein.

Correlations between Courtship Song Characters and Male Size, Age, and
Condition

Spearman Rank correlations were performed on 12 courtship song characters to

determine if any were correlated with male size (pronotum width), age, or condition.

Gap 1 length was negatively correlated with male condition; as male condition

decreased, the length of Gap 1 increased (rs = -0.452, p = 0.006, N = 35) but this

relationship was not significant after Bonferroni correction for 12 measurements (a =

0.004) (Figure 2). HF tick peak amplitude was positively correlated with male pronotum

width suggesting that body size influenced HF tick peak amplitude (rs = 0.342, p =

0.044, N = 36) but this relationship was not significant after Bonferroni correction (Figure

3). The remaining variables were not significantly correlated with male size, age, or

condition.
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Influence of Courtship Song Characters on Mating Success

Table 5 shows the results of a logistic regression used to test the influence of

courtship song characters on mating success. The Parameter Estimate (PE) obtained

from the logistic regression is analogous to the slope obtained from a linear regression.

Mating success was entered into the regression as mated if courted. The predicted

mating success was modeled by the logistic regression using the following equation:

mating success = e ^ * ''^
/ (1 + e ^ * ''^) where 'X' is the independent variable, 'a' is the

intercept, and 'b' is the parameter estimate (see Sokal & Rohlf 1 995, pp. 767). Males

with louder HF ticks had increased mating success (p = 0.041), but this relationship was

not significant after Bonferroni correction for 16 variables tested (a = 0.003) (Figure 4).

Mating success also increased in males having more NLF (p = 0.015) but this

relationship was again, not significant after Bonferroni correction (Figure 5). Gap 1

length did not influence mating success unless entered into the logistic regression as a

quadratic term (i.e. Gap 1 and Gap 1^). When entered as a quadratic term, there

appeared to be a broad stabilizing selection such that the predicted line from the logistic

regression reached a peak between Gap 1 lengths of approximately 25 to 50 ms (Gap

1: p = 0.006; Gap 1^: p = 0.005) (Figure 6). This relationship was not significant after

Bonferroni correction. There was no significant relationship between any of the

remaining variables and mating success. Although not significant after Bonferroni

correction, these results do suggest that females could be choosing to mate based on

variation within the courtship song of males.
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Table 5. Results from logistic regressions investigating the relationship of courtship song
components and male condition on mating success. Data used are the averages for each male
corrected for temperature. Positive parameter estimates indicate increased likelihood of

mating. Condition was calculated as the residuals from a regression of mass at recording on
pronotum width. Significant results are highlighted in boldface. Significance was lost after

Bonferroni correction for 1 6 comparisons.

Male Character
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Possible Relationship Between Mating Success, Gap 1 length, and Condition

Figure 7 shows both a trend line fitted to the Gap 1 length versus condition

relationship and the predicted line from the logistic regression for the Gap 1 length

versus nnating success relationship. As mating success decreased (at approximately

Gap 1 length > 50 ms), the trend line for condition dropped below zero; i.e. males are in

poor condition. To explore this relationship further, the proportion of males in poor

condition were compared using two categories of Gap 1 lengths: those greater than 50

ms and those less than 50 ms (Table 6). There was a significantly higher probability of

being in poor condition if a males Gap 1 length exceeded 50 ms (2X2 Chi-Square,

Yates' Corrected X^ = 4.83, p = 0.028).
;;
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Table 6. The proportion of males in poor condition as a function of Gap 1 length. Males in

poor condition are light for their body size. Gap 1 lengths > 50 ms were significantly

different from Gap 1 lengths < 50 ms (Yates' Corrected X^ = 4.83, df = 1, p = 0.028).

N Number of Males in % Males In Poor
Poor Condition Condition

Gap 1 length > 50ms 15 11 73.3%

Gap 1 length < 50ms 20 6 30%
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METHODS: Female Responses to Experimentally Manipulated

Courtship Song

An average G. texensis courtship song (standardized to 22 °C) was constructed

using real HF and LF ticks. The song was assembled using the shareware software

CoolEdit 96 (Syntrillium Software). After analyzing the results from Experiment 1, It was

determined that two characters of the song were possibly under selection by female

choice: Gap 1 length and NLF. Responses to HF tick peak amplitude were not

examined experimentally. Even though HF tick amplitude was positively correlated with

male size, females are potentially able to assess size using more reliable cues other

than song during courtship (e.g. visual cues).

This song was manipulated resulting in 5 variations of Gap 1 lengths (mean, + 1

SD, and + 2 SD) along with 3 variations in the NLF (mean, and + 2 SD). When

manipulating the synthetic courtship song only the character under manipulation was

changed. All other characters maintained the species-average value. However, this was

impossible for several song characters. For example, as Gap 1 length or NLF changed

the HF tick period changed.

Each manipulation was tested on 20 virgin females, having the same age and

mass constraints as Experiment 1, in a room that maintained a relatively constant

temperature (22 + 1 °C). Male age and mass were controlled in this experiment to 10 to

15 d post-adult molt and 0.380 to 0.490 g (mean + Va SD, N = 36). Males were muted

by removing their forewings anterior to the file and scraper several days prior to testing.

Thirty-five males were used during the 160 trials in this experiment. Songs were tested

sequentially (i.e. all Gap 1 +2 SD trials were conducted before moving on to Gap 1 +1

SD) and males were not randomized. Therefore, it was possible for some males to be

used for only one song manipulation and others to be used for several manipulations.
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The cricket pair were placed in a plexi-glass enclosure with a screened bottom. Below

the enclosure was a high-precision speaker (Radioshack 40-1 278B 8 ohms tweeter)

attached to an amplifier (Genexxa MPA-31 P.A. Amplifier 120V) that was connected to

a Compaq Presario 1255 laptop PC. Since the speaker output is 2 dB lower for sounds

at 17 kHz compared to 5 kHz, the HF tick was amplified by 2 dB. The sound level output

was calibrated to 70 dB for a 5 kHz pure tone; LF ticks have a carrier frequency of 5

kHz and averaged approximately 70 dB in intensity (this experiment - see Table 3).

When the male began the courtship routine and the forewing remnants began to vibrate,

the synthetic song was played through the speaker. Female receptivity to this type of

setup has been demonstrated previously with success (see Crankshaw 1979; Adamo &

Hoy 1994; Libersat et al. 1994; Balakrishnan & Pollack 1996). Males were allowed five

minutes to mate after courtship was initiated. A successful mating attempt was scored

when the female mounted the male for several seconds and the male attempted to

attach the spermatophore into the spermatheca of the female. To allow for the repeated

testing of males, mating was not permitted by separating the pair immediately prior to

spermatophore transfer. Mating would most likely have occurred had they not been

separated during copula. Mating success is expressed as the proportion of trials

resulting in a mating attempt.

Statistical Anaiysis

Logistic regression was used to test the relationship between mating success

and Gap 1 length. A 2X3 Chi-Square was used to test the relationship between mating

success and the NLF. Sequential Bonferroni correction was used here to control for

multiple comparisons (Rice 1989). In sequential Bonferroni correction, the results are

ranked according to significance. The most significant result is compared to a critical a-
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value of 0.05 / n, where 'n' represents the total number of comparisons. The second

most significant result is compared to a critical a-value of 0.05 / (n - 1). The third most

significant result is compared to a critical a-value of 0.05 / (n - 2). Finally, the least

significant result is compared to a critical a-value of 0.05.

ir,.

t'.
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RESULTS: Female Responses to Experimentally Manipulated

Courtship Song

Experimental Manipulation of Gap 1 length

A logistic regression was performed testing mating success (number of mating

attempts) against all five manipulations of Gap 1 length and showed a significant

negative relationship (PE = -0.028, SE = 0.01 1 , Wald X^ = -2.67, p = 0.008) (Figure 8).

This was significant after sequential Bonferroni correction for four tests (a = 0.05 / 4 =

0.0125). There appeared to be a difference in mating success based on whether or not

the Gap 1 length was greater than the species-average of 45 ms. To test this, those

manipulations equal to and below 45 ms were grouped together and those greater than

45 ms were grouped together. Mating successes within groupings were not different

from each other (Gap 1 length < 45 ms: PE = 0.000, SE = 0.026, Wald X^ = 0.00, p =

1.0000)(Gap 1 length > 45 ms: PE = 0.026, SE = 0.041, Wald X^ = 0.63, p = 0.528).

Mating success between groupings was significantly different even after sequential

Bonferroni correction for three tests (a = 0.05 / 3 = 0.0167) (2X2 Chi-Square: Yates'

Corrected X^ = 9.82, df = 1, p = 0.002). Female G. texensis selected against males

with Gap 1 lengths greater than the species-average 45 ms.

Experimental Manipulation of the Number of LF ticks per HF tick period (NLF)

A 2X3 Chi-Square was used to compare the relationship between mating

success and NLF for the three manipulations. There was no difference in mating

success; females did not select males based on NLF (X^ = 4.60, df = 2, p = 0.100)

(Figure 9).
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DISCUSSION >

Female G. texensis are using the short-range courtship song for mate choice. In

the correlational experiment, mating success was higher for those males having shorter

Gap 1 lengths. This experiment also suggested that males having more NLF had

increased mating success. Finally, louder HF ticks were positively correlated with

mating success.

Based on these results, preferences for courtship song characters were tested

experimentally by measuring female responses to synthetic courtship song. The natural

range of variation in Gap 1 length was tested, and results confirmed that females are

selecting mates using Gap 1 length. Moreover, females appear to have a threshold

preference that selects against long Gap 1 lengths. In the absence of variation in mating

success due to calling song, those males having greater than average Gap 1 lengths

were almost 32 % less likely to mate than those having Gap 1 lengths shorter than, and

including, the species-average 45 ms.

The natural range of variation in NLF was also tested experimentally, and results

showed no selection on NLF. Although non significant, females appear to prefer the

species-average NLF. Responses to HF tick peak amplitude were not examined

experimentally. In summary, courtship song influences mate choice in G. texensis;

females show a significant threshold preference for Gap 1 lengths shorter than the

population mean.

As discussed previously, the long-range calling song is often considered a

species-specific locator signal (Shuvalov & Popov 1973; Pollack & Hoy 1981; Stout et

al. 1983; Gwynne & Simmons 1990; Gray & Cade 1999a). High predation risks and the

low probability of individual long-range calls resulting in a mating could constrain

selection on calling song for use in absolute mate choice. Cade and Cade (1992)
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reported that individual males mate approximately 0.75 times per night while calling for

an average of approximately 1.25 h. Since direct benefits through resource based

female choice in G. texensis are likely not to exist (no parental care, oviposition sites, or

nutrient-rich courtship gifts), the benefits of preferential mate choice will increase if

selection occurs on traits indicating male quality. Differences in quality will theoretically

become evident during courtship since males invest high energy in courtship song

(Hack 1998). For example, poor quality males may lack the energy necessary to

produce an attractive courtship song. In addition, satellite behaviour is used by some

male G. texensis (Cade 1975, 1979a, 1981). If females are unable to distinguish

acoustically between callers and satellites and if choice only occurs on the calling song,

then a poor quality satellite male could potentially elicit a mating by intercepting a

female on route towards a high quality caller. This is not to suggest that all satellite

males are of poor quality, rather that limiting mate choice only to calling song could

have serious repercussions on female fitness. Both good and poor quality males will

have an equal chance of mating if choice is only determined using calling song i.e., if

simply the presence of a male is necessary to elicit a mating during courtship.

However, if females use the calling song for location (and/or preliminary mate choice)

along with using the courtship song for absolute mate choice, then poor quality traits will

become evident in both satellites and callers, since both callers and satellites produce

courtship song. Preliminary mate choice can then be defined as the selection of a mate

that can be influenced by subsequent levels of mate choice. Absolute mate choice can

be defined as the ultimate decision of whether or not to mate.

Preferences for exaggerated traits would theoretically result in selection for

increased song stimulus in an acoustic system. Shorter Gap 1 lengths increase the rate

of courtship song and, thus, the time spent singing as duty cycle increases. The present
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study showed Gap 1 length to be highly repeatable; males were consistent in producing

Gap 1 length suggesting a possible genetic basis. The genetic basis has recently been

confirmed; Gap 1 length has been shown to be heritable (approximately 50%, D. A.

Gray, K. Singh, and M. J. Fitzpatrick, unpublished data). Therefore, attractive fathers

will sire attractive sons and hence Fisherian runaway selection could explain the

preferences for courtship song in field crickets. A shortcoming of this model is its failure

to explain the maintenance of long Gap 1 lengths in the population. However, if some

unattractive males are able to mate or if an environmentally influenced factor(s) (e.g.

health, quality) partially determine Gap 1 length (explaining the residual variation in the

trait not explained by genes), the maintenance of genetic variation could be explained.

Female fruit flies may receive good genes from males since the preferred

characters in the short-range courtship song are influenced by male condition (Aspi &

Hoikkala 1993; Hoikkala & Isoherranen 1997; Hoikkala et al. 1998; Ritchie et al. 1998).

For the good genes theory to explain selection on courtship song, the selected trait

must: 1) be heritable; and 2) be influenced by some measure of phenotypic health

(Zahavi 1975). In G. texensis, the first requirement is fulfilled; Gap 1 length is heritable

(D. A. Gray, K. Singh, & M .J. Fitzpatrick, unpublished data). To address phenotypic

health, I attempted to correlate male condition with courtship song characters and found

that as Gap 1 length increased, male condition decreased. In addition, the condition of

males having Gap 1 lengths greater than the species-average was significantly poorer

than those having Gap 1 lengths less than the species-average. This suggests that

females, through their selection against Gap 1 lengths greater than the species-

average, increase the probability of mating with good quality males. However, this

relationship between condition and Gap 1 length was not repeated in a correlational

study (D. A. Gray, K. Singh & M. J. Fitzpatrick, unpublished data) or in an study that
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manipulated condition throughi diet (G. Eckliardt, unpublished data). Consequently, the

good genes model cannot fully explain courtship song preferences in G. texensis based

on the results to date.

Condition is likely to be influenced by an ensemble of variables. Consequently,

measuring condition is extremely difficult. It is possible that by measuring condition as

the residuals from a linear regression of mass on pronotum width I did not accurately

estimate male quality. However, this method of calculation has been used previously in

Orthopterans (Gwynne & Bailey 1999; Wagner & Hoback 1999). If condition is nutrient-

dependent then differences in condition obtained during this experiment were likely a

result of metabolic or physiological differences and not foraging ability since all

individuals were provided food ad libitum. However, if field caught males were used,

condition could be influenced by foraging ability, diet quality, and energy allocation

along with metabolic constraints and thus variation in condition would likely increase

within natural populations. Hamilton and Zuk (1982) suggested that parasitism could

influence male signal quality. The roles of parasites such as gregarines or O. ochracea,

known to parasitize crickets, have never been investigated with respect to courtship

song.

If sensory exploitation were responsible for sexual selection on field cricket

courtship song, Ryan & Keddy-Hector (1992) would predict females to prefer more song

stimulus. As mentioned previously, shorter Gap 1 lengths increase the rate of courtship

song, resulting in more stimulation. Hence, the results presented here could be

explained using sensory exploitation. If so, female field crickets must have an innate

bias for stimuli similar to that used in courtship song. The calling song of G. texensis

has a carrier frequency of approximately 5 kHz. Similarly, the LF ticks of the courtship

song also have a carrier frequency of 5 kHz (this experiment). Preferences for shorter
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Gap 1 lengths could be Interpreted as preferences for more LF ticks; therefore, the

neural basis for calling song recognition could be the same for courtship song.

However, if males are exploiting a preexisting female preference, we would expect

selection for both shorter Gap 1 lengths and more NLF. Female G. texensis do not

prefer both of these courtship song characters. We would also expect other gryllids to

show similar preferences if this relationship is ancestral. The field cricket, G.

bimaculatus, does not show preferences for Gap 1 length or NLF (M.J. Fitzpatrick,

unpublished data).

If the choice is based simply on increased neural firing, preferences for shorter

Gap 1 lengths will increase the stimulus presented and could increase neural

stimulation. In this case, sensory exploitation would not necessarily benefit the receiver

but would benefit the sender by increasing female receptivity. Collectively, sensory

exploitation cannot be ruled out, nor can it fully explain preferences for courtship song in

G. texensis.

There is high variation in the reproductive success of individual male crickets. A

large portion of this variation is likely to be influenced by natural selection. Only a small

subset of the initial population is expected to survive to reproduce due to predation,

developmental abnormalities, temperature, humidity, and food availability among other

variables. Of those males able to survive, there is still variation in reproductive success

i.e., sexual selection (Cade & Cade 1992). A large portion of this variation is most likely

influenced by the ability to encounter females using either calling song and satellite

behaviour. The remaining variation could possibly be explained using results from the

present study; differential mating success due to female preferences for courtship song.

Courtship song strongly influences absolute mate choice in G. texensis. However,

selection on courtship song with respect to an individual's lifetime reproductive fitness is
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likely to be low. The courtship song Is only employed once a female has been attracted.

Suppose that a male has an attractive courtship song (i.e. a short Gap 1 length) but

calls infrequently and, therefore, does not attract many females. His lifetime

reproductive fitness will be low - influenced almost entirely by his inability to attract

females. Attractive courtship songs are only important if one can attract mates. This, in

turn, places the strongest selection on the calling song. Calling time is negatively

influenced by population density (Cade & Cade 1992). The authors showed that at

neither low nor high population densities did searching males (i.e., satellites) have a

higher mating success than calling males; calling is the most successful means of

attracting females. Although correlations between attractive calling songs and courtship

songs within males have not been investigated, the optimal male will theoretically have

the following traits: an attractive calling song (e.g. average number of pulses per trill),

will call often enough to attract females, and will have an attractive courtship song.

Optimal calling time is highly dependent on the population density of crickets (Cade &

Cade 1 992) and is likely similar with respect to the population density of O. ochracea.

Males reaching this optimum will call often enough that the benefits of attracting females

will outweigh the costs of being parasitized.

The maintenance of genetic variation in calling and courtship songs could

possibly be influenced by the combined effect these two songs have on lifetime

reproductive fitness. For example, it is possible that both a male having an unattractive

calling song/attractive courtship song and a male having an attractive calling

song/unattractive courtship song could have the same lifetime reproductive fitness. Of

males having attractive calling songs, the variation in courtship song is still expected to

be high. Similarly, those males never able to mate are expected to show this same

variation in both calling song and courtship song. Varying selective pressures on the
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two songs may reduce net-selection on courtship, and allow genetic variation to be

maintained by mutation-selection balance.

This study is the first to empirically test female preferences within the natural

range of variation in courtship song of field crickets and hence, many questions are still

unanswered. Further experimentation exploring runaway, good genes, and sensory

exploitation will be essential to determine which system is governing selection for

preferences on field cricket courtship song. To test if Gap 1 length indicates quality,

topics such as the role of parasites, metabolism, foraging ability, food quality, and

offspring fitness must be investigated. If influenced by quality, an interesting experiment

would be to test whether females are capable of 'upgrading' their mate choice. Since

the final mate generally fertilizes most of the eggs, an upgrade in quality could increase

female reproductive fitness. To test this, females could be presented, on separate trials,

with different Gap 1 lengths using the synthetic protocol outlined in this study. If females

are likely to remate when presented with a shorter Gap 1 length than their previous

mate, it could be said that females are capable of 'upgrading' mate quality. However,

the threshold shown here also suggests that an internal template could regulate the

preference for shorter Gap 1 lengths.

Since G. texensis and its sister species G. rubens mate readily in the lab (in the

absence of calling song), their courtship songs are expected to be similar. The calling

song is likely to be the species-identification signal between these two species. Female

G. texensis show preferences for conspecific pulse rate and not heterospecific pulse

rate (D.A. Gray & W.H. Cade, unpublished data); pulse rate is the only known difference

between males of these species. It would be interesting to experimentally test female

responses to heterospecific courtship songs of several gryllids to explore species-

specificity. Similarly, fitting the carrier frequencies of the calling song and LF ticks of the



9rji( -!.:-

:r'>jf-r:£ ;i'Jq.-



69

courtship song of several species to a phylogeny, the theory of preexisting biases in

sensory exploitation could be explored.

At present, courtship song has only been investigated in the following crickets in

the family Gryllidae: G. texensis, G. bimaculatus, A. domesticus, and T. oceanicus.

Studies are underway In the following species: G. rubens, G. pennsylvanicus, G. firmus,

G. assimilis (M.J. Fitzpatrick & D.A. Gray, unpublished data). Performing similar

experiments to those used here on several gryllids could provide information on the

evolution of preferences for courtship song through phylogenetic comparison.

Whether or not Fisherian runaway, good genes, or sensory exploitation is

operating on courtship song, the results presented here show that selection is occurring

on the courtship song and my hypothesis is strongly supported. This study offers an

important contribution to the field of evolutionary biology, as it is the first to empirically

test female preferences within the natural variation of the courtship song to address the

role of a short-range acoustic signal in a multi-signal mating system. Selection by

female choice on the courtship song and the calling song shows that both the long- and

short-range acoustic signals of field crickets are important contributors to male mating

success.
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CONCLUSIONS

There are four major conclusions that can be made from this study. Firstly,

female G. texensis use the courtship song for mate choice. Males having shorter Gap 1

lengths had increased mating success. Secondly, Gap 1 length is both repeatable and

heritable; however, its role in runaway selection, good genes, or sensory exploitation is

inconclusive. Thirdly, lifetime reproductive fitness is likely to be influenced by both the

calling and courtship songs (among other variables). Finally, varying selective pressures

on the two songs could possibly maintain the high variation within populations.
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AODendiX E ^^^ ^^*^ *'^°'^ Experiment 1. Courtship song data are the median
^^ ' values within each recording and are not temperature corrected.
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AODGndiX F. ^^^ ^^^^ ^'^°'^ Experiment 1. Courtship song data are the median
*^*"^

' values within each recording and temperature corrected to 22 °C.
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