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ABSTRACT

Female crickets respond selectively to variations in species-specific male calling

songs. This selectivity has been shown to be age-dependent; older females are less

choosy. However, female quality should also affect female selectivity. The effect of

female quality on mate choice was examined in Gryllus integer by comparing the

phonotactic responses of females on different diets and with different parasite loads to

various synthetic models of conspecific calling song. Test females were virgin, 11-14

days old, and had been maintained on one of five diets varying in protein and fat

content. Phonotaxis was quantified using a non-compensating Kugel treadmill which

generates vector scores incorporating the speed and direction of movement of each

female. Test females were presented with four calling song models which differed in

pulse rate, but were still within the natural range of the species for the experimental

temperature. After testing, females were dissected and the number of gregarine

parasites within the digestive tract counted.

There were no significant effects of either diet or parasitism on female

motivation to mate although the combined effects of these variables seem to have an

effect with no apparent trend. Control females did not discriminate among song types,

but there was a trend of female preferences for lower pulse rates which are closest to

the mean pulse rate for the species. Heavily parasitized females did not discriminate

among pulse rates altho~gh there was a similar trend of high vector scores for low

pulse rates. Diet, however, affected selectivity with poorly-fed females showing

significantly high vector scores for pulse rates near the species mean. Such findings

raise interesting questions about energy allocation and costs and risks of phonotaxis and

mate choice in acoustic Orthoptera. These results are discussed in terms of sexual

selection and female mate choice.
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INTRODUCTION

Within many species, females are the choosy sex with respect to mating

(Trivers, 1972). Female mating decisions can have many consequences. Mate

choice may affect the number of offspring a female can produce, the types of

genes that are transferred to the offspring, and recently, mate choice has been

shown to increase offspring viability (Reynolds and Gross, 1992). Such

influences are considered to be indirect effects of mate choice. Direct benefits

can also be secured through mate choice when females choose males on the basis

of territories or nuptial gifts. Therefore, it is in the best interest of females to

choose a high quality mate. However, it has been shown that there is much

variation in female choice. Female choice may be affected by several factors

such as mate availability, predation risk (Hubbell and Johnson, 1987), female age

(Caswell, 1982; Steams, 1992), and female quality. Such a decrease in female

quality often lead~ to a decrease in residual reproductive value, reducing the

number of offspring the individual can contribute to the future population

(Steams, 1992). Parker (1983) predicted that when female quality decreases,

females should become more motivated to mate and be less selective when doing

so.

Diet and parasites are two factors that can influence the quality of an

individual. Hamilton an~ Zuk (1982) suggested that female birds may choose

males based on variation in male parasite resistance. On the other hand, very

little is known about the effects of female parasite loaas on female or male mating

behaviour. Poulin (1994) demonstrated that trematode parasites cause

considerable variation in female choice in the fish, Gobiomorphus breviceps, with

high parasite loads negatively correlated with selectivity. Simmons (1994) also

demonstrated a negative relationship between parasites and selectivity in the

bushcricket, Requena verticalis, but only under poor dietary conditions.

9



Field crickets (Orthoptera: Gryllidae) are species which could also be used

to study the effects of variable female quality on female choice. The first step in

field cricket mating is female phonotaxis to male calling song. Phonotaxis toward

one particular male requires that the female make a choice based on preferences

for certain aspects of a calling song. Many researchers have analyzed the

temporal features of calling songs believed to be important in female choice

(Zaretsky, 1972; Popov and Shuvalov, 1977; Hoy et al., 1982; Thorson et al.,

1982; Stout et al., 1983). Also, many devices have been developed in order to

measure female phonotaxis. Pulse rate has been shown to be one of the most

important temporal features of male calling songs in that females tend to respond

preferentially to songs containing pulse rates closest to the mean for the species

(Popov and Shuvalov, 1977; Thorson et al., 1982; Stout et al., 1983; Simmons,

1988; Stout and McGhee, 1988; Doherty and Callos, 1991; Doherty and Storz,

1992). The curre~t study also uses pulse rate as the parameter to be varied

during Kugel treadmill experiments.

The main objective of this study is to manipulate the quality of Texas field

cricket, Gryllus integer, females by varying diet and recording natural levels of

gregarine parasites. After female quality has been manipulated, I will examine

how such variation influences female phonotaxis. Phonotactic movement will be

treated as female motiva~ion to mate and female selectivity with respect to

mating. Motivation is interpreted as the overall movement of a female while on a

Kugel treadmill and selectivity reveals differential movement of a female across

the various acoustic stimuli presented while on the Kugel. As female quality

decreases, through dietary stress and parasitism, females may behave as though

they are old. Therefore, my predictions follow those of Parker (1983) and

Stearns (1992) in that the stressed females should put significantly more effort

into finding a mate, showing increased motivation. Further, females should be

less selective with respect to mating and respond to a wide range of pulse rates.
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LITERATURE REVIEW

The following section contains a review of literature pertaining to the

thesis. The three main topics covered are Sexual Selection and Female Choice,

Factors That Affect Mate Choice, and Gryllid Mating Systems.

Sexual Selection and Female Choice

Sexual selection refers to the selection for traits that contribute to the

differential success of individuals over others of the same sex, with respect to

mating. Darwin (1871) was the first to develop formally the idea of sexual

selection. He pondered the problem of exaggerated male traits, such as peacock

tails and deer antlers, which do not contribute to survival. Darwin explained the

presence of such traits as providing individuals with a reproductive advantage

over other individuals of the same sex and species. Two ways in which these

advantages may arise are intrasexual competition, where conspecific individuals

of the same sex compete for access to members of the opposite sex (usually male

male co~npetition), and mate choice, where one sex differentially mates with

certain members of the opposite sex. In many species, females are the choosy sex

and males compete for mating opportunites. Trivers (1972) explained the sex

roles in relation to reproductive investment. In terms of time and energy, sperm

is relatively cheap for males to produce, while eggs are energetically more costly

for females. Moreover, females can only produce a finite number of eggs and

reproduction is usually limited by the number of eggs a female can produce in

her lifetime. Reproductive success of males is limited by the number of matings

males can get. Therefore, due to these unequal costs in gamete production

between the sexes, males compete for access to females and females are usually

the choosy sex. Parental investment theory predicts that the relative investment

of males and females in their offspring determines the sex roles, usually creating

situations where females choose mates and males compete for females (Trivers,

1972). In cases where males donate food resources in the way of
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spermatophores, paternal investment increases and the differences in investment

between the sexes decreases.

The Evolution of Female Choice

Females may choose males based on resources which directly benefit them

and their offspring such as food gifts, or superior oviposition sites. There are

also examples where females may choose males based on traits that indicate high

genetic quality and thus indirectly gain increased viability for their offspring.

Resource-Based Female Choice

Selection will favour females that mate with males who hold superior

resources if those resources are important in female reproductive success. When

females choose males on the basis of resources, it is referred to as resource-based

or direct female choice. Besides the genetic contribution to offspring, males may

supply necessary benefits such as nest sites, territory, parental care, and nutrition.

In the bushcricket~ Requena verticalis, male spermatophores consist of a sperm

containing ampulla and a large spermatophylax which is eaten by the female

during mating. This nuptial gift provides the female (and thus future offspring)

with nutrition and females choose mates on the basis of these gifts. These nuptial

feedings have been shown to increase female fecundity (Gwynne, 1984, 1988).

Non Resource-Based Female Choice

Fisherian or 'Runaway' Hypothesis

Although Darwin has received much credit for the idea of sexual selection,

he failed to explain why exaggerated ornaments evolved. He believed that

exaggerated ornaments were selected for due to their aesthetic value. Fisher

(1958) hypothesized that exaggerated male ornaments evolved as a result of a

coevolution of male ornament and female choice. Fisher predicted that a

preference becomes established when females choose to mate with males

possessing a trait favoured by natural selection. Females with a particular

preference for a secondary sex character produce sons which tend to possess
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genes for the preferred male character and daughters with the mating preference

for that trait. Males possessing the trait thus gain a mating advantage and a

natural selective advantage. After a while, the preferred trait need no longer

confer a selective advantage other than a mating one and can be considered

arbitrary. The exaggerated expression of the trait continues however, due to the

runaway coevolution between the trait and female preference for it. The male

trait is directly selected for and as a consequence, the correlated female

preference is influenced by indirect selection (Lande, 1981; Kirkpatrick, 1982,

1987). As the preference spreads through a population, the relative advantage of

the trait would increase. This joint evolution of the trait and preference is self

reinforcing and can lead to a "runaway process" where the male ornament and

female preference become increasingly exaggerated, even to a maladaptive

extreme. The trait increases in exaggeration until a counter-selective force,

usually natural selection, acts to stabilize the expansion.

Fisher's hypothesis has been supported by O'Donald (1980), Lande (1981),

and Kirkpatrick (1982) through population genetic modeling. However, Lande

(1981) and Kirkpatrick (1982) argue that, unlike Fisher's model, the origin or

subsequent elaboration of mating preferences for traits associated with reduced

survivorship do not require an initial selective advantage.

Good Genes- Models

Females may gain indirect benefits for their offspring by mating with

males of higher genetic quality. Females may, therefore, choose to mate with

large, healthy, and vigorous males, and if these traits are heritable, they will be

passed on to the offspring. Thus the female can increase her fitness by mating

with genetically superior males.

Although it is understood that females may choose males on the basis of

good genes, few studies have assessed the indirect benefits that females can gain

by passing on good genes to their offspring. Reynolds and Gross (1992) found,
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as expected, that preferred male traits are heritable, but that they also contribute

to the future reproductive success of offspring in the guppy Poecilia reticulata.

Female guppies prefer large males and size is inherited by both male and female

offspring. Female size is correlated with fecundity, therefore large daughters

show increased reproductive output. Large sons also gain a reproductive

advantage by being preferred by females. Mate choice also increases the fitness

of the female seaweed fly, Coelopa jrigida (Crocker and Day, 1987). When

females were allowed to choose mates, they were more likely to mate and their

progeny were more likely to survive than females not allowed mate choice.

The male traits used by females to assess male quality are often called

viability indicators and a number of researchers have proposed mechanisms by

which these indicators can be maintained by males and assessed by females

(Zahavi, 1975; Hamilton and Zuk, 1982; Andersson, 1986).

. Zahavi's Handicap Principle

A mating signal or ornament can be considered a handicap if it is costly to

the male in terms of survival. The Zahavi hypothesis predicts that only the most

viable males can carry such handicaps, and females can evaluate male viability by

the presence or absence of these ornaments. Zahavi (1975) suggested that males

advertise their fitness to females when carrying an exaggerated character that is a

handicap. Under this hypothesis, a couple of conditions must apply. First, the

ornament must be costly to produce and have deleterious effects on male survival.

Second, higher quality males possessing the handicap must survive relatively well

compared to poorer quality males possessing the handicap. This implies that

successful, handicapped males possess superior genes for viability. Recently,

M01ler and DeLope (1994) tested the assumption of the handicap principle by

altering a preferred character, tail length, in a population of barn swallows,

Hirundo rustica. In accordance with their predictions, long-tailed males showed
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reduced survivorship compared to short-tailed birds, and the cost was greater for

low-quality individuals than high-quality birds.

Parasite Hypothesis

Hamilton and Zuk (1982) suggested that females can determine male

genetic resistance to parasites through the condition of male ornaments. In this

case, the ornaments are considered to be revealing handicaps in that they

accurately reflect the parasite-resistance of males. Under the Hamilton - Zuk

hypothesis, all males produce handicaps, but only the healthiest males can afford

to grow elaborate ornaments and perform strenuous displays. These males have

good parasite resistance. Weaker males, unable to produce elaborate ornaments

or strenuous displays, are highly susceptible to parasitism. The genetic qualities

of males necessary for parasite resistance and production of displays can be

measured along a continuum. This is due to the coevolution between parasites

and hosts. Parasite infections may operate in cycles as genetic variability within

host populations produces resistant males. As these new resistant males are

selected for, genetic variation and selection will produce parasites able to begin a

counteractive shift in virulence. In birds, both the brightness of coloured

plumage (Hamilton and Zuk, 1982; Borgia and Collis, 1989) and the complexity

of songs (Read and Weary, 1990) may be indicative of healthy, parasite-resistant

males. M0ller (1990 a,b) determined that barn swallows, H. rustica, show

decreased male survival, decreased adult size and weight, and reduced mating

success when heavily parasitized by haematophagous mites. Males with lower

parasite levels produce long tails (M0ller, 1990 b) and females prefer to mate

with long-tailed males (M0ller, 1990 a). Therefore, healthy males are able to

produce the handicap of long tails and females may gain information about a

male's genetic parasite resistance and thus avoid mating with heavily parasitized

males. However, some studies have produced data that do not support the
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Hamilton-Zuk hypothesis and criticism of the hypothesis has followed (Gibson,

1990; Weatherhead and Bennett, 1992)

Condition-Dependent Handicap

The expression of a sex trait may depend on the phenotypic and genotypic

condition of the male. Males that possess the gene responsible for producing the

handicap may be of good or poor genetic quality. Males with the handicap gene

having poor genetic quality do not develop enough of an ornament to be

considered a handicap, and females cannot distinguish between these males and

males that do not possess the gene for the handicap at all. Males with the

handicap gene, that are of good genetic quality, produce an elaborate ornament

and are of good phenotypic condition and viability (Andersson, 1986). In the

guppy, Poecilia reticulata, the brightness of male colouration depends on the

quality of food consumed, particularly the amount of carotenoids. Females

prefer bright mal~s, and bright males may possess superior genes for food

finding ability. Therefore, males that are able to find and consume a lot of

carotenoids have improved phenotypic condition and good viability (Endler,

1980).

It is notable that these different theories on the evolution of female choice

are not mutually exclusive. The Fisherian and good genes models of female

choice are separated by {undamental differences. However, Gilbum and Day

(1994) determined that Fisherian and good genes models can work within one

species, but the degree of effectiveness seems to vary in different populations

depending on ecological factors. In the seaweed fly, Coelopa jrigida ,two

geographically separate populations exhibit differences in female preferences.

Females in stable populations prefer to mate with larger males producing large

'sexy' sons. In unstable populations, where frequent population bottlenecks

occur, females prefer smaller males producing more viable offspring.

Therefore, the Fisherian coevolution of male traits and female preferences
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appears to be working in the stable population, but in the unstable population, the

good genes model seems to be predominant.

Sensory Exploitation

Theories pertaining to the evolution of female choice and exaggerated male

ornaments usually assume the male ornament to be the causal agent. Another

theory predicts that initially exaggerated ornaments may have evolved for reasons

not related to adaptive mate choice or sexual selection, but have been later

adopted in a sexual context to attract females. Perhaps some male traits evolved

to exploit pre-existing biases in the female's sensory system. Sensory exploitation

does not require the coevolution of the trait and preference as in other models

and the female's reaction to the trait does not necessarily have to be related to

mating (Ryan, 1990). Perhaps the best example of sensory exploitation is that of

the water mite, Neumania papillator. When hunting, water mites are very

sensitive to the swimming movements of their copepod prey. Male water mites

have evolved a courtship behaviour that begins with leg vibrations. These

vibrations simulate the swimming movements of copepods and trigger predatory

responses in females. When a female locates and clutches a male, the remainder

of the courtship and mating behaviour can take place (Proctor, 1992).

Factors That Affect Mate Choice

Little is known about variation in female choice. However, several factors

such as mate availability, predation, parasites, and diet can work independently or

codependently to affect female mating behaviour.

Mate Sampling Strategies

Janetos (1980) compared two theories of mate choice. The first theory is

the best-of-n rule, where females sample n potential mates and return to the

mate with the male with the highest potential fitness. The second theory is the

one-step decision rule where females accept or reject males as they are

encountered, based on comparison with some internal critical threshold. At any
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sample size, the best-of-n rule was considered to be a better method than the one

step decision rule even though both methods decrease in value as the number of

potential mates sampled increases. However, Janetos (1980) did not consider the

costs of sampling and choosing in his comparison. The costs of sampling and

choosing mates should have a significant effect on female mating decisions. Real

(1990) defined two basic types of sampling costs, direct and opportunity costs.

Direct costs include increased risk of predation, expenditures of time and energy

through added search, and death and aggression from competing searchers.

Opportunity costs include the loss of previously encountered mates because of

their death, emigration, or loss of mating status. When such costs are included in

the analysis, the one-step decision rule is a better mating tactic than the best-of-n

rule (Real, 1990). At low search costs, individuals can increase sampling size and

increase the threshold critical value for mate acceptability, thus becoming more

choosy. When se<:trch costs are high, females should be less choosy with respect

to mating and sample only a few males. Moore and Moore (1988) have shown

that female cockroaches, Nauphoeta cinerea, sequentially choose males by

comparing potential mates to an internal threshold value. Females with no

previous male experience were placed with solitary males of known social rank.

Females chose males on the basis of male pheromones which are indicative of

male social status (Moore and Breed, 1986; Moore, 1988). Females approached

dominant males and responded to dominant male courtship significantly more

quickly than to subordinate males. Also, subordinate males courted females much

longer than dominant males (Moore and Moore, 1988). These results are similar

to findings by Moore and Breed (1986) for experiments where females were

presented with both a dominant and subordinate male together. Therefore,

whether presented with males simultaneously or individually, female N. cinerea

were able to discriminate among males with respect to social status.
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Depending on population parameters such as the operational sex ratio and

population density, individuals are likely to encounter more than one potential

mate. Therefore, in a natural environment, females may visit several males

before mating. The availability of mates may influence mating decisions.

Optimal foraging theory predicts that consumers should be more selective when

food resources are abundant (Stephens and Krebs, 1986). The theory of mate

selection follows a similar pattern. As the number of potential mates increases,

the choosy sex should be more discriminant with respect to mating (Parker,

1978). In the Australian zaprochiline katydids, males become the choosy sex

when food resources are low (sex-role reversal). Shelley and Bailey (1992)

determined that in the zaprochiline katydids, males that had high encounter rates

with females were more likely to reject lighter, and therefore less fecund, mates

than were males having low female encounter rates. This suggests that previous

experience can have an effect on mate selectivity.

In a field situation, individuals may have the potential to encounter many

mates, but they may vary in their spatial distributions and may be separated by

natural barriers. The quality of potential mates may also vary and the quality of

previously encountered mates may have consequences for future mating

opportunities. In the laboratory, Milinski and Bakker (1992) examined the

effects of previous exper!ence on female choice in the three-spined stickleback,

Gasterosteus aculeatus. Females were presented with only one male at a time, but

in this case, female sticklebacks were presented with two males sequentially. In

sticklebacks, female preference is based almost exclusively on the intensity of red

colouration of males (Milinski and Bakker, 1990). Bright red males are in good

physical condition and are preferred by females in simultaneous choice

experiments (Milinski and Bakker, 1990). Bakker and Milinski (1991) have

shown that female sticklebacks can rate males sequentially and this is important

since distances between males and variable vegetation create barriers for females
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(Milinski and Bakker, 1992). In the experiment, females were allowed to

experience either a bright or dull male, and then were tested for courtship

duration with a dull male. When females came from a dull male, they stayed

with the dull test male longer than if they had recently experienced a bright male.

It was suggested that females with recent bright male experience were motivated

to leave the dull male and find a bright male. This experiment also incorporated

varying energy costs by placing females in a current before presenting them with

the dull test male. Females who were placed in a current after seeing a bright

male stayed longer with the dull male than when they were presented with him

directly. Cost in terms of time was also a factor. When females were forced to

wait (no current) for at least 30 minutes after seeing a bright male, they spent

significantly more time with the dull male than when presented with him

immediately. These results support Real (1990) because females became less

selective when the sampling costs of time and energy increased (Milinski and

Bakker, 1992).

Mate Choice and Predation Risk

Another cost to individuals in nature is predation risk. Predation risk can

significantly affect mating behaviour (Magnhagen, 1991). Males may experience

increased risks of predation when signalling to females (Cade, 1975; Tuttle and

Ryan, 1981; Burk, 1982} and performing mating displays conspicuous to both

females and predators. Females also may incur increased predation risks when

responding to male signals (Sakaluk and Belwood, 1984). In addition, egg

carrying may increase visibility to predators or decrease speed and

manoeuverability (Magnhagen, 1991). The fate of such individuals may affect

mating behaviour at the population and individual levels. During times of high

predation risk, reproductive behaviour may cease entirely (Magnhagen, 1990). A

high frequency of predation may lead to a reduction in the expression of

conspicuous traits and behaviours (Belwood and Morris, 1987). In addition, mate
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search activity may decrease during high risk times (McCauley and Lawson,

1986; Gwynne, 1987). In theory, mate selectivity should decrease as predation

risk increases (Hubbell and Johnson, 1987). Most studies investigating this seem

to deal with mate choice in role-reversed species where it is the male that is the

choosy sex. In the pipefish, Syngnathus typhle, males contribute parental care of

the offspring and are the choosy sex with respect to mating. Under no predation

risk, males prefer to mate with large females (Berglund et al., 1986). However,

mating became random under high predation risk, likely due to a decrease in

male choosiness (Berglund, 1993). Similarly, in the sand goby, Pomatoschistus

minutus, males became less choosy under predation risk (Forsgren, 1992).

Mate Choice and Mate Condition

Mating decisions may also be affected by the condition or quality of the

choosy sex with factors like age, diet, and parasites being important. Female age

should have a sig~ificant effect on mating decisions. As females age, they have

less time left to contribute future offspring to the population. Residual

reproductive value is a term used to describe future female contributions to

population growth and, as this value decreases with age, females should increase

their reproductive effort (Steams, 1992) and become less selective with respect to

mating.

Simmons and Bai~ey (1990) determined that behavioural sex role reversal

in an unidentified species of zaprochiline katydid is influenced by food

availability. Under low food conditions, females were lighter and less fecund and

males were more variable in their accessory gland weights when compared to

individuals under good food conditions. In a low nutrient situation, the

operational sex ratio became female-biased and males chose heavier females,

maximizing their reproductive returns, while females competed for nutrients

provided by the male spermatophylax. When nutrient conditions were high, the

bias in the operational sex ratio was reduced and males appeared to be less
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discriminant and females became choosy and did not compete for mates.

Nutritional status was also found to influence sexual motivation. Female sexual

motivation, in terms of mating frequency, decreased when food resources were

abundant. Only those females of low nutritional status continued to mate. Diet

also affected the mating behaviour of the bushcricket, Requena verticalis. When

fed a low-protein diet, males rejected virgin females more often than females

rejected males, creating a sex-role reversal situation (Schatral, 1993).

Nutritional status can also affect an individual's energy levels which, in

turn, may affect mating activities. Proctor (1992) manipulated the energy

resources of male water mites, Neumania papillator, by varying diet. Food

deprived males produced fewer spermatophores, spent less time searching for

mates, and spent more time foraging than well fed individuals. These results

suggest that under low food conditions males may not have sufficient energy

reserves to produce as many spermatophores, but it is uncertain whether

individuals spent more time foraging because they were motivated to do so, or

whether they lacked sufficient energy to move toward females even though they

were motivated to mate search (Proctor, 1992).

The majority of research in the area of parasites and sexual selection has

focused on the effects of parasites on male secondary sexual characteristics and

the consequences for mate choice as suggested by the Hamilton-Zuk parasite

hypothesis. These authors studied the effects of haematozoan parasites on various

species of North American passerine birds. An interspecific study determined

that males of heavily parasitized species had brighter plumage and more complex

and variable songs than less parasitized species (Hamilton and Zuk, 1982).

Within-species studies have also been carried out. Male barn swallows (H.

rustica) that were heavily parasitized by haematophagous mites, showed

reductions in viability, adult size, and mating success (M~ller, 1990 a,b). In the

satin bowerbird, Ptilonorhynchus violaceus, males with low mite parasite levels
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were more capable of holding a bower and, therefore, better able to secure access

to more females (Borgia and Collis, 1989). Intestinal roundworm parasite levels

were negatively correlated with eye colour and the colour, texture, and size of

the comb in male red jungle fowl, Gallus gallus. These parasites may decrease

male fitness because female red jungle fowl preferentially mate with males having

brilliantly coloured combs and eyes (Zuk et al., 1990). There are examples,

however, where the data did not satisfy the hypothesis. Weatherhead and Bennett

(1992) found that haematozoan parasites did not affect the expression of

secondary sexual characters such as feather condition, body size, colour, and song

repertoire, in the brown-headed cowbird, Molothrus ater. Similarly, Gibson

(1990) determined that haematozoan parasites did not affect male courtship

displays or mating success in the sage grouse, Centrocercus urophasianus.

In populations where parasites are prevalent, females are likely to be

parasitized as well. With the exception of Poulin (1994), no one has examined

the consequences of parasitized females in mate choice. Upland bullies

(Gobiomorphus breviceps) are often parasitized by larvae of the trematode,

Telogaster opisthorchis, which are found encysted in the body cavity, muscles,

liver and other internal organs. These parasites can occur at high densities

(typically >100 cysts per fish) and are known to negatively affect the physical

condition of the fish. Lightly parasitized (range 15-60 cysts per fish) female

upland bullies, prefer to mate with larger males when male colouration is similar

among males. When given a choice between a large and small male, heavily

parasitized female bullies made fewer mate inspections, and were more likely to

choose lower-quality (small) mates. This experiment is important because it

proves that parasites may not only contribute to variability in fitness and in the

expression of secondary sexual characteristics among males, but also may

contribute to variablity in the ability of females to discriminate among males and

the willingness of females to assess mates.
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The role of parasites in sexual selection has been a topic increasing in

popularity. Accordingly, within the spectrum of orthopteran research, the effects

of gregarine gut parasites have been studied. Gregarines (Protozoa: Gregarinida)

are gut parasites of many invertebrates. Gregarines of the genus Gregarina are

often found in the guts of many insect species including cockroaches, beetles,

grasshoppers, and crickets (Smyth, 1976). Gregarines must be ingested as spores

which subsequently develop into reproductive units called trophozoites and attach

themselves to the lining of the host gut wall. Trophozoites feed on materials

present in the gut lumen and when ready to mate, they release from the host

epithelial cells and pair up in a process called syzygy. An end-to-end position is

then adopted before a gelatinous cyst wall is produced. When the cyst is

complete, it travels through the digestive tract and is passed out with the host

faeces. Under warm and humid environmental conditions, the cyst will sporulate

and the infectious.cycle may begin again. Cysts may appear in the faeces 9 days

post infection and the entire cycle generally takes 11-13 days. The effects of

gregarines are probably mediated through their toll on host nutrition. A few

studies have shown that the effects of gregarines become important only when the

hosts are under sub-optimal nutritional conditions. Gregarines are known to

adversely affect larval development in the beetle, Tenebrio molitor. Under poor

dietary conditions, infected larvae weighed less and had more difficulty moulting

than uninfected larvae. Thirty-three percent of the poorly fed, infected larvae

failed to pupate (Harry, 1967). Simmons (1993) found that male bushcrickets

(Requena verticalis) fed a protein-rich diet donated significantly more

spermatophores than males collected from the field under similar parasite

infections. Parasites have been shown to reduce longevity and growth in the field

crickets Gryllus veletis and G. pennsylvanicus under poor food conditions (Zuk,

1987b). Spermatophore production was hindered by gregarine infection,

reducing male reproductive potential (Zuk, 1987a). Zuk (1987b) found that
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female fecundity was not affected by gregarine load when all females were well

fed. These studies show that gregarines can adversely affect the physiology of

nutritionally stressed insects.

Gregarines have also been found to affect mating behaviour. Mating

frequency in the bushcricket, R. verticalis, can be adversely affected by

gregarines. Simmons (1993) found that heavily infected males mated less

frequently than uninfected individuals, when fed a low-protein diet. When males

were fed a diet high in protein, there was no difference in mating frequency

between infected and uninfected individuals. More recent work by Simmons

(1994) has shown that under poor dietary conditions, gregarines affected sex-role

reversal behaviour in R. verticalis. Unparasitized females remained choosy,

rejecting the advances of males. Parasitized females, on the other hand, initiated

courtship more often and were more likely to be rejected by males. These results

suggest reversals in motivation to mate and mate selectivity between the sexes.

These reversals were independent of male infection status. Therefore, the

behaviours are thought to be controlled by female behaviour which was altered

by infection level. An increased frequency in infected females' coupling attempts

possibly signalled the potential availability of mating opportunities, and males are

discriminatory when this is high (Simmons, 1994). A more recent study on the

field cricket, Gryllus integer, has looked at the effects of gregarines on various

aspects of male calling, courtship and guarding behaviour. This study suggests

that gregarines did not significantly affect male calling and guarding behaviour

and lout of 9 courtship behaviours studied, was significantly affected by

gregarine infection (Proctor, 1994).

Gryllid Matin2 Systems

Cricket mating systems are ideal for testing theories of mate choice because

the initial step involved in the mate assessment process often requires female

phonotaxis to male calling song. A growing body of evidence suggests that
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various parameters of male calling song are important in female choice and

researchers have devised many elegant techniques for measuring female

phonotaxis.

Song Production and Mechanism of Hearing

In the majority of Gryllidae, the first step in reproduction is mate

attraction through acoustic communication. Males are able to produce sound

through a process known as stridulation. A calling song is produced by rubbing

together the modified upper wings, called tegmina. Sound is produced when a

file (pars stridens) on the underside of one wing is struck by the scraper

(plectrum) on the upper surface of the other wing. Each time the tegmina

converge, one sound pulse is produced, while the spreading of the tegmina

produces no sound. These pulses are arranged in a temporal pattern that is

specific to each species. In crickets, two major song types occur. Chirping

species produce songs consisting of several short trains of pulses and trilling

species produce longer pulse trains. In each case, pulse trains are separated by

intervals of silence (Ball et al., 1989).

Females are able to orient to male calls through a well developed hearing

mechanism. The main organs involved in sound reception are the tympana. A

tympanum is located on each foreleg tibia and is composed of a group of sensilla.

These structures are considered to be the crickets' ears and respond to high

frequency sound. In addition to the tympana, there are several other mechanisms

used in sound reception. The subgenual organ in the tibiae of all legs consists of

sensilla similar in appearance to those of the ear. However, these sensilla detect

substrate vibrations and low-frequency sound. Low frequencies are also detected

by filiform hair sensilla on the cerci. These hairs also detect air-particle

movements generated by approaching objects, such as predators, or by the

cricket's own movements. The tracheal organ system is another important

mechanism. At the area of the tympanal organ in the front tibiae, tympanal
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membranes are located adjacent to sensilla. The sensilla are attached to a

complex tracheal system called acoustic tracheae. These tracheae aid in the

detection of high frequency sound (Ball et al., 1989)

Pair Formation

In order for pair formation to occur, females must not only hear calling

males, but also locate them. Phonotaxis is a term used to describe movement in

relation to a sound source. Male calling songs are used by females to locate males

and various temporal patterns of conspecific songs are required for species

recognition and these will be reviewed in a later section.

Courtship, Mating and Post-Copulatory Behaviour

Once a female has located a male, a courtship ritual may ensue. Both sexes

antennate each other in order to confirm species recognition through sex

pheromones. Males begin a courtship display by producing a courtship song.

This courtship song involves the same method as the calling song, but is softer

and less species-specific than the calling song (Loher and Dambach, 1989). When

a female is ready to mate, she crawls onto the male's back, assuming the

evolutionarily primitive female-above-male posture for copulation. All male

crickets produce a sperm package (spermatophore) which is composed of a

sperm-containing ampulla, an anchor plate, and a tube. This spermatophore is

attached to the female with the ampulla positioned externally and held in place by

the anchor plate and female subgenital plate. The tube is threaded through the

female genital chamber and into the spermathecal duc·t aperture (Loher and

Dambach, 1989). The spermatheca serves as a sperm reservoir and a female can

mate several times before oviposition (Backus and Cade, 1986). Males may also

mate several times, but the time between matings depends on the time required to

produce the next spermatophore. In some species of crickets, such as Gryllodes

supplicans and several species of Teleogryllus, spermatophores are more costly to

produce because they include a large, proteinaceous spermatophylax. This
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structure is eaten by the female during mating and may be an important source of

nutrition. After the spermatophore has been successfully attached, the male stays

in close proximity to the female. This process is known as mate guarding and

may serve several purposes. Males may mate guard to prevent the female from

removing the spermatophore, to prevent the female from mating with competing

males, or to ensure repeated copulations with the same female. For

approximately 10-20 minutes, any attempt by the female to move results in

aggressive behaviour by the male. Prostaglandins in the spermatophore stimulate

the female to oviposit. Oviposition sites must contain a moist substrate. Each egg

travels past the aperture of the spermathecal duct and is fertilized by the stored

sperm. The ovipositor is inserted into the ground and an egg travels between the

two long valvulae and is planted in the soil. A female may deposit several

hundred eggs (Loher and Dambach, 1989).

Phonotaxis and Female Choice

Females incur many costs when searching for mates, such as time, energy,

and predation risk. Therefore, where female choice is costly, it is advantageous

for the females to discover as much about potential mates as possible, while

investing the least amount of time and energy. Female crickets may be able to

assess males through aspects of male calling song. Crankshaw (1979) determined

that female Acheta domesticus were able to distinguish between dominant and

subordinate males on the basis of calling song only. Thus, female crickets can

gain some information about the quality of a potentiaI mate from afar, without

having to begin the mate assessment process at close range. When measuring

female choice in crickets, phonotaxis measurement methods are most often used.

These methods produce quick and reliable results, are easily repeatable, and do

not depend on the cooperation of both sexes as is the case with courtship and

mating behaviours. Several methods have been devised to measure phonotaxis.
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Factors that have been found to affect female phonotaxis are variations in male

calling song parameters, and the condition of the female.

Methods of Measuring Phonotaxis

There are several ways to measure the phonotactic responses of female

crickets to male calling songs. Doherty and Pires (1987) divided the methods

into two main categories. 'Closed-loop' methods allow the test animal to move

freely in acoustic space and 'open-loop' methods require tethering of the animal

to prevent increases in sound intensity when running towards a sound source. A

closed-loop method that is quite common in researching cricket phonotaxis is the

use of an arena. In general, arenas are open-top enclosures that can vary in size

and shape (usually square, rectangular, or circular) and are usually lined to

minimize sound reverberation (Zaretsky, 1972; Stout and McGhee, 1988). Songs

are broadcast to females through speakers which may number from one to four

(Zaretsky, 1972; Stout and McGhee, 1988). The main advantages of arena

experiments are that they are the best method of simulating a natural environment

and the cricket encounters very little stress. However, there are many drawbacks

to arena setups. Observations are difficult to quantify and interpretation of the

results may require subjectivity on the part of the researcher. Because the cricket

can move freely, random movement may bring her closer to a particular speaker

and subsequent attraction may be due to an increase in sound intensity rather than

the song parameters. Also, females may follow pheromone pathways of previous

females.

Many of the problems associated with arenas are not encountered when

using T- or Y-mazes. These tubular enclosures allow the female to walk freely

up a base arm until they reach a fork where they are forced to make a decision as

to which path to follow. This method has been used in cockroach pheromone

experiments where each arm has a different scent at the end (eg. Moore, 1989).

In cricket phonotaxis experiments, speakers broadcasting male calling song are
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placed at the end of each arm (Popov and Shuvalov, 1977; Crankshaw, 1979).

Positive responses may be scored when a female travels two thirds the distance up

one of the arms (Crankshaw, 1979) or when the female travels the entire

distance, reaching one of the speakers (Popov and Shuvalov, 1977). Like the

arena setup, females are able to move freely and approach a speaker, however,

female choice is easier to quantify in Y-maze experiments. Between trials, the Y

maze may be washed to eliminate pheromone trails. One drawback to using Y

mazes is that females are not able to move as freely as in an arena.

A phonotaxis measurement method which does not allow free movement of

the cricket is the flight assay. In this case, the cricket is tethered by the pronotum

and held in a wind stream (wind speed 1-3 m1s). The wind stream triggers a

flight response, but the cricket is held stationary. At the level of the cricket, two

speakers are placed at 90° to the left and right of the specimen. Upon

presentation of co.mputer-generated calling songs, females may bend their

abdomen and hind legs towards or away from a sound source. This movement is

interpreted as a steering response. It is assumed that when a female bends her

abdomen and legs in one direction, she is trying to turn in that direction. Moiseff

et ale (1978) mounted a photocell on the monitor of a video monitor screen which

indicated the slightest movement of the abdomen. When the cricket abdomen

moved across the viewing screen, the amount of light reaching the photocell

varied, altering its dc voltage. Therefore, the instantaneous position of the

cricket abdomen could be determined by reading the amplitude of the photocell

output. Although this method provides a great deal of stress to the animal, the

results are easily interpreted and appear to be more sensitive in determining

selective phonotaxis than maze and arena experiments.

Flight assays measure phonotaxis while the cricket is in the air whereas

treadmills have been developed to measure walking phonotaxis. A compensatory

Kramer treadmill, named after the German scientist who invented it, does not
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require tethering of the cricket. Instead, the cricket is placed on a sphere and its

movements are detected by infrared light beams and the information relayed to

motors responsible for moving the ball. Cricket movement in one direction

causes compensatory movement of the ball in the opposite direction and these

compensatory movements are used to quantify female responses to different

acoustic stimuli played through speakers surrounding the treadmill.

A less expensive non-compensatory treadmill has also been developed.

This treadmill is often referred to as a Kugel, which is the German translation

for the word bailor sphere. In this case, the cricket is tethered by the pronotum

and held stationary on top of a light-weight plastic sphere. The tethering system

allows the cricket to rotate freely about her horizontal axis. A cushion of air

supports the sphere and allows it to rotate with minimal friction. Various

computer-generated male calling songs are presented to the female through

surrounding speakers. When she moves towards a speaker sensory rollers detect

consequent movement of the ball and an adjacent computer generates a vector

score indicative of the speed and direction that the cricket is travelling (Doherty

and Pires, 1987). Disadvantages of treadmills lay in their cost to produce,

especially the Kramer treadmill, and in the amount of stress they impose on a

specimen. However, data can be collected quickly and quantitatively, eliminating

subjectivity on behalf of the researcher.

Calling Song Parameters

Male calling song parameters have been shown to be quite variable within

cricket species (Walker, 1962; Souroukis et al., 1992). Much work has been done

to determine the consequences of such variation for female choice. Therefore,

researchers have concentrated on various male song parameters to determine

female preferences.
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Interspecific Studies

The directional response of a cricket to a sound source has been shown to

be frequency-dependent. In flight assay experiments by Moiseff et ale (1978),

negative phonotaxis, movement away from the source, was exhibited by

Teleogryllus oceanicus females subjected to ultrasonic sound (30-70 kHz). The

negative response was likely an anti-predator response since insectivorous bats

emit ultrasound. When lower frequency sound was played (3-9 kHz),

approximately the carrier frequency of conspecific male calling song, females

attempted to fly in the direction of the sound source, thus exhibiting positive

phonotaxis. Frequencies lower than the approximate frequency range of

conspecific song also elicited a negative response. It was also found that in

Acheta domesticus positive phonotaxis was sharply tuned to 4-5 kHz band of

carrier frequencies (Stout et al., 1983).

A temporal pattern that has been shown to be very important in song

recognition by females is the pulse/syllable rate. Pulse/syllable rate and

pulse/syllable period are inversely related and researchers vary in the use of these

terminologies (see Figure 1). In arena experiments by Stout et ale (1983), A.

domesticus females preferred songs having syllable periods closest to the natural

range for the species. Stout and McGhee (1988) also studied female phonotaxis

of A. domesticus and found that females did not discriminate between pairs of

calling songs which differed only in syllable period in an arena. However,

syllable period became an important parameter when other aspects of the calling

song were altered. These results will be described in greater detail in a later

section, but the authors concluded that syllable period was the most important

song parameter with respect to female recognition of male calling song. In

Gryllus campestris, it was hypothesized that syllable or pulse rate was the most

important song parameter in the recognition of male song. In Kramer treadmill

experiments by Thorson et ale (1982), females were presented with synthetic
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calling songs through two opposite speakers. Surprisingly, G. campestris

females tracked song containing continuous trills as long as the syllable rate was

30 Hz, the natural syllable rate of conspecific male chirping song. As long as the

syllable rate was near 30 Hz, changes in duty cycle (the ratio of syllable duration

to syllable repitition interval) had no effect on female phonotaxis. In Y-maze

experiments, Popov and Shuvalov (1977) also found pulse rate to be the most

important calling song feature for G. bimaculatus females.

Syllable duration and the number of syllables per chirp are two other

temporal features that have been shown to be important (see Figure 1). In arena

experiments by Stout et ale (1983), female A. domesticus preferred the modal

syllable duration for the species. When the number of syllables within a chirp

was varied, songs containing different syllable numbers became less attractive as

they became increasingly different than the modal value for the species.

In chirping ~species, chirp rate has been shown to be a relevant parameter.

In arena experiments, Stout et ale (1983) found that female A. domesticus

preferred the chirp rates that were typical of conspecific calling males. Stout and

McGhee (1988) also studied the effect of chirp rate on female phonotaxis in A.

domesticus and found that females preferred faster chirp rates, but that chirp

rate was only of moderate importance compared to other factors.

Intensity of song ~as also been shown to affect the attractiveness of other

temporal parameters. Although Stout and McGhee (1988) found that, in A.

domesticus, female responses were not affected by variation in syllable period

alone, these results were found to be affected by song intensity. Females

preferred calling songs with a syllable period of 50 ms (modal for the species)

when it was 5 dB louder than a song with a 60 ms syllable period. Calling song

with a 60 ms syllable period was only consistently chosen when it was 10 dB

louder than a calling song with a 50 ms syllable period. When chirp rates were

altered, females preferrred the song with a syllable period of 50 illS over song
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Figure 1. Representative diagram of male cricket calling song showing

various song parameters. (modified from Bennet-Clark, 1989).
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with syllable periods of 60 ms. Therefore, it is possible that female crickets

make trade-offs among song parameters. Doolan and Pollack (1985) also found

intensity-dependent responses of females to songs varying in temporal pattern in

T. oceanicus. Using flight assays, the researchers found that female phonotactic

response increased with increasing intensity when females were presented with

song containing pulse durations and pulse rates typical of the species. When these

two parameters were altered, female responses often ceased and in some cases

were negative at the highest intensity (100 dB). Song intensity and chirp rate

were not important for species recognition in G. bimaculatus, but they did

appear to affect female motivation to mate. Motivation can be measured as the

speed of movement and it was determined that the louder the song and higher the

chirp rate, the shorter the reaction time of the female (Popov and Shuvalov,

1977). Intensity 'llone, however, is not a good parameter to use to test female

preferences because it can be distorted so easily by environmental factors. For

example, if a female is directly in the middle of two calling males, wind may

create the illusion that the upwind male is closer than the downwind male because

the upwind male's song would be louder (Simmons, 1988). Using intensity as a

stimulus parameter to test female choice may also lead to what Parker (1983)

described as passive choice, where females simply respond to the loudest, most

intense signals. Therefore, care must be taken when interpreting phonotaxis

experiments which involve manipulation of song inten·sities.

Another temporal feature of male calling song is the interval between trills

or chirps. Hoy et ale (1982) used flight assay experiments to examine the

importance of the inter-trill or inter-chirp interval in female recognition of male

calling song. It was found that female T. oceanicus females preferred

conspecific song to T. commodus song, a sympatric species, but they could not

distinguish between conspecific song and a conspecific song that was shuffled by
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randomizing pulse intervals. More importantly, females preferred the shuffled

song to T. commodus song, suggesting that the proportion of intervals, and not

the sequential ordering of intervals, is necessary for recognition by females. In

an arena study, Zaretsky (1972) found that pulse interval pattern was important

for female recognition of male calling song in Scapsipedus marginatus.

Cricket species are widespread and, in nature, similarities among species

may present challenges to females when searching for conspecific males. Several

researchers (Hoy et al., 1982; Doherty and Storz, 1992) have suggested that male

calling song may function as an effective premating barrier to gene exchange

among different species. Sympatric and allopatric populations of G. firmus and

G. pennsylvanicus exist. Doherty and Storz (1992) studied features of male

calling song and female responses to conspecific and heterospecific song. Male

calling song of allopatric G. firmus is significantly slower in temporal rhythm

(chirp rate and pu~se rate) and lower in pitch than G. pennsylvanicus. The calling

songs of sympatric males were variable with respect to temporal parameters.

Female phonotaxis was measured using a kugel treadmill in which allopatric

females of G. firmus were simultaneously presented with standard song and

alternative songs which varied in pulse rate. It was found that females preferred

calling songs having conspecific pulse rates over songs that had higher or lower

pulse rates. It was also qetermined that females preferred conspecific pulse rates

even when the sound pressure level of the conspecific song was attenuated.

Other examples of sympatric species include G: rubens, a trilling species,

and G. fultoni, a chirping species. Using a kugel treadmill, Doherty and Callos

(1991) studied phonotaxis of female G. rubens to variations in conspecific song

and heterospecific song. Females preferred conspecific trilled song over chirped

song of sympatric G. fultoni and this preference persisted even when G. fultoni

song was 6 dB louder. When presented with trilled songs varying in pulse period
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only, females chose trills with the conspecific pulse rates over trills having lower

or higher pulse rates.

Sympatric and allopatric populations of G. bimaculatus and G. campestris

contain males whose calling songs are very similar. On a Kramer treadmill,

female G. campestris tracked the heterospecific song as well as conspecific song

(Thorson et al., 1982). Allopatric G. campestris males produce calling songs

which are quite stable in that they usually have 4 pulses per chirp. Sympatric

males usually produce calling songs with 3 pulses per chirp. Pulse rate is a very

important song parameter for conspecific recognition in both species, but

sympatric female G. campestris are also tuned to the number (3) of pulses per

chirp in Y-maze experiments (Popov and Shuvalov, 1977).

Intraspecific Studies

A few studies have looked at the variation in calling song parameters

within species and: whether females choose among conspecific males on the basis

of these parameters. If the preferred song traits are correlated with some aspect

of male quality, evidence for female choice at the calling song level would be

supported. Crankshaw (1979) noted qualitative differences between dominant

and subordinate male calling songs in A. domesticus. Dominant males produced

calling songs with faster chirp rates and clearer chirps than subordinate males. In

Y-maze experiments, female A. domesticus preferred the song of a dominant

male over the subordinate male song when the songs were presented

simultaneously.

In the mole crickets, song intensity is a very important parameter used by

females to locate males. As mentioned earlier, great care must be taken when

interpreting the effects of song intensity on female choice. Forrest (1983) studied

the effect of song intensity on female phonotaxis in two species of mole crickets,

Scapteriscus acletus and S. vicinus. In an outdoor arena, flying female mole

crickets selectively responded to higher intensity calls. Since calling intensities
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are correlated with male size and soil moisture, it is believed that females use

calls to locate oviposition sites as well as mates. This hypothesis is logical since

soil moisture is an important factor in egg development. Selection for higher

intensity songs is so strong that surrounding males are also attracted and construct

burrows near loud-calling males. These newcomers gain access to the large

number of attracted females and gain high quality (moist) burrow sites.

In G. integer from California, the duration of uninterrupted calling

(calling bout length) is variable among males. Hedrick (1986) collected 50 wild

caught males from a population in California, U.S.A. and found that 14 called in

short bouts, 18 called in both short and long bouts, and 18 called in long bouts.

When females were given a choice, they preferred the songs with long calling

bout lengths. This is important because calling bout length may be an indicator

of male quality. In a later study, it was determined that this preferred male

character was her~table (Hedrick, 1988). This reinforces the fact that calling

song parameters are very important in mate choice.

Simmons (1988) also found that certain aspects of calling song may serve

as indicators of male quality. In G. bimaculatus, larger males produce calling

songs with greater intensity, higher pulse rates and higher chirp rates than small

males. In an arena, female G. bimaculatus were simultaneously presented with

song characteristic of large males and song characteristic of small males. Songs

were variable in pulse rate and chirp rate, but the intensity of the songs was held

constant. A significantly higher proportion of females oriented towards the

speaker broadcasting the calling song of a large male. Females may, therefore,

use calling song as an initial cue to male size/quality.

Gryllus integer from Texas has also been used as a study species for

measurement of female preferences for various aspects of male calling song.

Souroukis et ale (1992) found that various song parameters, such as the number

of pulses per trill, inter-trill interval, and the proportion of missing pulses (see
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Figure 2), are variable within a population of G. integer from Austin, Texas, but

there was no evidence that any of this variation was correlated with male size,

age, or wing morphology. Using a Kugel treadmill, Wagner et ale (1994) tested

Texas G. integer female preferences for these song parameters. During 2

speaker choice tests, females preferred male songs with more pulses per trill and

shorter inter-trill intervals. Females did not discriminate among songs varying in

the proportion of missing pulses. When females were sequentially presented with

songs varying in one parameter only, the results were slightly different.

Although the strength of the preference increased as the number of pulses per

trill increased, there was no variation in preference strength for inter-trill

interval or the percentage of missing pulses. Discrepancies in these results were

explained by the authors in terms of the different methodologies. Choice tests

may exaggerate the strength of a female preference because the female must

choose one of two songs and her choice may be a result of only a weak

preference. In other words, dichotomous choice tests are not sensitive enough to

detect the strengths of female preferences. When several songs varying in one

parameter only are presented in sequence, phonotaxis measurements (eg. vector

scores from a Kugel) can yield relative preference strengths. It was also found

that preferences for certain song traits may be correlated with preferences for

other song parameters. This is important because it suggests that as a song

parameter is selected for, other song parameters may undergo indirect selection.

Ecology of Stimulus Presentation

Different stimuli may be presented to females simultaneously or alternately

in quick succession. Simultaneous and alternating stimulus presentations create a

situation where females are hearing more than one song type within a trial, and

are, therefore, given a choice. Experiments have also been conducted where a

female is presented with only one song throughout the entire trial. This is an

absolute test where females are not allowed to choose among different stimuli.
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Figure 2. Representative spectrogram of Gryllus integer calling song

showing various song parameters (modified from Souroukis et

al., 1992)
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The method of stimulus presentation is very important because much variation

has been found between so called choice and no-choice experiments. Using a Y

maze setup, Popov and Shuvalov (1977) tested female preferences for various

song parameters using choice and no-choice experiments. In a no-choice

situation, females were attracted just as well to rough models of male calling

songs (continuous tones, trills and tone bursts). When offered a choice, females

became more selective, clearly prefering stimuli that were closer to the natural

conspecific calling song. Doherty (1985) was interested in whether presenting

females with simultaneous choice produced different results than when presenting

females alternating stimuli. He found that the range of syllable periods preferred

by females did not differ between the two methods.

When females are presented with more than one calling song stimulus

during a trial, either simultaneously or alternately, a perception of the presence

of more than one !llale may be created. This perception of a high male density

may have significant effects on female phonotaxis.

Plasticity of Female Phonotaxis and Choice

Female Age

Only relatively recently, attention has been given to the effects of female

age on female phonotaxis in crickets. However, the information that has been

gathered suggests that female age is a significant factor affecting mate choice.

Stout et ale (1987) found that A. domesticus females tested for phonotaxis on a

treadmill generally fell into three categories with respect to preferences for

syllable period. Narrow-ranged females responded to calling songs with syllable

periods of 50-70 ms (natural range for calling song), intermediate-ranged

females responded to songs containing 50-100 ms syllable periods, and broad

ranged females tracked songs with syllable periods of 30-100 ms. The authors

suggested that the broader-ranged females were older A. domesticus females that

were less selective with respect to calling song preferences.
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Walikonis et ale (1991), in a follow-up study, examined the effect of female

age on calling song selectivity and the possible role of Juvenile Hormone III (JH

III). They determined that very young virgin females at day 3 after the imaginal

moult, showed positive phonotaxis and were very selective when doing so. By

13-17 days of age, the females demonstrated positive phonotaxis to calling songs

with of a wider range of syllable periods and, thereafter, remained unselective

for the duration of the testing. This suggests that females decrease in phonotactic

selectivity with increasing age. The important mediator involved in changes in

female selectivity with age is thought to be JH III. Juvenile Hormone III is a

hormone produced by the corpora allata and is important in insect reproductive

development and mating behaviour (Borror et al., 1989). Although JH III levels

fluctuate throughout a cricket's lifespan, at day 3 Walikonis et ale (1991) noted a

pronounced peak corresponding to a peak in selectivity. After day 3, a decrease

in JH III concentration is accompanied by a decrease in selectivity. Further

evidence for the importance of JH III in decreasing selectivity with age is that

topical application of JH III to older, unselective females, causes an increase in

selectivity in these individuals within four days of the application (Stout et al.,

1991). However, the work of Loher et al., 1992 disputes the importance of JH

III. They found that allatectomized females showed continued phonotaxis as

adults and developed and maintained phonotaxis as nymphs.

The mechanism by which JH III levels affect female selectivity is believed

to be neural. L1, an auditory interneuron in the prothoracic ganglion, encodes

the temporal structure of calling song and is necessary for phonotaxis (Atkins et

al., 1989). Stout et ale (1989 as cited in Walikonis et al., 1991; 1991) found that

the threshold for Ll declines during the first 2-5 days post imaginal moult,

corresponding with a decrease in behavioural threshold. When 1 day-old females

were given topical application of JH III, a decrease in both the phonotactic

threshold and the threshold of Ll was noted (Stout et al., 1991). Therefore, it is
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believed that JH III influences the behavioural threshold for phonotaxis by

affecting the threshold of L1 (Walikonis et al., 1991). JH III is also believed to

affect the response threshold of another auditory interneuron, L3. The L3

interneuron is also necessary for phonotactic response in females and has a high

threshold for calling song syllable period (Atkins et al., 1989). Stout et ale (1989

as cited in Walikonis et al., 1991) and Atkins et ale (1990 as cited in Walikonis et

al., 1991) found that the threshold for L3 decreases as females ag-e. Henley et ale

(1992) found that topical application of JH III to old females raises the threshold

of L3 and increases female selectivity for calling song syllable period similar to

the selectivity of young females.

More recently, G. integer females have displayed a decrease in selectivity,

with respect to calling song pulse rate, as they became older. Experiments using

a Kugel treadmill showed that young (11-14 day-old) females preferred calling

songs containing pulse rates of 64 and 70 pulses per second, which are close to

the mean pulse rate for the species at the experimental temperature, over a pulse

rate of 76 pulses per second. Older females (25-28 days-old) did not discriminate

between the three pulse rates (Prosser, 1994).

Predation Risk

Phonotaxis experiments have also been used to assess variations in female

choice under varying degrees of predation risk. Sakaluk and Belwood (1984)

determined that females are exposed to significant levels of predation during

phonotaxis. Generally, predation risk is higher in opefi areas because crickets are

usually taken by visually-hunting predators such as geckos. As a consequence,

females travel through cover when they can. Female G. integer prefer songs

with long calling bouts (Hedrick 1986). However, Hedrick and Dill (1993)

determined that female G. integer make tradeoffs between their preference for

males with long calling bouts and their perceived risk of being preyed upon

during movement towards males. In an arena, females were given a choice
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between long-bout songs and short-bout songs under varying degrees of cover.

As the degree of cover leading to the short-bout call increased, females chose the

short-bout call over the long-bout call more often. Therefore, predation risk and

habitat variability may have significant effects on female choice.

Mate Density

Mate density has also been shown to affect female phonotaxis. When a

population has a male-biased sex ratio, it is expected that females will be more

selective with respect to mating and be less motivated to do so. Alternatively,

when the population is female-biased, females should be less selective and more

motivated to mate (Shelley and Bailey, 1992). Cade (1979) artificially created a

female-biased population of G. integer, by depriving females of male contact.

After only 3 days of isolation from males, females exhibited a significant increase

in positive phonotaxis to playback of tape-recorded male calling song. Plasticity

in female mating 1?ehaviour is also suggested from an arena study of G.

pennsylvanicus by Souroukis and Murray (1995). Under female-biased

conditions, females accepted courting males more frequently than in male-biased

populations or populations of equal sex ratios.

In summary, age, parasites, mate density, and stimulus presentation may

affect female choice in gryllid species. However, very little is known about the

extent to which these factors can affect cricket mating behaviour. Therefore, the

current study is meant to add to the brief list of studies relevant to factors that

affect female quality and female choice in crickets.
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METHODS

Female mating preferences were tested at Brock University, St. Catharines,

Ontario, Canada, from 3 June to 25 November 1994. The experimental animals,

Gryllus integer females, were obtained from laboratory cultures and were

descendents of crickets collected as last instar nymphs and adults at the

Brackenridge Field Laboratory, The University of Texas at Austin, Texas, in

1992.

Maintenance of Cricket Cultures

Cricket cultures were maintained in plastic containers (35 cm x 31 cm x 17

cm) at 29°C and 50% relative humidity in a reversed light cycle of 12hL: 12hD.

Some of the breeding cultures were also housed in plastic garbage pails at 28°C

and 30% relative humidity on the same light cycle. In all containers, water-filled

vials (plugged with cotton wool) and Purina Cat Chow® were supplied ad libitum.

Cultures were insI?ected daily and newly moulted females were removed, weighed

on a Mettler BB240 electronic balance, and placed in individual plexiglass

containers (16 cm x 8 cm x9 cm) in an isolated room (20-22°C and 35% relative

humidity). This room provided a physical and acoustical barrier from

conspecific males while maintaining common environmental conditions prior to

and during the experiments. Females were retained in this room until 11-14

days-old, when they wer~ tested for mating preference. Previous

experimentation has suggested that females are more discriminate with respect to

mating at this age (Prosser, 1994).

Diet Treatments

All females were provided with water, and maintained on one of five

dietary regimes as illustrated in Figure 3. These diets varied in protein and fat

composition, and were used to alter female quality. The first category of females

(n=49) was fed a constant high protein diet (Purina Cat Chow®). The second

category of females (n=50) was given a constant low protein diet (Purity®
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Figure 3. Timeline diagram describing the 5 diet treatments of

females for the 11 to 14 day pre-trial period.
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DIET 1 PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP

DIET 2 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

DIET 3 PPPPPPPPPPPPPPPPPPPPPPPPPPPp--------------------

DIET 4 CCCCCCCCCCCCCCCCCCCCCCC------------------------

DIET 5 CCCCCCCCCCCC--------------------------------------------

49

o 5

Time in Days
(post imaginal moult)

10 15



cornmeal). The third (n=49) and fourth (n=46) categories were fed Purina Cat

Chow® and Purity® cornmeal, respectively, until 4 to 5 days before testing mate

preference. During this five day pre-trial period, females were weighed again

and then given access to water but no food. The fifth category of females (n=49)

were given Purity® cornmeal for the first 2 to 3 days of isolation, but denied

food for the 10 to 12 days prior to testing. All females were weighed a final time

just before being placed on the kugel so that changes in weight due to the

different diet treatments could be assessed.

The Kugel

A Kugel treadmill was used to measure phonotaxis of G. integer females

to variations in artificially produced male calling song. A representative diagram

of the Kugel is presented in Figure 4. The wooden, anechoic chamber is 47.4 cm

in height with a diameter of 101.9 cm. In the centre of this enclosure, a sphere

with a circumfere~ce of 52 cm and weighing 34.4 g sits in a plastic cup (10 cm

diameter). Perforations in the cup allow air, produced by a compressor, to

provide a cushion of air (pressure= 120 P.S.I.) on which the sphere rotates with

minimal friction. Four speakers (Linear, B-4-5, JO full range frequency) at 90°

intervals, surround the sphere and are equidistant (35.4 cm) from the centre of

the top of the sphere. Depending on the design of the experiment, various stimuli

can be broadcast from aQY one speaker at a time.

During experiments, a tethered cricket stands on top of the sphere.

Tethering is achieved by attaching a small wooden block (3 mm x 5 mm x 4 mm)

to the pronotum of the cricket with melted beeswax. A thin wire (0.012 mm

diameter x 5 cm length) is attached to the block and slides through a small

vertical cylinder connected to a horizontal metal arm. This tethering allows the

cricket to rotate freely about her horizontal axis and allows limited vertical

movement. As the cricket moves in one direction, the power of her own walking
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Figure 4. Representative diagram of the Kugel. (A) top view; (B)

side view; AC, air cushion; AT, air tube; C, cup; Cyl,

cylinder; Fm, foam; MA, metal arm; Rx, roller for x-axis;

Ry, roller for y-axis; Sph, sphere; Spk, speaker; TW, thin

wire; WB, wooden block.
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movements causes the sphere to rotate in the opposite direction. Two rollers at

90° angles contact the sphere and collect information regarding the speed and

direction of the rotating sphere and hence the movement of the cricket. This

information is then relayed to an adjacent personal computer (Goldstar 1460

plus). Therefore, the kugel system functions in the same manner as a computer

"mouse". A specific computer program calculates the speed and direction of

motion for each second the stimulus is presented. The user is then provided with

a vector score for a female for each stimulus and this is calculated by the

computer using the equation as in Doherty and Pires (1987):

vector score= Lcos(vector angle) * vector length

In calculating a vector score, the speaker through which the song stimulus is

presented is always considered to be at position 0°, and the direction of movement

is then assessed with respect to this active speaker.

Synthetic Song

The male calling songs presented to females on the kugel were artificially

produced. Computer generated songs were constructed using a single pulse from

a recording of a naturally calling G. integer male. When producing a calling

song, the computer repeats the recorded pulses in such a way that the song

satisfies the various song parameters necessary for it to resemble a conspecific

song. The various song parameters were based on song data collected in previous

studies (Souroukis et al., 1992) (Figure 2). Since the kugel experiments were

performed at 20-22°C, artificial songs were chosen to ·match natural songs

produced at this temperature range. Souroukis et ale (1992) found that a typical

G. integer male calling song at 18-23°C had a mean pulse rate of 70 pulses per

second, 38 pulses per trill, an intertrill interval of 267 ms, and 5.36 percent

missing pulses. Songs used in the experiments varied in pulse rate only, with the

other song parameters remaining constant. Songs containing pulse rates of 70,

64, and 76 were used, covering the mean (±SD) of pulse rates at this temperature.
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However, recent experiments in the laboratory suggest that male calling song has

a wider range of pulse rates at a temperature of 21±2°C (Murray and Proctor,

unpublished data). Accordingly, a fourth song consisting of 58 pulses/second was

added to the stimulus repertoire. The intensity of the broadcasts was

approximately 83 dB at the position of the cricket, well within the range of male

calling song intensities measured in the field and in the laboratory (Cade, 1976).

Pre-Trial Acclimation

A pre-trial standardization process was used to control for the latency

period that was often observed before females began to respond to actual trial

stimuli. All females tested were allowed 5 minutes on the sphere in complete

darkness and silence before any stimuli were presented. This period provided the

female a chance to adjust to her new surroundings and rest after brief handling.

Females were then presented with a random array of acoustic stimuli. The order

of presentation of the songs was the same as that of the actual trial. During the

pre-trial, each song stimulus lasted onlyl0 seconds and successive stimuli were

separated by 5 second intervals of silence. Each of the four songs with various

pulse rates were presented to each female three times.

Female Quality and Phonotaxis

After being maintained on one of the 5 diet regimes for 11-14 days and

acclimated on the kugel, _female G. integer were tested for phonotaxis. The

kugel experiments took place 2 to 6.5 hours into the scotophase because females

are more active at this time (French and Cade, 1987). · During one trial, a female

cricket was presented with a random assortment of calling songs representative of

the 4 pulse rates (58, 64,70, and 76 pulses/second). Song stimuli were presented

12 times within a trial. The 12 stimuli (4 songs x 3 times) were presented

randomly and alternated between two speakers separated by 180°. Each

broadcast lasted 60s, and successive broadcasts were separated by 15 s intervals of
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silence. Each female therefore achieved 4 vector scores, each one a total for each

of the 4 pulse rates presented. The vector scores were then categorized by diet.

Parasite Load

In order to gain more information as to the overall quality of each female,

gregarine parasite loads were assessed. To determine these values, freshly killed

individuals were dissected. On the same day as the kugel testing, crickets were

placed in a Ward's killing jar with ethyl acetate. Once dead, the crickets were

pinned on a wax mount, dorsal side up, and their wings were removed. A

longitudinal incision was made along each side of the abdomen and a lateral

incision was made just below the pronotum. At this point, the entire abdominal

dorsal cuticle could be removed, exposing the contents of the abdomen. After

removing the reproductive and fatty tissues, the digestive tract could be seen in

plain view. The tract was cut just above the crop and the entire digestive tract

was peeled carefully out of the abdomen and placed on a slide. The slide was

then viewed under a dissecting microscope (X64) and remaining pieces of fat,

tracheae, and malphigian tubules were removed from the gut (Figure 5). Under

slightly higher magnification (X160), each of the two gastric caecal lobes were

teased apart and examined for gregarine trophozoites and cysts as seen in Figure

6. The midgut and hindgut were also dissected and examined for gregarines.

Trophozoites and cysts were counted using a hand counter. When calculating the

total parasite loads for each individual, single trophozoites and cysts were counted

as one parasite, and two distinct trophozoites joined in· syzygy were given a value

of two.

Ovarian Development

During the dissections, females were scored on the basis of ovarian

development. After removing the dorsal cuticle, ovaries could be easily seen and

were removed using fine forceps. Females were categorized as either positive or

negative depending on whether chorionated eggs were present in the ovarioles.

55



Figure 5. A photograph of the midgut of Gryllus integer (X65). Scale

bar is 1 mm.
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Figure 6. A photograph of many gregarine trophozoites and one mature

cyst from the midgut of Gryllus integer (X160). Scale bar is

Imm.
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Figure 7 shows well-developed and poorly-developed (immature) ovarioles from

G. integer. These data were used to assess the stage of ovarian development of

each cricket and determine the effect of diet on ovarian development.

Field Levels of Gregarines

Between 25 May to 1 June 1994, female G. integer were collected at the

Brackenridge Field Laboratory in Austin, Texas. Specimens were collected when

they flew into an arena in response to two speakers broadcasting conspecific male

calling song (as described in Cade, 1989). Collections took place from dusk to

approximately 11 pm. Thirty females were dissected using the same methods as

described previously, and parasite loads were scored.

Statistical Analysis

Teneral females ranged in weight from 0.230 g to 0.767 g with a mean of

0.449 ±0.093 g. Therefore, all comparisons of weight change were performed

by expressing we~ght change as a proportion of initial weight for each female

within the separate dietary treatments. Percentage changes in female weight for

each diet treatment were found not to follow normal distributions and the

variances were not homogenous (Kolmogorov-Smirnov, Lillefors test; Bartlett's

test). The data would not conform to a normal distribution after several

transformations were performed. A one-way ANOVA, using ranked data, was

used to determine the eff~ct of diet treatment on female weight changes. Multiple

comparison Tukey tests were used to determine the location of significant

differences (Zar, 1984). Statistics were carried out using the Systat statistical

package (Wilkinson, 1989).

Chi-square tests were used to determine the effect of diet treatment" and

parasite load on ovarian development.

Frequency distributions of vector scores did not follow normal

distributions and variances were not homogenous (Kolmogorov-Smimov,

Lillefors test; Bartlett's test). Several transformations failed to "normalize" the
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Figure 7. a) A photograph of two well-developed ovarioles from Gryllus

integer (X65). b) A photograph of two immature ovarioles

from Gryllus integer (X65). Scale bar is 1 mm.
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data. A ranked three-way mixed factor ANOVA was used to determine the

effects of pulse rate (fixed factor), diet treatment (fixed factor), and parasite load

(random factor) on female vector scores. Significant differences were compared

across groups by multiple comparison Tukey tests (Zar, 1984). Statistics were

performed using the Systat statistical package (Wilkinson,1989).
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RESULTS

The results of the experiments are divided into 4 main parts: 1) the effect

of dietary treatment and parasite load on changes in weight of experimental

females; 2) the effect of diet treatment and parasite load on ovarian development

of females; 3) parasite frequencies within experimental and field collected

females; and 4) the effect of female quality (by diet and/or parasite load) on

female phonotaxis.

Diet Treatment, Parasite Load, and Changes in Weight

Teneral females ranged in weight from 0.230 g to 0.767 g with a mean of

0.449 ±0.093. Therefore, all comparisons of weight change were performed by

expressing weight change as a proportion of initial weight for each female within

the separate dietary treatments.

The mean ±SD percent changes in weight for females in each of the 5

dietary treatments. are presented in Figure 8.

Females maintained on Purina Cat Chow® for the entire pre-trial period

(11 to 14 days) showed an increase in body weight of 4.3 ± 12.2%. Females

maintained on cornmeal for the entire pre-trial period showed a loss in body

weight of 12.8 ±10.7%. Those females fed Purina Cat Chow® and starved for

the final 4 to 5 days of the pre-trial period lost an average of 5.6 + 14.4% of

their body weight. Females fed cornmeal and starved for the last 4 to 5 days of

the pre-trial period lost an average of 18.1 ±10.4% of their body weight.

Females given cornmeal and starved for the final 10 to 12 days of the pre-trial

period lost a mean of 16.3 ±10.7% of their original body weight.

There was a significant difference in percentage change in weight among

females of different diet treatments (F=6.33, df=4, 8, 0.05>p>0.02). Multiple

comparison tests revealed that the two groups of females fed Purina Cat Chow®
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Figure 8. Percentage change in weight (mean +SD) of females across all

5 diet treatments. P, females fed Purina Cat Chow® for the

entire pre-trial period; P,s5, females fed Purina Cat Chow® then

starved for the final 4 to 5 days; Cm, females fed cornmeal for

the entire pre-trial period; Cm,s5, females fed cornmeal then

starved for the final 4 to 5 days; Cm,s 12, females fed cornmeal

then sta~ved for the final 10 to 12 days.
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during the pre-trial period did not differ significantly regardless of whether or

not they were starved for the last 4 to 5 days before testing. However, those

females fed Purina Cat Chow® throughout the entire pre-trial period gained

significantly more weight than all groups of females fed cornmeal for any length

of time. A similar trend was exhibited for the group fed Purina Cat Chow® then

starved for the final 4-5 days, except that this group did not differ significantly

from those females fed cornmeal throughout the entire pre-trial period.

Over the pre-trial period, the weight of females was not significantly

affected by parasite load (F=2.62, df=2, 195, O.2>p>O.1). Also, there was no

significant interaction between diet treatment and parasite load on female changes

in weight (F=1.57, df=4, 8, O.5>p>O.2).

Diet Treatment, Parasite Load and Ovarian Development

The proportion of females with chorionated eggs in the ovaries across the 5

diet treatments ar~ presented in Figure 9. There was a significant difference in

these proportions among diet groups (X2=83.4, df=4, p<O.001). Females fed

Purina Cat Chow® for any length of time had a significantly higher proportion of

females containing chorionated eggs than did females fed cornmeal for any length

of time (X2=77.4, df=l, p<O.001). There were no significant differences in the

proportions of females containing chorionated eggs within the cornmeal groups

(X2=7.4, df=2, O.01<p<O~025). Of the two groups that were starved for the final

4 to 5 days, those females that were fed Purina Cat Chow® prior to starvation

contained chorionated eggs significantly more often than those fed cornmeal

prior to a starvation period (X2=14.4, df=1, p<O.OOl).

There were no significant differences in the proportion of females

containing chorionated eggs among low, medium, or high levels of parasitism

within the Purina Cat Chow®-fed groups (X2=3.1, df=2, O.25>p>O.1). However,

there were significant differences in ovarian development among parasite levels

within the cornmeal-fed groups (X2=7.7, df=2, O.025>p>O.01). Since there was
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Figure 9. Proportion of females with chorionated eggs across all 5 diet

treatments. P, females fed Purina Cat Chow® for the entire pre

trial period; P,s5, females fed Purina Cat Chow® then starved

for the final 4 to 5 days; Cm.. females fed cornmeal for the

entire pre-trial period; Cm,s5, females fed cornmeal then

starved for the final 4 to 5 days; Cm,s12, females fed cornmeal

then starved for the final 10 to 12 days.
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no significant difference between low and medium levels of parasitism with

respect to ovarian development within the cornmeal groups (X2=0.2, df=l,

0.75>p>0.5), these categories were grouped and compared to the proportion of

highly parasitized females containing eggs. There was a significantly greater

proportion of highly parasitized females containing eggs than females with

medium and low levels of infection within the cornmeal groups (X2=7.6, df=, 1,

0.01>p>0.005).

Frequency of Gregarine Parasites

Frequency distributions of parasite loads in laboratory reared females are

presented for each diet treatment in Figure 10. Approximately 52% of the

females tested contained 0-20 gregarines. Parasite loads greater than 500 were

observed only in females that were fed Purina Cat Chow® for the entire pre-trial

period. Females raised on this dietary regime contained parasite loads ranging

from 0 to 2500 with a median of 30 parasites. Females fed cornmeal for the

entire pre-trial period contained 0 to 364 with a median of 18.5. Females given

Purina Cat Chow® then starved for the final 4 to 5 days contained parasite loads

ranging from 0 to 342 with a median of 11 parasites. Females given cornmeal

then starved for the final 4 to 5 days contained parasite loads ranging from 0 to

315 with a median of 26..5. Females given cornmeal then starved for the final 10

to 12 days of the pre-trial period contained parasite loads ranging from 0 to 433

with a median of 7 parasites.

The frequency distributions of field levels of gregarines in G. integer

females are presented in Figure 11. Females collected from the Brackenridge

field laboratory in Austin, Texas contained parasite loads ranging from 0 to 4141

with a median of 48.5. Thirty percent of the sample population contained 0 to 20

parasites.
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Figure 10. Frequency distributions for parasite loads of females for each of

the 5 diet treatments. P, females fed Purina Cat Chow® for the

entire pre-trial period; P,s5, females fed Purina Cat Chow® then

starved for the final 4 to 5 days; Cm, females fed cornmeal for

the entire pre-trial period; Cm,s5, females fed cornmeal then

starved for the final 4 to 5 days; Cm,s 12, females fed cornmeal

then sta~ved for the final 10 to 12 days.
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Figure 11. Frequency distribution of parasite loads of wild-caught female

G. integer in Austin, Texas (collected 26-30 May 1994).
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There were significant differences in levels of gregarine infection among

the field and laboratory groups of females (F=2.83, df=5, p=O.02). Multiple

comparison tests revealed that the laboratory-reared Ps5 and Cms12 groups had

significantly lower levels of gregarine infection than those present in the field.

Female Quality and Phonotaxis

Female Motivation to Mate

The mean (±SD) vector scores, irrespective of pulse rate, for all females

for each of the 5 diet treatments, are presented in Table 1. These vector scores

correspond to the overall magnitude of female movement on the kugel, a

measure of female motivation to mate. Diet did not have a significant effect on

female motivation (F=O.28, vl=4, v2=8, p>O.5).

Table 2 presents the mean (±SD) vector scores, irrespective of pulse rate,

for all females in the 3 parasite categories. There was no significant difference

among vector scores generated by females with different levels of parasitism

(F=O.69, vl=2, v2=228, p>O.5).

However, there was a significant interaction between diet and parasite load

on female motivation (F=2.29, vl=8, v2=228, O.05>p>O.02). Multiple

comparison tests failed to determine the location of significant differences.

Female Selectivity

When vector scores were compared, taking variations in song into

consideration, irrespective of diet and parasite load, there were no significant

differences across the different song types. Females were not selective with

respect to pulse rate (F=2.94, vl=3, v2=6, O.5>p>O.2).

The effect of diet on selectivity was examined. The mean (±SD) vector

scores for females maintained on the five diet treatments, across the 4 pulse rates,

are presented in Table 3. There were significant differences among vector

scores, suggesting female selectivity was affected by diet treatment (F=2.98,

vl=12, v2=24, O.05>p>O.02). Multiple comparison tests determined that there
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Table 1. Female motivation to mate expressed as mean ±SD vector

scores for females maintained on each of the 5 diet treatments,

irrespective of song type. p .. females fed Purina Cat Chow® for

the entire pre-trial period; P~s5, females fed Purina Cat Chow®

then starved for the final 4 to 5 days; em, females fed cornmeal

for the entire pre-trial period; Cm~s5~ females fed cornmeal then

starved fqr the final 4 to 5 clays; Cm~sI2, females fed cornmeal

then starved for the final 10 to 12 days.



Diet Treatment n Overall Vector Score

P 49 558 +1599

P, s 5 49 342 ±1026

Cm 50 738 ±1731

Cm, s 5 46 435 ±1260

Cm, s 12 49 567 ±1349
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Table 2. Female motivation to mate expressed as mean +SD vector

scores for females containing low, medium, and high levels of

gregarine parasitism, irrespective of song type.



Parasite Load n

Low (0-20) 126

~ediurn (21-100) 62

High (>100) 55

Overall Vector Score

518 ±1381

538 ±1417

550 ±1523
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Table 3. F~male mate selectivity expressed as mean ±SD '-ector scores

for females maintained on each of the 5 diet treatments, for

each of the four song types (58, 64, 70, and 76 pulses/s). P,

females fed Purina Cat Chow® for the entire pre-trial period;

P,s5, females fed Purina Cat Chow® then starved for the final 4

to 5 days; Cm, females fed cornmeal for the entire pre-trial

period; C;m,s5, females fed cornmeal then starved for the final 4

to 5 days; Cm,s12, females fed cornmeal then stanTed for the

final 10 to 12 days.



Pulse Rate
Diet Treatment n 58 64 70 76

P 49 730 ±1800 678 ±1666 548 ±1664 278 ±1215

P,s 5 49 378 ±996 438 ±1128 214 ±951 338 ±1041

Cm 50 751 ±1566 1286 ±1987 419 ±1413 495 ±1818

Cm,s 5 46 522 ±1138 554 ±1400 712 ±1336 -47 ±1037

Cm,s12 49 886 ±1726 726 ±1568 459 ±1088 197 ±704
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was selectivity among the cornmeal groups. Vector scores for the 64 pulse rate

song, for females fed cornmeal for the entire 11-14 days were significantly

higher than the vector scores for the 76 pulse rate song, for females fed cornmeal

then starved for 4-5 days and for females fed cornmeal then starved for 10-12

days.

Table 4 presents the mean ±SD vector scores for females grouped into 3

levels of parasitic infection, across each of the 4 pulse rates. Parasite load did not

significantly affect female selectivity (F=2.29, vl=6, v2=684, 0.1>p>0.05).

There was no significant interaction between diet and parasite load on

female selectivity (F=0.48, vl=24, v2=684, p>0.5).
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Table 4. FeD)ale mate selectivity expressed as mean +SD vector

scores for females containing low, medium, and high levels of

gregarine parasitism, for each of the 4 song types.



Parasite Load n 58
Pulse Rate

64 70 76

84

Low (0-20) 126 529 ±1393 726 ±1611 511 ±1192 305 ±1278

Medium (21-100)62 522 ±1242 745 ±1706 542 ±1622 343 ±981

High (>100) 55 1097 ±1836 771 ±1449 281 ±1195 50 ±1352



DISCUSSION

Female choice has been documented in a large number of animal species,

but the emphasis has been on variation in male traits important in female choice.

Variation among females in their choice has been demonstrated, but little

research has examined what variables may give rise to such variation. Diet has

been shown to playa significant role in sexual selection from both male and

female perspectives (Simmons, 1994). Parasites have been considered to be

important contributors to variation in the development of male secondary sexual

characteristics used by females in mate choice (Hamilton and Zuk, 1982).

Recently, parasites have also been shown to affect female mating decisions

(Poulin, 1994; Simmons, 1994). In this section, the results from the current

study are discussed considering nutrition and parasite load as possible factors

contributing to variations in female quality and hence female mate choice.

The Effect of piet and Parasite Load on Female Quality

Significant variation in weight change was evident among females in the

five diet treatments. Females maintained on Purina Cat Chow® tended to gain

weight, while those on cornmeal lost weight. Zuk (1987b) also found increases in

weight when crickets were fed cat chow. Adult crickets do not grow larger after

the final moult, but an increase in body weight is probably due to increases in

muscle mass and development of reproductive tissues.

Diet also affected female reproductive development. A significantly higher

proportion of females on the high quality diet contained chorionated eggs than

females fed a poor quality diet. Up to 80% of Purina Cat Chow®-fed females had

one or more chorionated eggs in the ovarioles. Sakaluk (1981) also found a

significant relationship between diet and reproduction. Female A. domesticus

demonstrated reductions in fecundity when fed cornmeal and when starved

compared to individuals raised on Purina Mouse Chow®. These decreases in

fecundity were probably due to inadequate intake of dietary lipids. Commercial
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cornmeal consists of approximately 78% carbohydrate, 8% protein, and only 1%

fat (Sakaluk, 1981). Patton (1967) estimated a range of 3.2-5.2% dietary lipids

optimal for growth and reproduction in A. domesticus. McFarlane (1964)

determined that A. domesticus grows best on a diet consisting of 20-30%

protein. Therefore, commercial cornmeal falls short in both nutritional

categories. Woodring et ale (1979) showed that in the first 10 days of life, almost

all absorbed and synthesized lipids contribute to ovariole growth in female A.

domesticus. In this study, females fed cornmeal showed poor ovariole growth.

Sakaluk (1981) found that in cornmeal-fed females, offspring production began

significantly later than females fed Purina Mouse Chow® in both A. domesticus

and G. integer. It was suggested that reproduction in females fed cornmeal was

delayed because more time was needed to incorporate enough dietary lipid to

permit adequate ovariole growth and egg production.

There was QO significant variation in weight change associated with parasite

load. Heavily infected females were just as likely to gain weight as their lightly

infected counterparts. Even when females were placed on sub-optimal diets,

parasite load had no influence on the amount of weight gained or lost by females.

In contrast, previous work on two other Gryllus species has indicated that while

parasites may not adversely affect individuals on ad libitum diets, food

deprivation results in deleterious effects on male condition. Infected, food

deprived males lost significant amounts of weight compared to controls fed ad

libitum, and in fact, showed reduced longevity (Zuk, 1987b).

There was also no significant relationship between parasite load and

reproductive development of females. Heavily infected females on cornmeal

were just as likely to have chorionated eggs as Purina Cat Chow®-fed females.

The reproductive status of females in this study was simply scored as positive or

negative depending on the presence or absence of chorionated eggs. Such a

method does not take into account differences among females in the number of
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mature eggs in the ovarioles. More accurate counts of egg loads of females in

this study may have revealed differences among diet or parasite groups. Zuk

(1987b) suggested that gregarines did not affect female fecundity, but only a very

small sample of well-fed females were used. Simmons (1994) demonstrated that

female fecundity in the bushcricket, R. verticalis was reduced under poor-diet,

high parasite load conditions.

Female Quality and Female Choice

Motivation

When tested independently, there was no significant effect of either diet or

parasite load on female motivation as estimated by total vector scores. The

interaction term was significant, but the multiple comparison test failed to locate

the differences and there were no apparent trends. Nutritional status and parasite

load were expected to affect motivational levels. Poor diets and high parasite

loads often lead t~ reduced survivorship (Harry, 1967; Abro, 1971; Zuk, 1987b),

thus decreasing residual reproductive value. Theory predicts that as reproductive

value decreases, females should become more motivated to mate (Steams, 1992),

but this pattern was not evident here. The relatively low parasite loads in the

laboratory compared to field levels might explain the lack of effect of gregarines.

However, diet had significant effects on female quality as measured by weight and

reproductive development, and thus food-stressed females were expected to show

greater responses to broadcast stimuli than control females.

Few studies have looked at variation in female motivation to mate.

Simmons and Bailey (1990) found a significant effect of food deprivation on

female motivation in a zaprochiline katydid. In these katydids, females are

generally the discriminatory sex. Under poor dietary conditions, however, a sex

role reversal occurs with females showing a greater propensity to mate. This

reversal was suggested to be driven by increased female motivation to mate since

females gain access to nutritious spermatophylaxes, an important consideration

87



when food resources are low. Motivation differences have been demonstrated in

other work where female age (Prosser, 1994) or mate-availability (Cade, 1979)

have been manipulated. A recent Kugel study examined the effect of female age

on phonotaxis. With less time left to contribute offspring to the population, older

females were expected to be more motivated to mate. Prosser (1994) found that

older (25-28 day-old) female G. integer were more motivated in response to

acoustic stimuli than young (11-14 day-old) females, but only in one of the two

experimental protocols, namely, presentation of a single stimulus per female.

When females were presented with multiple acoustic stimuli per test, a design

more similar to my study, there was no longer a significant difference in

motivation between young and old females. Social conditions, such as sex ratio,

can also affect female motivation. Cade (1979) found that when female G.

integer were deprived of male contact, a higher proportion of females responded

to conspecific calling song broadcasts in an arena.

The present data indicate that all young females were similarly motivated

showing the same amount of directional movement during stimulus presentations,

irrespective of song type. These data suggest that food and parasite stress did not

affect the total amount of movement exhibited by females in mate searching on

the Kugel. Females may differ in their behaviour, but still show similar

motivation levels if they _allocate their available energy in different ways.

Nutrients must be allocated among growth, storage, somatic maintenance, and

reproduction (Fowler and Partridge, 1989). When nutrients are limited, a trade

off must occur among these nutritional requirements. Under dietary stress,

arthropods, and likely other animals as well, have been shown to adjust the

allocation of energy reserves (Sih et al., 1990; Proctor, 1992). It would appear

that in this study, such a change in allocation of energy may be exhibited in terms

of changes in selectivity.
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Selectivity

Well-fed young females exhibited no significant differences among vector

scores across the 4 pulse rates. Given the inherent costs of heterospecific matings

(Cade and Tyshenko, 1990), females should preferentially respond to calling

songs typical of a conspecific male. Prosser (1994) found that 11-14 day-old G.

integer females were selective when given a choice among 3 pulse rates (64, 70,

and 76 pulses/s) preferring the values (64 and 70) nearest the mean for the

species as measured by the Kugel at this temperature. Although vector scores of

well-fed individuals were not significantly different in the current study, a

similar trend in preference for pulse rates closest to the mean for the species was

evident. Fewer variables were used in Prosser's (1994) study in that gregarine

loads and diet were not considered. In addition, females in the current study had

less time to respond to each stimulus and had more choices among stimuli than

those females in ~rosser's (1994) study. Multi-stimulus presentations in a Kugel

experiment create an environment where the female may perceive the presence of

several seemingly equidistant calling males. Well-fed females may respond to a

broad range of calling songs because very little cost is involved. However, for

stressed females, costs involved in searching may be amplified given the depletion

of available energy reserves. Stressed females may concentrate their limited

energy into responding t9 only a few males, but males that are more likely to be

typical conspecifics. A number of studies using other species found that females

prefer male calling songs containing pulse rates closest to the mean for the species

(Popov and Shuvalov, 1977; Weber et al., 1981; Thorson et al., 1982; Simmons,

1988; Doherty and Callos, 1991; Doherty and Storz, 1992).

Female G. integer fed sub-optimal diets responded differentially across the

test stimuli. Females fed sub-optimal diets showed increased selectivity,

producing higher vector scores for songs containing pulse rates closest to the

mean for the species, when compared to control females. Theory predicts that
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females should become less selective with respect to mating as their residual

reproductive value decreases (Stearns, 1992) with age and deterioration of female

quality. In a Kugel study by Walikonis et ale (1991), older A. domesticus

females responded to a broader range of calling songs than young females.

Variable selectivity in G. integer has also been shown by Prosser (1994) using

female age as a factor. Older G. integer females became less selective with

respect to pulse rate. As age contributes to a decrease in residual reproductive

value, one would expect a decline in female quality to have similar effects.

However, these results may be interpreted in another way. Nutritional stress may

raise the threshold of response for females. As mentioned, narrow response

ranges are associated with young females (Walikonis et al., 1991; Prosser, 1994).

Nutritionally stressed females in this study were delayed in their ovarian

development and may be considered to be developmentally younger than their

chronological age~ If selectivity is negatively associated with age, perhaps the

physiological effects of being reproductively immature contributed to an increase

in selectivity among the malnourished females.

Parasite load, irrespective of diet, did not significantly affect female

selectivity. However, there was a trend for highly parasitized females to produce

higher vector scores for pulse rates closest to the mean for the species. There

was no significant intera9tion between diet and parasite load on female selectivity

in G. integer. Very few studies have examined how parasites affect female mate

choice. In the fish, Gobiomorphus breviceps, heavily·parasitized females were

less selective than lightly parasitized females (Poulin, 1994). A similar trend

does not seem to hold true for low quality G. integer females. Instead, a

suggestion towards greater selectivity is evident. Interestingly, the trend for

highly parasitized females to have higher vector scores for songs closest to the

species mean is similar to that of diet-stressed females. Parasite load, however,

did not affect ovarian development in G. integer females whereas diet did have
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an effect. Therefore, delayed reproductive development appears to be a

consequence of poor diet. That gregarines do not appear to affect ovarian

development suggests that female reproductive immaturity alone cannot fully

explain why stressed females were more selective than control females.

Perhaps the increased selectivity may be explained by the risks and costs

associated with phonotaxis. Mate choice theory suggests that as the costs of

sampling and choosing mates increase, females should only sample a few males

and be less selective with respect to mating (Real, 1990). Some empirical

evidence supporting this has been demonstrated for fish (Poulin, 1994), but mate

assessment in these fish involves females travelling to and assessing males in a

sequential fashion. The few studies that have examined the effects of nutrition or

parasites on female mating decisions in the Orthoptera, so far have concentrated

on the courtship and copulation aspect of female choice (Simmons, 1994;

Simmons and Bai~ey, 1990). In other words, mate searching and phonotaxis to

calling song have been neglected. Yet these latter behaviours involve

considerable risks and costs (eg. predation risk, energy costs) and these added

costs may have significant effects on female mating decisions. The combined

effects of diet and parasite load on orthopteran mating behaviour have been

examined by Simmons (1994). Requena verticalis females showed a decrease in

mate selectivity under pqor diet and high parasite load conditions, but the

experimental procedure involved watching copulation attempts of pairs in small

containers thus bypassing the first stage of female choice, phonotaxis. Cricket

females locate males through hearing male calling songs which may reduce initial

sampling costs. Preliminary assessment of mates without close contact between

male and female could occur in crickets so the acoustic Orthoptera might give

very different results when phonotaxis is considered. Nutritionally stressed G.

integer females may assess males through calling song at very little cost and may
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concentrate their limited energy reserves into responding to only a few males, but

males that are more likely to be conspecific.

In this study, it was found that diet affected female quality and gregarines

did not, motivation was not affected by female quality, and low quality females

were more discriminatory with respect to pulse rate. This study supports the fact

that variation in female choice can be at least partly explained by the effects of

environmental constraints such as dietary stress. Selection for males with calling

songs close to the species mean pulse rate is strong when females are young.

Poor nutritional conditions seem to make females even more discriminatory and

hence may reinforce and strengthen this selection.
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