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Abstract The hearing system of Requena verticalis is
sexually dimorphic. Previous work has shown size of the
auditory spiracle determines absolute threshold and as
female spiracles are, on average, larger than males, fe-
males are more sensitive to the main energy of the male
call. In all measured traits in morphology and physiol-
ogy, females showed lower coefficient of variation than
males. This difference was significant for bulla volume
and hearing threshold. In addition, female ear size
covaries with thorax dimensions but this is not so in
males. Such a finding suggests stabilising selection on ear
size in females, perhaps explained by the requirement of
females to recognise and locate the male. As the auditory
bulla is larger in females than males, so occupying tho-
racic space, we suggest a possible trade-off in this
brachypterous species between hearing sensitivity and
sound production. Finally, we examine relative growth
of body structures not associated with hearing and those
that influence hearing sensitivity. Scaling, where traits
are under strong selection, may result in allometry. Fe-
male hearing traits show positive allometry with abso-
lute size and while the relationship between bulla volume
and spiracle area was positively allometric in females
this was not the case for males.
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Introduction

While emphasis has been placed on the role of sexual
selection on male advertising signals (Andersson 1994),
less attention has been directed towards patterns of
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selection on the sensory system required to track these
signals (McClelland et al. 1987; Wilczynski et al. 1993).
In practice, selection should influence the morphology
and sensitivity of sensory structures in the same way as
both sexual and natural selection affect the more com-
monly studied processes of signalling (Endler 1992;
Ryan and Keddy-Hector 1992). Thus, where sexual roles
show strong asymmetry with regards to communication
processes there should be concomitant sexual differences
in both the shape and function of the associated sensory
system (Arak and Enquist 1995).

Differential selection on sensory performance be-
tween the sexes can be manifest in three ways. First,
sexual dimorphism of sensory structures is demonstrated
by differences in absolute size, receptor number and
physiological performance (Alatalo et al. 1988; An-
dersson 1994; Shine 1989). Second, sexual differences
may involve the manner in which each trait varies be-
tween and within each sex with higher variance indica-
tive of a different selective force than where trait
variance is less extreme (Pomiankowski and Mpller
1995). Third, differences in sensory performance should
be reflected by differences in relative growth, more
commonly considered as scaling.

Among tympanate insects, the first of these expla-
nations reflects behavioural asymmetry between the
sexes where in most species the male calls with specia-
lised sound producing organs and the often-mute female
is attracted to the call. Selection under these conditions
should favour greater sensitivity in the listening rather
than the calling sex (Heller et al. 1997; Bailey 1998). But
while signalling asymmetry may explain hearing di-
morphism, sexual differences in observed population
variation in receptor performance may also reflect dif-
ferent levels of selection between the sexes. Interpreta-
tion of population variance, particularly of secondary
sex characters, is far from straightforward and even
more complex for sensory modalities especially where
the organ has functions additional to recognising and
responding to sexual signals (Butlin 1993; Moller and
Swaddle 1997).
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By comparison, traits that are not under direct sexual
selection may be considered to follow a simpler rule of
low variance, where selection is directional or, alterna-
tively, where variation is high selection may be consid-
ered weak (Andersson 1994). Mgller and Swaddle (1997)
make the point that intense directional selection on
signalling should select against genetic modifiers, so re-
ducing additive genetic variation, but cases where this
has been applied to sensory, rather the signalling systems
are rare (see Butlin 1993). Finally, selection differences
between the sexes may also be expressed as relative
growth of hearing organs. Commonly, traits that show
positive allometry are those most likely to be under
sexual selection (Clutton-Brock et al. 1980; Petrie 1988).
For example, large males that develop larger ornaments
require relatively less energy to develop and maintain
these ornaments compared with smaller males (Clutton-
Brock et al. 1980). To this end we may expect sensory
structures that are subject to strong selection to be
disproportionately larger compared to independent
measures of body size.

The ears of bushcrickets are set in the tibia of the
forelegs and are backed with trachea, which open into
larger frequency sensitive bullae in the thorax (see Bailey
1993 for a review). The auditory trachea of tettigoniids
are not linked to the main tracheal system and hence
have an almost exclusive function in hearing. The bullae
occupy space, which is also shared by stridulatory/flight
muscles, but since hearing sensitivity, as measured at
threshold, is affected by the size of these auditory
pathways (Bailey 1998) there may be a trade-off between
the space used by sound producing muscles and struc-
tures associated with hearing. Within the sex that is
apterous or micropterous no such conflict exists, and
thoracic space may be used more completely to increase
auditory sensitivity [but see Roff (1986) and Zera and
Huang (1999) for arguments relating to fecundity].
While thoracic dimensions and muscle mass may be re-
duced in apterous females we can provide no a priori
explanation why tracheal volume in the female should
increase.

We therefore test hypotheses concerning sexual
asymmetry in the calling and listening roles of the
bushcricket, Requena verticalis. We examine structural
differences in hearing function and relate these findings
with previously published studies on variation in hearing
sensitivity (Bailey 1998). We attempt to explain our
observed differences in both variation and relative
growth of hearing structures in terms of different calling
and searching strategies of each sex.

a grid graticule estimating the irregular area covered by the grid.
Measures of spiracle area using this direct technique were later
confirmed using the area program of “Optimus”. There was no
significant difference between the two techniques (1=0.27,
P=0.79).

Bulla volume was obtained by measuring the length, width and
breadth of casts. Injecting epoxy resin into the bushcricket’s au-
ditory spiracle until it flowed out of the cut fore-femur allowed us
to make casts of the tracheal system. Bushcrickets were left at room
temperature for 24 h to ensure hardening of the epoxy resin. After
this treatment specimens were placed in 4% sodium hydroxide
solution for 2-3 days to dissolve tissue so that casts could be easily
extracted.

Relative muscle mass was estimated by weighing the thorax
after separating it from the head, abdomen and legs and removing
the gut. After which the soft tissue was then dissolved in the way
describe above, and the remaining cuticle weighed, which allowed
an estimation of muscle mass.

Data were analysed using parametric tests and to ensure nor-
mality data were log transformed. Allometry of log values was
examined comparing regression slopes to isometric slope of 1.
Differences in variance were analysed using coefficients of variation
(CV), where differences between measures were examined using a
two-tailed variance ratio test (F). Such a test is considered valid
where CVs are less than 30% (Lewontin 1966). Lande (1977) points
out that although values of CV have no units, comparisons of traits
should have the same dimensionality and be of similar complexity.
We apply measures of CV (variance ratio test) to linear, squared
and cubed metrics, and although the ideal relationship between the
magnitudes of CV for line, area and volume is the ratio 1:2:3, where
measures are of complex structures a simple transformation of area
and volume will lead to significant underestimates of CV. For this
reason, while stating the calculated CV (Table 1) as an un-trans-
formed value we have only used these estimates to compare like
dimensions with like.

To test for allometry data were raised to the power of square
root (area measures) or cube root (volume measures) and then log
transformed. Both model I, least-squares regression and model II,
reduced major axis regression (Sokal and Rolf 1981; Harvey and
Pagel 1991) were performed on transformed data, comparing
slopes between sexes and for deviation from isometry where there
would be a slope of one. As both measures are expected to vary in
the same manner and have similar degrees of error model II esti-
mates are considered more likely to reflect true deviation from
isometry (Harvey and Pagel 1991; Petrie 1988).

All parameters were tested for repeatability. Repeated-measures
ANOVA comparing three measures for each trait (n=10) were log
transformed. Spiracle areas using the grid technique (F=1.19,
P=0.31) and image analysis (F=0.91, P=0.41) were not signifi-
cantly different nor were measures of bulla volume (F=0.82,
P=0.46).

Acoustic behaviour

The call of R. verticalis consists of a series of short syllables (wing
movements) of about 15 ms separated by an inter-syllable interval
of 10-12 ms (Fig. 1b, ¢). The syllables are grouped into chirps.
Chirp length tends to be highly variable and may consist of almost

Table 1 Coefficient of variation (CV) of male and female traits
expressed as a percentage

Material and methods

Morphology

Adult R. verticalis, collected from the campus gardens of the
University of Western Australia, were immediately frozen and
stored. Pronotum length and hind tibial length were measured
using an eyepiece linear graticule. Spiracle area was measured using

CV (%)

Males Females
Pronotum length (mm) 7.3 4.6
Hind tibial length (mm) 8.1 6.8
Spiracle area (mm?) 15.8 11.1
Bulla volume (mms) 18.3 16.6
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Fig. 1 The call of Requena verticalis showing the frequency
spectrum with peaks of energy close to 16 and 28 kHz (a) and
the temporal structure of a series of syllables (b and c)

continuously produced chirps, lasting several seconds, or repeated
chirps in groups of five or seven syllables with an inter chirp in-
terval of 150-200 ms (Schatral and Bailey 1991). Like many
bushcrickets the call’s energy is a broad frequency band, but with
pronounced peaks at 16 kHz and 28 kHz (Fig. 1a), and, as in most
tettigoniids, males use their call to both compete with other males
and also to attract receptive females. Call intensity has been shown
to co-vary with body size in a number of tettigoniid species in-
cluding Mygalopsis marki (Rémer and Bailey 1986) and impor-
tantly in R. verticalis (Bailey et al. 1990).

Ear morphology

The structure of the ear of R. verticalis is typical of most tettigoniid
species (Bailey 1990, 1993, and Fig. 2). The tibial crista acustica,
beneath the knee of the foreleg is attached medially to a paired
tympanic membrane opening forward and backwards on the tibia.
The axons of the tonotopically arranged mechanoreceptors lead
through the leg nerve along the femur to the auditory neuropile in
the prothoracic ganglion (reviewed in Lakes and Schikorski 1990).
A common trachea backs the tympana, and this trachea acts as a
sound guide through the permanently open thoracic spiracle and
expanded tracheal bulla in the thorax to the tympanic membranes.
Sound effectively interacts both with the external surface of the
tympana and in a more major way through the internal pathway of
expanded trachea and open spiracle (Michelsen et al. 1994).

The size of the spiracular opening determines the amount of
sound entering the trachea (Nocke 1975; Bailey 1998), and the bulla

Tympanum

Auditory bulla 4 mm Auditory spiracle
Fig. 2 A schematic view of the auditory tracheal anatomy of

R. verticalis looking anterior from the bisected insect
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is presumed to act as a resonator or high pass filter (Michelsen et al.
1994; for a review see Bailey 1993). Critical to this discussion is the
relative size of the spiracle and the associated bulla.

Results
Sexual dimorphism and allometry

Males have smaller spiracle openings than females
(t=-12.47; P<0.0001): larger individuals, as measured
by prothorax length, have relatively larger spiracle
openings. We found that both sexes showed a strong
positive relationship between spiracle area and prono-
tum length. A model I least-squares regression of log
spiracle area against log of the square of pronotum
length provides a significant positive relationship for
both sexes (LSR: males: y=0.88x—0.99; df 33;
F=59.61; P<0.0001: females: y = 0.67x — 0.69; df 38;
F=16.23; P=0.0003). Model II (reduced major axis)
regression of the same measures for both sexes also
provided a significant positive relationship, but the
slopes, in both cases were not different from unity
(males: f=1.10; NS compared to 1; P=0.41: females:
p=1.22; P=0.12). The relationship between spiracle
area and thoracic length is isometric.

Although the female has a smaller prothorax com-
pared with the male, measures of spiracle area and bulla
volume showed that females have significantly larger
ears than males (spiracle area: r=-12.47, df=59,
P<0.01; bulla volume: (=-9.77, df=53, P<0.0l;
Fig. 3a, b). Ear size, determined as spiracle area, was
related to prothorax size. In both sexes there was a
significant and positive relationship between spiracle
area and thorax length (males: log square-root area to
log prothorax length; »=0.65; df=33; F=59.61;
P<0.0001: females: r°=0.31; df=38; F=16.23;
P=0.0003). Similarly, bulla size is dimorphic. Females
have significantly larger auditory bulla than males
(t=2.0; df=57; P<0.0001; Fig. 3b). The relationship
between thorax size and bullae volume in females is
isometric; bulla volume increases with spiracle area in
females (F=14.32; P=0.00068) but not in males
(F=0.29; P=0.60; Fig. 3c).

We measured hind tibia length as an independent
estimate of size. The relationship between log prothorax
length and log hind tibia length is not, as expected,
isometric. The slopes are significantly less than unity
with larger individuals with proportionately larger pro-
thorax dimensions (male: [=0.76, 1=9.53, df=22,
P<0.05: =0.86, t=6.91, df=40, P<0.05). Females
have longer hind tibia than males (r=-5.8, df=38,
P<0.01).

Thorax size is arguably influenced by the presence of
the auditory bullae in females, but in males the volume
occupied by the bulla may compete with muscles used
for stridulation. Males are brachypterous and use their
short wings for sound production while females are
wingless; thus, one explanation for the observed size
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Fig. 3 a The relationship between spiracle area (mm?) as the log
square root, and the log of prothorax length (mm) of male and
female R. verticalis. (b) The relationship between log cube root
auditory bulla volume (mm?®) and log prothoracic length (mm) of
male and female. (¢) The relationship between log cube root
auditory bulla volume (mm®) and log square root spiracle area
(mm?) of male and female

differences may be the relative mass of thoracic muscu-
lature. For males this mass was significantly larger than
in females (males; mean=0.57+SE 0.03 g: females;
0.41£SE 0.05 g; t=2.57; df=18; P=0.019), and the
positive isometric correlation between total body mass
and absolute thoracic muscle mass in males (+*=0.67;
df=9; F=16.02; P=0.0039) indicates that larger males

have proportionately more muscle. No such relationship
exists for females.

In line with the prediction that bulla volume com-
petes with space in the restricted prothorax with muscle
mass in males, we found that bulla volume of females
increases with thorax size (1’2:0.16; df=31; F=5.79;
P=0.0225). However, no such relationship exists for
males (* =0.44; df=24; F=1.05; P=0.32; Fig. 3b). Not
surprisingly, given this “relaxed” use of thoracic space in
females, we found that spiracle area covaried positively
with bulla volume in females (log cube-root bulla vol-
ume on log square-root spiracle area r*~0.32; df=31;
F=13.33; P=0.0007; Fig. 3c). By comparison, in males
there was a trend towards a negative relationship
between volume and auditory spiracle area (r>=0.01;
df=24; F=0.29; P=0.597).

Coefficients of variation

We made the assumption that where differences in
variation of each trait occurred between the sexes this
may indicate different levels of selection. To this end we
calculated the CV for each of our measures. Absolute
ear size showed a higher total variance than hind tibia
length (a measure of absolute size), and so we tested if
CV of absolute trait values differed between the sexes for
both ear parameters. In all measured traits females
showed a lower CV than males (Table 1) and this dif-
ference was significant for bulla volume (F=2.36;
df=31, 25; P<0.05). By comparison spiracle area
showed no significant difference (F=1.40; df=39, 34;
NS). Further, there was a significantly higher variation
in pronotum length (F=15.76; df=37, 32; p<0.05) but
not hind tibial length for females compared with males
(F=1.25; df=40, 25; p<0.05). As indicated above,
comparisons between CV of measures with different
dimensionalities (pronotum and femur lengths, area of
spiracle and volume of bulla) were not straightforward
and so were not used in this study.

Hearing sensitivity

The distribution of energy within the call shows two
dominant peaks, the lower at 16 kHz and the higher peak
at 28 kHz (Bailey and Yeoh 1988; Fig. 1). As determined
in a previous study (Bailey 1998), males and females
differ in hearing sensitivity. Males show their greatest
sensitivity to call frequencies in the lower frequency
band, while females are sensitive across a broader spec-
trum, with greater sensitivity towards higher frequencies
compared to males ( Bailey 1998). Mean (& SD) thresh-
old at 16 kHz for males was 45.9+9.1 dB SPL, while
that at 28 kHz was 60.4+8.4 dB SPL. In females,
threshold to the lower frequency was 43.2+2.6 dB SPL
and for the higher frequencies was 45.26 +£3.46 dB SPL.
Hearing sensitivity between the two sexes differed, and as
expected from the higher variance in ear measures,



variation (CV) of male sensitivity was significantly higher
for all frequencies (variance ratio test F 0.05 (2) 23,
30=4.82: F=9.92: P<0.001), as well as at both 16 kHz
(F=9.7: P<0.001) and 28 kHz (F=3.17: P<0.05;
Fig. 4).

Discussion
Trait variation — conflict for space

This paper confirms and extends an earlier finding that
hearing processes are dimorphic in R. verticalis (Bailey
1998). The simplest explanation of sexual differences in
hearing performance amongst the ensiferan Orthoptera
is that acoustic signalling is asymmetric; in most cases
the male calls and females search for the male’s signal.
However, our primary question related to sexual dif-
ferences in trait variation and the possible influence of
sexual selection on the scaling of these traits. We make
two assumptions: first, where there is selection by one
sex on the sensory structures of the other, trait variation
should be relatively lower. Second, if there is a trait size-
advantage to an individual, and such a trait is heritable
resulting in more or better mates, then resulting selection
should lead to positive allometry (Petrie 1988).

Our first task was to separate the effects of sound
production from those of hearing, particularly as in
males the thorax houses both inflated tracheal bullae
and also the stridulatory and ambulatory muscles.
Hence, within this space it is conceivable that selection
for stridulatory muscles (sound production) competes
for space with ear size (sound reception); both sexes
walk and so ambulatory muscle differences are neutral.
One prediction is that where there is no space-conflict
bulla dimensions should covary with thorax size, and
where there is a conflict with increase thorax size, muscle
mass should increase with thorax size at the expense of

25 4

20 1

CV %

all 16 28
Frequency kHz

Fig. 4 A comparison between the Coefficients of Variation (CV %)
between absolute auditory thresholds of male and female
R. verticalis for all frequencies and at the two main peaks of
energy in the call 16 kHz and 28 kHz. (* p <0.05). (Summary data
extracted from Bailey 1998)
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bulla volume. It appears that female R. verticalis con-
form to the “‘space-conflict” model; hearing sensitivity
covaries with the dimensions of the ear while this is not
the case for males. In the male, thorax size appears
linked with the dimensions of hearing structures and the
requirement of the male to stridulate. There was no
significant relationship between thorax size and bulla
size but there was a strong relationship between thorax
and muscle mass. Hence, larger males with larger wings
had proportionately more muscle. For females, without
the demands for stridulation, bulla volume increases
proportionately with thorax size; the ears of larger
females were correspondingly more sensitive than those
for smaller females.

Within-sex variation and ear size

Ear morphology showed no sexual difference in the re-
spective coefficients of variation in regard to ear size, but
there was a significant difference in the variance of bulla
volume. With this significant relationship between bulla
volume and thorax size we would expect that female
bulla size would show a high variance. This was not so,
rather females had lower variance in this character
compared with males. One explanation for difference in
variance may be that females, rather than males optimise
bullae size for mate location; in some species ear size
influences a female’s ability to locate its mate (Gwynne
and Bailey 2000). As to whether stabilising selection
existed for all sexually dimorphic tettigoniid hearing
systems depends on which sex is doing the searching and
so traits associated with searching should then be under
stabilising selection.

The prothorax can be considered a confounding and
perhaps unreliable indicator of size where, in females
there was high variance in prothorax length compared
with males, yet low variance in relation to a second size
trait such as tibia length. A negative relationship be-
tween measures of thorax and leg suggests there is pos-
itive selection on optimum thorax size in both sexes,
perhaps in males, to optimise hearing and sound pro-
duction and in females, greater sensitivity for mate lo-
cation. In R. verticalis there is an association between
high structural variance and measured variance in
hearing thresholds; males show high threshold variance
at the critical frequencies of the call compared with fe-
males (Bailey 1998). In the context of sexual signalling it
may be argued that whereas males are only required to
be aware of the proximity and general locality of a
calling rival, females must locate males and in some
cases distinguish between male calling traits.

Selection on hearing traits
Finally, we made the prediction that where structures

are under strong directional or stabilising selection,
having relatively larger bullae provides an advantage for
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larger animals. In this way large males should be more
sensitive to the sounds of their conspecifics and large
females to more distant males. In this case female
hearing traits should show positive allometry with ab-
solute size and in line with this prediction bulla volume
and spiracle area did show positive allometry (LSR).

Concordant with the “space-conflict” model we
found no allometric relationship in males between bulla
volume and size in males. We suggest that in species
where the auditory spiracle represents the primary au-
ditory input and, where females search for the calling
male, there is a possible trade-off between increased
hearing sensitivity with its high-pass filter characteristics
(Michelsen et al. 1994), and the space occupied by
muscles used in stridulation. However, the space-conflict
model cannot be universal among tettigoniid families as
among many duetting phaneropterines males have far
larger auditory bullae than females (Bailey 1993) and, in
these genera, males either search for females or at least
the searching roles are shared. Further, pseudophylline
tettigoniids have almost non-existent spiracular open-
ings, and even less developed bullae. In such groups the
spiracular input may be far less important, and sound
entry may be through the tympanal slits beneath the
knees (Mason et al. 1991).

Acknowledgements We value the critical comments of Leigh Sim-
mons, James Fullard, Henry Bennet-Clark and assistance with
major-axis regression analysis from Bob Black. Also we appreciate
valuable comments from two referees to this paper. The Australian
Research Council supported this study.

References

Alatalo RV, Hoglund J, Lundberg A (1988) Patterns of variation in
tail ornament in birds. Biol J Linn Soc 34:363-374

Andersson M (1994) Sexual selection. Princeton University Press,
Princeton, New Jersey

Arak A, Enquist M (1995) Conflict, receiver bias and the evolution
of signal form. Philos Trans R Soc Lond B 349:337-344

Bailey WJ (1990) The ear of the bushcricket. In: Bailey WJ, Rentz
DCF (eds) The Tettigoniidae: biology, systematics and evolu-
tion, Springer, Berlin Heidelberg New York, pp 217-247

Bailey WJ (1993) The tettigoniid (Orthoptera: Tettigoniidae) ear:
multiple functions and structural diversity. J Insect Morphol
Embryol 22:185-205

Bailey WJ (1998) Do large bushcrickets have more sensitive ears?
Natural variation in hearing threshold within populations of
the bushcricket Requena verticalis (Listroscelidinae: Tettigonii-
dae). Physiol Entomol 23:105-112

Bailey WJ, Yeoh PB (1988) Female phonotaxis and frequency
discrimination in the bushcricket Requena verticalis. Physiol
Entomol 13:363-372

Bailey WJ, Cunningham RR, Lebel L (1990) Song power, spectral
distribution and female phonotaxis in the bushcricket Requena
verticalis (Tettigoniidae: Orthoptera): active choice or passive
attraction. Anim Behav 40:33-42

Butlin RK (1993) The variability of mating signals and preferences
in the brown planthopper, Nilaparvata lugens (Homoptera:
Delphacidae). J Insect Behav 6:125-140

Clutton-Brock TH, Albon SD, Harvey PH (1980) Antlers, body
size and breeding group size in the Cervidae. Nature (Lond)
285:565-566

Endler JA (1992) Signals, signal conditions, and the direction of
evolution. Am Nat 139:S125-S153

Gwynne DT, Bailey WJ (2000) Female-female competition in
katydids: sexual selection for increased female to a male signal?
Evolution 53:546-555

Harvey PH, Pagel MD (1991) The comparative method in evolu-
tionary biology. Oxford University Press, Oxford

Heller K-G, Schul J, Ingrisch S (1997) Sex-specific differences in
song frequency and tuning of the ears in some duetting
bushcrickets (Orthoptera: Tettigonioidea: Phaneropteridae).
J Zool (Lond) 100:110-118

Lakes R, Schikorski T (1990) Neuroanatomy of tettigoniids. In:
Bailey WJ, Rentz DCF (eds) The Tettigoniidae: biology, syst-
ematics and evolution, Springer, Berlin Heidelberg New York,
pp 166-190

Lande R (1977) On comparing coefficients of variation. Syst Zool
26:214-217

Lewontin RC (1966) On the measurement of relative variability.
Syst Zool 15:141-142

Mason AC, Morris GK, Wall P (1991) High ultrasonic hearing and
tympanal slit function in rainforest katydids. Naturwissens-
chaften 78:365-367

McClelland BE, Wilczynski W, Rand AS (1987) Sexual dimor-
phism and species differences in the neurophysiology and
morphology of the acoustic communication system of two
neotropical hylids. J] Comp Physiol A 180:451-462

Michelsen A, Heller K-G, Stumpner A, Rohrseitz K (1994) A new
biophysical method to determine the gain of the acoustic
trachea in bushcrickets. J Comp Physiol A 175:145-151

Moller AP, Swaddle JP (1997) Asymmetry, developmental stability
and evolution. Oxford University Press, Oxford

Nocke H (1975) Physical and physiological properties of the
tettigoniid ““‘grasshopper” ear. J Comp Physiol A 100:25-57

Petrie M (1988) Intraspecific variation in structures that display
competitive ability — large animals invest relatively more. Anim
Behav 36:1174-1179

Pomiankowski A, Moller AP (1995) A resolution of the lek
paradox. Proc R Soc Lond Ser B 260:21-29

Roff DA (1986) The evolution of wing dimorphism in insects.
Evolution 40:1009-1020

Romer H, Bailey WJ (1986) Insect hearing in the field. II. Male
spacing behaviour and correlated acoustic cues in the bush-
cricket Mygalopsis marki. J Comp Physiol A 159:627-638

Ryan MJ, Keddy-Hector A (1992) Directional patterns of female
mate choice and the role of sensory biases. Am Nat 139:S4-S35

Schatral A, Bailey WJ (1991) Song variability and the response to
conspecific song and to song models of different frequency
contents in males of the bushcricket Requena verticalis
(Orthoptera: Tettigoniidae). Behaviour 116:163-179

Shine R (1989) Ecological causes for the evolution of sexual
dimorphism: a review of the evidence. Q Rev Biol 64:419-461

Sokal RR, Rolf FJ (1981) Biometry. Freeman Press, San Francisco

Wilczynski W, McClelland BE, Rand AS (1993) Acoustic auditory
and morphological divergence in three species of neotropical
frog. J Comp Physiol A 172:425-438

Zera AJ, Huang Y (1999) Evolutionary endocrinology of juvenile
hormone esterase: functional relationship with wing polymor-
phism in the cricket Gryllus firmus. Evolution 53:837-847



