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Is cricket courtship song condition dependent?
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Females of the Texas trilling field cricket, Gryllus texensis, show mating preferences based on male
courtship song. To test experimentally the condition dependence of courtship song, we attempted to
manipulate male condition via the diet. When the diet was manipulated at the adult moult, there was no
effect on subsequent male courtship song or male condition measured as residual mass. When the diet
was manipulated three moults prior to the adult moult, there was a significant effect on male residual
mass, but no differences in courtship song were observed. To gain a second measure of condition in the
diet-manipulated-as-nymphs group, we extracted their fat using petroleum ether in a refluxing Soxhlet
apparatus. Crickets reared on the poor diet showed a clear relationship between the residual mass measure
of condition and condition measured as energetic fat reserve, whereas the two measures of condition were
unrelated in crickets reared on the good diet. Courtship song was unrelated to diet, fat reserve or residual
mass. We conclude that courtship song does not reflect male condition in the laboratory despite its
energetic cost. When given a mating opportunity it is probably in the evolutionary interest of males in
poor condition to signal at as high a rate as males in good condition.
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Condition dependence of male sexual ornaments may
provide a mechanism by which choosy females benefit
from mate choice. If production of an attractive mating
signal requires substantial energetic cost, then it is poss-
ible that only males in good phenotypic condition will
produce those attractive signals. To the extent that
phenotypic condition reflects genomic attributes that are
heritable, females choosing such males as mates may
acquire ‘good genes’ for their offspring; this possibility
has been the subject of a great deal of research and debate
(Andersson 1994; Johnstone 1995; Møller & Alatalo
1999). A much less recognized possibility is that males in
poor phenotypic condition will produce energetically
costly attractive signals despite their poor condition,
possibly suffering an increased risk of mortality as a
consequence. Although the basic trade-off between cur-
rent and future reproduction is widely recognized in
the life-history literature, it has been under-appreciated
by those studying mate choice (but see Kokko 1997;
Candolin 1999).

The acoustic communication system of field crickets
is ideal for testing some of these ideas. Male crickets
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produce three types of acoustic signals, an aggressive song
during encounters with other males and two distinct
types of mating signals, the long-range calling song used
to attract females from a distance, and the quieter court-
ship song used just prior to mating (Alexander 1961).
Female preferences based on male calling song have been
studied extensively (e.g. Ulagaraj & Walker 1975; Pollack
& Hoy 1979; Doherty 1985; Hedrick 1986; Simmons
1988; Doherty & Callos 1991; Forrest & Green 1991;
Doherty & Storz 1992; Simmons & Zuk 1992; Wagner
et al. 1995; Doherty & Howard 1996; Simmons & Ritchie
1996; Wagner 1996; Gray 1997; Hedrick & Weber 1998;
Gray & Cade 1999a, b; Gray & Cade 2000; Shaw 2000;
Shaw & Herlihy 2000). Female preferences based on
male courtship song have received much less attention
(Crankshaw 1979; Burk 1983; Boake 1984; Libersat et al.
1994; Balakrishnan & Pollack 1996; Nelson & Nolen
1997; Wagner & Reiser 2000; M. J. Fitzpatrick, D. A. Gray
& W. H. Cade, unpublished data). When males produce
calling song, receptive females may or may not be
within acoustic range. In contrast, when males produce
courtship song, the male and the female are in very close
proximity, and so the probability of courtship resulting
in a mating is usually high. In laboratory experiments
with virgin females the probability of mating is often
70% or more (Adamo & Hoy 1994; Balakrishnan &
Pollack 1996, 1997; Fitzpatrick et al., unpublished data)
thus providing strong incentive to males to maximize
 2001 The Association for the Study of Animal Behaviour
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their display, and thereby potentially reveal differences in
quality.

In this study we address the condition dependence
of male courtship song in the field cricket Gryllus
texensis Cade and Otte. Previous work with this species
(Fitzpatrick et al., unpublished data) has shown that
females are more likely to mate with males producing
courtship song with a short interval between the two
types of song components, the high- and low-frequency
ticks. We term the combined series of low-frequency ticks
plus the high-frequency tick a ‘phrase’ of courtship song
and the silent period the ‘interphrase interval’ (see Fig. 1).
Cricket courtship song is known to be energetically
expensive, approximately 2.5 times the expense of calling
song production in a chirping species, the house cricket,
Acheta domesticus (Hack 1998) and so may be constrained
by male condition.

In an effort to increase experimentally the variance in
male condition, we have attempted to manipulate male
condition via the diet, and observe subsequent effects on
courtship song, if any. We measured condition as the
residuals from a regression of male mass on body size,
where body size was measured as the width of the pro-
notum. Males heavy for their size were considered to be
in good condition, whereas males light for their size were
considered to be in poor condition. Such a definition of
condition has been widely adopted by researchers work-
ing with taxa such as fish (Bolger & Connolly 1989;
Milinski & Bakker 1990; Knapp 1995), birds (Møller 1994;
Sheldon et al. 1997; Radford & Blakely 2000) and insects
(Droney 1998), including crickets and katydids (Brown
et al. 1996; Brown 1997; Gwynne & Bailey 1999; Wagner
& Hoback 1999). To our knowledge, there have been no
experimental demonstrations in insects that this measure
of condition reflects the accumulated fat reserves of
individuals. To obtain a second measure of condition, we
extracted the fat from a subset of our experimental
subjects. The extent to which these two measures of
condition assess the same properties of organisms is of
additional interest in many systems.
METHODS
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Figure 1. The courtship song of Gryllus texensis. The measured song components were the interphrase interval length, the high-frequency tick
period, and the number of low-frequency ticks per high-frequency tick period.
General Methods

Crickets were from laboratory stock derived from
Austin, Texas, U.S.A. approximately four generations pre-
viously. We reared stock crickets at 28�1 �C on a 14:10 h
light:dark cycle in plastic tubs provided with cardboard
shelter, dry cat food (Purina Cat Chow, Ralston Purina,
Mississauga, Ontario, Canada), and water in cotton-
plugged vials. We conducted two diet manipulations,
differing in the stage of cricket development that the
diets were assigned. In the first experimental group,
we assigned diets randomly to adults within 24 h of
the adult moult. In the second, we assigned the diets
randomly within 24 h of moult to the nymphal stadium
three additional moults away from adulthood. The
dietary treatments were ad libitum and consisted of a
continuation of the cat food diet (good diet treatment) or
a diet of ground soybean meal and wheat chaff (50%
of each by mass; bad diet treatment). The bad diet is
known to be suboptimum, while allowing high survivor-
ship (Gray 1999; Patton 1967). We housed crickets
(diet-manipulated-as-adults group) or reared them (diet-
manipulated-as-nymphs group) individually in 500-ml
containers with cardboard shelter and water in cotton-
plugged vials. We noted the mass within 24 h of the adult
moult (to 1 mg), and mass and pronotal width (to
0.01 mm) immediately following song recording; for the
nymphal diet group, we also noted starting mass and
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development time to adulthood and assessed fat reserve
via extractions (see below).
Courtship Song Recording and Analysis

Crickets to be recorded were temperature acclimated to
a recording room for a minimum of 24 h prior to record-
ing. We placed a nonvirgin stock female into the male’s
container, removed the cardboard shelter and water vial,
and replaced the normal container lid with a screen-mesh
lid. Nonvirgin females were used because they are more
reluctant to mate than virgin females. Use of nonvirgin
females is ecologically realistic given the levels of female
remating in this species (Solymar & Cade 1990). For the
purposes of this study, use of nonvirgin females was
advantageous because it allowed longer courtship song
recordings and because extended courtship is more likely
than short courtship to reveal condition or energetic
effects on song. Because last-male sperm precedence in
this species is high (ca. 72%: Backus & Cade 1986) males
are not expected to alter mating effort with respect to
female mating status. We recorded courtship song in a
sound-insulated chamber using a Linear X M51 measure-
ment microphone (�1 dB from 10 Hz to 40 kHz) and a
Tascam DA-P1 digital audio tape recorder (44.1 kHz
sample rate, �1 dB from 20 Hz to 20 kHz). Recording
temperature was noted to the nearest 0.1 �C, and ranged
from 23.0 to 26.0 �C (mean�SD: 24.6�0.6 �C). Males
ranged from 8 to 24 days age postadult moult at recording
(mean�SD: 13.2�3.4).

To retain statistical power requires limiting the number
of separate statistical tests performed, which effectively
means limiting the number of song components tested.
We selected three song components to measure a priori,
based on two criteria: whether or not the song com-
ponents are subject to female preference (Fitzpatrick
et al., unpublished data) and their probable energetic
expense, the rationale being that more energetically
expensive song components are more likely to be con-
dition dependent (Zahavi 1975, 1977, 1991). The three
song components were (Fig. 1) the interphrase interval
(sexually selected, energetic expense), the high-frequency
tick period (reciprocal of tick rate, energetic expense), and
the number of low-frequency ticks per high-frequency
tick period (energetic expense). We have no measure-
ments of the energetic expense of the courtship song
components in this species, however, a large body of
literature indicates that energetic expense is a simple
function of the number and repetition rate of song pulses.
Faster song with more pulses requires more energy (e.g.
Prestwich & Walker 1981; Prestwich 1994; Hoback &
Wagner 1997; Hack 1998). Kavanagh (1987) summarized
data for eight species of gryllids and tettigoniids (crickets
and katydids) and showed that energy use averages
2.5�10�5�0.9�10�5 ml of oxygen per wingstroke per
gram (range 1.46–4.15). Furthermore, courtship song was
found to be approximately 2.5 times more energetically
expensive than calling song in Acheta domesticus (Hack
1998). Thus we consider the energetic expense of song
production to be firmly established.
We transferred approximately 10 s of courtship song
per male to ‘.aiff’ files, which we then high-pass filtered
at 0.5 kHz, calibrated amplitude to a known standard
and analysed using Canary v1.2.4 (Cornell Laboratory
of Ornithology, Ithaca, New York, U.S.A.). We made 15
measurements per song character (for one male, only 12
measures of the number of low-frequency ticks could be
made). We used the median value for each song character
for each male in the analysis. Final sample sizes were: bad
diet as adults, N=25; good diet as adults, N=29; bad diet
as nymphs, N=24; good diet as nymphs, N=27.

The cricket courtship song components measured here
show little temporal variation and are significantly
repeatable across the entire natural life span of males
(interphrase interval repeatability: 47%; the number of
low-frequency ticks per phrase repeatability: 31%; high-
frequency tick rate (the reciprocal of high-frequency tick
period) repeatability: 21%; Fitzpatrick et al., unpublished
data). Thus we consider that 10 s provided a statistically
adequate sample of song. Female crickets, especially
nonvirgin ones, typically sample a longer duration of
song.
Assessing Energetic Fat Reserve

Immediately following courtship song recording,
weighing and measuring, we individually preserved indi-
viduals of the diets-manipulated-as-nymphs group in
vials with 70% ethanol. This gave us the opportunity,
some time later, to extract the fat from these individuals
and determine the degree to which condition measured
as residual mass reflects condition measured as energetic
fat reserve. Unfortunately, we did not preserve crickets
from the diets-manipulated-as-adults group. To estimate
energetic fat reserve, we used petroleum ether extractions
in a refluxing Soxhlet apparatus (see Dobush et al. 1985;
Marden 1989). We performed extractions separately for
each cricket. We removed the crickets from the preser-
vation vials, and dissected out the crop, stomach and
hindgut to exclude fat from within the food as opposed to
fat within the cricket per se. We then air dried the crickets
for a minimum of 24 h, and then further dried them in a
70 �C drying oven to constant mass (ca. 14 h). We simi-
larly dried and weighed Soxhlet thimbles. We completely
macerated each cricket in its thimble using a blunt probe,
and recorded the combined mass of the cricket and
thimble. We then extracted the fats in the Soxhlet for
6 h and oven dried the remainder plus the thimble to
constant mass and obtained the postextraction dry
mass. All masses for the Soxhlet extraction portion of this
study were measured to 0.1 mg. We calculated total fat
extracted for each cricket as the pre-extraction mass
minus the postextraction mass.
Statistical Analysis

We analysed the data with SPSS v.10.0. We calculated
the residual mass measure of male condition from regres-
sions of recording mass onto pronotal width. We per-
formed the regressions separately for the nymphal and
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adult diet groups. We think that residual mass based on
separate regressions is preferable as it standardizes mean
condition within each group to zero. None the less, our
results did not differ using the residual mass measure
of condition based on a pooled regression (the corre-
lation between male residual masses based on separate
regressions and a pooled regression: r=0.915, N=105,
P<0.0001).

To avoid further the problems of low statistical power
associated with multiple tests, we conducted a multivari-
ate analysis of covariance (MANCOVA) for the three song
variables together. We entered recording temperature
and male age as covariates, and treated diet (good or bad)
and the life stage at which the diets were imposed (at
adulthood or as nymphs) as fixed effects.

We tested whether or not the diets had a significant
effect on male residual mass using univariate analysis of
variance (ANOVA) with diet and stage as fixed effects. For
the diet-manipulated-as-nymphs subset of the data, we
also tested for diet effects on development time, fat
reserve and mass gained from the initiation of the
experiment to the adult moult.
RESULTS
Dietary Effects on Courtship Song

Male courtship song was unaffected by dietary treat-
ment (Fig. 2) (MANCOVA: F3,97=0.63, P=0.599) and there
was no stage*diet interaction (MANCOVA: F3,97=0.61,
P=0.613). The univariate effects of diet were all nonsig-
nificant (interphrase interval length: F1,99=1.25, P=0.267;
high-frequency tick period: F1,99=0.70, P=0.406; number
of low-frequency ticks: F1,99=0.03, P=0.853).

Both covariates, temperature and recording age, were
significant (temperature: F3,97=5.55, P<0.001; recording
age: F3,97=2.91, P<0.038). The significance of tempera-
ture as a covariate was due to its effect on interphrase
interval length (F1,99=8.98, P<0.003) and its effect on
the high-frequency tick period (F1,99=7.71, P<0.007);
the number of low-frequency ticks was unaffected by
temperature (F1,99=0.61, P=0.435). The multivariate sig-
nificance of male recording age was due to a weakly
nonsignificant effect on the high-frequency tick period
(F1,99=3.50 P=0.064); no effect was observed on either
interphrase interval length or the number of low-
frequency ticks (F1,99=1.47, P=0.229 and F1,99=0.88,
P=0.351, respectively).
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Figure 2. Means±SE of the song components as a function of dietary
treatment and the life stage at which the diet was imposed.
(a) Interphrase interval length, (b) high-frequency tick period, and
(c) the number of low-frequency ticks. : The good diet group;

: the bad diet group. Means are corrected for the covariates
temperature and recording age (see text).
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Figure 3. Male condition measured as residual mass as a function of
dietary treatment and the life stage at which the diet was imposed.
Bars are means and standard errors. : The good diet group; : the
bad diet group.
Dietary Effects on Residual Mass, Weight Gain,
Development Time and Energetic Reserve

Male residual mass was affected by diet when the diets
were imposed at the nymphal stage but not when
imposed at the adult stage (ANOVA: diet: F1,101=3.63,
P=0.060; diet*stage F1,101=10.61, P<0.002; a main effect
of stage would be meaningless as residuals were
constrained to a mean of zero in each group; Fig. 3).

Change in body mass from the adult moult to song
recording time did not differ by diet in either the
diets-manipulated-as-nymphs or the diets-manipulated-
as-adults groups, although the results were suggestive
for the diets-as-adults group (diets-as-nymphs: good
diet: 26�44 mg; bad diet: 23�29 mg; t test unequal
variance: t45=0.307, P=0.760; diets-as-adults: good diet:
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29�37 mg; bad diet: 49�44 mg; t test equal variance:
t52=1.817, P=0.075).

Nymphal development time did not differ as a function
of diet (mean�SE: good diet: 19.0�0.3 days; bad diet:
19.1�0.3 days; F1,49=0.04, P=0.851). Mass gained during
development did differ by diet (mean�SE: good diet:
408.4�12.3 mg; bad diet: 356.9�13.1 mg; F1,49=8.211,
P<0.006).

Male energetic fat reserve, as estimated by Soxhlet
extraction, was clearly related to residual mass when the
nymphs were reared on the bad diet, but not when they
were reared on the good diet (Fig. 4). For bad diet
nymphs, the correlation was strong and significant
(r=0.52, N=24, P=0.009), whereas for good diet nymphs
the correlation was nonexistent (r= �0.16, N=27,
P=0.424). Nymphs reared on the good and bad diets did
not differ significantly in average fat reserve (means�SE:
good diet: 56.7�4 mg: bad diet: 48.5�4 mg), although
the difference was suggestive and close to significance
(t49=1.39, one-tailed P=0.085).
Residual Mass and Energetic Fat Reserve Effects
on Song

The partial correlations of the song variables with
male residual mass, controlling for temperature and age,
were all nonsignificant (diet-manipulated-as-nymphs,
N=51: interphrase interval length: r= �0.11, P=0.437;
high-frequency tick period: r= �0.09, P=0.525; number
of low-frequency ticks: r= �0.05, P=0.746; diet-
manipulated-as-adults, N=54: interphrase interval length:
r=0.09, P=0.506; high-frequency tick period: r= �0.12,
P=0.399; number of low-frequency ticks: r= �0.15,
P=0.276).

There were similarly no effects of energetic fat reserve
on song. Considering all males whose diets were manipu-
lated as nymphs, the partial correlations (controlling for
temperature and age) of energetic fat reserve with inter-
phrase interval, high-frequency tick period and number
of low-frequency ticks were r= �0.08, r= �0.19 and
r= �0.18, respectively (all NS). Within the subgroup of
males that received the good diet, the same correlations
were r= �0.10, r= �0.17 and r= �0.12, respectively (all
NS). For males on the bad diet, the same correlations were
r=0.07, r= �0.22 and r= �0.28, respectively (all NS).

Males producing shorter interphrase intervals did not
compensate in other portions of the song. The inter-
phrase interval length was not correlated with the
high-frequency tick period (partial rs controlling for tem-
perature and age: diets-as-nymphs: r47=0.17, P=0.234;
diets-as-adults: r50=0.13, P=0.343) nor the number of
low-frequency ticks (partial rs controlling for temperature
and age: diets-as-nymphs: r47= �0.09, P=0.558; diets-as-
adults: r50= �0.09, P=0.507).
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Figure 4. The relationship between fat reserve and ‘condition’
assessed as residual mass. The black diamonds and thick darkened
line represent the significant correlation for crickets reared on the
bad diet, whereas the open circles and thin line represent the
nonsignificant correlation for crickets reared on the good diet.
DISCUSSION

There are two major findings of general importance that
come from this study. First, male sexual advertisement is
not necessarily condition dependent, at least not within
the ecologically relevant time frame of typical courtship.
Second, residual mass, which is a commonly used
measure of condition, has limitations, particularly for
organisms under relatively benign environmental
regimes. We believe that we have made an experimental
demonstration that male courtship song is not condition
dependent. Courtship song was unaffected by dietary
treatment and was unrelated to condition measured as
either residual mass or energetic fat reserve. Similarly,
Wagner & Reiser (2000) manipulated the diet of a related
species of field cricket, Gryllus lineaticeps, and found no
change in courtship song chirp rate (equivalent to the
high-frequency tick period of this study). These results are
important to an understanding of sexual communication
in crickets, but may also have broader significance for the
study of sexual communication generally.

The cost, and condition dependence, of sexual signals
is important to major theories of mate choice. A currently
widely accepted view is that sexual signals need be expen-
sive in order to retain their honesty. This is based on the
ideas put forward by Zahavi (1975, 1977, 1991), with a
number of more recent variants (e.g. Kodric-Brown &
Brown 1984; Andersson 1986; Folstad & Karter 1992).
These papers have made major contributions to our
understanding of sexual signalling and mate choice
(empirical studies reviewed in Johnstone 1995; Møller &
Alatalo 1999). However, for the most part, the theoretical
work has assumed relatively long-lived iteroparous organ-
isms (e.g. birds, mammals, fish) in which there may be
very real long-term fitness costs to a low-quality male of
signalling at a ‘deceptively’ high level, given high average
survivorship. In such systems, low-quality males that
signal at too high a rate for their true quality pay a
substantial long-term fitness cost because of an increased
chance of mortality and loss of future reproduction. In
contrast, imagine species in which the probability of
future survivorship is low on average. High-quality
males in such a system may have an intermediate optimal
signal rate that balances present and future reproduction.
Low-quality males, however, may simply be selected
to maximize their signalling at as high a rate as they
can, come what may in terms of future reproduction.
That is, low-quality males may have such low residual
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reproductive value that they may be better served by
investing everything in current reproduction (see also
Kokko 1997).

In summary, we have shown experimentally that male
G. texensis courtship song is not condition dependent. We
suggest that this finding is consistent with an interpret-
ation of sexual signalling that incorporates the trade-off
between current and future reproduction: low-quality
males may in effect invest everything in current repro-
duction and thus signal at as high a rate as males in better
condition. Thus even energetically expensive signals may
not necessarily describe energetic reserve adequately and
we caution that studies of condition effects in benign
environments may have limited applicability to the field.
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