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Signalling and phosphorus: correlations between mate

signalling effort and body elemental composition in crickets
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Recent findings in the field of ecological stoichiometry indicate that the relationships among key macro-
nutrient elements (e.g. carbon, nitrogen and phosphorus) of organisms and their resources may underlie
variation in fitness-conferring behaviours. The amount of phosphorus in an individual’s body is often cor-
related with its rate of growth and reproduction, and low-phosphorus diets are known to reduce growth in
a number of insect and crustacean herbivores. These findings suggest that the stoichiometric imbalance
between organismal biomass requirements and the relative scarcity of nutrients in nature may underlie
variation in condition-dependent behaviours. Here we investigate relationships between body elemental
composition and long-distance mate attraction signals produced by male Texas field crickets, Gryllus
texensis. Signalling was strongly and positively correlated with the percentage of phosphorus present in
the body, but was not correlated with the percentage of carbon or nitrogen present. We also found evi-
dence suggesting that callers and noncalling satellites differ in their elemental composition. To our knowl-
edge, our data are the first to indicate that there may be a relationship between total body phosphorus
content and a sexually selected trait. We present a preliminary evaluation of proximate hypotheses to
account for the observed patterns. Our results indicate that a stoichiometric perspective may help us to
understand the causes of variation in behaviour.

� 2006 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Understanding how variation is maintained in fitness-
conferring sexually selected traits remains a fundamental
problem in animal behaviour (Pomiankowski & Iwasa
1995). We propose that variation in such traits may be
linked to trade-offs in the demand for multiple essential
resources that limit key physiological processes affecting
condition. Our proposal stems from a surge of recent re-
search on ecological stoichiometry, the study of the bal-
ance of energy and multiple chemical elements in
ecological interactions (Sterner & Elser 2002). Essential el-
ements must be obtained in sufficient quantities from
food because they cannot be synthesized. Plant biomass
tends to have low concentrations of essential elements.
For example, concentrations of nitrogen and phosphorus
tend to be 10e20 times lower in autotrophs than in herbi-
vores (Mattson 1980; Elser et al. 2000a). This mismatch in
nitrogen and phosphorus content between animals and
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plants appears to be a critical factor influencing the phys-
iological state and fitness of many herbivores (Mattson
1980; Strong et al. 1984; Elser et al. 2000a).

Most studies of insect nutrition have concentrated on
proteins and lipids (Mattson 1980; Strong et al. 1984; Elser
et al. 2000a). Proteins are fairly rich in nitrogen (w17%)
and rarely contain phosphorus, while most lipids are
rich in carbon and contain little nitrogen or phosphorus
(Sterner & Elser 2002). Organismal responses to variation
in dietary protein include changes in growth rate and
compensatory feeding (Raubenheimer & Simpson 2003).
Likewise, research suggests that sexually selected traits re-
spond directly to variation in dietary protein. For exam-
ple, Hunt et al. (2004) found that male crickets reared
on high-protein diets (45% protein) showed significantly
greater nymphal survival, faster development, were
heavier and larger at eclosion, had elevated calling effort
early in life, and called more often throughout their lives
than did males reared on medium- (36.75% protein) and
low-protein (28.5% protein) diets. These results suggest
that the ability to obtain nitrogen or nitrogen-rich protein
constituents may influence condition and its dependent
life-history and sexually selected traits.
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Although nitrogen has traditionally been considered
the essential element limiting production in many con-
texts, phosphorus also limits production in a number of
ecosystems (Redfield 1958; Hecky & Kilham 1988; Vitou-
sek et al. 1993; Verhoeven et al. 1996; Schindler & Eby
1997; Karl 1999). Body phosphorus and its abundance rel-
ative to nitrogen and carbon appear to correlate positively
with growth and reproduction in several invertebrate taxa
(Quraishi et al. 1966; Elser et al. 2000a, 2003; Eskelinen
2002; Fagan et al. 2002; Schade et al. 2003; Perkins et al.
2004). Furthermore, experimental reduction of phospho-
rus content of food in an ecologically relevant range
appears to reduce invertebrate growth rate and reproduc-
tion (Urabe & Sterner 2001) while supplementation of
phosphorus appears to stimulate invertebrate growth
(Elser et al. 2001; Perkins et al. 2004). For example,
when the crustacean Daphnia is fed phosphorus-limited
food, fewer and smaller eggs are produced and 15e32%
of the eggs do not develop (Urabe & Sterner 2001). Fur-
thermore, phosphorus-limited food appears to retard oo-
genesis in Drosophila (Markow et al. 2001). These results
corroborate other studies suggesting that low dietary
phosphorus in the natural range can reduce growth rate
and reproduction (Sterner 1993; Sterner et al. 1993; Weers
& Gulati 1997; Sterner & Schulz 1998; Schulz & Sterner
1999; Sterner & Elser 2002; Acharya et al. 2004a, b).

Until now, stoichiometric approaches have received
little attention in animal behaviour. The one exception
involves the use of a stoichiometric perspective to con-
sider possible effects of food biochemistry and elemental
composition on feeding behaviours. Daphnia, for exam-
ple, increase feeding activity when fed a diet low in phos-
phorus (Plath & Boersma 2001). Furthermore, mobile
amphipods preferentially feed on high-quality food
when given the choice between diets that have different
amounts of protein (Cruz-Rivera & Hay 2000). Likewise,
fifth-instar locusts (Locusta migratoria) preferentially con-
sumed protein-rich food when given the choice between
a diet rich in protein and a diet rich in carbohydrates
(Behmer et al. 2003). Invertebrate predators also selec-
tively forage for proteins and lipids when they experience
nutritional imbalances (Mayntz et al. 2005), so compensa-
tory foraging is not limited to herbivores.

Here we use a stoichiometric approach to evaluate
possible relationships between variation in fitness-confer-
ring behaviours and the elemental composition of cricket
body tissue. Field crickets are an ideal organism to
examine whether key macronutrient elements influence
variation in fitness-conferring behaviours because males
show extensive variation in their mate attraction behav-
iour. Texas field crickets show two alternative mating
behaviours: callers produce long-range acoustic trills to
attract females and then switch to short-range courtship
signals once a female has been attracted; satellites wait
silently near callers and attempt to intercept attracted
females (Alexander 1961; Cade 1979). Callers show exten-
sive variation in mate attraction signals: individuals vary
in their total nightly calling time (Cade 1981; Bertram &
Johnson 1998; Bertram 2000), the amplitude at which
they trill (Bertram & Warren 2005), their number of pulses
per trill (Wagner et al. 1995; Gray & Cade 1999a, b),
average trilling bout duration (trills are concatenated
into bouts) (Bertram & Warren 2005) and average trilling
bout rate (number of trilling bouts per hour) (Bertram &
Warren 2005).

Dietary manipulations have revealed that sexually
selected traits of crickets are condition dependent (re-
viewed by Cotton et al. 2004). Wagner & Hoback (1999),
for example, found that full sibling adult brothers (Gryllus
lineaticeps) on high- and low-nutrition feeding regimes
(produced by diluting normal food with non-nutritional
cellulose) did not differ in weight change, but males on
the low-nutrient diet called less than one-third as often
and at half the chirp rate as males on the high-nutrient
diet (Wagner & Hoback 1999). Scheuber et al. (2003a)
also limited food intake for male G. campestris and found
that well-fed adults gained significantly more weight,
and called significantly more often at significantly higher
chirp rates than adults fed limited quantities of food.
While chirp duration, syllable number, chirp intensity
and carrier frequency were not affected by the quantity
of food provided to adults (Scheuber et al. 2003a), food re-
striction during the nymphal stage strongly influenced
carrier frequency (Scheuber et al. 2003b). Overall (and
not surprisingly), condition and condition-dependent
traits tend to decline when food supply is limited.

Many organisms (especially herbivores and primary
consumers of plant detritus) have unlimited access to
food and are instead limited by food quality. Fewer studies
have examined how food quality influences condition
and its dependent sexually selected traits (reviewed by
Cotton et al. 2004), and most of these have focused on
varying the protein content of the diet. Holzer et al.
(2003), for example, provided supplemental protein-rich
food (45% protein content) to a subset of adult male
G. campestris at their field burrows and found that males
with protein supplements showed a significant increase
in body condition, called more frequently and attracted
more females compared to control males. Furthermore,
Mallard & Barnard (2004) fed G. bimaculatus and Gryllodes
sigillatus two diets that differed in protein (15% versus
12%), fat (2.3% versus 1.8%), fibre (7.5% versus 7.2%)
and calcium content and found that crickets reared on
high-quality diets had hind femur that were more sym-
metrical, and they stridulated at a higher rate, took less
time to mate, produced more sperm and were more active.
These studies strongly suggest that food quality influences
cricket condition and its dependent sexually selected
traits.

Here we use a stoichiometric approach to evaluate
possible relationships between variation in fitness-confer-
ring behaviours and the elemental content of cricket body
tissue. We investigate whether body elemental content is
correlated with sexually selected acoustic mating displays
used in long-distance mate attraction by male Texas field
crickets, Gryllus texensis. Specifically, we investigated the
correlative relationships between body macronutrient
composition (percentage of phosphorus, nitrogen and car-
bon) and total signalling time, average trilling bout dura-
tion and trilling bout rate. We also determined whether
males classified as low-effort signallers (satellite males)
differ from high-effort signallers (callers) in their body
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macronutrient composition. We included body size, devel-
opment time and growth rate to determine whether corre-
lations between signalling and body stoichiometry are
associated with these morphological and developmental
parameters. Although studies that manipulate protein or
lipid in the diet are implicitly altering food stoichiometry,
we believe that our study is the first to explicitly examine
correlations between condition-dependent behaviours
and body stoichiometry.

METHODS

Crickets were derived from 3054 female and 1690 male
macropterous crickets field-captured in September 2002
from Austin, Texas, U.S.A. Collected females mated mul-
tiply with males and laid their eggs in moist soil. Soil and
eggs were transported to Arizona State University, Tempe,
Arizona, U.S.A.

Crickets were reared in the laboratory for two genera-
tions under a controlled temperature and photoperiod:
X� SD ¼ 26� 2�C, 14:10 h light:dark. They were given
unlimited access to a uniform diet (Harlan’s Teklad Rodent
Diet (W) 8604, Indianapolis, Indiana, U.S.A.). Food and
water were replenished as needed (usually twice weekly).

In the first generation, crickets were reared in 36-litre
plastic rearing containers (36 � 28 � 23 cm). Each 36-litre
container held several shelters (paper egg cartons) for the
crickets. The containers were checked weekly for individ-
uals that had reached nymphal stadium 4. Juvenile
crickets at stadium 4 and beyond were housed individu-
ally in 500-ml plastic-coated paper bowls (7 � 11 cm)
with a shelter (one cell of a paper egg carton) and unlim-
ited access to food and water. Individuals were checked
daily to obtain the date that they moulted to adulthood.

At 17 days post final moult, each virgin male cricket
(N ¼ 484) was mated to a randomly selected virgin dam.
The male and female were housed together for 3 days
and allowed to mate freely. After this 72-h mating period,
the male was removed from the container. A small (1.5
ounce, 44 ml) plastic cup containing moist soil was added
to each container housing the mated female. Females laid
eggs in the containers for a period of 5 days. The female
was then removed and the eggs were given time to de-
velop. These developing crickets became the second gen-
eration and made up our study population.

The second-generation crickets were reared under the
same controlled temperature and photoperiod as their
parents. Newly hatched individuals were reared in 500-ml
plastic-coated paper bowls with their full siblings, a shelter,
and unlimited access to food and water. When siblings
reached nymphal stadium 2 or 3, they were subdivided
into identical containers so that family group size was no
more than six individuals per container. Food (Harlan’s
Teklad Rodent Diet (W) 8604) and water was changed as
necessary, usually twice weekly. All containers were
checked weekly for individuals that had reached nymphal
stadium 4. They were then housed individually in 500-ml
containers with a shelter, food and water. Individuals were
checked daily to obtain the date of final moult.
Second-generation males (N ¼ 1292) were placed in an
electronic acoustic recording system (EARs) to electroni-
cally monitor each male’s long-distance mate attraction
signals. During this acoustic monitoring, males were
housed individually in 500-ml containers with food and
water. Each male’s signalling behaviour was monitored
for one week, from 1800 hours until 1000 hours each
night, when the males were 10e16 days post final moult.
A microphone was hung within each male’s container ap-
proximately 5 cm above the cricket. The EAR reads the mi-
crophone and assesses the container’s noise level. It then
amplifies the signal, converts it from AC to DC, filters it,
and records it to disk. This methodology is described in de-
tail in Bertram et al. (1996, 2004). Each microphone is
sampled eight times per second, allowing detailed signal-
ling information to be collected for all monitored individ-
uals. Seven centimetres of acoustic foam separated crickets
from one another to minimize the effects of neighbouring
calls on both the crickets and the EARs. We extracted from
these data each male’s total nightly signalling time, aver-
age bout duration and hourly bout number. Bouts were
separated from each other by at least one minute. The
EAR sampling rate does not enable determination of dom-
inant frequency, number of pulses per trill, interpulse in-
terval, trill duration, or trill rate.

All 1292 males were weighed to 1 mg on a Denver In-
strument Company XE Series Model 400 balance. Males
were then placed in labelled plastic vials, snap-frozen in
liquid nitrogen, and then stored at �80�C. At a later
date, we measured each male’s head width to 1 mm using
electronic callipers (Mitutoyo Corporation Absolute Digi-
matic Calipers Model No, CD-400C). We estimated each
male’s development time by determining the duration of
time (in days) from egg laying to final moult. Each female
had 5 days during which she could lay her eggs, so for the
development time analyses, we assumed all eggs were laid
on day 3. Therefore, we estimated development time by
calculating the number of days from day 3 of egg laying
to final moult. Development time therefore is accurate
within �2 days, because the female could have laid the
egg 2 days earlier or 2 days later than day 3. We used
this development time to estimate cricket growth rate
(mg/day): we calculated growth rate by dividing total
body wet mass by development time.

We used male calling effort, body size, development
time and growth rate data to select a subset of the males
for stoichiometric analysis. The process we used to select
the subset was not entirely random. Instead, our goal was
to capture the entire range of variation that existed among
males in their signalling behaviour, body size, develop-
ment time and growth rate. For body size, development
time and growth rate, we subdivided all the males into
four groups (low quartile, lowemedium quartile, me-
diumehigh quartile and high quartile). We then ran-
domly selected four individuals from each quartile for
each of these three traits. For calling behaviour, we
initially subdivided callers into four groups based on their
average nightly calling time. However, four of the males
never signalled acoustically during the week-long moni-
toring period, so we placed these males together in
a separate (fifth) group. Therefore, of the 68 males
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selected, 16 males each spanned the full range of body size
(4 males � 4 quartiles), development time (4 males � 4
quartiles), and growth rate (4 males � 4 quartiles), and
20 males spanned the range of calling behaviour
(4 males � 5 groups).

Our sample size of males on which we ran stoichiomet-
ric analyses was reduced from 68 to 55 because a few of
the individuals were selected for more than one trait, and
several had a body part (usually a hind leg) missing upon
further inspection. Ten of the 55 selected males were
noncallers (four from the noncaller group and six others
that spanned the ranges of body size, development time
and growth rate). Of the 45 males that signalled acousti-
cally, nightly total signalling time ranged from 1 min to
8.5 h, and averaged 2.33 h. The 55 selected males showed
a two-fold difference in development time, a two-fold dif-
ference in head width and a four-fold difference in growth
rate.

The 55 males that were selected for stoichiometric
analysis were dried at 60�C for 96 h, then weighed
(�0.01 mg) using a Mettler MX5 electrobalance. We recal-
culated growth rate using dry mass (dry mass divided by
development time ¼mg/day) to control for variation in
cricket hydration in our original wet-mass-based growth
rates. Wet-mass-based growth rates were used only to
select males for the stoichiometric analyses. The dry-mass-
based growth rates were used in all subsequent analyses.

We pulverized dried crickets to a fine powder using
a Spex Certiprep 8000D ball mill and used approximately
1 mg of powder from each individual to assess body car-
bon and nitrogen contents. We used a PerkineElmer
2400 CHN elemental analyser to quantify carbon and ni-
trogen contents (percentage of dry mass). We also deter-
mined body phosphorus content for each individual
using approximately 1 mg of dried powder from each
male. We used the persulfate oxidation technique fol-
lowed by analysis of orthophosphate using the acid
molybdate technique (APHA 1992).

We classified selected males as high-effort signallers
(callers; N ¼ 19) or low-effort signallers (satellites; N ¼ 36)
based on whether their total signalling was above or below
a 84-min threshold (following Bertram & Warren 2005). We
classified males in this way because males were isolated
from each other during acoustic monitoring. When satellite
males are isolated from callers they often signal acoustically,
but spend significantly less time signalling than callers
(callers: X� SD ¼ 252� 168 min; satellites: X� SD ¼
126� 20 min; KruskaleWallis ANOVA: H1 ¼ 9.1, P ¼ 0.01;
Cade 1991). We therefore identified low-effort ‘satellite’
males as those males signalling 84 min or less on average
across nights, and high-effort ‘callers’ as those males signal-
ling more than 84 min per night. The 84-min threshold lies
one standard deviation below the callers’ average total sig-
nalling time (252 min�168 min ¼ 84 min; Cade 1991).
This caller and satellite classification approach has been
used in other studies exploring potential differences be-
tween callers and satellites when they are monitored acous-
tically in the laboratory (i.e. Bertram & Warren 2005). We
used this classification strategy to ascertain whether callers
and satellites might differ in their carbon:nitrogen:phos-
phorus stoichiometry.
Statistical Analysis

Statistical analyses were conducted using JMP software
(SAS Institute, Cary, North Carolina, U.S.A.). The Shapiroe
Wilk goodness-of-fit test was used to ensure that the data
did not differ significantly from a normal distribution.
Total signalling time, hourly bout number and bout
duration data were log-transformed to meet assumptions
of normality.

We used correlation analysis to determine the relation-
ships between signalling, body elemental content, size,
development time and dry-mass-based growth rate. To
account for the 46 correlations performed, we adjusted the
significance probability to 0.004 using Sidak’s method. We
used ANOVA to determine whether high-effort signallers
(callers) differed from low-effort signallers (satellites) in
their signalling behaviours, size, development time, dry-
mass-based growth rate, elemental composition (percent-
age of carbon, nitrogen and phosphorus). We adjusted the
significance probability to 0.01 using Sidak’s method to
account for the 10 ANOVAs performed.

RESULTS

Body carbon, nitrogen and phosphorus contents of
laboratory-reared male Texas field crickets showed exten-
sive variation (Table 1). Carbon made up 47e57% of the
total body mass, nitrogen 9e13% and phosphorus
showed a two-fold difference, ranging from 0.45 to
0.9%. Across males, the percentage of nitrogen (%N) and
phosphorus (%P) were highly positively correlated (Pear-
son’s correlation: r53 ¼ 0.65, P < 0.0001; Fig. 1) and

Table 1. Variation in signalling behaviour, body size, development
time, growth rate and stoichiometric balance of laboratory male
crickets reared on identical diets

Parameters Mean SE Range CV

Total signalling time
on all nights (min)

132.27 25.20 0.43e511.06 122.01

Total signalling time
only on nights
signalling (min)

140.26 26.05 1.00e511.06 140.26

Average number of
calls per night

6.04 0.68 1.00e20.43 72.08

Trilling bout duration
(min)

19.45 3.62 0.27e97.62 119.11

Hourly bout number 0.38 0.04 0.06e1.26 72.08

Development time
(days)

108.61 2.62 79e152 15.43

Dry weight (g) 0.13 0.01 0.06e0.23 29.83
Growth rate
(mg/day)

1.20 0.05 0.06e1.98 28.78

% Carbon (dry
weight)

52.51 0.33 46.49e56.85 4.05

% Nitrogen (dry
weight)

10.99 0.15 9.04e12.66 8.71

% Phosphorus (dry
weight)

0.66 0.02 0.47e0.87 14.98

Acoustic mating signals were monitored electronically on days
10e17 post final moult. Males were then killed and analysed for
body size, dry weight and stoichiometric balance.
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negatively correlated with the percentage of carbon (%N:
r53 ¼ �0.86, P < 0.0001; %P: r53 ¼ �0.64, P < 0.0001,
N ¼ 55).

Acoustic mate attraction displays were significantly
correlated with several aspects of body elemental compo-
sition (Table 2). Specifically, %P was positively correlated
with total signalling time and trilling bout duration and
showed a nonsignificant tendency to correlate with
hourly bout number (r53 ¼ 0.31, P ¼ 0.0374).

Significant correlations also existed between body size
and elemental composition (Table 2). Cricket dry weight
and growth rate were significantly positively correlated
with the percentage of carbon (%C) and significantly neg-
atively correlated with the percentage of nitrogen (%N)
and phosphorous (%P). Head width also showed many
of the same significant correlations with the elemental
composition parameters, although the %C correlation
was nonsignificant (Table 2). Development time was not
correlated with any of the elemental composition
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Figure 1. Correlation between the percentage of nitrogen and phos-
phorus in laboratory-reared male Texas field crickets, Gryllus texensis.

Each data point represents an individual. C: males classified as high-

effort signallers (callers); B: males classified as low-effort signallers

(satellites).
parameters. We found no correlation between any aspect
of acoustic mate signalling behaviour and body size, de-
velopment time, or growth rate (Table 2).

High- and low-effort signallers differed significantly in
elemental composition (Table 3, Fig. 1).High-effort signallers
had significantly higher %P than did low-effort signallers.
There was also a nonsignificant tendency for high-effort sig-
nallers to have higher %N and lower %C than did low-effort
signallers. Although high- and low-effort signallers did not
differ in body size or growth rates, there was a nonsignificant
tendency for high-effort signallers to develop more rapidly
than low-effort signallers.

DISCUSSION

Our results reveal a relationship between body phospho-
rus content and fitness-conferring behaviours in crickets.
Crickets in our study showed extensive variation in body
phosphorus content (Table 1), and this variation corre-
lated strongly with observed variation in mate signalling
effort (Table 2, Fig. 1). In general, males that had elevated
body phosphorus content appeared to invest significantly
more effort into acoustic mating displays. Our results also
indicate that callers and satellites may differ in elemental
composition, because males classified as high-effort signal-
lers had significantly higher body phosphorus content
than did males classified as low-effort signallers (Table 3,
Fig. 1). In contrast to phosphorus-related parameters,
body content of carbon and nitrogen, size, mass, develop-
ment time and growth rate did not correlate with signal-
ling behaviour, nor did these parameters differ between
high- and low-effort signallers. Our findings suggest that
condition-dependent signalling may depend in part on
phosphorus acquisition. Below we discuss why phospho-
rus acquisition may affect signalling behaviour.

Why Might Males Differ in their Phosphorus
Content?

Although crickets were raised on an identical diet, we
found two-fold differences in male body phosphorus
Table 2. Correlations between signalling, body size, development time, growth rate and stoichiometric balance

Total
signalling

time

Trilling
bout

duration

Hourly
bout

number

Head

width

Dry

weight

Development

time

Growth

rate %Carbon %Nitrogen

Trilling bout
duration

0.96

Hourly bout
number

0.74 0.54

Head width 0.15 0.15 0.08
Dry weight 0.10 0.08 0.11 0.87
Development time �0.14 �0.12 �0.20 0.14 0.14
Growth rate 0.12 0.11 0.15 0.73 0.87 �0.34
% Carbon �0.10 �0.17 0.11 0.40 0.48 �0.05 0.43
% Nitrogen 0.16 0.21 �0.04 �0.36 �0.47 0.07 �0.45 �0.88
% Phosphorus 0.52 0.52 0.31 �0.26 �0.41 �0.02 �0.40 �0.59 0.57

Statistically significant correlations are given in bold. Statistical significance was reduced to P < 0.004 using Sidak’s method to account for the
46 correlations.
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Table 3. Differences between high- and low-effort signallers in their signalling behaviour, size, development and stoichiometric balance

High-effort signallers

(callers)

Low-effort signallers

(satellites) F P R2

Signalling parameters
Total signalling time* 314.47 (23.65) 11.73 (3.12) 148.03 <0.0001 0.77
Trilling bout duration* 42.24 (5.11) 3.56 (0.86) 84.00 <0.0001 0.66
Hourly number of trilling bouts* 0.60 (0.06) 0.21 (0.02) 49.06 <0.0001 0.53

Size and development
Head width 4.89 (0.05) 4.87 (0.10) 0.20 0.6550 0.00
Dry weight 0.13 (0.00) 0.13 (0.01) 0.00 0.9957 0.00
Development time 102.68 (2.22) 113.11 (3.57) 4.13 0.0473 0.07
Growth rate 1.26 (0.04) 1.17 (0.08) 0.60 0.4413 0.01

Stoichiometry
% Carbon 51.71 (0.46) 52.81 (0.41) 2.89 0.0949 0.05
% Nitrogen 11.33 (0.17) 10.84 (0.18) 3.10 0.0837 0.06
% Phosphorus* 0.73 (0.01) 0.62 (0.02) 19.56 <0.0001 0.27

*Mean values for each mating strategy and parameter are presented; standard errors are in parentheses. Parameters that differed significantly
between high- and low-effort signallers are given in bold. Statistical significance was reduced to P < 0.01 using Sidak’s method to account for
the 10 ANOVAs.
content. Variation in body phosphorus content may be
a consequence of variation in the efficiency with which
males absorb phosphorus-rich nutrients. It may also result
from differences between males in the amount of time
they spend foraging, or in their ability to retain this
essential limiting resource.

What Might Drive the Correlation between
Signalling and Phosphorus Content?

Total body phosphorus content was strongly and pos-
itively correlated with long-distance mate attraction sig-
nalling behaviour. One hypothesis for this correlation is
that the evolution of signalling behaviour has placed
a constraint on the organism that has lead to a high
phosphorus requirement. If crickets differ in their ability
to acquire and retain the necessary phosphorus, this
difference could drive some of the variation in these
sexually selected traits. Is there a biochemical basis for
such a hypothesis? To address this question, we follow the
approach taken by Sterner & Elser (2002) by considering
the elemental composition of major biochemicals associ-
ated with different structures and functions in crickets.
By ascertaining the elemental composition of biochemi-
cals, how they contribute to organismal biomass, and
how they vary among crickets, we can identify candidate
biochemicals that may provide the proximate basis for the
correlation between body stoichiometry and signalling in
the Texas field cricket. Furthermore, by ascertaining the
proximate biochemical determinants of observed differ-
ences in elemental composition, we might be better able
to suggest and evaluate the possible evolutionary signifi-
cance of these patterns.

The major classes of ubiquitous biological materials that
contain carbon, nitrogen and/or phosphorus in crickets
are proteins, lipids, energetic nucleotides, carbohydrates,
and nucleic acids (Sterner & Elser 2002). Proteins are
mostly phosphorus-free (Sterner & Elser 2002) and are
therefore unlikely to drive the observed correlations.
Storage lipids and triglycerides such as triacylglycerol,
which is used to fuel flight and may be used to power sig-
nalling, are also unlikely to drive the observed correlations
because they do not contain nitrogen or phosphorus
(Sterner & Elser 2002). In contrast, phospholipids, ener-
getic nucleotides and nucleic acids all contain phosphorus
(Sterner & Elser 2002). On average, phospholipids contain
1.6% nitrogen and 4.2% phosphorus, adenosine 50-tri-
phosphate (ATP) contains 14% nitrogen and 18% phos-
phorus, while nucleic acids (RNA and DNA) contain
14.5% nitrogen and 9.6% phosphorus. Therefore, in-
creases in relative contributions of any of these com-
pounds to biomass would tend to raise organismal body
phosphorus content (Sterner & Elser 2002).

Phospholipids are unlikely to drive the observed corre-
lations between signalling and body phosphorus content
because they do not contribute enough to biomass. Zera &
Larsen (2001) examined phospholipids in the wing-poly-
morphic congener, G. firmus, and they found that phos-
pholipids make up only 3e4% of total biomass. At this
allocation, the phosphorus contributed by phospholipids
would represent only 0.1% of total dry mass, an amount
too small to explain the extensive variation in body phos-
phorus content that we observed. Therefore, provided that
G. texensis phospholipid allocation does not differ too
much from that of G. firmus, male phospholipid differ-
ences are unlikely to drive the observed correlations be-
tween signalling and body phosphorus content.

Differences between males in energetic turnover of
phosphorus-containing molecules are also unlikely to
explain the observed correlation between signalling and
body phosphorus content because these molecules do not
contribute enough to biomass. Although signalling is an
energetically demanding activity and males that signal
frequently turn over substantial amounts of ATP (Pre-
stwich & Walker 1981; Prestwich 1994; Hoback & Wagner
1997; Reinhold 1999; Wagner & Hoback 1999), ATP makes
up only a small proportion of organismal biomass in ter-
restrial insects, averaging 0.05% dry mass (0.02e2%; de
Zwann & van den Thillart 1985). At this level of ATP
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allocation, ATP-P would be only a modest fraction of body
mass (w0.1%, small relative to the overall phosphorus
content of w0.75%).

While body DNA content is usually too low to appre-
ciably affect whole organism phosphorus content (1% of
dry weight or less; Sterner & Elser 2002), total body RNA
content could explain the correlations between signalling
and body phosphorus content. RNA content contributes
substantially to whole organism biomass, ranging from
0.5% to 15% of dry mass in various arthropod taxa
(Dagg & Littlepage 1972; Bämstedt 1986; Elser et al.
2003). Individuals and species also vary extensively in
their RNA content, suggesting that RNA variation may ac-
count for variation in body phosphorus content. If the
RNA content of Texas field crickets lies in the middle of
this range (w6%), then RNA-P would contribute ca.
0.5%, a significant value given that overall phosphorus
content is ca. 0.75%.

Variation in RNA allocation may also reflect differences
in growth rate because higher levels of ribosomal RNA are
needed to synthesize proteins during rapid growth (Kita
et al. 1996; Elser et al. 2000b, 2003; Bush et al. 2003; Sto-
rey & Storey 2004). However, growth rate differences in
our study were not associated with differences in cricket
phosphorus content and calling level. Thus, it is possible
that the lack of a relationship between growth and phos-
phorus content in our study was due to excess phosphorus
in the rearing diet (Elser et al. 2003), or to the way in
which we estimated growth rate. We measured growth
rate using the cricket’s entire development time (from
egg to final moult), but measured phosphorus content
17 days later (after measuring cricket acoustic mate attrac-
tion behaviours). A more appropriate way to examine
phosphoruseRNAegrowth correlations would have been
to examine growth rate during a shorter time interval
and then immediately measure organismal phosphorus
and RNA content.

Irrespective of the RNAegrowth relationship, RNA
content could contribute to an organism’s ability to signal
extensively because enhanced protein synthesis may also
be required for high metabolic activity (Welle & Nair 1990;
Quigg & Beardall 2003). This is because high metabolic
rates generate excess free radicals, increasing protein dam-
age and necessitating its replacement (Welle & Nair 1990;
Quigg & Beardall 2003). Given that acoustic signalling is
a highly energetically demanding activity (Prestwich &
Walker 1981; Prestwich 1994; Hoback & Wagner 1997;
Reinhold 1999; Wagner & Hoback 1999), the muscle and
glandular tissue involved should show high metabolic ac-
tivity, and therefore require high allocation to RNA in sup-
port of protein turnover and repair. Under this scenario we
would predict that individuals that have more RNA are
able to call more often and for longer durations, because
they can use this phosphorus-rich RNA to replace the
muscle and glandular tissue damaged by the generation
of excess free radicals. We would also predict that callers
would differ from satellites in the amount of RNA that
they have, and that low dietary phosphorus may drive
an organism to adopt satellite behaviour.

The possible associations between calling effort, protein
turnover, RNA allocation and phosphorus content raise an
interesting question of cause and effect. That is, if animals
that signal often also have high-protein turnover, as
a result of frequent signalling, then they might need a high
RNA allocation for protein synthesis, resulting in a correla-
tion between body phosphorus content and signalling.
Establishing the nature of the cause and effect relationship
in these observations will require direct dietary manipula-
tions of phosphorus.

Diet is well known to affect condition-dependent
acoustic mate attraction signalling in gryllids (Wagner &
Hoback 1999; Holzer et al. 2003; Scheuber et al. 2003a, b;
Mallard & Barnard 2004). However, until now, the condi-
tion-dependent nature of these sexually selected traits had
not been hypothesized to relate to the demand for key
macronutrient elements. Our finding that body phospho-
rus composition is correlated with mate signalling in
crickets is commensurate with research showing a correla-
tion between body phosphorus content and growth rate
and reproduction in other invertebrates (Quraishi et al.
1966; Elser et al. 2000a, 2003; Eskelinen 2002; Fagan
et al. 2002; Schade et al. 2003; Perkins et al. 2004). To-
gether these findings suggest that a stoichiometric imbal-
ance between an organism’s nutrient requirements and
the relative scarcity of nutrients in nature may underlie
variation in condition-dependent traits. Given the limit-
ing nature of phosphorus in many ecosystems (Redfield
1958; Hecky & Kilham 1988; Vitousek et al. 1993; Verho-
even et al. 1996; Schindler & Eby 1997; Karl 1999), varia-
tion in its availability to consumers may frequently
influence condition and its dependent traits.

Ecological stoichiometry provides us with a new set of
tools for addressing the causes of variation in behaviour.
An important first step to addressing whether organismal
stoichiometry plays a role in explaining the extensive
variation that we observe in behaviours will be careful
experimental studies that manipulate dietary nitrogen
and phosphorus content. If dietary studies reveal that
organismal stoichiometry influences condition-depen-
dent behaviour and other condition-dependent traits,
then cross-taxa comparative studies designed to test the
role of stoichiometric constraints in shaping behavioural
traits and in influencing fitness may prove highly
informative.
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