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Only high-quality males can bear the costs of an extreme sexual
display1–4. As a consequence, such males are not only more
attractive, but they often live longer than average5. Recent theory
predicts, however, that high-quality males should sometimes
invest so heavily in sexual displays that they die sooner than
lower quality males2,6–9. We manipulated the phenotypic quality
of field crickets, Teleogryllus commodus, by altering the protein
content of their diet. Here we show that nymphs and adult
females reared on a high-protein diet lived longer than those
on a low-protein diet. In contrast, adult males reared on a highprotein diet died sooner than those on low-protein diets because
they invested more energy in calling during early adulthood.
Our findings uphold the theoretical prediction that the relationship between longevity and sexual advertisement may be
dynamic2,3,6–8 (that is, either positive or negative), depending
on local conditions3,6 such as resource availability. Moreover, they
caution the use of longevity as a proxy for fitness in sexual
selection studies, and suggest avenues for future research on the
relationship between sexual attractiveness and ageing.
The resources acquired by individual males (described as “condition” in ref. 4) may vary according to extrinsic ecological factors
and genetic differences in acquisition and assimilation ability4,10,11.
Phenotypically plastic allocation in response to accumulated
resources is thought to be the basis for condition-dependent signals
of male quality3,4,8,11–13. Male field crickets, for example, have been
shown to decrease the time they spend calling with reduced food
availability as adults14,15. However, adult life-history decisions
often depend critically on the resources acquired during juvenile
development16.

Here, we manipulated the protein content of the diet fed to field
crickets, Teleogryllus commodus, from hatching until death, to
mimic consistent life-long differences in the ability of individuals
to acquire resources. We then measured the time that males spent
calling, and where possible the call structure of males, at five-day
intervals. We also monitored the longevity, development time, size
and weight at eclosion, as well as weight gain during the first ten
days post-eclosion, of all individuals to test the prediction that
males in good condition (that is, that have acquired more resources)
may allocate so much energy to sexual advertisement that they die
sooner than males in poorer condition.
Higher dietary protein was associated with greater nymph survival to eclosion (Fig. 1a), faster development and heavier weight at
eclosion for both sexes, and with larger body size at eclosion for
males (Table 1; for full details of these and all other analyses see
Supplementary Information). It was also associated with greater
longevity of adult females (Fig. 1b). In contrast, adult males reared
on higher protein diets had shorter adult lives than those reared on a
lower protein diet (Fig. 1c). This reduction in adult male longevity
was associated with elevated calling effort early in life (10–20 days
after eclosion) by males reared on a high-protein diet, both in terms
of the proportion of males calling on a given night (Fig. 2a) and
nightly calling effort (Fig. 2b). Despite dying earlier, males reared on
the high-protein diet called more in their lifetime than those reared
on the lower protein diets (F 2,198 ¼ 47.8, P , 0.001; high protein:
16,271 ^ 1,173 s (mean ^ s.e.m.); medium protein: 7,286 ^ 781 s;
low protein: 4,489 ^ 599 s; Tukey’s post-hoc comparison: high
versus medium, and high versus low, P , 0.001; medium versus
low, P ¼ 0.090). Call structure did not, however, change significantly with either diet treatment or male age and there was
no significant interaction between the two (multivariate analysis
of variance (MANOVA); diet treatment, Pillai’s trace ¼ 0.096,
F 10,128 ¼ 0.772, P ¼ 0.772; male age, Pillai’s trace ¼ 0.126,
F 5,63 ¼ 1.816, P ¼ 0.122; interaction, Pillai’s trace ¼ 0.073,
F 10,128 ¼ 0.485, P ¼ 0.897). Given the effect of diet on male body
size and the fact that adult size is generally correlated with call
components (such as dominant frequency) in field crickets and
other acoustic insects17, why our diet treatment had no effect on call
structure is the subject of current investigation in our laboratory.
Three lines of evidence suggest that the higher mortality rate of
males reared on high-protein diets is due to elevated calling effort in
early adulthood. First, within each treatment there was a negative
relationship between early calling effort (days 10–20) and longevity
(Fig. 3a). Second, males on high- and medium-protein diets tended
to lose weight after the fourth day post-eclosion, whereas males on
the low-protein diet continued to gain or maintain their body

Table 1 Diet and sex affect development time, size and weight at eclosion and weight gain
MANOVA
Pillai’s trace

F

d.f.

P

...................................................................................................................................................................................................................................................................................................................................................................

Diet
Sex
Diet £ sex

0.316
0.466
0.098

19.19
89.17
5.29

High

Diet means
Medium

8, 818
4, 408
8, 818
Univariate analyses

,0.001
,0.001
,0.001
ANOVA

Low

F*

P

...................................................................................................................................................................................................................................................................................................................................................................

Males
Development time (days)
Pronotum width (mm)
Weight at eclosion (mg)
Weight gain, days 0–10 after eclosion (mg day21)
Females
Development time (days)
Pronotum width (mm)
Weight at eclosion (mg)
Weight gain, days 0–10 after eclosion (mg day21)

96a (12)
6.64a (0.20)
737a (142)
0.5 (9.4)

98a (12)
6.66a (0.17)
722ab (122)
2.1 (8.9)

105b (12)
6.52b (0.23)
674b (125)
4.6 (13.2)

10.64
9.28
4.34
2.68

, 0.001
, 0.001
0.014
0.071

97a (12)
6.82 (0.23)
733a (98)
17.6a (15.6)

100a (11)
6.91 (0.32)
714ab (96)
8.8b (15.6)

115b (17)
6.85 (0.27)
682b (99)
8.1b (15.6)

32.57
1.95
4.78
7.86

, 0.001
0.145
0.009
0.001

...................................................................................................................................................................................................................................................................................................................................................................
The effect of the interaction between sex and diet treatment occurs because males on high- and medium-protein diets gain weight more slowly than males reared on low-protein diets, whereas the opposite
is true for females. Standard deviations are provided in parentheses. Letters in superscript indicate homogeneous subsets after Tukey’s post-hoc tests. *F 2,200 (males); F 2,211 (females).
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weight until day 15 (Fig. 2c), which coincided with when they
started calling (Fig. 2a, b). Further support for an association
between male weight loss and the onset of calling comes from the
fact that in females, greater weight gain is associated with higher
protein diets (Table 1). Third, males on high- and medium-protein
diets lost a greater proportion of their body mass after each night’s
calling than males from the low-protein treatment (linear mixed
model: treatment effect, F 2,169 ¼ 73.18, P , 0.001; least significant
difference post-hoc comparisons, high versus medium, P ¼ 0.064;
high versus low, and medium versus low, P , 0.001). In the field,
the negative relationship between early calling effort and longevity
should, if anything, be stronger than in the laboratory because of the
increased risks faced by calling males18.
Within treatments, calling effort in early adulthood (10–20 days)

was consistently negatively correlated with longevity (Fig. 3a).
However, the relationships between late calling effort (25–30
days) and longevity were consistently positive (Fig. 3b). The shift
from early to late calling across the treatments changes the relationship between mean calling effort per male per night and longevity
from negative in the high- and medium-protein treatments to
positive in the low-protein diet treatment (Fig. 3c). The mean
condition of males in the population, therefore, not only determines
how much a male invests in calling but also the nature of the

Figure 1 Nymph survival and adult longevity in the high- (blue line), medium- (black) and
low-protein (red) diet treatments. a, Nymph survival to eclosion was highest in the highprotein treatment and lowest in the low-protein treatment (Cox regression, x 2 ¼ 29.31,
d.f. ¼ 2, P , 0.001). b, Similarly, adult female longevity was highest in the high-protein
treatment and lowest in the low-protein treatment, but c, the opposite was true in adult
males (Cox regression, treatment x 2 ¼ 60.78, d.f. ¼ 2, P , 0.001; sex x 2 ¼ 31.06,
d.f. ¼ 1, P , 0.001; treatment £ sex x 2 ¼ 113.43, d.f. ¼ 1, P , 0.001).

Figure 2 Reproductive effort and body weight of males in the high- (closed circles, blue
line), medium- (open squares, black line) and low-protein (triangles, red line) diet
treatments. a, Proportion of males calling. b, Median calling effort per night (with jackknifed 95% confidence intervals). c, Male weight change (^s.e.m.) in each treatment.
There were significant differences among treatments in the quadratic and cubic
coefficients describing these weight changes (treatment £ (time)2, F 2,1660 ¼ 20.34,
P , 0.001; treatment £ (time)3, F 2,1660 ¼ 12.43, P , 0.001).
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Figure 3 The relationships between longevity and early, late and mean nightly calling
effort in the high- (closed circles, blue line), medium- (open squares, black line) and lowprotein (triangles, red line) diet treatments (see Supplementary Information). a, Early
calling effort: there were no treatment effects on the slope (F 2,192 ¼ 0.86, P ¼ 0.426),
but the common slope was significantly less than zero (F 1,197 ¼ 24.38, P , 0.001) and
there were significant differences in elevation (F 2,197 ¼ 34.09, P , 0.001). b, Late

relationship between reproductive effort and longevity within
populations. Our current research is examining the relative contributions of phenotypic plasticity and selection on nymph survival
within treatments to the overall relationship that exists between
calling effort and longevity in T. commodus.
Abundant indirect and limited direct evidence has shown that
sexual advertisement is costly19. Nonetheless, the fundamental tenet
of handicap-signalling theory that high-quality males can better
bear these costs than low-quality males1–4, leads to the widespread
expectation that quality, signalling and longevity will be positively
correlated. This viewpoint is bolstered by the fact that studies
reporting a positive relationship between sexual signalling and
longevity are more commonly reported in the literature5. For
example, in the wolf spider (Hygrolycosa rubrofasciata) male drumming is a costly sexual display that results in weight loss, increased
intrinsic mortality risk20 and higher chances of predation21. Despite
this, within treatments, faster drumming males tend to survive
longer than slower drummers20. This, like many similar studies5, has
been interpreted as showing that a costly sexual display is a signal of
a viability benefit to offspring20. In contrast, the shorter lifespan of
male crickets in our high-protein diet treatment provides the first
direct confirmation of the theoretic prediction that males acquiring
more resources may invest so heavily in sexual signals that they
experience higher mortality than low condition males2,6,7. Unlike
previous studies on the costs of sexual signalling17, this relationship
is not dependent on extrinsic sources of mortality (that is, predators
or parasitoids16).
Dietary restriction increases lifespan in a range of organisms22–25.
Caloric restriction is thought to retard ageing via a number of
metabolic pathways22,23. The magnitude, but not the direction, of
the effects of dietary restriction on longevity are often sexspecific26,27 and this may, in part, be due to differences in the way
that the sexes allocate resources to reproduction. For example,
limiting the caloric content of the diet of female Drosophila
melanogaster24,27 and the protein content of the diet of female
medflies (Ceratitis capitata)25 results in reduced egg laying and
concomitant increases in lifespan. However, dietary restriction also
increases male longevity in these species, albeit to a lesser degree
than female longevity22–25, so that an overall reduction in metabolic
rate can not be excluded as an alternative explanation for the
1026

calling effort: there were no treatment effects on the slope (F 2,145 ¼ 1.70, P ¼ 0.187),
but the common slope was significantly greater than zero (F 1,151 ¼ 6.62, P ¼ 0.011)
and there were significant differences in elevation (F 2,151 ¼ 23.06, P , 0.001).
c, Mean nightly calling effort: slopes were significantly different from one another
(F 2,195 ¼ 20.06, P , 0.001) due to differences between the low-protein treatment and
the other two treatments.

Figure 4 The number of females responding to a call in the field is positively correlated
with the amount of time that the call is broadcast for. There was significant linear selection
on the amount of time a call is broadcast in the field (b ¼ 0.355 ^ 0.062 s.e,
randomization test P ¼ 0.0001). The largest circle represents 23 observations, the
smallest represents 1 observation.

increased longevity of individuals on a restricted diet. The opposing
effects of diet on male and female T. commodus (Fig. 1b, c) suggest
that the reduced longevity of males reared on a high-protein diet is
not simply a metabolic by-product, but rather the direct result of
increased reproductive effort in the form of calling as a sexual
advertisement early in adulthood. More importantly, females from
this population impose strong positive selection on calling effort in
playback experiments in the wild (Fig. 4). Collectively, these findings suggest that phenotypic plasticity in the age-specific calling
effort of males is an adaptive strategy to increase mating success.
Our results demonstrate that whether the relationship between
sexual advertisement and longevity is positive or negative depends
critically on the mean condition of males in the population. Several
authors have stressed the importance of understanding male sexual
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advertisement as a form of reproductive effort within the framework of life-history theory6,8,10,13,28, and of measuring such investment throughout a male’s lifetime28–30. Our findings provide further
evidence of the value of this approach. We demonstrate that longerlived males are not always those in the best condition and therefore
our findings support theoretical claims that longevity may not
A
always be a reliable measure of male quality6,9,10.

Methods
Laboratory feeding experiment
Animals for the laboratory feeding experiment were the F3 descendants of 200 field-mated
females collected at Smith’s Lake, New South Wales, Australia, in March 2002. Cultures
were provided with cat food (Friskies Go-Cat Senior) and water ad libitum and
maintained by rearing the offspring of 100 randomly paired adults per generation in six
large stock-culture containers (80 litre). Both the cultures and experimental animals were
maintained in a room with a constant temperature of 28 ^ 1 8C and a 10 h:14 h dark:light
regime.

Experimental manipulation of condition
Manipulation of condition was achieved by feeding crickets on pellets comprising
different mixtures of high-protein fish food (Pisces Enterprises, 45% protein) and oatmeal
(Farmland, 12% protein). The high-, medium- and low-protein diet treatments consisted
of 100% fish pellets or a dry weight mixture of 75% or 50% fish pellets with oatmeal. We
created pellets by grinding fish food and oatmeal, adding water and drying the mixture in a
custom-built plexiglass mould in an oven (60 8C for 12 h). Dry pellets weighed
0.121 g ^ 0.002 s.e.

Experimental design
We collected 600 nymphs within 24 h of hatching and randomly assigned each to a low-,
medium- or high-protein diet (200 nymphs per diet). Each cricket was housed in a
separate individual plastic container (5 £ 5 £ 5 cm) for the duration of its life and
provided with water, three diet pellets per week and a piece of egg carton for shelter. Food
and water were replenished weekly and the container cleaned and nymph survival
recorded. Fifth-instar nymphs were checked daily for eclosion. On the day of eclosion, and
on the second, fourth, sixth, eighth and tenth day afterwards, each adult was weighed (to
0.00005 g) and pronotum width measured using an eyepiece graticule in a binocular
microscope. We recorded the calling effort of living males at 10, 15, 20, 25 and 30 days after
eclosion. Males were weighed the day before and the day after each calling effort measure.
Food and water were replenished and the container cleaned the morning after. Females
were maintained on an identical regime to males, apart from calling effort measures. Adult
survival was monitored daily.

Calling effort
The calling effort of individual males was measured using an electronic monitoring device
(see Supplementary Information) that monitored 64 males per night from 18:00 to 09:00
in a room set to a constant temperature of 28 ^ 1 8C. Males, in their individual containers,
were placed in separate styrofoam containers (15 £ 10 £ 10 cm), which were closed to
keep males in acoustic isolation.
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Field acoustic trials
We estimated the strength of sexual selection that females exert on male calling effort using
playbacks of artificial calls conducted over 25 consecutive nights in the field at Smith’s
Lakes, New South Wales. We used SoundEdit (version 1) to construct 300 calls that varied
randomly in dominant frequency, inter-call interval, number of pulses per chirp, interpulse interval and number of trills. We manipulated the amount of time that each call was
broadcast for by randomly varying the number of times the call was repeated in the 5-min
loop. Calls were broadcast from 13 sets of two speakers facing in opposite directions at
75 dB (65 cm from speakers) from 21:00 until 05:30. Females responding to a call were
captured on a sticky trap (60 £ 60 cm) surrounding the speakers.
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The regulation of fat and glucose metabolism in the liver is
controlled primarily by insulin and glucagon. Changes in the
circulating concentrations of these hormones signal fed or
starvation states and elicit counter-regulatory responses that
maintain normoglycaemia. Here we show that in normal mice,
plasma insulin inhibits the forkhead transcription factor Foxa2
by nuclear exclusion and that in the fasted (low insulin) state
Foxa2 activates transcriptional programmes of lipid metabolism
and ketogenesis. In insulin-resistant or hyperinsulinaemic mice,
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