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If sexual signals are costly, covariance between signal expression
and fitness is expected. Signal–fitness covariance is important,
because it can contribute to the maintenance of genetic
variation in signals that are under natural or sexual selection.
Chemical signals, such as female sex pheromones in moths,
have traditionally been assumed to be species-recognition
signals, but their relationship with fitness is unclear. Here, we
test whether chemical, conspecific mate finding signals covary
with fitness in the moth Heliothis subflexa. Additionally, as
moth signals are synthesized de novo every night, the
maintenance of the signal can be costly. Therefore, we also
hypothesized that fitness covaries with signal stability (i.e. lack
of temporal intra-individual variation). We measured among-
and within-individual variation in pheromone characteristics
as well as fecundity, fertility and lifespan in two independent
groups that differed in the time in between two pheromone
samples. In both groups, we found fitness to be correlated with
pheromone amount, composition and stability, supporting
both our hypotheses. This study is, to our knowledge, the first
to report a correlation between fitness and sex pheromone
composition in moths, supporting evidence of condition-
dependence and highlighting how signal–fitness covariance
may contribute to heritable variation in chemical signals both
among and within individuals.
1. Introduction
Many sexually reproducing organisms discriminate among potential
mates. By selecting a mate, choosing individuals may receive direct
benefits, e.g. protection or nutrients, and indirect benefits, e.g. by
receiving ‘good’ genes which result in more viable or sexy offspring
[1–5]. Mate choice commonly occurs through sexual signals, and
variation in reproductive success across individuals producing
different sexual signals is the basis of sexual selection [3,6,7].
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In general, signals under sexual selection are subject to directional selection, as those individuals are
chosen that confer the highest direct or indirect benefits. Additionally, in many organisms, sexual signals
are used to localize potentially suitable (conspecific) mates, often referred to as species recognition [6,8].
These so-called species-recognition signals are often under stabilizing selection, because variation in
these signals renders them less reliable. Both directional and stabilizing selection are expected to erode
genetic variation [9,10]. However, sexual signals are shown to have high levels of genetic variance [11,12]
and many observations indicate that sexual signals evolve rapidly, diverge early on during speciation
and are important barriers to gene flow among closely related species [6,13–16]. To understand how
sexual signals evolve, it is important to understand how (genetic) variation in these signals is maintained.

If signals are costly to produce or maintain, their expression and their composition are expected to be
correlated with fitness [5,17]. Negative correlations between signal and fitness indicate that signal
investment trades off with fitness (one-trait trade-offs sensu [18]). Positive correlations between signal
expression and fitness are expected when only high-quality senders are able to bear the cost of the
signal (two-trait trade-offs sensu [18]) and indicate that the signal is condition-dependent [19].
Covariation between sexual signal variation and fitness can maintain genetic variation in sexual
signals, even in the face of selection [20–23]. This is because fitness is the result of the combined effect
of many different traits and thus controlled by many different loci [24].

Signal–fitness covariance has been studiedmostly in specieswith acoustic andvisual signals,while chemical
signals have receivedmuch less attention [25,26]. Thismay be because chemical signals, such a sex pheromones,
are generally assumed to be biosynthetically cheap [25,27,28] and have traditionally been assumed to be
independent of signaller quality [25,29]. Specifically, moth sex pheromones have typically been considered as
species-recognition signals [30,31] and empirical evidence suggests moth pheromone signal composition is
under stabilizing selection [32–36]. However, sexual signals probably do not function solely as species
recognition or mate choice signals, but rather range along a continuum [8,21,37]. This idea is supported by
empirical studies that showed a relationship between nutrition and pheromone amount [38], body size and
sex pheromone amount [39], and body size and sex pheromone composition [40] in moths, and between
nutritional state, age, and parasite load and pheromone composition in beetles [41,42]. However, even though
moth sex pheromones have been studied extensively in the past 40–50 years and the sex pheromone of
greater than 2000 moth species has been studied [43], very little is known about the relationship between
signal variation and fitness or about variation within individuals. Moreover, we lack empirical insight into the
relationship between sexual signal variation and fitness for chemical mate attraction in insects generally.

Here, we tested the hypothesis that even for stereotypical species-recognition signals, there is covariation
between sexual signal composition and fitness. Because many sexual signals need to be maintained
throughout an individual’s reproductive lifetime, and maintenance probably requires continuous
investment, we also hypothesized that the ability of an individual to maintain its signal covaries with
fitness as well. We tested these hypotheses for the female sex pheromone in the noctuid moth Heliothis
subflexa. Specifically, we examined how sex pheromone signalling activity (i.e. the time spent sending the
pheromone signal, calling activity fromhereon), andpheromone amount and composition changed over time.

In moths, older (virgin) females tend to have reduced mating activity and reduced mating success
[44–50], and virgin female moths generally keep investing in signalling [51]. Thus, prolonged virginity is
expected to trigger physiological responses that modulate resource allocation between somatic
maintenance and reproduction. We assessed these trade-offs by comparing a biologically realistic delay
to first mating (3 days) with an extreme case of prolonging female virginity (8 days), here referred to as
‘early’ and ‘late’ maters, respectively. We then asked whether (i) the composition and amount of the
pheromone signal in early and later maters covaried with fitness, and (ii) the stability (within-individual
variation) of the pheromone during prolonged virginity was correlated with fitness. We addressed these
questions separately in the early and in the late maters to explore the robustness of our findings to
(i) variation in age and (ii) the time span over which intra-individual variation was measured. We
expected that high-fitness females produced more pheromone compared to low-fitness females, and that
maintaining high pheromone amounts and stable pheromone composition trades off with fitness.
2. Methods
2.1. Insects
The laboratory population of H. subflexa originated from North Carolina State University (NCSU) and has
been reared at the University of Amsterdam since 2011, with occasional exchange between NCSU,
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Amsterdam and the Max Planck Institute for Chemical Ecology in Jena to maintain genetic diversity. The
rearing was kept at 25°C and 60% relative humidity with 14 L : 10 D light–dark cycle. Larvae were reared
on a wheat germ/soy flour-based diet (BioServ Inc., Newark, DE, USA) in 37 ml individual cups. Pupae
were separated by sex and checked for emergence every 60 min from 2 h before until 7 h after the onset
of scotophase. Only females that emerged within this timeframe were included in the experiments. After
emergence, females were transferred to clear 475 ml observation cups covered with fine mesh gauze.
Males were kept in the 37 ml individual cups. Adults were provided with regularly replaced cotton
soaked in 10% sugar water.

2.2. Phenotyping
The pheromone of each female was sampled at two time points. The first sample was taken in the first
night after emergence. The second sample was taken in the third or eighth night after emergence for the
‘early’ and ‘late’ treatment, respectively. Early maters were females that were kept virgin for 3 days and
mated on the fourth day, while late maters were females that were kept virgin for 8 days and mated on
the ninth day. To avoid possible variation owing to differences between sampling time during the night
[52–54], care was taken to take the first and second pheromone sample at the same time during the night
(no more than 10 min difference) and the sex pheromone was always sampled within a narrow time
interval during peak calling times (third to sixth hour of scotophase [52].

Pheromone was collected from the gland surface from females using optical fibres coated with a
100 µm polydimethylsiloxane (Polymicro Technologies Inc., Phoenix, AZ, USA), as described in detail
in [55], where the authors showed strong correspondence between pheromone measurements
following the non-invasive method used here and following traditional (lethal) gland extractions.
Pheromone glands were extruded and fixed by gently squeezing the abdomen and gently rubbed
over a period of 2 min. Fibres were then submerged for 1–2 h and rinsed in 50 µl hexane with 200 ng
pentadecane as internal standard and discarded. Pheromone extracts were analysed by injecting the
concentrated samples into a splitless inlet of a 7890A gas chromatograph (GC) (Agilent Technologies,
Santa Clara, CA, USA) and integrating the areas under the pheromone peaks, using Agilent
ChemStation (v. B.04.03).

Throughout this study, we focused on the sex pheromone components that have been shown to be
important for male attraction—(Z)-11-hexadecenal (Z11-16:Ald), (Z)-11-hexadecenyl acetate (Z11-16:
OAc), (Z)-11-hexadecenol (Z11-16:OH), and (Z)-7- and (Z)-9-hexadecenals (Z7-16:Ald + Z9-16:Ald)—as
well as the total amount of pheromone. Z7-16:Ald and Z9-16:Ald were difficult to separate by GC and
were, therefore, integrated as one peak (referred to as Z7/Z9-16:Ald), as has been done in previous
studies [56]. Absolute amounts (in ng) and percentages (of the total amount) of each compound were
calculated relative to a 200 ng pentadecane internal standard. Samples containing less than 10 ng
could not be reliably integrated and were excluded from subsequent analyses. We globally
standardized the absolute amount of each of the four pheromone components by subtracting the
global average amount across all females and then dividing the mean-centred value by the variance.
We then performed principal component analysis on the standardized pheromone measurements,
retaining four principal components (PCs). Differences in PC scores between the first and second
pheromone samples were tested using a paired Student’s t-test, using the statistical package R [57].

2.3. Relationship between fitness and female calling activity
To determine whether calling activity of virgin females increased or decreased over their lifetime or
whether it peaked at some point in their reproductive life, we randomly assigned 40 and 51 females
to the ‘early mating’ and ‘late mating’ treatments, respectively, and observed the calling activity of
each female every night from eclosion until her death. For each female, we measured pupal mass,
calling behaviour, fecundity, fertility and lifespan. Pupae with a visible wing pattern were weighed
before the start of scotophase (the 10 h dark phase during the day–night cycle). Extremely small
pupae (less than 0.1 g) were discarded. The time spent calling before and after mating was recorded
daily every 30 min between 1 and 8 h after the onset of scotophase. To measure fecundity and fertility,
each female was mated in a 475 ml observation cup with a randomly chosen, virgin 2- to 3-day-old
male 1 day after the second pheromone sample was taken. For all mated females, we scored the
number of eggs, the number of hatching larvae and the lifespan. To stimulate oviposition, freshly cut
Physalis peruviana berries were supplied daily onto the gauze. Before the onset of a scotophase, eggs
laid in the previous scotophase were collected by transferring the female to a new observation cup.
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Eggs were counted before emergence, and artificial diet was provided for emerging larvae. Emerged
larvae were counted daily. After female death, lifespan was recorded, and mating success was
confirmed by checking for the presence of a spermatophore. The percentage of calling females, the
per-individual onset of calling and the per-individual duration of calling were visually examined
before and after mating. We tested whether early maters differed from late maters in fecundity
(overall and per day), fertility (overall and per day) and lifespan using two-sample t-tests.

2.4. Relationship between fitness and inter-individual variation
To test whether fecundity, fertility and lifespan variation could be predicted by variation in the pheromone,
we fitted generalized linearmodelswith quasi-Poisson error and used a stepwisemodel selection approach to
identify significant predictors and interactions. In the basemodel, the responsewas either fecundity, fertility or
lifespan and thepredictorswere each of the four PCs aswell as the pupalmass of the female, the pupalmass of
her mate and the time spent calling by the female before mating. Only PC scores from pheromone
measurements taken on timepoint 2 were used, as these were the samples taken immediately before the
matings were set up that were used to measure the individual’s fitness. Model selection was done by first
adding interactions among the independent variables and then purging independent variables that did not
significantly explain variation in the response. Adding and removing variables and interactions was done
using analysis of deviance, where significance of an increase/decrease in residual deviance after
removing/adding a variable or interaction was assessed using a χ2 test. Improvement of model fit was
considered significant for p < 0.05. For the final model, the pseudo-R2 was calculated as the ratio between
the null deviance and 1 minus the residual deviance, similar to calculating the coefficient of determination
in linear regression. The pseudo-R2 gives the proportion of deviance explained, which is informative about
model fit and about the explanatory value of the independent variables [58].

2.5. Relationship between fitness and intra-individual variation
To test whether fecundity, fertility and lifespan variation could be predicted by the degree to which
females kept their pheromone stable, we calculated intra-individual variation in pheromone by taking
the absolute difference between PC scores for pheromone measurements taken after 24 h and PC
scores for pheromone measurements taken 3 or 8 days post-eclosion, for early and late maters,
respectively. We fitted the same generalized linear models (with the same covariates) and employed
the same model selection procedure as described above, except that the predictor variables were now
the absolute change in PC scores between timepoint 1 and timepoint 2.

2.6. Heritability of stability
To determine the heritability of pheromone composition (PC scores) and stability (difference between PC
scores at timepoint 1 and 2), we selected 20 females that covered the range of intra-individual variation
observed across all females. Subsequently, we sampled 5–20 daughters per female (n = 240) at both
timepoints, i.e. 3 or 8 days post-eclosion for early and late maters, respectively. We used Bayesian
Monte Carlo Markov chain (MCMC) models combined with pedigree information of the two
generations of females and their mates. We ran independent models for each PC (inter-individual
variation) or for the change in PC scores between timepoints 1 and 2 (intra-individual variation). The
models were implemented with the R package ‘MCMCglmm’ [59] using inverse γ priors. All MCMC
models were run for 1 000 000 iterations, the initial 100 000 samples were discarded (burn-in period)
and chains were sampled every 100 iterations (thinning) to reduce autocorrelation. The narrow-sense
heritability (h2) was estimated as the ratio of additive genetic variance (‘animal’ effect) over the sum
of all variance compounds (‘animal’ plus ‘unit’ effects).
3. Results
3.1. Relationship between fitness and female calling activity
When observing female calling activity, we found that calling effort of all females and duration of
individual calling activity initially increased and then decreased after the second or third night
(figure 1a,b). Upon mating, calling activity was almost entirely suspended, after which it slowly
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Figure 1. Calling activity and fitness. For both groups, early (blue) and late (yellow) maters, the collective calling effort per night
and the distribution of calling duration across females is shown for each night. (a) Per cent of females calling on any given night,
(b) calling duration. Boxes and whiskers show the interquartile ranges and the median, and lines connect the mean values for each
night. Individual dots show observations greater than 1.5 times the interquartile range. The dashed, vertical grey and black lines
show the days at which pheromone samples were collected and females were mated, respectively. (c) Fitness variation within and
between early and late maters. ��p < 0.01.
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recovered. There was no apparent relationship between the time at which females started calling and
female age or mating status (electronic supplementary material, figure S1).

Late maters invested in pheromone calling for an additional 5 days relative to early maters (figure 1).
Both fecundity and fertility were significantly lower in late maters relative to early maters (figure 1c).
Reduced fecundity was probably owing to the ‘lost’ 5 days rather than owing to allocation of time
and energy, because fecundity per day was not significantly different between early and late maters
(46.50 versus 40.96 eggs d−1; t = 1.39; p = 0.1669). Fertility per day was lower in late versus early
maters (19.00 versus 32.84 larvae d−1; t = 3.102; p = 0.0026), indicating that females who mated later in
life laid eggs with lower hatching success compared to early maters. We further observed that late-
mated females lived on average 2 days longer than early-mated females (figure 1c).

3.2. Variation in sex pheromone signal strength and composition
In quantifying the sex pheromone variation using PC scores for the standardized absolute amounts of
four components that are important for male response in H. subflexa, we found that the first PC
accounted for 60.5% of the total variation among individuals. Because this axis was almost perfectly
correlated with the total amount of pheromone (Pearson’s r =−0.99; p < 0.0001), PC1 thus described
variation in the total amount of pheromone. The remaining three PCs described different dimensions
of pheromone composition space: higher scores on PC2 (19.8% var. expl.) indicated decreasing
amounts of Z11-16:OAc relative to all other compounds, higher scores on PC3 (13.2% var. expl.)
indicated increasing amounts of Z11-16:OH relative to Z7/Z9-16:Ald, and higher scores on PC4
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(6.54% var. expl.) indicated increasing amounts of the major component, Z11-16:Ald, relative to all other
compounds (electronic supplementary material, table S1 and figure S2). Neither of these three
‘composition’ PCs were correlated with the total amount of pheromone (Pearson’s r ranged from
−0.05 to 0.08; p ranged from 0.3337 to 0.4987) and a significant proportion of the variation in all PC
scores was additive genetic variance, except PC1 in the late maters (posterior mode of h2 ranged from
0.17 to 0.58; for PC1 in late maters h2 < 0.01; electronic supplementary material, figure S3). There was
thus no need to calculate log-contrasts for the components to break the unit-sum constraints that are
problematic in the analysis of relative amounts [60], thereby avoiding inadvertent effects resulting
from the choice of the divisor. For completeness, relative and absolute amounts for all pheromone
measurements as well as life-history data are given in the electronic supplementary material, table S2.

With the exception of PC4, all PCs were significantly different between timepoint 1 and timepoint 2,
both for early and late maters (figure 2). This shows that there is intra-individual variation in both
amount and composition of the pheromone signal. Over time, pheromone amount decreased, while
relative amounts of Z11:16:OAc and Z11-16:OH increased (figure 2). However, there was substantial
variation around the mean direction and magnitude of change, with some individuals showing much
more or much less change in the amount and composition of the pheromone over time (figure 2).
This shows that there is variation in the magnitude of intra-individual variation. Estimates of the
narrow-sense heritability of intra-individual variation in the PCs were between 0.1 and 0.2, indicating
that a significant proportion of the variation is additive genetic variation (electronic supplementary
material, figure S3).
3.3. Relationship between fitness and inter-individual pheromone variation
When we determined correlations between the female pheromone signal and her fecundity, fertility and
lifespan, we found that all fitness measurements depended on variation in the pheromone signal. In all
models, both in early and late maters, we found at least one PC describing variation in the composition of
the pheromone blend to explain variation in fitness (figure 3a). For fecundity (in both early and late
maters), we also observed a correlation with PC1. Partial pseudo-R2 values ranged from 3 to 30% for
the pheromone components. Time spent calling before mating and the pupal mass of the female also
explained fitness variation in most models and the combined effect from the PCs, covariates and their
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interactions explained between 15 and 59% of the variation in fitness measurements (electronic
supplementary material, table S3).

Producing more pheromone (lower scores on PC1) or higher relative amounts of Z11-16:OAc
(lower scores on PC2), Z11-16:OH (higher scores on PC3) and Z11-16:Ald (higher scores on PC4) was
universally associated with higher fitness (higher fecundity and fertility, longer lifespan) with one
exception: higher scores for PC4 were associated with lower fecundity in the early maters (figure 4;
electronic supplementary material, figure S4 and table S3). In the case of interactions between a
pheromone PC and female pupal mass, we examined the modulating effect of pupal mass on the
correlation between fitness and pheromone by drawing separate regression lines for the females
with the lowest 33% pupal mass, those with pupal mass in the middle tercile and those in the
top 33% of pupal mass, using the R-package ‘interactions’ [61]. This showed that higher relative
amount of Z11–16:OH (higher PC3 score) was associated with higher fertility in the heaviest 33%
females, but not in the bottom 67% (figure 4). Also, higher relative amount of Z11-16:OAc (lower PC2
score) was associated with longer lifespan in heavy females, but with lower lifespan in lighter females
(figure 4).
3.4. Relationship between fitness and intra-individual variation
To test the hypothesis that females with stable pheromone signals during their lifetime have higher
fitness, we calculated intra-individual variation as the absolute difference between PC scores for
pheromone measurements taken 24 h post-eclosion and for pheromone measurements taken 3 or 8
days post-eclosion, for early and late maters, respectively. We found that between 6 and 45% of the
variation in fitness measures was predicted by intra-individual variation in either the total amount
(PC1), the relative amount of Z11-16:OAc (PC2) or both (figure 5).

In early maters, more stability in the total amount (PC1) was associated with higher fecundity,
fertility and longevity, while in late maters, stability in total amount was uncoupled from fitness
(figure 6; electronic supplementary material, figure S5, and table S4). For PC2, we similarly found a
predominantly positive correlation between stability and fitness (i.e. lower values on the plasticity axis
are associated with higher values on the fitness axis). We also observed examples of effects in the
opposite direction for both fertility and lifespan (figure 6; electronic supplementary material, figure S5).
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4. Discussion
If sex pheromone signals are costly, calling activity, pheromone amount and/or pheromone composition
should covary with fitness. We showed that in H. subflexa, an extreme delay in mating of 8 days and a
continued investment in signalling was associated with lower reproductive output. We also found that
while virgin females maintained high signalling activity, their signal changed over time: the total
amount decreased and the ratios of components changed. Signal variation was proportional to the
delay in mating, but varied considerably across females. Some females showed high intra-individual
variation, while others had stable signals over time. The heritability estimates of the intra-individual
variation in pheromone composition (roughly between 0.1 and 0.2) indicated that this variation can
evolve in response to selection. Lastly, we found that longevity, fecundity and fertility were correlated
with pheromone amount, with pheromone composition, and with the stability in both pheromone
amount and composition within females. We thus conclude that our results meet expectations for
costly pheromone signalling and that the amount, composition and maintenance of the long-distance
mate attraction pheromone produced by H. subflexa females probably depend on the genetic quality of
the female.
4.1. Calling activity and fitness
In a synthesis of empirical results on calling activity in female moths, the majority of moth species were
found to increase their calling effort over time [51]. This finding is in line with theoretical predictions for a
costly signal, for which the production depends on the number of male arrivals: a virgin female should
not invest much in signalling if this draws in too many males, but she should increase signalling efforts if
no males visit at all [51]. Our results show that for H. subflexa, calling activity initially indeed increased,
but then decreased (figure 1). Females that were mated later spent more nights calling and had reduced
reproductive success, but lived slightly longer relative to females that were mated earlier in life. These
findings are in line with general patterns across moths [62] and suggest that the additional days spent
calling in the slightly longer-lived late maters reduce the energy and time available to lay eggs,
implying costs to calling. However, we acknowledge that there may be confounding effects from
reproductive senescence on the fitness differences between early and late maters.
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4.2. Pheromone variation and fitness
We hypothesized that these costs would manifest in signal–fitness correlations in virgin moths. We found
evidence for covariation between fitness and sex pheromone amount, composition and stability, regardless
of the fitness measure (reproductive output or lifespan). In addition, we found similar patterns in
two independent groups of females that differed in their age at the time of sampling and in their
remaining lifespan to lay eggs. Even though in nature females are unlikely to stay virgin for 8 days
(late maters), our finding that her signal still correlates with fitness shows that the patterns that we found
are independent of female age. Our findings thus strongly support a scenario for signal–fitness
covariance in moths and provide context to earlier findings that suggested condition-dependence of
moth sex pheromone amount [38,39] and composition [40].

On the one hand, the consistent positive correlations between fitness and pheromone amount as well as
between fitness and the relative abundance of pheromone components important to male mate attraction
are surprising from a physiological perspective. It may be unlikely that pheromone production presents
significant metabolic costs to signalling females, because the nutrients used for pheromone production
are negligible compared to available resources [28] and storage of pheromone titres does not seem to be
constrained by the level of synthesis, but rather by the level of breakdown (catabolism) [63]. However,
sugar feeding does increase pheromone titres [64,65] and starved females produce low titres and are less
attractive [65]. In addition, there may be indirect costs, for example, if enzymes that convert sex
pheromone component precursors into their final products (in the appropriate ratios of species-specific
blends) are also used for other critical physiological processes.

On the other hand, the fitness costs to sex pheromone composition inferred here can explain field
observations of sex pheromone variation among wild populations of H. subflexa. The acetate ester Z11-
16:OAc slightly improves the attractiveness of the H. subflexa blend, while strongly deterring the
closely related tobacco budworm, Heliothis virescens [66,67]. In regions where H. virescens co-occurs
with H. subflexa, the relative amount of Z11-16:OAc of field-caught females is significantly higher
compared to regions where H. virescens is absent [68]. Apparently, Z11-16:OAc is produced at higher
rates when communication interference is likely to happen. As we found that the PC2 axis, associated
with variation in Z11-16:OAc, explained 10–20% of the variation in fecundity, fertility and lifespan
(figure 3), such that females with higher fitness had higher relative amounts of Z11-16:OAc, selection
probably favours females that produce lower relative amounts of acetate esters when there is no risk
of heterospecific mate attraction.

There are limited data available for male response to intra-specific levels of variation in moth sex
pheromones and these data often come from different methods, including sticky traps, field traps and
wind tunnel assays. It is, therefore, difficult to judge the relevance of the levels of observed variation
to male response. The two axes that described most of the variation in pheromone composition (and
that correlated with fitness), PC2 and PC3, are driven by variation in Z11-16:OAc, Z11-16:OH and Z9-
16:Ald, which all have been shown to be important for male attraction [66,67]. The relative amount of
Z11-16:OAc ranged from 5 to 15%. Previous studies have shown that (i) as little as 1% is enough to
completely deter the heterospecific H. virescens [69], (ii) adding Z11-16:OAc to a synthetic blend
increases the attractivity of H. subflexa males [66,70], and (iii) increased levels of acetate esters (from
roughly 1–3 to 10–15%) also increased male response [67]. For Z11-16:OH, the lowest and highest
scores on PC3 corresponded to a twofold difference, i.e. from approximately 3% to approximately 6%.
Previous studies have shown that increasing or reducing the relative amount of Z11-16:OH by a factor
of two can reduce male attraction to sticky traps by 10% in the field [71], while in wind tunnel
experiments, a change in male attraction was not found [66]. Finally, for Z9-16:Ald, we found a range
from approximately 15% to approximately 35%. Previous studies have found a 38% reduction in male
precopulatory behaviour when relative amounts of Z9-16:Ald were below 15% [72], while in wind
tunnel assays, Z9-16:Ald levels below 10% reduced male attraction by 20% [66]. Hence, the observed
levels of variation in the pheromone summarized by PC2 and PC3 fall within a range that is probably
relevant for variation in male responses.

We also hypothesized that for costly signals, maintenance is costly too and we thus expected the
stability of the signal to covary with fitness. In line with our expectations, we found that individuals
with more stable sex pheromone signals over time had higher fitness, although negative correlations
were found as well. Several aspects of animal signals may change with age, and the signals of
younger individuals have been found to be more attractive to the receivers, for example, in cricket
songs and mouse urinary protein pheromones [73,74]. Because in moths, older females are typically
less attractive, as measured by mating success [44–50], it is possible that a female benefits from
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maintaining a young-female-like blend. In addition to changes in the composition, female moths also
produce more pheromone earlier in life. Possible physiological explanations for decreasing pheromone
amounts in ageing females are that changes in juvenile hormone may result in the suppression of
pheromone production later in life [75,76] or that older females may have a reduced capability to
synthesize pheromone components [76]. Lower pheromone amounts can reduce the attractiveness of
the blend; however, there is mixed evidence for this hypothesis [51]. Therefore, an evolutionary
mechanism that would explain a benefit to costly stability is that stability counters signal decay owing
to senescence.

In summary, we find evidence for signal–fitness covariation, which may imply costs to sex pheromone
signalling. Our results are in line with earlier findings for condition-dependence of pheromone signals in
moths and beetles [40–42] and for signalling activity-fitness trade-offs in moths [39]. Our results go
beyond these findings by revealing (i) a relationship between a moth sex pheromone signal and fitness,
and (ii) finding this relationship not only for the amount of pheromone produced, but also for the
composition and for the extent to which females keep their signal amount and composition stable. These
results add multiple new dimensions in which genetic quality differences between female moths can
contribute to pheromone variation within species. As genetic variation underlying sexual signals
ultimately provides the raw material from which species barriers may originate, the relationship between
signal variation and fitness components presented here thus provides a mechanism for the evolution of
sex pheromone signals and the diversity of moth species.

Data accessibility. The data and scripts corresponding to this paper are archived online in the Dryad Digital Repository:
https://doi.org/10.5061/dryad.6djh9w10f [77].
Authors’ contributions. T.B., R.L. and A.T.G. conceived the study. R.L. and C.P. performed the experiments. D.v.V.
supported animal breeding and helped with the experiments. T.B., R.L. and M.v.W. conducted the analysis. T.B.
and A.T.G. wrote the manuscript with input from all other authors
Competing interests. We declare we have no competing interests.
Funding. This project was funded by the Netherlands Organization for Scientific Research (NWO-ALW, award no.
822.01.012 awarded to A.T.G.), the National Science Foundation (award nos IOS-1052238 and IOS-1456973) and by
the Marie Skłodowska-Curie Individual fellowship (grant agreement no. 794254 awarded to T.B.).
Acknowledgements. The authors thank the Evolutionary and Population Biology group members, especially Isabel
Smallegange and Emily Burdfield-Steel for their helpful discussions and the editorial board members and referees
for their constructive comments and feedback.
References

1. Kokko H, Brooks R, Jennions MD, Morley J. 2003

The evolution of mate choice and mating
biases. Proc. R. Soc. Lond. B 270, 653–664.
(doi:10.1098/rspb.2002.2235)

2. Kirkpatrick M. 1982 Sexual selection and
the evolution of female mate choice. Evolution
36, 1–12. (doi:10.1111/j.1558-5646.1982.
tb05003.x)

3. Fisher RA. 1930 The genetical theory of natural
selection. New York, NY: Oxford University Press.

4. Grafen A. 1990 Biological signals as handicaps.
J. Theor. Biol. 144, 517–546. (doi:10.1016/
S0022-5193(05)80088-8)

5. Zahavi A. 1975 Mate selection—a selection for
a handicap. J. Theor. Biol. 53, 205–214. (doi:10.
1016/0022-5193(75)90111-3)

6. Andersson M. 1994 Sexual selection. Princeton,
NJ: Princeton University Press.

7. Darwin C. 1871 The descent of man and
selection in relation to sex. New York, NY:
D. Appleton and Company.

8. Ryan MJ, Rand AS. 1993 Species recognition
and sexual selection as a unitary problem in
animal communication. Evolution 47, 647–657.
(doi:10.1111/j.1558-5646.1993.tb02118.x)

9. Barton N, Turelli M. 1989 Evolutionary
quantitative genetics: how little do we know.
Annu. Rev. Genet. 23, 337–370. (doi:10.1146/
annurev.ge.23.120189.002005)

10. Estes S, Arnold SJ. 2007 Resolving the paradox of
stasis: models with stabilizing selection explain
evolutionary divergence on all timescales. Am.
Nat. 169, 227–244. (doi:10.1086/510633)

11. Bakker T, Pomiankowski A. 1995 The genetic
basis of female mate preferences. J. Evol. Biol.
8, 129–171. (doi:10.1046/j.1420-9101.1995.
8020129.x)

12. Lynch M, Walsh B. 1998 Genetics and analysis of
quantitative traits. Sunderland, MA: Sinauer
Associates.

13. Coyne JA, Orr AH. 2004 Speciation. Sunderland,
MA: Sinauer Associates.

14. Ritchie MG. 2007 Sexual selection and
speciation. Annu. Rev. Ecol. Evol. Syst. 38,
79–102. (doi:10.1146/annurev.ecolsys.38.
091206.095733)

15. Smadja C, Butlin RK. 2009 On the scent of
speciation: the chemosensory system and its
role in premating isolation. Heredity 102,
77–97. (doi:10.1038/hdy.2008.55)

16. Panhuis TM, Butlin R, Zuk M, Tregenza T. 2001
Sexual selection and speciation. Trends Ecol.
Evol. 16, 364–371. (doi:10.1016/S0169-
5347(01)02160-7)
17. Hamilton WD, Zuk M. 1982 Heritable true
fitness and bright birds: a role for parasites?
Science 218, 384–387. (doi:10.1126/science.
7123238)

18. Agrawal AA, Conner JK, Rasmann S. 2010
Tradeoffs and negative correlations in
evolutionary ecology. In Evolution since Darwin:
the first 150 years (eds M Bell, W Eanes, D
Futuyma, J Levinton), pp. 243–268.
Sunderland, MA: Sinauer Associates.

19. Jennions MD, Moller AP, Petrie M. 2001 Sexually
selected traits and adult survival: a meta-analysis.
Q. Rev. Biol. 76, 3–36. (doi:10.1086/393743)

20. Rowe L, Houle D. 1996 The lek paradox and the
capture of genetic variance by condition
dependent traits. Proc. R. Soc. Lond. B 263,
1415–1421. (doi:10.1098/rspb.1996.0207)

21. Kokko H, Jennions MD, Brooks R. 2006 Unifying
and testing models of sexual selection. Annu.
Rev. Ecol. Evol. Syst. 37, 43–66. (doi:10.1146/
annurev.ecolsys.37.091305.110259)

22. Tomkins JL, Radwan J, Kotiaho JS, Tregenza T.
2004 Genic capture and resolving the lek
paradox. Trends Ecol. Evol. 19, 323–328.
(doi:10.1016/j.tree.2004.03.029)

23. Dmitriew C, Blanckenhorn WU. 2014 Condition
dependence and the maintenance of genetic

https://doi.org/10.5061/dryad.6djh9w10f
https://doi.org/10.5061/dryad.6djh9w10f
http://dx.doi.org/10.1098/rspb.2002.2235
http://dx.doi.org/10.1111/j.1558-5646.1982.tb05003.x
http://dx.doi.org/10.1111/j.1558-5646.1982.tb05003.x
http://dx.doi.org/10.1016/S0022-5193(05)80088-8
http://dx.doi.org/10.1016/S0022-5193(05)80088-8
http://dx.doi.org/10.1016/0022-5193(75)90111-3
http://dx.doi.org/10.1016/0022-5193(75)90111-3
http://dx.doi.org/10.1111/j.1558-5646.1993.tb02118.x
http://dx.doi.org/10.1146/annurev.ge.23.120189.002005
http://dx.doi.org/10.1146/annurev.ge.23.120189.002005
http://dx.doi.org/10.1086/510633
http://dx.doi.org/10.1046/j.1420-9101.1995.8020129.x
http://dx.doi.org/10.1046/j.1420-9101.1995.8020129.x
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095733
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095733
http://dx.doi.org/10.1038/hdy.2008.55
http://dx.doi.org/10.1016/S0169-5347(01)02160-7
http://dx.doi.org/10.1016/S0169-5347(01)02160-7
http://dx.doi.org/10.1126/science.7123238
http://dx.doi.org/10.1126/science.7123238
http://dx.doi.org/10.1086/393743
http://dx.doi.org/10.1098/rspb.1996.0207
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110259
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110259
http://dx.doi.org/10.1016/j.tree.2004.03.029


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.8:210180
12

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 J

ul
y 

20
21

 

variance in a sexually dimorphic black scavenger
fly. J. Evol. Biol. 27, 2408–2419. (doi:10.1111/
jeb.12488)

24. Houle D, Morikawa B, Lynch M. 1996
Comparing mutational variabilities. Genetics
143, 1467–1483. (doi:10.1093/genetics/143.
3.1467)

25. Johansson BG, Jones TM. 2007 The role of
chemical communication in mate choice. Biol.
Rev. 82, 265–289. (doi:10.1111/j.1469-185X.
2007.00009.x)

26. Steiger S, Stökl J. 2014 The role of sexual
selection in the evolution of chemical signals in
insects. Insects 5, 423–438. (doi:10.3390/
insects5020423)

27. Greenfield MD. 1981 Moth sex pheromones: an
evolutionary perspective. Fla Entomol. 64, 4–17.
(doi:10.2307/3494597)

28. Foster SP, Anderson KG. 2015 Sex pheromones
in mate assessment: analysis of nutrient cost of
sex pheromone production by females of the
moth Heliothis virescens. J. Exp. Biol. 218,
1252–1258.

29. Cardé RT, Baker TC. 1984 Sexual communication
with pheromones. In Chemical ecology of insects
(eds WJ Bell, RT Cardé), pp. 355–383. Berlin,
Germany: Springer.

30. Harari AR, Steinitz H. 2013 The evolution of
female sex pheromones. Curr. Zool. 59,
569–578. (doi:10.1093/czoolo/59.4.569)

31. Lofstedt C. 1993 Moth pheromone genetics and
evolution. Phil. Trans. R. Soc. Lond. B 340,
167–177. (doi:10.1098/rstb.1993.0055)

32. Linn CE, Young MS, Gendle M, Glover TJ, Roelofs
WL. 1997 Sex pheromone blend discrimination
in two races and hybrids of the European corn
borer moth, Ostrinia nubilalis. Physiol. Entomol.
22, 212–223. (doi:10.1111/j.1365-3032.1997.
tb01161.x)

33. Zhu J, Chastain BB, Spohn BG, Haynes KF. 1997
Assortative mating in two pheromone strains of
the cabbage looper moth, Trichoplusia ni.
J. Insect. Behav. 10, 805–817. (doi:10.1023/B:
JOIR.0000010414.28494.9a)

34. Groot AT, Blanco CA, Claβen A, Inglis O,
Santangelo RG, Lopez J, Heckel DG, Schal C.
2010 Variation in sexual communication of
the tobacco budworm, Heliothis virescens.
Southwest Entomol. 35, 367–372. (doi:10.3958/
059.035.0317)

35. Allison JD, Cardé RT. 2008 Male pheromone
blend preference function measured in choice
and no-choice wind tunnel trials with almond
moths, Cadra cautella. Anim. Behav. 75,
259–266. (doi:10.1016/j.anbehav.2007.04.033)

36. Kárpáti Z, Tasin M, Cardé RT, Dekker T. 2013 Early
quality assessment lessens pheromone specificity
in a moth. Proc. Natl Acad. Sci. USA 110,
7377–7382. (doi:10.1073/pnas.1216145110)

37. Mendelson TC, Shaw KL. 2012 The (mis)concept
of species recognition. Trends Ecol. Evol. 27,
421–427. (doi:10.1016/j.tree.2012.04.001)

38. Foster SP, Johnson CP. 2011 Signal honesty
through differential quantity in the female-
produced sex pheromone of the moth Heliothis
virescens. J. Chem. Ecol. 37, 717–723. (doi:10.
1007/s10886-011-9982-8)

39. Harari AR, Zahavi T, Thiéry D. 2011 Fitness cost
of pheromone production in signaling female
moths. Evolution 65, 1572–1582. (doi:10.1111/
j.1558-5646.2011.01252.x)

40. Jaffe K, Mirás B, Cabrera A. 2007 Mate selection
in the moth Neoleucinodes elegantalis: evidence
for a supernormal chemical stimulus in sexual
attraction. Anim. Behav. 73, 727–734. (doi:10.
1016/j.anbehav.2006.10.011)

41. Chemnitz J, Jentschke PC, Ayasse M, Steiger S.
2015 Beyond species recognition: somatic state
affects long-distance sex pheromone
communication. Proc. R. Soc. B 282, 1–9.
(doi:10.1098/rspb.2015.0832)

42. Rantala MJ, Kortet R, Kotiaho JS, Vainikka A,
Suhonen J. 2003 Condition dependence of
pheromones and immune function in the grain
beetle Tenebrio molitor. Funct. Ecol. 17, 534–540.
(doi:10.1046/j.1365-2435.2003.00764.x)

43. El-Sayed AM. 2021 The Pherobase: database of
pheromones and semiochemicals. See https://
www.pherobase.com.

44. Zheng X-L, Liu J, Lu W, He XZ, Wang Q. 2020
Mating delay reduces reproductive performance
but not longevity in a monandrous moth.
J. Insect. Sci. 20, 3. (doi:10.1093/jisesa/ieaa009)

45. Xu J, Wang Q. 2009 Male moths undertake both
pre- and in-copulation mate choice based on
female age and weight. Behav. Ecol. Sociobiol.
63, 801–808. (doi:10.1007/s00265-009-0713-x)

46. Makee H, Saour G. 2001 Factors influencing
mating success, mating frequency, and
fecundity in Phthorimaea operculella
(Lepidoptera: Gelechiidae). Environ. Entomol.
30, 31–36. (doi:10.1603/0046-225X-30.1.31)

47. Delisle J. 1995 Effect of male and female age on
the mating success of the obliquebanded
leafroller Choristoneura rosaceana (Lepidoptera:
Tortricidae) under different ecological
conditions. J. Insect. Behav. 8, 781–799. (doi:10.
1007/BF02009506)

48. Klepetka B, Gould F. 1996 Effects of age and
size on mating in Heliothis virescens
(Lepidoptera: Noctuidae): implications for
resistance management. Environ. Entomol. 25,
993–1001. (doi:10.1093/ee/25.5.993)

49. Kawazu K, Shintani Y, Tatsuki S. 2014 Effect of
increased male and female age at mating on
the reproductive performance of Cnaphalocrocis
medinalis (Crambidae: Lepidoptera). J. Econ.
Entomol. 107, 1434–1439. (doi:10.1603/
EC14035)

50. Wu C-X, Liu J-F, Di X-Y, Yang M-F. 2018 Delay in
mating reduces reproductivity but increases life
span in tobacco cutworm, Spodoptera litura
Fabricius (Lepidoptera: Noctuidae). J. Econ. Entomol.
111, 1650–1657. (doi:10.1093/jee/toy108)

51. Umbers KDL, Symonds MRE, Kokko H. 2015 The
mothematics of female pheromone signaling:
strategies for aging virgins. Am. Nat. 185,
417–432. (doi:10.1086/679614)

52. Heath RR, Mclaughlin JR, Proshold F, Teal PEA.
1991 Periodicity of female sex pheromone titer
and release in Heliothis subflexa and H . virescens
(Lepidoptera: Noctuidae). Ann. Entomol. Soc. Am.
84, 182–189. (doi:10.1093/aesa/84.2.182)

53. Mistrot Pope M, Gaston LK, Baker TC. 1984
Composition, quantification, and periodicity of
sex pheromone volatiles from individual
Heliothis zea females. J. Insect. Physiol. 30,
943–945. (doi:10.1016/0022-1910(84)90072-6)
54. Park KC, Cork A, Boo KS. 1996 Intrapopulational
changes in sex pheromone composition during
scotophase in oriental tobacco budworm,
Helicoverpa assulta (Guenée) (Lepidoptera:
Noctuidae). J. Chem. Ecol. 22, 1201–1210.
(doi:10.1007/BF02027955)

55. Lievers R, Groot AT. 2016 Disposable
polydimethylsiloxane (PDMS)-coated fused silica
optical fibers for sampling pheromones of
moths. PLoS ONE 11, e0161138. (doi:10.1371/
journal.pone.0161138)

56. Groot AT, Fan Y, Brownie C, Jurenka RA, Gould F,
Schal C. 2005 Effect of PBAN on pheromone
production by mated Heliothis virescens and
Heliothis subflexa females. J. Chem. Ecol. 31,
15–28. (doi:10.1007/s10886-005-0970-8)

57. R Core Team. 2019 R: a language and
environment for statistical computing. Vienna,
Austria. See https://www.r-project.org/.

58. Dunn P, Smyth G. 2018 Generalized linear
models with examples in R, 1st ed. New York,
NY: Springer-Verlag New York.

59. Hadfield JD. 2010 MCMC methods for multi-
response generalized linear mixed models. J. Stat.
Softw. 33, 1–22. (doi:10.18637/jss.v033.i02)

60. Aitchison JW. 1986 The statistical analysis of
compositional data, p. 416. New York, NY:
Chapman and Hall.

61. Long JA. 2019 interactions: comprehensive,
user-friendly toolkit for probing interactions.
See https://cran.r-project.org/package=
interactions.

62. Mori BA, Evenden ML. 2013 When mating
disruption does not disrupt mating: fitness
consequences of delayed mating in moths.
Entomol. Exp. Appl. 146, 50–65. (doi:10.1111/j.
1570-7458.2012.01309.x)

63. Foster SP, Anderson KG, Casas J. 2018 The dynamics
of pheromone gland synthesis and release: a
paradigm shift for understanding sex pheromone
quantity in female moths. J. Chem. Ecol. 44,
525–533. (doi:10.1007/s10886-018-0963-z)

64. Foster S. 2009 Sugar feeding via trehalose
haemolymph concentration affects sex
pheromone production in mated Heliothis
virescens moths. J. Exp. Biol. 212, 2789–2794.
(doi:10.1242/jeb.030676)

65. Zhang Y, Zhang Y, Yao S, Wang G, Wei J, Du M,
An S, Yin X. 2020 Supplemental sugar is
required for sex pheromone biosynthesis in
Mythimna separata. Front. Physiol. 11, 1716.
(doi:10.3389/fphys.2020.605145)

66. Vickers NJ. 2002 Defining a synthetic
pheromone blend attractive to male Heliothis
subflexa under wind tunnel conditions. J. Chem.
Ecol. 28, 1255–1267. (doi:10.1023/
A:1016242019571)

67. Groot AT, Horovitz JL, Hamilton J, Santangelo
RG, Schal C, Gould F. 2006 Experimental
evidence for interspecific directional selection on
moth pheromone communication. Proc. Natl
Acad. Sci. USA 103, 5858–5863. (doi:10.1073/
pnas.0508609103)

68. Groot AT, Inglis O, Bowdridge S, Santangelo RG,
Blanco C, López JD, Vargas AT, Gould F, Schal C
2009 Geographic and temporal variation in
moth chemical communication. Evolution 63,
1987–2003. (doi:10.1111/j.1558-5646.2009.
00702.x)

http://dx.doi.org/10.1111/jeb.12488
http://dx.doi.org/10.1111/jeb.12488
http://dx.doi.org/10.1093/genetics/143.3.1467
http://dx.doi.org/10.1093/genetics/143.3.1467
http://dx.doi.org/10.1111/j.1469-185X.2007.00009.x
http://dx.doi.org/10.1111/j.1469-185X.2007.00009.x
http://dx.doi.org/10.3390/insects5020423
http://dx.doi.org/10.3390/insects5020423
http://dx.doi.org/10.2307/3494597
http://dx.doi.org/10.1093/czoolo/59.4.569
http://dx.doi.org/10.1098/rstb.1993.0055
http://dx.doi.org/10.1111/j.1365-3032.1997.tb01161.x
http://dx.doi.org/10.1111/j.1365-3032.1997.tb01161.x
http://dx.doi.org/10.1023/B:JOIR.0000010414.28494.9a
http://dx.doi.org/10.1023/B:JOIR.0000010414.28494.9a
http://dx.doi.org/10.3958/059.035.0317
http://dx.doi.org/10.3958/059.035.0317
http://dx.doi.org/10.1016/j.anbehav.2007.04.033
http://dx.doi.org/10.1073/pnas.1216145110
http://dx.doi.org/10.1016/j.tree.2012.04.001
http://dx.doi.org/10.1007/s10886-011-9982-8
http://dx.doi.org/10.1007/s10886-011-9982-8
http://dx.doi.org/10.1111/j.1558-5646.2011.01252.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01252.x
http://dx.doi.org/10.1016/j.anbehav.2006.10.011
http://dx.doi.org/10.1016/j.anbehav.2006.10.011
http://dx.doi.org/10.1098/rspb.2015.0832
http://dx.doi.org/10.1046/j.1365-2435.2003.00764.x
https://www.pherobase.com
https://www.pherobase.com
https://www.pherobase.com
http://dx.doi.org/10.1093/jisesa/ieaa009
http://dx.doi.org/10.1007/s00265-009-0713-x
http://dx.doi.org/10.1603/0046-225X-30.1.31
http://dx.doi.org/10.1007/BF02009506
http://dx.doi.org/10.1007/BF02009506
http://dx.doi.org/10.1093/ee/25.5.993
http://dx.doi.org/10.1603/EC14035
http://dx.doi.org/10.1603/EC14035
http://dx.doi.org/10.1093/jee/toy108
http://dx.doi.org/10.1086/679614
http://dx.doi.org/10.1093/aesa/84.2.182
http://dx.doi.org/10.1016/0022-1910(84)90072-6
http://dx.doi.org/10.1007/BF02027955
http://dx.doi.org/10.1371/journal.pone.0161138
http://dx.doi.org/10.1371/journal.pone.0161138
http://dx.doi.org/10.1007/s10886-005-0970-8
https://www.r-project.org/
https://www.r-project.org/
http://dx.doi.org/10.18637/jss.v033.i02
https://cran.r-project.org/package=interactions
https://cran.r-project.org/package=interactions
https://cran.r-project.org/package=interactions
http://dx.doi.org/10.1111/j.1570-7458.2012.01309.x
http://dx.doi.org/10.1111/j.1570-7458.2012.01309.x
http://dx.doi.org/10.1007/s10886-018-0963-z
http://dx.doi.org/10.1242/jeb.030676
http://dx.doi.org/10.3389/fphys.2020.605145
http://dx.doi.org/10.1023/A:1016242019571
http://dx.doi.org/10.1023/A:1016242019571
http://dx.doi.org/10.1073/pnas.0508609103
http://dx.doi.org/10.1073/pnas.0508609103
http://dx.doi.org/10.1111/j.1558-5646.2009.00702.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00702.x


royalsocietypublishing.org/journal/rsos
13

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 J

ul
y 

20
21

 

69. Vickers NJ, Baker TC. 1997 Chemical
communication in heliothine moths. VII. Correlation
between diminished responses to point-source
plumes and single filaments similarly tainted with
a behavioral antagonist. J. Comp. Physiol. A 180,
523–536. (doi:10.1007/s003590050069)

70. Teal PEA, Heath RR, Tumlinson JH, McLaughlin
JR. 1981 Identification of a sex pheromone of
Heliothis subflexa (GN.) (Lepidoptera: Noctuidae)
and field trapping studies using different blends
of components. J. Chem. Ecol. 7, 1011–1022.
(doi:10.1007/BF00987623)

71. Heath RR, Mitchell ER, Cibrian Tovar J. 1990
Effect of release rate and ratio of (Z)-11-
hexadecen-1-ol from synthetic pheromone
blends on trap capture of Heliothis subflexa
(Lepidoptera: Noctuidae). J. Chem. Ecol. 16,
1259–1268. (doi:10.1007/BF01021024)

72. Klun JA, Leonhardt BA, Lopez JD, Lachance LE.
1982 Female Heliothis subflexa (Lepidoptera:
Noctuidae) sex pheromone: chemistry and
congeneric comparisons. Environ. Entomol. 2,
1084–1090. (doi:10.1093/ee/11.5.1084)

73. Verburgt L, Ferreira M, Ferguson JWH. 2011
Male field cricket song reflects age, allowing
females to prefer young males. Anim. Behav.
81, 19–29. (doi:10.1016/j.anbehav.2010.09.010)

74. Garratt M, Stockley P, Armstrong SD, Beynon RJ,
Hurst JL. 2011 The scent of senescence: sexual
signalling and female preference in house mice.
J. Evol. Biol. 24, 2398–2409. (doi:10.1111/j.
1420-9101.2011.02367.x)
75. Teal PEA, Tumlinson JH, Oberlander H. 1990
Endogenous suppression of pheromone
production in virgin female moths.
Experientia 46, 1047–1050. (doi:10.1007/
BF01940669)

76. Delisle J, Simard J. 2003 Age-related changes in
the competency of the pheromone gland and
the pheromonotropic activity of the brain of
both virgin and mated females of two
Choristoneura species. J. Insect. Physiol. 49,
91–97. (doi:10.1016/S0022-1910(02)00252-4)

77. Blankers T, Lievers R, Plata C, van Wijk M, van
Veldhuizen D, Groot AT. 2021 Data from: Sex
pheromone signal and stability covary with
fitness. Dryad Digital Repository. (http://doi.org/
10.5061/dryad.6djh9w10f )
R.So
c.Open
Sci.8:210180

http://dx.doi.org/10.1007/s003590050069
http://dx.doi.org/10.1007/BF00987623
http://dx.doi.org/10.1007/BF01021024
http://dx.doi.org/10.1093/ee/11.5.1084
http://dx.doi.org/10.1016/j.anbehav.2010.09.010
http://dx.doi.org/10.1111/j.1420-9101.2011.02367.x
http://dx.doi.org/10.1111/j.1420-9101.2011.02367.x
http://dx.doi.org/10.1007/BF01940669
http://dx.doi.org/10.1007/BF01940669
http://dx.doi.org/10.1016/S0022-1910(02)00252-4
http://doi.org/10.5061/dryad.6djh9w10f
http://doi.org/10.5061/dryad.6djh9w10f

	Sex pheromone signal and stability covary with fitness
	Introduction
	Methods
	Insects
	Phenotyping
	Relationship between fitness and female calling activity
	Relationship between fitness and inter-individual variation
	Relationship between fitness and intra-individual variation
	Heritability of stability

	Results
	Relationship between fitness and female calling activity
	Variation in sex pheromone signal strength and composition
	Relationship between fitness and inter-individual pheromone variation
	Relationship between fitness and intra-individual variation

	Discussion
	Calling activity and fitness
	Pheromone variation and fitness
	Data accessibility
	Authors' contributions
	Competing interests
	Funding

	Acknowledgements
	References


