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Trees to treehoppers: genetic variation in host plants
contributes to variation in the mating signals of a plantfeeding insect
Abstract
Community genetics research has demonstrated ‘bottom-up’ effects of genetic variation within a
plant species in shaping the larger community with which it interacts, such as compositions of
arthropod faunas. We demonstrate that such cross-trophic interactions also influence sexually
selected traits. We used a member of the Enchenopa binotata species complex of treehoppers
(Hemiptera: Membracidae) to ask whether male mating signals are influenced by host plant
genetic variation. We reared a random sample of the treehoppers on potted replicates of a sample
of host plant clone lines. We found that treehopper male signals varied according to the clone line
on which they developed, showing that genetic variation in host plants affects male treehoppers’
behavioural phenotypes. This is the first demonstration of cross-trophic indirect genetic effects on
a sexually selected trait. We discuss how such effects may play an important role in the maintenance of variation and within-population phenotypic differentiation, thereby promoting evolutionary divergence.
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INTRODUCTION

Environments are immensely important in shaping the expression of genetic and developmental variation in phenotypes.
Environmental causes of phenotypic variation and novelty set
the stage for evolutionary change (West-Eberhard 2003), and
can thus have a complex relationship with the evolutionary
process. For instance, social environments (i.e. conspecific
competitors and collaborators) are important sources of variation in fitness for many species (West-Eberhard 1983; Hereford et al. 2004), and experience with the behaviour of other
individuals is often an important cause of variation in phenotypes (West-Eberhard 2003; Verzijden et al. 2012; Rodrıguez
et al. 2013b). Similarly, many species spend considerable portions of their lives on other organisms, as do for example
many herbivores, parasites, and parasitoids. Thus, in a very
real sense, most organisms’ environments fully or partly consist of other organisms.
A key concept arising from the biotic nature of environmental variation is that environments can evolve as a response to
direct selection on the individuals that constitute them. In
doing so, they can have far-reaching consequences on other
phenotypes that they influence (Wolf et al. 1999; Shuster et al.
2006; Hughes et al. 2008). For example, genetic variation at
the level of the social environment can help sustain genetic
variation and promote diversity at level of the phenotypes of
individuals that are in that social environment (DanielsonFrancßois et al. 2009; Bailey & Moore 2012; Rebar &
Rodrıguez 2013). Thus, evolution at one level can influence
phenotypic diversity and evolution at another level, and the

evolutionary dynamics that occur at different levels of social
and ecological interaction are intimately intertwined.
To estimate the potential evolutionary importance of variation in biotic environments that are themselves causes of variation in other organisms, it is necessary to assess the presence
and magnitude of genetic variation in the variation-inducing
aspects of those environments. When dealing with the effect
of conspecific individuals as a component of the social environment, researchers refer to indirect genetic effects (IGEs).
IGEs occur when the genes expressed in one individual have
an effect on the phenotype of another conspecific individual
(Moore et al. 1997). Empirical research on IGEs is only just
beginning, but there is evidence that they are taxonomically
widespread (Kent et al. 2008; Bleakley & Brodie 2009; Danielson-Francßois et al. 2009) and that they affect important fitness-related traits, such as maternal provisioning behaviour,
fecundity and mate preferences (Wade 2000; Agrawal
et al.2001; Rebar & Rodrıguez 2013).
When dealing with environments that are not social, but
instead involve heterospecific individuals, researchers refer to
interspecific indirect genetic effects (IIGEs; Rowntree et al.
2011). Exploration of IIGEs has revealed diverse effects on
so-called community phenotypes (Whitham et al. 2006;
Hughes et al. 2008; Bailey et al. 2009). There is, e.g. considerable evidence that genetic variation within a population of a
given tree species has bottom-up effects on the diversity of the
insect fauna on the trees (Johnson et al. 2006; Zytynska et al.
2011; Moreira & Mooney 2013).Top-down IIGEs have also
been detected, whereby genetic variation in parasitoid wasps
influences the positioning of their aphid hosts on their host
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plant and whether they remain on it or not (Khudr et al.
2013). These findings suggest the question of whether there
may be IIGEs on individual phenotypes with strong impacts
on fitness, such as sexually selected traits, which would have
the potential to influence population-level dynamics and
between-population divergence.
Here, we ask whether genetic variation in host plants may
influence the mating signals of a plant-feeding insect. If so,
genetic variation in plants and other lower trophic level organisms may influence not only the composition of the communities that are associated with them but also the evolutionary
dynamics of individual species living in those communities.
We develop a method that tests for IIGEs by manipulating
genetic variation in a host plant and describing the mating
signals of a plant-feeding insect that develops on this plant
species. We used a member of the Enchenopa binotata species
complex of treehoppers (Hemiptera: Membracidae), a group
in which speciation has involved colonisation and adaptation
to novel host plant species and divergence of their communication systems (Wood 1993; Cocroft et al. 2008). These treehoppers spend their entire lives on their host plants (Wood
1993) and communicate with plant-borne vibrational signals
(Cocroft et al. 2008). Males produce mating signals, and
females exhibit strong mate preferences on the basis of the
features of those signals, particularly length and signal frequency – the latter being the most divergent feature of adult
phenotypes in the clade (Rodrıguez et al. 2004, 2006; Cocroft
et al. 2010). Although in this study we describe variation in
mating signals and not in reproductive success, there is evidence that male mating signals are an important determinant
of reproductive success (Sullivan-Beckers & Cocroft 2010).
Male signals in the E. binotata complex have evolved under
selection stemming from mate choice and under sensory drive
related to host plant signal-transmission features (Rodrıguez
et al. 2006; McNett & Cocroft 2008). They are also an important determinant of behavioural reproductive isolation
between the members of the complex (Wood 1980; Rodrıguez
et al. 2004).
Our goal was to ask whether genetic variation in the background biotic environment provided by the treehoppers’ host
plants contributes to variation in the mating signals of individuals that develop in that environment. We used a quantitative genetics experimental design in which clone lines of a
sample of host plant genotypes formed the background environment (Lynch & Walsh 1998), and randomly collected
insect individuals were reared on those environments. We
described the signals of those insects and estimated the variation due to among- and within-clone line components.
We test two hypotheses about the role of cross-trophic
interactions in shaping the phenotypes of individuals influenced by those interactions. First, we test whether host plants
influence male mating signals. This hypothesis predicts that
the mating signals of males will differ across individuals of
the host plant. Second, we test the hypothesis that genetic variation in the host plants influences male mating signals (i.e.
we test for IIGEs). This hypothesis predicts that there should
be an among-clone line effect, indicating that the genetic
make-up of the clone lines of host plants contributes to differences in male mating signals.
© 2013 John Wiley & Sons Ltd/CNRS
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MATERIAL AND METHODS

Study species

We used one of the two members of the E. binotata complex that
live on the host plant Viburnum lentago (Caprifoliaceae) in our
study site (Tendick Nature Park, Saukville, WI, USA). These
species have not been formally described, but male signal frequency is a reliable trait in differentiating them, as well as other
species in this species complex (Rodrıguez et al. 2004; Hamilton
& Cocroft 2009; Cocroft et al. 2010). We used the high-frequency
species found on V. lentago (dominant frequency = 312 Hz),
and we kept voucher specimens in 95% EtOH.
Our experiment consisted of a rearing phase and a signalrecording phase. During the rearing phase, we manipulated
genetic variation in the developmental environment of a random sample of nymphs by rearing them on different clone
lines of their host plant (i.e. by rearing them on an environment with a describable genetic component). We then
recorded the mating signals of those males.
Rearing

We established replicated plant clone lines to determine withinand among-clone line effects on the tree hoppers. Viburnum
lentago plants grow in clone patches: a main plant establishes
itself and sends out lateral roots that result in suckers sprouting up around the parental plant (Niering et al. 1986). The
suckers remain connected to the parent plant and each other
through lateral roots. We took advantage of this growth feature by digging up evenly sized suckers (0.5 m) surrounding a
parental plant from the University of Wisconsin-Milwaukee
(UWM) Field Station (Saukville, WI, USA) in Fall 2011. We
ensured that the suckers were clones of one another by verifying that they were connected by lateral roots. We placed the
suckers in moistened peat moss and stored them over winter in
a dark cold room maintained at 4 °C. The following March
2012, we potted each sucker into a one gallon plastic pot using
Fafard 3B mix (Conrad Fafard Inc., Agawam, MA, USA). We
then moved the potted plants into a greenhouse to promote
the onset of budding and subsequent development.
We obtained treehopper individuals by randomly collecting
newly emerged nymphs from a large population located at
Tendick Nature Park in May 2012. We collected nymphs by
cutting stems from various host plants spanning a 100 m transect. We then transferred 30 individuals onto each potted
plant, distributing nymphs from each cut stem across as many
clone lines and replicates as possible to minimise the likelihood of relatedness on the same plant or within a clone line
(Fig. 1). Individuals were reared together on each plant from
the time they were first instars until their adult moult. We
recorded signals from all males 2–3 weeks after the adult
moult. We were thus able to partition variation in male signal
traits among components due to clone lines and within-clone
line replicates (Fig. 1).
Signal recording and analysis

We used a single recording plant individual for all males,
which was a different genotype from any of the rearing plants.
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Figure 1 Experimental design to test if genetic variation in host plants influences the mating signals of treehopper individuals reared on them. Clones were
used as the genetic component, with at least three plant individuals as replicates for each clone. Randomly collected, unrelated treehopper individuals were
reared on those plants, and we assessed variation in their mating signals according to among- and within-clone components.

We used only one recording plant to minimise the potential
for plant signal-transmission features to influence our measures of signal variation and any other potential influences on
the treehoppers’ behaviour. We note, however, that signaltransmission effects contribute negligible variation to recordings of treehopper male signals, and when present largely
reflect the treehoppers’ inclination to signal or not on the
plant (Sattman & Cocroft 2003; Cocroft et al. 2006;
Rodrıguez et al. 2008).
We placed each male at the same site on the recording
stem, and we primed them to signal by playing a recording
of a male–female duet through a piezo-electric actuator
attached to the stem with accelerometer wax (model
AE0505D16; Thorlabs, Newton, NJ, USA). The actuator was
controlled by a piezo controller (model MDT694A; Thorlabs)
from an iMac computer at an amplitude of 0.10 mm s1. We
recorded male signals with a laser vibrometer (model CLV2534; Polytec Inc., Auburn, MA, USA). We focused the laser
beam onto a small piece of reflective tape (c. 2 mm2) placed
on the plant stem. Males were within 10 cm of the reflective
tape when they signalled. The signal detected by the laser vibrometer from the stem was sent through a band-pass filter
(40–4000 Hz, Krohn-Hite 3202; Krohn-Hite Corporation,
Brockton, MA, USA) at 60 Hz. The output was sent to an
iMac computer through an Edirol UA-25 USB interface
(Roland Corporation, Hamamatsu, Japan) and recorded with
the sound recording software AUDACITY (v. 1.2.5; http://audacity.soundforge.net) at a sampling rate of 44.1 kHz. We monitored male signals with a Hameg HM 504-2 50 MHz
oscilloscope (Hameg Instruments, Mainhausen, Germany). To
isolate the set-up from noise due to building vibrations, the
recording plant was placed on shock-absorbing sorbothane
(Edmund Scientifics, Tonawanda, NY, USA) on top of an
iron plank (c. 135 kg) resting on partially inflated bicycle

inner tubes on top of a slate table (c. 1 9 2 m). We also
placed vibration dampening pads (model 3291-22-PM-50;
Polymer Dynamics, Inc., Allentown, PA, USA) under the
table legs to further isolate the entire setup. We randomised
recording across and within clone lines over the course of this
phase in an attempt to minimise any effects of the differences
in age and exposure to other males’ signals. All males were
recorded in July 2012.
Enchenopa males typically produce bouts of several signals
(Fig. 2). We standardised our measurements of male traits by
selecting the bout of the highest amplitude, and measuring the
third signal in the bout. If males produced less than three signals, we measured the last signal in the bout (n = 55 of 324
males). Male signals consist of a whine portion followed by
several pulses (Fig. 2; Rodrıguez et al. 2006). We analysed
variation in seven signal traits that differ among species in the
E. binotata complex. We measured the interval between signals, length of the whine portion, number and length of the
pulses, the pulse rate and the dominant frequency (Fig. 2).
We measured frequency from the last 10 cycles of the whine
portion of the waveform because male signals are relatively
pure tone. We conducted all analyses with AUDACITY.
Statistical analysis

We were interested in analysing each signal trait separately
because they are associated with differently shaped female
mate preference functions, and consequently make different
contributions to mate choice decisions, to variation in male
reproductive success, and to patterns of reproductive isolation
among the members of the E. binotata complex (Rodrıguez
et al. 2006; Cocroft et al. 2008; Sullivan-Beckers & Cocroft
2010). However, this approach increases the chance of spurious significance (Rice 1989), while measures that reduce this
© 2013 John Wiley & Sons Ltd/CNRS
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Figure 2 Recording of a bout consisting of four signals that increase in
amplitude, along with close-ups of the waveform of a signal produced by
male Enchenopa binotata.

risk also reduce statistical power (Moran 2003; Nakagawa
2004). To deal with this problem, we assessed the degree of
non-independence in our data with a principal component
analysis on the seven signal traits. This analysis yielded four
axes with eigen values > 1 (1.49, 1.34, 1.12 and 1.02), each
explaining a similar amount of variation in the data (21.32,
19.11, 16.00 and 14.56% respectively), and with the four axes
only 70% of the total variation in male signals was accounted
for. This indicates that, in our study, variation in each of the
original signal traits was very poorly correlated with variation
in the other traits. To confirm this result, we estimated Pearson product-moment correlations between the seven original
signal traits, finding that in all cases r < 0.24. On the basis of
these results, we consider that analysing the original signal
traits separately is justified, as well as evolutionarily relevant.
Nevertheless, to allay concerns about spurious significance, we
also report the results of the analysis with the four PCA axes.
The aim of our analysis was to assess the contribution of
genetic variation in host plants to male signal traits. The replicated clone line design allowed us to partition variation
between components among and within clone lines. We used
linear-mixed models to address variation in male signal traits
among and within clones. Clone and replicate nested within
clone were random effects. The clone term describes differences in the trait of interest between males reared on the clone
lines. The replicate term describes differences between males
within the same clone line, and corresponds to within-clone
environmental variation plus variation due to social interactions among individuals on each plant. We initially included
temperature as a covariate, but it was non-significant for all
signal traits and we therefore removed it from the analyses.
© 2013 John Wiley & Sons Ltd/CNRS

To provide an effect size estimate for the influence of the
plant clone term on male signal traits in the above analyses
(i.e. of the magnitude of the IIGEs), we estimated broad-sense
heritability for genetic variation among host plants in the
induction of variation in the treehoppers’ mating signals. We
2
, and obtained it as follows:
denote this estimate as HIIGE
2
2
2
2
HIIGE ¼ rclone =ðrclone þ rresidual Þ. We obtained each of the variance component estimates from the linear mixed-models
using the REML method. Note that these estimates correspond to broad-sense heritability because the calculations are
2
;
based on the among-clone component of variation (rclone
Lynch & Walsh 1998). This among-clone component of variation contains both additive and non-additive (dominance,
epistasis and common environmental effects) genetic variation,
and therefore likely overestimates narrow-sense heritability
(Lynch & Walsh 1998). Significance for the test of the hypothesis that H2IIGE > 0 is provided by the clone term in the above
linear-mixed models. In addition, we calculated the standard
error for each H2IIGE estimate. As there is no precedent to follow, we adopted the procedure for typical broad-sense heritability with weighted clone line samples (Roff 1997, p. 42). We
performed all statistical analyses in JMP v. 7.0 (SAS Institute
Inc., Cary, NC, USA).
We only included in our analysis clone lines that had at least
three replicates; i.e. that were represented by at least three
plant individuals on which treehoppers were reared, and from
each of which at least two males were recorded. This yielded a
sample of 12 clone lines, each with a mean of 4.8 replicates
(range = 3–6), each of which had a mean of 5.7 treehopper
males recorded (range = 2–10). The total sample of treehopper
males contributing signals to our analysis was n = 324.
RESULTS

We found a cross-trophic component of variation to male tree
hopper mating signals. There was significant genetic variation
(among host plant clone lines) in this cross-trophic influence
for four of the seven signal traits (Fig. 3, Table 1). That is to
say, we detected significant cross-trophic IIGEs on the insects’
mating signals. Each of the four PCA axes also showed significant genetic variation in cross-trophic influence (Table 2).
The broad-sense heritability estimates for genetic variation in
the influence of the host plants on those four signal traits
2
) did not overlap zero (Table 1). In particular, the sig(HIIGE
nal traits that most contribute to mate choice decisions (whine
length and signal frequency; Rodrıguez et al. 2006; Cocroft
et al. 2010) were influenced by these IIGEs (Fig. 3, Table 1).
We also found significant variation within clone lines. In
total, five of the seven measured signal traits were influenced
by among-replicate within-clone variance, including three of
the four signal traits for which there is an among-clone line
effect (Fig. 3, Tables 1 and 2).
DISCUSSION

Here, we demonstrate the presence of cross-trophic IIGEs on
a sexually selected trait. By manipulating genetic variation in
host plants through the use of replicated clone lines, we were
able to ask whether variation in the mating signals of insect
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Table 1 Variation in Enchenopa male signal traits attributed to differences
among-clone lines and within-clone lines (replicates), along with estimates
for the variance components and for the heritability of the influence of
host plants on male signal traits, H2IIGE

4

Trait

Factor

d.f.

F

2

Signals in
bout

11, 51.80
45, 267

0.53
1.98

0.873
0.0005

4

Signal
interval

Clone
Replicate
Residual
Clone
Replicate
Residual
Clone
Replicate
Residual
Clone
Replicate
Residual
Clone
Replicate
Residual
Clone
Replicate
Residual
Clone
Replicate
Residual

11, 54.30
45, 267

4.98
1.46

<0.0001
0.036

11, 52.55
45, 267

2.72
1.79

0.0074
0.0027

11, 55.70
45, 267

1.46
1.28

0.174
0.123

11, 53.72
45, 267

0.62
1.65

0.807
0.0085

11, 54.91
45, 267

6.24
1.38

<0.0001
0.066

11, 53.79
45, 267

2.45
1.55

0.0147
0.0197

Signal interval (s)

Signals in bout

10
8

3
Whine
length

2
1

Pulses

Whine length (s)

0.8
0.7

Pulse rate

0.6
0.5
0.4

Pulse
length

0.3

Frequency

5

P

Var. Comp.

2
HIIGE
 SE

0.054
0.298
2.630
0.074
0.024
0.260
0.00036
0.00048
0.00337
0.0006
0.0242
0.5331
0.062
0.262
2.039
0.00000230
0.00000038
0.00000771
9.187
5.084
76.740

0.02  0.02

0.22  0.11

0.10  0.07

0.001  0.03

0.03  0.02

0.23  0.11

0.11  0.07

Pulses

4

Significant tests and estimates are in bold.

3
2
1

Table 2 Principal components analysis of the seven measured Enchenopa
male signal traits, and variation in each component attributed to differences among-clone lines and within-clone lines (replicates)

0

Frequency (Hz)

Pulse length (m s)

Pulse rate (Hz)

22
20
18

Trait

Eigenvalue

PVE

Factor

d.f.

PC1

1.49

21.32

PC2

1.34

19.11

PC3

1.12

16.00

PC4

1.02

14.56

Clone
Replicate
Clone
Replicate
Clone
Replicate
Clone
Replicate

11,
45,
11,
45,
11,
45,
11,
45,

16
14
12

35

266
266
266
266
266
266
266
266

F

P

2.26
2.48
5.11
1.25
1.90
1.69
11.55
1.02

0.012
<0.001
<0.001
0.147
0.039
0.006
<0.001
0.442

30

PVE denotes the per cent of variance explained by the corresponding
principal component. Significant tests and estimates are in bold.

25
20

330
320
310
300
290
280
1 2 3 4 5 6 7 8 9 10 1112

1 2 3 4 5 6 7 8 9 10 1112

Clone line
Figure 3 Clone mean  1 SE (left column, closed circles) and replicate
means (right column, open circles) for the seven treehopper male signal
traits analysed across the 12 clone lines. The y-axis represents the
range of phenotypic variation in each male trait in the study
population.

individuals that developed on the plants was influenced by
among-clone differences or other environmental effects. We
demonstrate that among-clone variation in cross-trophic interactions influences several signal traits, with additional withinclone components of variation. Although we did not measure
reproductive success associated with this induced variation in
male signal traits, there is strong evidence that male mating
signals in the E. binotata complex are a main determinant of
mating success (Sullivan-Beckers & Cocroft 2010), and that
they have evolved under strong selection arising from mate
choice (Rodrıguez et al. 2004, 2006). Consequently, the crosstrophic IIGEs on mating signals that we detect are likely to
have important consequences for the course of evolutionary
processes in the treehoppers’ populations.
Understanding the evolutionary impact of cross-trophic IIGEs on fitness-related traits will first require addressing the
© 2013 John Wiley & Sons Ltd/CNRS
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proximate causes of such effects. For instance, which aspects
of the phenotype of the host plant clones vary with their
genotypes in such a way as to induce the patterns of variation in male signals that we detect? Are plant defensive compounds involved? Are plants selected to induce such
variation? (Given our finding of genetic variation in this
induction, such selection would likely be effective.) And, are
plant-feeding insects in turn adapted to compensate for such
influences? Although we did not test for genotype (treehopper) 9 genotype (host plant) interactions in this study, there
is evidence of genetic variation in the plastic response by Enchenopa mating signals to the developmental environment
represented by different host plant species (Rodrıguez et al.
2008). There is also evidence of genetic variation in the plastic response (by ladybird beetle predators) to indirect ecological effects (IEEs) arising from aphids reared on different
host plant species and subsequently consumed by the beetles
(Astles et al. 2005).Beginning to ask such questions will illuminate how IIGEs arise and evolve under selection at different levels of trophic interactions.
Regardless of how they may arise, the presence of such IIGEs adds an important dimension to interactions between
conspecifics, heterospecifics and the environment. In the case
of Enchenopa treehoppers, for instance, evolution in their
host plants (e.g. a change in the patterns of genetic variation
in the host plants as their population responds to selection)
is likely to change not only their habitat but also the expression of phenotypic variation in the treehoppers’ mating signals. IIGEs on male mating signals may, in turn, influence
the dynamics of sexual selection in treehopper populations in
a variety of ways. They may, for instance, contribute to the
maintenance of variation in traits that are under strong selection. Recall that signal frequency is the most divergent adult
trait among the members of the E. binotata complex, and is
subject to strong sexual selection due to female mate choice
(Rodrıguez et al. 2006; Cocroft et al. 2010). With IIGEs
influencing signal frequency (and other signal traits), females
choosing a male of a given phenotype on different host
plants (e.g. different clone clusters) may be favouring different underlying male genotypes. Further, as with males,
genetic variation in host plants may influence the expression
of female mate preferences, and further impact the dynamics
of sexual selection. One result may be that genetic variation
in male signalling traits is sustained, which in turn may help
fuel ongoing sexual selection. Another consequence of crosstrophic IIGEs may be to influence the patterns of gene flow
within and among populations. Depending on the presence
and form of IIGEs on female mate preferences, gene flow
between individuals developing on genetically varied host
plants may be restricted by variation in male signals due to
IIGEs, potentially initiating divergence from within a population (cf. Bailey & Moore 2012).
More broadly, our demonstration of bottom-up cross-trophic IIGEs on mating signals, together with their potential
consequences on the dynamics of sexual selection, adds a new
dimension to how biologists view the process of ecological
speciation. Ecological speciation occurs when adaptation to
using novel environments or resources produces not only ecological divergence but also reproductively isolated populations
© 2013 John Wiley & Sons Ltd/CNRS
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(Rundle & Nosil 2005; Schluter 2009; Nosil 2012). In the context of this study, the colonisation of novel environments – in
the form of host plant shifts – plays a major role in the process of speciation of plant-feeding insects, which constitute a
large fraction of the biodiversity of many communities (Coley
& Barone 1996; Dres & Mallet 2002; Cocroft et al. 2008).
Our findings suggest that not only changes in the species of
host plant used by the insects, but also which plant genotypes,
plant phenotypes and even plant individuals are used, may be
important. Research about ecological speciation and speciation by sexual selection will benefit from incorporating considerations of the contributions of IIGEs to the evolution of
reproductive isolation.
In addition to the among-clone component of variation,
we found significant within-clone effects on multiple male
signal traits. This component of variation may include
within-clone variation in the effects of developing on different plant individuals, as well as the effects of shared social
environments for the insects developing on each plant individual. Recent work has shown social IGEs on Enchenopa
female mate preferences (Rebar & Rodrıguez 2013) and male
signalling traits (D Rebar unpublished data), along with
plasticity in mate preferences arising from social experience
(Fowler-Finn & Rodrıguez 2012a,b; Rodrıguez et al. 2013a).
Social and cross-trophic influences may constructively interact with one another, such as by shifting male signal traits
in the same direction, thus amplifying the phenotypic variation in male traits. However, social and cross-trophic influences may also negatively interact with one another,
resulting in less phenotypic variation for individuals on that
plant.
In conclusion, here we show that cross-trophic interactions
influence variation in the mating signals of an insect, and
there is a significant component of genetic variation to this
cross-trophic influence. The presence of such IIGEs has broad
evolutionary implications, from the maintenance of variation
to the promotion of divergence. Cross-trophic IIGEs may
prove pivotal in creating and sustaining the variation upon
which selection can act, and those effects may in turn be influenced by selection at other trophic levels.
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