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Abstract

Sexual signals are conspicuous sources of information about neighbouring

competitors, and species in which males and females signal during pair for-

mation provide various sources of public information to which individuals

can adjust their behaviour. We performed two experiments with a duetting

vibrational insect, Enchenopa binotata treehoppers (Hemiptera: Membraci-

dae), to ask whether males adjust their signalling behaviour according to

(1a) their own experience of competitors’ signals, (1b) how females adjust

their mate preferences on the basis of their experience of male signals

(described in prior work), and/or (2) their own experience of female

response signals to competitors’ signals. We presented males with synthetic

male signals of different frequencies and combinations thereof for 2 weeks.

We recorded males a day after their last signal exposure, finding that (1a)

male signal rate increased in response to experience of attractive competi-

tors, but that (1b) male signal frequency did not shift in a manner consis-

tent with how females adjust their mate preferences in those experience

treatments. Second, we presented males with different male–female duets

for 2 weeks, finding that (2) male signal length increased from experience

of female duets with attractive competitors. Males thus make two types of

adjustment according to two sources of public information: one provided by

experience of male signals and another by experience of female responses to

male signals. Signalling plasticity can generate feedback loops between the

adjustments that males and females make, and we discuss the potential

consequences of such feedback loops for the evolution of communication

systems.

Introduction

A distinctive feature of sexual and social selection is the

occurrence of feedback loops between the causes and

targets of selection. These feedbacks arise because, in

competition with conspecifics for mates and other

resources, the behaviour of conspecifics constitutes the

selective environment (Darwin, 1871; West-Eberhard,

1983, 2014; Andersson, 1994; Wolf et al., 1999; Lyon &

Montgomerie, 2012; Prum, 2012; Tobias et al., 2012).

As a result, changes in behaviours that aid individuals

in competition also alter the selective environment,

which in turn favours further changes in behaviours

that subsequently alter the selective environment, and

so on (West-Eberhard, 1983, 2014). Feedback not only

occurs on evolutionary timescales, but also during

interactions between individuals, because behaviours

are highly plastic and adjustable to social settings

(Danchin et al., 2004; Foster, 2013; Zuk et al., 2014).

This interplay between individuals is likely to have

important consequences: many aspects of the social

environment are easily detected (e.g. conspicuous

mate-attraction displays) and compensated for with

real-time responses, and these responses are a main

determinant of individual fitness (Darwin, 1871; West-

Eberhard, 1983, 2014; Andersson, 1994; Kokko et al.,

2006; Taborsky & Oliveira, 2012). Indeed, feedback
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between the causes and targets of selection increases

the rate of evolution (Darwin, 1871; West-Eberhard,

1983, 2014; Andersson, 1994; Moore et al., 1997; Wolf,

2003), helps maintain selectable variation (Harris et al.,

2008; Wolf et al., 2008), and promotes the evolution of

extravagant traits such as showy displays and extreme

altruism (Darwin, 1871; West-Eberhard, 1983, 2014;

Andersson, 1994; Wolf et al., 1999).

With the great variety of interactions that take place

in social environments, individuals may be selected to

adjust their behaviour according to different features of

their surroundings, or according to what those features

convey about the selective context. In competition for

mates, for example, a male may adjust his behaviour

according to his perception of the density and types of

competitors that are present (Bretman et al., 2011).

Additionally, females too may adjust their mate choice

decisions on the basis of their social surroundings and

ecological conditions (Lesna & Sabelis, 1999; Pfennig,

2007; Chaine & Lyon, 2008; Hebets & Sullivan-Beckers,

2010; Verzijden et al., 2012; Rodr�ıguez et al., 2013), and

males may in turn be selected to adjust their behaviour

according to those female adjustments (Kahn et al.,

2013). In other words, by eavesdropping on the signals

of competitors, a male may garner information about

both sides of the mate choice equation – who he is up

against, and what females do in the presence of such

competitors. Further, female behaviour often offers

direct indications of their likely decisions, ranging from

subtle cues present in their posture to overt signals

used to interact with males along the reproductive pro-

cess, and males may adjust their behaviour on the basis

of such cues and signals (Rodr�ıguez & Barbosa, 2014;

Rodr�ıguez, 2015).
In other words, social environments present multiple

avenues for animals to monitor public information,

allowing them to adjust their behaviour to sexual and

social competition. Consequently, understanding sexual

and social selection requires understanding the back-

and-forth that occurs between the behaviours of differ-

ent individuals in social environments.

Here, we ask three questions that analyse whether

adjustment in male signalling behaviour follows public

information derived from the signals of male competi-

tors (which is informative about competitors and about

the mate choice behaviour of females with experience

of competitors) and/or from the signals of females inter-

acting with competitors (which are informative about

the expression of the females’ mate preferences).

Some of the clearest examples of the potential for

public information on both sides of mate choice inter-

actions occur when males and females use overt signals

during pair formation. In many insects and spiders, for

example, males and females engage in signal exchanges

(duets) that facilitate pair formation (Bailey, 2003;

Cocroft & Rodr�ıguez, 2005; Sullivan-Beckers & Hebets,

2011), and female mate preferences are expressed as

selective duetting with males (Bailey, 2003; Cocroft &

Rodr�ıguez, 2005; Rodr�ıguez et al., 2012).

We worked with a duetting insect, a member of the

Enchenopa binotata species complex of treehoppers

(Hemiptera: Membracidae). Enchenopa are plant-feeding

insects that communicate with plant-borne vibrational

signals. Males produce advertisement signals, and if a

female finds the signal attractive, she responds with her

own signal. The established duet continues and prompts

the male to search locally until he locates the

female and copulation begins (Rodr�ıguez et al., 2004;

Rodr�ıguez & Cocroft, 2006; Cocroft et al., 2008). Thus,

female responses to male signals increase the likelihood

of mating with a given male. Enchenopa females have

strong mate preferences according to variation in the

features of those signals, particularly frequency and

length (Rodr�ıguez et al., 2004, 2006), with the former

being the most divergent adult trait among members of

the complex (Cocroft et al., 2010). Male mating signals

are thus a strong determinant of mating success in

Enchenopa (Sullivan-Beckers & Cocroft, 2010), and

evolve under strong sexual selection due to mate

choice. Plasticity in male signalling behaviour is thus

likely to have important consequences for male repro-

ductive success and subsequent evolution.

We experimentally manipulated Enchenopa males’

experience of social signalling environments over a

span of 2 weeks beginning at adult eclosion (the extent

of their adult life before they begin to search and com-

pete for mates) to ask the following questions:

(1a) Do males adjust their signalling behaviour accord-

ing to their experience of their competitors in the

social environment? There is broad evidence that

males adjust their signalling according to immedi-

ate risk or intensity of competition (e.g. Callander

et al., 2013; H€obel, 2015) as well as to longer term

mean risk or intensity perceived by social sig-

nalling environments (e.g. Bailey et al., 2010;

Kasumovic et al., 2011; Bertram et al., 2013; Rebar

et al., 2015). Asking this question for Enchenopa

offers a background for the following questions.

In principle, any signal trait might be subject to

adjustment in this context, but a common finding

in species that use acoustic signals is that males

increase their signalling rates in the presence of

competitors (Gerhardt & Huber, 2002; Bertram

et al., 2013; Callander et al., 2013). We extend this

finding to a vibrational insect. We predicted that

males would increase their signal rates when

given the experience of competitors, especially

with experience of attractive rather than unattrac-

tive competitors.

(1b) Do males adjust their signalling behaviour accord-

ing to adjustments that females make on the basis

of their (females’) perception of the social sig-

nalling environment? There is broad evidence that
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females adjust various aspects of their mate prefer-

ences and mate choice behaviour according to

their experience of the abundance and types of

mating partners present in the social environment

(e.g. Hebets, 2003; Hebets & Sullivan-Beckers,

2010; Bretman et al., 2011; Bailey & Zuk, 2012;

Rodr�ıguez et al., 2013). Thus, social signalling

environments may offer males not only public

information about their competitors, but also indi-

rect information about the adjustments that

females make on the basis of male signals in the

environment. Prior work has shown that Enche-

nopa females become more selective (narrowing

and strengthening their preferences for the popu-

lation mean signal frequency) when they have

had prior experience of that preferred signal, espe-

cially if those signals are mixed with nonpreferred

signals (Fowler-Finn & Rodr�ıguez, 2012a,b). We

therefore ask whether males shift their signal fre-

quency closer to the preferred value when given

experience of competitors with signals is closer to

that preferred value. Male treehoppers produce

signals through thoracic muscle contractions, and

individuals generate different signal types of vary-

ing frequencies depending on the context (Cocroft

& Rodr�ıguez, 2005). Thus, males could adjust the

frequency of their advertisement signals, but

whether they are selected to adjust to such pre-

dictable female adjustments remains unknown.

(2) Do males adjust their signalling behaviour according

to their perception of female duetting with other

males? Female duetting signals offer direct public

information about expressed female mate prefer-

ences. There is evidence that courting males that

attend to the feedback present in female behaviour

benefit by increasing their reproductive success

(Patricelli et al., 2002, 2006; Peretti et al., 2006). In

Enchenopa, there is evidence that males attend to

female cues present in their duetting signals and

modify their signalling behaviour accordingly, but

whether they benefit from it is unknown (Rodr�ıguez
et al., 2012). Here, we ask whether males eavesdrop

on this feedback from females as it is being provided

to other males. The basic expectation might be for

males to shift their signal frequency closer to the

preferred value when given experience of females

responding to competitors with signals is closer to

that value, but in principle, any change that might

make signals more attractive might be expected.

We asked the above questions with two experiments

in which we manipulated Enchenopa males’ experience

of the social signalling environment. We used synthetic

playbacks of male signals and male–female signal duets

as experimental treatments, and tested for the effects of

those experience treatments on male signalling beha-

viour. In the first experiment, we asked questions (1a)

and (1b) by presenting males with treatments consist-

ing of male signals having different signal frequencies

and combinations of signal frequencies. In the second

experiment, we asked question (2) by presenting males

with treatments consisting of different male–female

duetting interactions, wherein female responses were

given to male signals having different signal frequencies

and combinations of signal frequencies.

Materials and methods

Study species

There are two members of the Enchenopa binotata com-

plex that live on the host plant Viburnum lentago (Capri-

foliaceae) at our field site (Tendick Nature Park,

Saukville, WI, USA). Aggregations of nymphs and adults

of these two species can be found on the same plant, but

they are also found on transects that are principally one

species or the other. While many of the species of this

complex have not yet been formally described (Hamilton

& Cocroft, 2009), male signal frequency is the most

divergent adult trait among species, ranging from

100 Hz to 500 Hz, and can thus be reliably used to iden-

tify each species (Rodr�ıguez et al., 2004; Hamilton &

Cocroft, 2009; Cocroft et al., 2010). The two species

found on V. lentago at our field site differ in signal fre-

quency by over 100 Hz, and we used the low-signal-fre-

quency species (dominant frequency = 180 Hz). We also

kept voucher specimens in 95% EtOH.

General methods

We obtained treehopper individuals by randomly cut-

ting stems containing egg masses from various host

plants along a 100-m transect known to be predomi-

nantly the low-signal-frequency species at Tendick Nat-

ure Park in February 2011 for the first experiment and

in February 2013 for the second experiment. We placed

each stem in a water tube in a greenhouse set at 25 °C
under a 14:10 light to dark cycle in order to promote

leaf budding and, thus, egg eclosion (Cocroft et al.,

2008). When nymphs emerged 2 weeks later, we trans-

ferred them onto several potted plant individuals at

approximately the same density in the greenhouse, and

reared them to adulthood.

Upon the adult moult, we transferred each male to

his own potted plant. We readied these plants by pot-

ting bare root plants (~0.3 m tall) in one-gallon plastic

pots with Fafard 3B potting soil mix (Conrad Fafard,

Inc., Agawam, MA, USA), and brought them into the

greenhouse to promote the onset of budding, matching

it to the development timeline of the treehoppers. By

keeping adult males singly on individual plants, we

restricted their experience of signals to our experimen-

tal treatments.

We performed two experiments, each followed by

recording of male signals. In the first experiment, we
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manipulated the experience of variation in male sig-

nals. In the second experiment, we manipulated the

experience of the responses of females to male signals.

We imparted vibrational signals onto the plants by

broadcasting stimuli through a loudspeaker (Rokit 8;

KRK Systems, Deerfield Beach, FL, USA) suspended

above the plants in an anechoic chamber. This tech-

nique allowed us to stimulate multiple plants at the

same time without contacting the substrate (Rebar

et al., 2012). We validated this method by showing that

male and female Enchenopa treehoppers respond simi-

larly to these broadcast stimuli as compared to tradi-

tional contact-based methods (Rebar et al., 2012). The

loudspeaker was connected to a computer (Pavilion

dm4; Hewlett-Packard, Palo Alto, CA, USA) through an

Edirol UA-25 USB interface (Roland Corp., Los Angeles,

CA, USA). We first calibrated the amplitude of all stim-

uli presented in the signalling treatments each day

using one plant individual that was different from any

of the treatment plants. We monitored the playback

stimuli with a laser vibrometer (CLV-2534; Polytec,

Inc., Auburn, MA, USA). We focused the laser beam

onto a small piece of reflective tape (~2 mm2) placed

on the plant stem. The laser vibrometer signal was sent

through a band-pass filter (40–4000 Hz; Krohn-Hite

3202; Krohn-Hite Corporation, Brockton, MA, USA) at

60 Hz. We monitored the stimuli with a 50-MHz oscil-

loscope (Hameg Instruments, Mainhausen, Germany,

model HM 504-2), adjusting the amplitude for all stim-

uli to 0.10 mm s�1. We then placed our experimental

plants in a circle on the floor below the loudspeaker in

an anechoic chamber at 25 °C (Fig. 1a), during which

time we presented those individuals to their respective

treatment. Plants were equidistant from the loud-

speaker to ensure that they received similar stimula-

tion. We created and delivered all synthetic stimuli

using a custom MATLAB script (R2010b; Mathworks, Inc.,

Natick, MA, USA).

Experiment 1: variation in experience of male
signals

We randomly assigned 160 males to one of eight sig-

nalling environment treatments (N = 20 per treatment)

that varied only in the frequency (Hz) of the male sig-

nal stimuli presented. Signalling environment treat-

ments included the species mean (180 Hz; preferred by

females; mean treatment in Table 1) to near the end of

the conspecific range (160 and 200 Hz; Con Low and

Con High treatments in Table 1, respectively) to beyond

that range (80 Hz and 280 Hz; Het Low and Het High

treatments in Table 1, respectively), corresponding to

potential heterospecific signals. In addition, we included

mixes of different conspecific and heterospecific signal

frequencies (Con Mixed and Het Mixed treatments in

Table 1, respectively); we also used a Silent treatment

(Table 1). We randomized the order of the treatments

every day. Males typically produce signals in a bout in

which each signal is followed by a short pause. We pre-

sented signals in each experience treatment as a bout

of three, the mean number of signals per bout of males

from this population, and bouts were separated by 15 s

of silence. We set all other features of the signals to the

population mean. We presented each treatment for 1 h

per day for a minimum of 14 days (range 14–15 days)

beginning upon adult eclosion. In nature, males may

experience signalling males for several hours per day

(Wood & Guttman, 1982; Sullivan-Beckers & Cocroft,

2010), and our treatments thus reflect a natural

amount of daily signal experience while allowing us to

expose all males during the time of day when males

normally call.

Fig. 1 Depiction of the set-ups used to create the signalling environments and record male mating signals. (a) Broadcast airborne signals

were imparted onto plant stems as vibrational stimuli for treehoppers on those plants. The loudspeaker was suspended from the ceiling of

an anechoic chamber, and each plant was placed equidistantly from the loudspeaker (dashed circle) so that males were subjected to a

similar experience in signalling environments. All plants and thus males for each signalling environment treatment were stimulated at the

same time, and the figure is merely simplified for clarity. A laser vibrometer was used to calibrate each stimulus and was isolated with

sorbothane from the vibrations due to broadcast stimuli. Full details for the method are provided in Rebar et al. (2012). (b) Male mating

signals were recorded using a laser vibrometer that was focused onto the plant stem. The entire set-up was isolated from building

vibrations with vibration-dampening pads under the table legs, an iron plank on partially inflated bicycle inner tubes on top of a slate

table, and sorbothane underneath both the laser vibrometer and potted plant.
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Experiment 2: variation in experience of female
responses to male signals

In this experiment, we randomly placed 100 individuals

into one of four treatments (N = 25 per treatment) that

varied in the frequency of male signal stimuli that

received female response signals. All treatments con-

sisted of a mixture of conspecific male signal frequen-

cies (corresponding to the Con Mixed treatment in

experiment 1; Table 1), but with female responses to

different signal frequencies in each treatment (Table 1).

We randomized the order of treatments each day. We

set the features of the female signal to the population

mean. We presented each treatment for 1 h per day for

a minimum of 14 days (range 14–15 days).

Signal recording and analysis

For each experiment, a single recording plant individual

was used to record the mating signals of all males after

they had been subjected to the experience treatments.

This plant differed from the plants on which they were

kept during the experience period. Using a single

recording plant minimizes the potential of our measures

of signal variation to be influenced by differences in

plant signal-transmission features. To isolate the set-up

from noise due to building vibrations, we placed vibra-

tion-dampening pads (model 3291-22-PM-50; Polymer

Dynamics, Inc., Allentown, PA, USA) under the legs of

a slate table (~1 9 2 m), and placed an iron plank

(~135 kg) resting on partially inflated bicycle inner

tubes on top of the table. We then placed the recording

plant and laser vibrometer on shock-absorbing sorboth-

ane (Edmund Scientifics, Tonawanda, NY, USA) on the

top of the iron plank to further isolate the entire set-up

(Fig. 1b).

To record each male, we removed him from his treat-

ment plant and placed him at a standard position on

the recording plant stem (5 cm from where the laser-

detected vibrations). We primed each male to signal by

playing a recording of an actual male–female duet

through a piezoelectric actuator attached to the stem

with accelerometer wax (model AE0505D16; Thorlabs,

Newton, NJ, USA). The actuator was controlled by a

piezocontroller (model MDT694A; Thorlabs) from an

iMac computer at an amplitude of 0.10 mm s�1. We

played the same priming recording for each male, and

this recording differed from the experience treatments

as we used only synthetic signals for those. Because all

males were primed with the same male–female duet

immediately before being recorded, any differences in

signal traits between experience treatments reflect the

treatment itself and not any immediate adjustments to

the playback. Males that failed to signal in the 5 min

following the recording playback were returned to their

treatment plant and tested again the next day (N = 5

and 7 males in experiments 1 and 2, respectively; these

males all signalled successfully on the next day). Males

were tested the day after their last treatment, maintain-

ing at least 18 h between treatment exposure and sig-

nal recording.

We recorded male signals using the same laser

vibrometer set-up as above. Males were within 10 cm

of the reflective tape when they signalled, and we

noted the temperature at the time of recording at the

position of the laser (Exp. 1 range: 22.5–24.5 °C; Exp. 2
range: 23–24 °C). The output from the band-pass filter

was sent to an iMac computer through an Edirol UA-

25 USB interface and recorded with the sound record-

ing software AUDACITY (v. 1.2.5; http://audacity.sound-

forge.net) at a sampling rate of 44.1 kHz. All males

were recorded in April 2011 for the first experiment

and April 2013 for the second experiment, and each

male was only used once.

Some natural and accidental death (i.e. caught in the

mesh screen) occurred across treatments, resulting in

an average of 16 males recorded per treatment in the

first experiment (range: N = 14–18) and an average of

21 males recorded per treatment in the second experi-

ment (range: N = 20–21).

Table 1 Adult males were randomly assigned to one of the

signalling environment treatments in which they were exposed to

stimuli for 1 h per day for a minimum of 14 days.

Treatment Signal experience

Experiment 1: variation in experience of male signals

Silent No exposure to any other male signals

Het Low Presented signals at 100 Hz below the population

mean (80 Hz)

Con Low Presented signals at 20 Hz below the population

mean (160 Hz)

Mean Presented the mean signal frequency (180 Hz)

of conspecific males in the population

Con High Presented signals at 20 Hz above the population

mean (200 Hz)

Het High Presented signals at 100 Hz above the population

mean (280 Hz)

Con Mixed Presented Con Low, Mean and Con High signals in

a randomized order and in equal amounts

Het Mixed Presented Het Low, Mean and Het High signals in

a randomized order and in equal amounts

Experiment 2: variation in experience of female responses to male signals

Duet Low Presented Con Mixed (from above; Con Low, Mean and

Con High signals) with female responses only to Con

Low signals

Duet Mean Presented Con Mixed with female responses only to

Mean signals

Duet High Presented Con Mixed with female responses only to

Con High signals

Duet All Presented Con Mixed with female responses to all signals

Experiment 1 varied in the frequency of male signal stimuli, rang-

ing from the species mean (preferred by females) to near the end

of the conspecific range to beyond that range. Experiment 2 varied

in the frequency of male signal stimuli that received female

response signals.
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Enchenopa males typically produce bouts of several

signals (Fig. 2). We standardized our measurements of

male traits by selecting the highest amplitude bout, and

measured the third signal in the bout. If males pro-

duced less than three signals, we measured the last sig-

nal in the bout. Male signals consist of a whine portion

followed by several pulses (Cocroft et al., 2010). We

analysed variation in seven signal traits that differ

among species in the E. binotata complex. We measured

the signals per bout, the signal rate within bouts, length

of the whine portion (henceforth, whine length), num-

ber 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 sepa-

rately because they are associated with differently

shaped female mate preference functions (Rodr�ıguez
et al., 2006; Cocroft et al., 2008; Sullivan-Beckers &

Cocroft, 2010). Thus, different signal traits may differ in

their contributions to mate choice decisions, to varia-

tion in male reproductive success, and to patterns of

reproductive isolation among the members of the

E. binotata complex (Rodr�ıguez et al., 2006; Cocroft

et al., 2008; Sullivan-Beckers & Cocroft, 2010). We rec-

ognize that this approach increases the risk of spurious

significance for any one trait (Rice, 1989), but methods

to control this risk reduce statistical power (Moran,

2003; Nakagawa, 2004). To assess the potential risk of

spurious significance in our data, we estimated the

strength of the correlations between signal traits. We

first performed a principal component analysis (PCA)

on the seven signal traits to assess the nonindepen-

dence in our data. For the first experiment, the PCA

resulted in three axes with eigenvalues > 1 (1.91, 1.22

and 1.08) that only accounted for 60% of the total

variation in male signals (27.3, 17.4 and 15.4%, respec-

tively). For the second experiment, the PCA produced a

similar result: three eigenvalues > 1 (1.59, 1.36 and

1.17) that explained only 59% of the total variation in

male signals (22.7, 19.4 and 16.7%, respectively). The

low amount of variation accounted for in each PCA

suggested that the correlations between traits were

generally weak. We confirmed this result by estimating

Pearson product-moment correlations between the

seven signal traits. For both experiments, we found that

r ≤ 0.33 for all cases except for between frequency and

whine length (r = �0.46 and �0.34 for experiments 1

and 2, respectively). We therefore consider separate

analysis of each signal trait to be warranted, as well as

evolutionarily important, and we account for the

known negative correlation between frequency and

whine length (Cocroft et al., 2008, 2010). Nonetheless,

we provide the corrected significance level after adjust-

ing for multiple comparisons using the Bonferroni

method and false discovery rate (FDR) (Benjamini &

Hochberg, 1995) as a point of reference.

We used a one-way ANOVA for each signal trait to

address variation in that trait among signalling environ-

ment treatments. We initially included temperature as

a covariate, but it was nonsignificant for all signal traits

and we therefore removed it from the analyses. In

instances of overall significance, we performed a post

hoc Tukey’s HSD test to determine which treatments

differed from one another. We also provide a minimum

and maximum effect size estimate for the variation in

each signal trait between social experience treatments.

Effect size was calculated as Cohen’s d, and converted

to the standardized correlation r in order to express

effect size in terms of small (r < 0.2), medium

(0.2 ≤ r ≤ 0.5) or large (r ≥ 0.5) (Cohen, 1988; Naka-

gawa & Cuthill, 2007).

Results

Experiment 1

(1a) Do males adjust their signalling behaviour
according to their experience of competitors’ signals?
The experience treatments affected only one male sig-

nal trait (signal rate), and there was a clear difference

in statistical significance between signal trait, the trait

that was influenced by experience treatments (with

P = 0.009), and the other traits that were unaffected by

experience treatments (all P > 0.24) (Table 2). The sig-

nal rates of males in the Con Mixed treatment signifi-

cantly differed from those in the Silent and Con High

Fig. 2 An Enchenopa binotata male signal bout consisting of three

signals that increase in amplitude. Each signal is composed of a

whine portion followed by several pulses. A close-up of the

waveform shows the pure-tone (sine wave) property of the signal.
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treatment (Fig. 3). More specifically, males signalled

faster when they experienced a range of conspecific

competitors (Con Mixed; Fig. 3) and slower when they

experienced either no competitors or unattractive con-

specific males (Silent, Con High; Fig. 3).

(1b) Do males shift their dominant frequency to
increase their attractiveness to females when they hear
rival males signal at the females’ preferred value?
The above effect of the experience treatments on male

signal rate and the lack of effect on the other signal

traits (Table 2; Fig. 3) does not suggest that males

adjust their signals according to the kind of adjustments

that females make when exposed to such social sig-

nalling environments, which would have involved

shifts in signal frequency (Fowler-Finn & Rodr�ıguez,
2012a,b).

Experiment 2

(2) Do males adjust their signalling behaviour
according to their experience of female feedback to
competitors?
These experience treatments affected only one male sig-

nal trait (whine length); as in experiment 1, there was

a clear distinction between the trait that was influenced

(with P = 0.008) and the traits that were unaffected (all

P > 0.14) (Table 3). Whine length significantly differed

between the Duet Mean and Duet All treatments

(Fig. 4); that is, males produced longer whines when

they experienced females who only engaged in duets

with attractive competitors (stimulus at the conspecific

mean frequency: Duet Mean; Fig. 4), and males pro-

duced shorter whines when they experienced females

who engaged in duets with all available competitors

(Duet All; Fig. 4). Because whine length and frequency

are negatively correlated with one another (Cocroft

Table 2 Variation in Enchenopa male signal traits attributed to

variation in experience with conspecific and heterospecific male

signals.

Trait d.f. F P r

Signals in bout 7, 123 1.18 0.320 0.00–0.34

Signal rate 7, 117 2.83 0.009 0.03–0.56

Whine length 7, 123 1.12 0.355 0.00–0.40

Pulses 7, 123 0.17 0.991 0.00–0.20

Pulse rate 7, 120 1.33 0.242 0.00–0.48

Pulse length 7, 123 0.69 0.684 0.02–0.40

Frequency 7, 123 0.82 0.573 0.01–0.38

As a point of reference, the corrected significance level after

adjusting for multiple comparisons by either the Bonferroni or

FDR method is 0.0071 for the significant trait, signal rate. The

range of the effect size (r) from all pairwise comparisons is

reported. Significant tests are in bold.

Fig. 3 Box-and-whisker plots for seven male signal traits analysed

across the eight treatments that adult males experienced. The box

indicates the 25th and 75th percentiles, the whiskers the 10th and

90th percentiles, and the line the median. Treatments varied in

exposure to male signals, which went beyond the conspecific to

potential heterospecific male signals. The y-axis represents the

range of phenotypic variation for each male trait in the study.

Treatments not sharing a letter are significantly different (post hoc

Tukey’s HSD test).
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et al., 2010), and because for question (1b) there was

the potential for an effect on signal frequency, we were

concerned that the differences in whine length we

detected here might be a by-product of differences in

mean signal frequency between treatments. However,

the difference in frequency was nonsignificant (Table 2;

Fig. 3), and its small magnitude (3 Hz) would only pre-

dict a corresponding difference in whine length of

23 ms (given the slope of the frequency~whine length

relationship, which was �7 ms per Hz in the current

data set), which is well below the detected difference of

ca. 100 ms. We therefore interpret this result as an

active adjustment of whine length by males on the

basis of their experience, rather than as by-product of

trait correlations.

Discussion

We demonstrate that adult males adjust their signalling

behaviour in response to different sources of public

information in their social environment. By manipulat-

ing experience with male signals, we found that: (1a)

males increased their signalling rate as a response to

experience of attractive competitors, particularly when

accompanied by unattractive conspecifics. However,

(1b) males did not adjust signal frequency in accor-

dance with the adjustments that females make on the

basis of their experience of signalling males. Then, by

manipulating experience with female responses to

Table 3 Variation in Enchenopa male signal traits attributed to

experience with variation in female preference for conspecific

male signals.

Trait d.f. F P r

Signals in bout 3, 78 0.86 0.466 0.03–0.18

Signal rate 3, 73 1.13 0.341 0.02–0.30

Whine length 3, 78 4.25 0.008 0.10–0.42

Pulses 3, 78 1.21 0.313 0.02–0.27

Pulse rate 3, 76 0.22 0.882 0.01–0.07

Pulse length 3, 78 0.50 0.686 0.04–0.19

Frequency 3, 78 1.86 0.143 0.03–0.39

As a point of reference, the corrected significance level after

adjusting for multiple comparisons by either the Bonferroni or

FDR method is 0.0071 for the significant trait, whine length. The

range of the effect size (r) from all pairwise comparisons is

reported. Significant tests are in bold.

Fig. 4 Box-and-whiskers plots for seven male signal traits

analysed across the four treatments that adult males experienced.

The box indicates the 25th and 75th percentiles, the whiskers the

10th and 90th percentiles, and the line the median. Treatments

varied in the responses of females to conspecific male signals. The

y-axis represents the range of phenotypic variation for each male

trait in the study. Treatments not sharing a letter are significantly

different (post hoc Tukey’s HSD test).
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conspecific male signals, we found that: (2) males

increased whine length according to perceived female

feedback to attractive competitors. This opens the possi-

bility for socially plastic and evolutionary feedback

loops between the adjustments that males and females

make in response to each other, which may alter the

dynamics of sexual selection.

The consequences of these feedback loops for sexual

selection will depend on a number of factors, including

on the nature of male adjustments according to the

competitors in social environments, on how females

adjust their mate preferences in such contexts, on the

cues available for males about those adjustments, and

on whether males attend to them (Rodr�ıguez, 2015).

This is because the composition of available males in

the social environment influences the shape of female

mate preferences, and those preferences are a cause of

sexual selection on males (Jennions & Petrie, 1997;

Brooks & Endler, 2001; Chaine & Lyon, 2008; Verzijden

et al., 2012). Conversely, the composition of competi-

tors in the social environment and feedback from

females influence the distribution of male traits, influ-

encing the form of selection exerted by female mate

preferences. Here, we take a step towards understand-

ing such feedback loops by comparing the adjustments

made by males and females in response to variation in

social experience via signal playbacks.

Our findings suggest that feedback loops based on

social plasticity in signals and mate preferences are

complex. For example, in response to similar changes

in their experience of male signals in the social envi-

ronment, males adjust signal rate while females adjust

preference selectivity for signal frequency. And males

adjust whine length when they perceive females as

being selective regarding signal frequency. Moreover,

the potential for complex feedback dynamics is greater

than hinted at by our experiments. Not only do we not

yet know whether and how females adjust their prefer-

ences for signal rate or length, but a previous experi-

ment that manipulated the composition of social

groupings detected strong effects of social neighbours

not only on preference selectivity but on preferred sig-

nal values (Rebar & Rodr�ıguez, 2013).
These different feedback loops may have important

consequences for divergence. Enchenopa treehoppers,

for instance, develop entirely on the host plant where

their mothers laid their eggs (Wood, 1993), and the

composition of nymph groups on the plant, along with

the host plant itself, influences the sexual traits of indi-

viduals as adults. Specifically, the genetic makeup of

social neighbours as nymphs has been shown to shift

the peak preferences and selectivity of adult Enchenopa

females (Rebar & Rodr�ıguez, 2013). Furthermore, the

genetic make-up of the host plant has been shown to

shift both male signals (including signal frequency and

whine length) and female peak preferences (Rebar &

Rodr�ıguez, 2014a,b), with surprisingly strong correlated

shifts in male signal frequency and female peak prefer-

ence (Rebar & Rodr�ıguez, 2015). This phenotypic sig-

nal–preference covariance may lead to assortative

mating, which may generate a runaway process among

environments (Bailey & Moore, 2012). Further, such

assortative mating may establish direct genetic covari-

ance between signals and preferences and kick-start the

Fisherian runaway process (Bailey & Moore, 2012;

Drown & Wade, 2014; Rebar & Rodr�ıguez, 2015).
In conclusion, our results provide clear evidence of

male signal behaviour adjustments in response to vari-

ous types of public information, giving insight into how

social environments can influence the dynamics of sex-

ual selection. The ability of males to be plastic to social

cues can generate complex feedback loops between

male signals and female preferences. These feedback

loops, in turn, may promote or constrain the evolution

of communication systems.
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