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Abstract

Changes in sexual signals have the potential to promote rapid divergence

and reproductive isolation among populations of animals. Thus, identifying

processes contributing to variation in signals is key to understanding the

drivers of speciation. However, it is difficult to identify the processes initiat-

ing changes in signals in empirical systems because (1) the demographic his-

tory of populations under study is usually unclear, and (2) there is no

unified hypothesis-testing framework for evaluating the simultaneous con-

tribution of multiple processes. A unique system for study in the Hawaiian

Islands, the planthopper species Nesosydne chambersi, offers a clear demo-

graphic context to disentangle these factors. By measuring variation in male

vibratory sexual signals across different genetic populations on the island of

Hawaii, we found that that multiple signal traits varied significantly between

populations. We developed a mixed modelling framework to simultaneously

test competing hypotheses about which processes contribute to changes in

signal traits: genetic drift, sensory drive or reproductive character displace-

ment. Our findings suggest that signal divergence proceeds along different

axes for different signal traits under the influence of both neutral and selec-

tive processes. They are the first, to our knowledge, to document the rela-

tive importance of multiple processes on divergence in sexual signals.

Introduction

The interplay of genetic drift and selection is central to

models of how speciation proceeds, but is not well

understood in most taxa (Ritchie, 2007; Butlin et al.,

2011; Safran et al., 2013). Changes in the production

and/or processing of sexual signals have the potential

to promote rapid divergence among populations of ani-

mals (West-Eberhard, 1983) and changes in sexual

communication systems are known to play a central

role in shaping patterns of diversity (Claridge & de Vri-

jer, 1985; Gray & Cade, 2000; Masta & Maddison,

2002). Thus, identifying the processes contributing to

variation in signals and receiver preferences is key to

understanding the drivers of speciation.

Initial changes in signal traits may result from a

variety of different categories of processes acting in

combination or in sequence (Kirkpatrick & Ryan,

1991; Bradbury & Vehrencamp, 1998). Neutral pro-

cesses are known to be ubiquitous in evolution

(Wright, 1931), and drift is thought to be able to ini-

tiate changes in signals (Fisher, 1958; Lande, 1976).

Selection on signals can also come from a variety of

agents. For example, ecological selection may act

directly on signals through shifts in ecology that alter

the signalling channel, which is known as sensory

drive (Endler, 1992; Boughman, 2002; Elias et al.,

2010). Sexual selection may also operate on signals

in a variety of ways, including runaway processes

(Fisher, 1958; Lande, 1981) or selection against mis-

mating leading to reproductive character displacement

(Brown & Wilson, 1956; Howard, 1993; Pfennig &
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Pfennig, 2009). In addition, neutral and selective pro-

cesses may act in combination or in sequence to pro-

mote changes in signalling. For example, drift may

initiate changes in mean signal phenotypes between

populations that are then driven farther apart via sex-

ual selection through female preference (Uyeda et al.,

2009) or reproductive character displacement (Pfennig

& Pfennig, 2009).

Determining how neutral and selective processes are

acting and with what magnitude is difficult. In part,

this is because the demographic history of the popula-

tions under study is often complex or unclear (Tregenza

et al., 2000), creating a challenge for pinpointing the

processes that drove the initial changes in signals. Fur-

thermore, we lack a unified hypothesis-testing frame-

work to evaluate the relative contributions of multiple

evolutionary processes that are acting simultaneously

(Wilkins et al., 2013). Here, we use the planthopper

species Nesosydne chambersi that is clearly in the early

stages of diversification on the island of Hawaii to

explore the simultaneous contribution of different evo-

lutionary processes on the diversification of sexual

signals.

Study system

Planthoppers in the Delphacidae family use substrate-

borne signals to locate and court mates (Ossiannilsson,

1949; Ichikawa, 1976; de Vrijer, 1984; Claridge, 1985a,

b; Claridge & de Vrijer, 1985). Planthopper courtship

signals consist of a ‘whine’ portion followed by a series

of pulses (Fig. 1) that travel as substrate-borne vibra-

tions through the host plant tissue. Signals are species-

specific (Claridge, 1985a,b), and several temporal traits

in the male call can vary among geographic populations

(Claridge et al., 1984, 1985; O’Connell, 1991; Butlin,

1993). Although the genetics underlying signal traits

have not been studied extensively in this family, tem-

poral traits (including interpulse interval and pulse rep-

etition frequency) have been shown to have a

significant heritable component and thus should

respond to selection (Heady & Denno, 1991; De Winter,

1995; Butlin, 1996).

The genus Nesosydne is distributed throughout islands

in the eastern Pacific, with an adaptive radiation of

more than 80 species endemic to the Hawaiian Islands

(Zimmerman, 1948; Fennah, 1958; Asche, 1997) that

specialize on a wide variety of host plants from 20 dif-

ferent host plant families (Zimmerman, 1948; Fennah,

1958; Wilson et al., 1994; Asche, 1997; Roderick, 1997;

Roderick & Metz, 1997; Drew & Roderick, 2005; Hasty,

2005). Nesosydne chambersi is endemic to the island of

Hawaii, where it is relatively widespread. Hawaii Island

is the youngest of the Hawaiian archipelago and is

composed of five shield volcanoes formed in an age

progression from approximately 0.5 million years old to

flowing in the present day. While habitats of the older

volcanoes (Kohala, Hualali and Mauna Kea) have

remained relatively stable over the last 1500 years, the

surfaces of the younger volcanoes (Mauna Loa and

Kilauea) are very dynamic and have been covered and

recovered in a complicated matrix of different aged lava

flows (Trusdell et al., 1996). The genetic structure and

phylogeography of N. chambersi suggest that it is a spe-

cies in the process of diversification whose large

amount of genetic structure is driven by natural frag-

mentation and colonization due to volcanic activity

within the last few thousand years (Goodman et al.,

2012). Populations in this species form a stable zone of

secondary contact with clear genetic differences, which
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Fig. 1 Vibratory signals (signal traits) of male planthoppers

measured in this study. (a) a1/a2 = ratio of number of whines per

bout/interval between bouts (RSI); (b) b=intersignal interval,
c=whine length, (c) d=pulse rate (no. of slow pulses/unit time),

e=whine pulse rate (no. of pulses in whine/unit time),

f=fundamental frequency.
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suggests that although individuals are within dispersal

range of one another and hybrids can be observed, one

or more barriers are limiting gene flow that prevent the

populations from fusing (Goodman et al., 2012). Across

Mauna Kea and Mauna Loa, Nesosydne chambersi feeds

on three closely related but architecturally distinct host

plants in the silversword alliance (Asteraceae): Dubautia

ciliolata glutinosa, D. ciliolata ciliolata and D. scabra. D. cil-

iolata glutinosa are restricted to Mauna Kea, whereas

D. ciliolata ciliolata and D. scabra are each edaphically

specialized to lava flows of different ages and are dis-

tributed in a patchwork across the Mauna Loa land-

scape (Robichaux, 1984).

To assess the relative contribution of multiple pro-

cesses potentially acting to promote signal divergence

in Nesosydne chambersi, we exploited individual-level dif-

ferences in signal traits among populations (using a

mixed modelling framework) to examine the evolution

of vibratory signal traits. In this system, populations are

closely related but genetically distinct, and divergence

in sexual signals may result from either neutral or

selective processes. We constructed a model using sig-

nal data from allopatric and sympatric populations of

N. chambersi that vary in host plant use. We predicted

that in signal traits whose divergence is promoted by

(a) drift, changes should be associated with time since

divergence between populations; (b) sensory drive,

changes would be associated with differences in host

plant signalling environments; and (c) reproductive

character displacement (RCD), changes would be

greater in sympatry than in allopatry. Our analysis indi-

cates that these complex acoustic signals diverge rapidly

under the influence of multiple processes, both neutral

and selective.

Materials and Methods

Collections

Four genetically distinct populations of N. chambersi

were selected for this study: one from Mauna Kea (col-

lected from D. ciliolata glutinosa), one from Mauna Loa

(collected from D. ciliolata ciliolata) and two from the

Saddle region between Mauna Loa and Mauna Kea –
Saddle Road High (collected from D. scabra) and Saddle

Road Low (collected from both D. ciliolata ciliolata and

D. scabra) (Table 1, Fig. 2). Mitochondrial data indicate

that the Mauna Loa and two Saddle Road populations

each represent an independent colonization to the

newly formed habitat on Mauna Loa, which extends

into the Saddle region between the two volcanoes

(Goodman et al., 2012; Fig. 2). The two populations

from the Saddle region form a zone of secondary con-

tact. However, despite occasional hybridization, rela-

tively little contemporary or historic gene flow has

occurred (Goodman et al., 2012), suggesting that some

mechanism has maintained the integrity of these popu-

lations. N. chambersi individuals were collected live from

the four populations described above. Males and

females were separated upon returning to the labora-

tory and maintained on cuttings of the host plant spe-

cies (and subspecies) from which they were collected in

the field.

Male signal recording

Nesosydne chambersi’s vibrational signals were recorded

on site at the USGS Biological Resource Division lab-

oratory facilities in Hawaii Volcanoes National Park in

May and September of 2009. Experimental chambers

were built using insect rearing cages. The cages were

positioned on boxes, and plant cuttings were placed

inside with the stems emerging from a hole in the

bottom. The cuttings were stabilized in sand, and the

space around the hole was sealed with cotton to pre-

vent planthoppers from escaping. One or two field-

collected males were released into each cage and

allowed to settle onto the vegetation. After approxi-

mately 10–30 min, one female was released into the

cage and activity was monitored until calling began.

If calling did not commence, an additional one or

two females were released into the cage. Signals were

analysed from a single male per plant. If two males

were introduced to a given plant, males were distin-

guished on the basis of call intensity. All experiments

were conducted on the same host plant species or

subspecies from which the individuals were collected

in the field.

Two recording methods were used to obtain mating

signals: an accelerometer and a laser vibrometer. For

accelerometer recordings, a USB Powered-Dual Chan-

nel ICP Sensor Signal Conditioner (Model 485B36) con-

nected to a pre-amplifier (iMic, Griffin Technology) was

secured to a wire clip and then attached to the plant

stem below the cage. Signals were recorded using

AUDACITY software (version 1.2, 44.1 kHz sampling rate:

Audacity, 2008) on a Mac PowerBook G4. For laser

vibrometer recordings, we used a Portable Digital Vib-

rometer (PDV-100, Polytec) connected to a High Reso-

lution Audio Recorder (Sound Devices 722, 48 kHz

sampling rate). The laser beam was focused onto reflec-

tive tape at the centre of the plant, and laser recordings

were resampled to a 44.1 kHz sampling rate prior to

trait scoring. Before performing statistical analyses, we

determined that there were no differences in funda-

mental frequency for the two recording methods (gen-

eral linear model, F1,13=0.022, P = 0.885). Some traits

were corrected for temperature, a variable known to

influence some signal traits (Gerhardt & Huber, 2002).

Specifically, we used linear regression to determine

whether temperature was related to the variation in

signal traits of interest; variables that had significant

associations with temperature were corrected to

22.5 °C.
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Sound analyses

Temporal traits
Temporal traits that have been demonstrated to be vari-

able among treehoppers and planthoppers (Claridge

et al., 1985; Sattman & Cocroft, 2003; Rodriguez et al.,

2006) were selected for analysis in this study. Multiple

signals per male were scored and averaged. Traits mea-

sured included (with units and sample sizes for n=num-

ber of individual males and x=mean number of samples

scored per individual): whine duration (seconds:

n = 78, x = 15.1): whine pulse rate (count/second:

n = 67, x = 8.9), slow pulse rate (count/second: n = 55,

x = 9.0), interpulse interval (seconds: n = 72, x = 12.3)

and ratio of the number of signals per bout to the in-

terbout interval (RSI) ([count/second]: n = 44, x = 6.7)

(Fig. 1). Temporal traits of signals were visualized and

measured using AUDACITY software (Audacity, 2008). For

each trait, 6–12 samples were measured for each indi-

vidual male and then averaged to obtain a single score

for each individual.

Frequency traits
N. chambersi signals are generated using a fundamental

frequency with a significant amount of additional signal

energy concentrated in harmonics (Fig. 1). We exam-

ined frequency characteristics by comparing fundamen-

tal and dominant frequency among populations. All

frequency spectra were measured using normalized

power spectra (window size: 4096) calculated in Matlab

(The Mathworks).

We obtained measurements of the fundamental and

dominant frequencies of whines for 59 individuals and

calculated power spectra of each signal by averaging 1-s

segments from the centre of five separate whines,

avoiding the frequency modulations found at the

beginning and end of the whines. Peak intensities were

normalized to the maximum intensity within each

measurement, and peak positions identified using cus-

tom written Matlab scripts. Whereas background noise

was strong between 0 and 95 Hz in closely related and

similarly sized insects (treehoppers, Hemiptera: Memb-

racidae), fundamental frequency ranges between 100

and 450 Hz (Sattman & Cocroft, 2003; Rodriguez et al.,

2004; McNett & Cocroft, 2008), and thus it is likely the

important frequency elements were captured in our

model.

Statistical analysis

Associations between signal traits within individuals
To estimate the degree to which signal traits covary

with each other, we evaluated all pairwise combina-

tions using generalized additive mixed models (GAM-

Ms). This modelling framework uses nonparametric

Table 1 Sampling Locations and Site Characteristics. Host plant indicates the host plants that individuals were collected from in the field

and on which recordings were made in the laboratory.

Population name Host plant Elevation (m) Age of substrate (years) Latitude Longitude

Mauna Kea (Pu’u Kanakaleonui) Dubautia ciliolata glutinosa 2850 14 000–65 000 �155.391 19.847

Saddle Road High Dubautia scabra 1950 <200–3000 �155.452 19.689

Saddle Road Low Dubautia scabra

Dubautia ciliolata ciliolata

1950 <200–3000 �155.439 19.686

Mauna Loa Trail (Hawaii Volcanoes National Park) Dubautia ciliolata ciliolata 2085 1500–3000 �155.385 19.499

Mauna Kea

Mauna Loa

High Low

Saddle 
Road

Saddle 
Road

Fig. 2 Map of collecting locations on the island of Hawaii. Grey

box on the inset map of the Hawaiian Islands indicates the extent

of the sampling map on the island of Hawaii. The base layer shows

lava flow and soil substrates of varying ages, indicated by the

shades of grey (Trusdell et al., 1996; Table 1). Black symbols

indicate host plants (Table 1).
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smoothing of continuous terms to assess associations

between traits without imposing relationships on the

data (e.g. linear, quadratic). For each model, we

included a random effect of population to account for

nonindependence and clustering in raw data caused by

different numbers of individuals recorded within each

population. We specified a Gamma error structure to

account for strong positive skew of some variables. The

residuals of all final models were normal. Significance

tests for smoothed terms in GAMMs are approximate

and should be treated conservatively (Wood, 2006).

Therefore, each trait pair was categorized as to have a

strong, weak or no association if P < 0.01,

0.10 ≥ P ≥ 0.01 and P > 0.1, respectively. Pairwise asso-

ciations between signal traits are reported in Appendix

S2 and Fig. S2.

Differences between populations in signal traits
We examined variation in signals using pairwise com-

parisons among each population pair for each signal

trait separately (sample sizes, means and standard

errors for each signal trait by population are presented

in Table S1). Using a generalized linear model with

population identity as the sole independent fixed effect

and appropriate error structure (e.g. Gamma), we

examined the impact of population identity on signal

traits. We tested pairwise differences between each

unique population–plant combination and adjusted

P-values accordingly to account for multiple compari-

sons (Tukey post hoc tests) using the ‘multcomp’

package in R (Hothorn & Bretz, 2008; R Core Develop-

ment Team, 2010). We log-transformed (log[x + 1]) and

standardized all response variables after checking the

normality of residuals.

Relative importance of genetic drift, sensory drive
and RCD

We developed a model to simultaneously assess the rel-

ative influence of genetic drift, differences in host plant

(sensory drive) and geographic arrangement (sympatry

vs. allopatry, a variable we named RCD). We predicted

that in traits whose changes are promoted by: (a) drift,

changes would be associated with increased time

since divergence between populations, if promoted by

(b) sensory drive, changes would be associated with

differences in host plant, and if promoted by (c) RCD,

changes would be greater in sympatry than in

allopatry.

Drift (Time)
We used the amount of sequence divergence at the

mitochondrial locus cytochrome oxidase I (COI) as a

proxy for time, a neutral process that could promote in-

terpopulation differences in signal traits. Incorporating

data from previous work (Goodman et al., 2012), we

calculated the amount of uncorrected pairwise

sequence divergence at COI among all population pairs

in PAUP* (Swofford, 2002).

Sensory drive (Host Plant)
We evaluated the influence of signalling environment,

the host plant, on signal trait divergence by testing how

signal traits varied between recordings taken from indi-

vidual planthoppers on different host plant species or

subspecies (hereafter referred to as species). We con-

ducted our analyses based on 10 population compari-

sons (henceforth, ‘population’), designated by each

unique geographic population–plant identity combina-

tion (e.g. Saddle Road Low – Dubautia ciliolata ciliolata

vs. Saddle Road High – Dubautia scabra). For each popu-

lation comparison, we included a two-level factor that

designated whether comparisons were from recordings

taken from individual planthoppers on the same or dif-

ferent host plant species. Because the three species of

host plant did not exist in all four locations, it was not

possible to test the influence of same or different host

plants on signal divergence between each population

pair (whereas two species were present at Saddle Road

Low (Dubautia scabra and D. ciliolata ciliolata), only one

species was found at Mauna Kea (Dubautia ciliolata

glutinosa) and Mauna Loa Trail (D. ciliolata ciliolata;

Fig. S1).

Reproductive character displacement
A hypothesis of reproductive character displacement

leads to the prediction that trait divergence would

increase more in sympatric than allopatric populations.

We tested whether absolute trait divergence between

populations was greater in sympatric than allopatric

populations or vice versa. A total of three (of 10) popu-

lation comparisons were designated as sympatric for

host species in the model: Saddle Road High (D. scabra)

versus Saddle Road Low (D. ciliolata ciliolata), Saddle

Road High (D. scabra) versus Saddle Road Low

(D. scabra), and Saddle Road Low (D. ciliolata ciliolata)

versus Saddle Road Low (D. scabra). The remaining

population comparisons (n = 7) were designated as

allopatric for species of host plant.

We used generalized linear mixed model (GLMMs) to

quantify the variation in interpopulation signal trait

divergence explained by each of these three factors. To

quantify signal trait divergence between each popula-

tion, we calculated absolute trait differences for each

unique pair of individuals (one from each population).

For example, for a pair of populations, A and B, the

absolute difference in a trait value was calculated

between individual i in population A and all individuals

in population B. This process was repeated for all indi-

viduals in population A for a total of nAnB data rows for

each population comparison. As this data set contained

multiple pairwise differences comprised of individual i,

we used a mixed-effect approach with individual iden-

tity included as a random effect, nested within each
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unique population comparison. The resultant data set

included 1321 pairwise comparison from 58 individuals

across the 10 populations.

We fit a candidate set of eight models, including one

null model (no fixed terms) as well as seven models

comprised of all unique combinations of: time, host

plant (same or different) and RCD (allopatry versus

sympatry). Due to sample size constraints, models with

interactions were not tested. In GLMMs, the reference

levels (model intercept) for host plant differences and

RCD were ‘different plant’ and ‘allopatry’, respectively.

To facilitate comparisons of the relative impact of these

factors, we standardized all responses prior to analysis

(mean=0, standard deviation =1). Mitochondrial

sequence divergence, the only continuous predictor,

was likewise standardized. We log-transformed absolute

signal trait divergence for three signal traits (dominant

frequency, interpulse interval and slow pulse rate) to

achieve normal residuals; all other signal traits were

untransformed prior to standardization. For two signal

traits (whine duration and RSI), models with mitochon-

drial sequence divergence as a fixed effect exhibited

high heterogeneity of residual variance. Therefore, to

meet the assumptions of generalized linear models, we

specified a fixed and inverse variance structure for

mitochondrial sequence divergence in all models of

whine duration and RSI, respectively.

We used Akaike’s information criterion corrected for

small sample sizes (AICc) to compare models (Burnham

& Anderson, 2002). We calculated change in AICc

(DAICc) relative to the best-supported model, or the

model with the lowest AICc, as well as Akaike weights

for each model. For all response variables, no singular

model had an Akaike weight exceeding 0.90. Therefore,

we calculated model-averaged parameter estimates

using the entire candidate set (Tables S3a,b), weighted

by each model’s AICc (Burnham & Anderson, 2002).

Significance of model-averaged parameter estimates is

based on a z-test; thus, no degrees of freedom are

reported. We calculated relative importance, ranging

from 0 to 1, of each factor by summing the Akaike

weights of those models in which the factor appeared.

All models included individual identity as a random

effect, nested within each unique population compari-

son, as described above. Inference is drawn from

model-averaged b and standard errors and whether or

not confidence intervals overlap zero; P-values are pro-

vided as an approximation of term significance.

All statistical analyses were conducted in R 2.12.1 (R

Core Development Team, 2010). Generalized linear

mixed models (GLMMs) were fit using the lmer func-

tion in package ‘lme4’ (Bates et al., 2011). Generalized

additive mixed models (GAMMs) were implemented

using the gamm function in package ‘mgcv’ (Wood,

2006, 2011). Examination of residuals of global and

final models confirmed that assumptions of residual

normality and homoscedasticity were met.

Results

Differences in signal traits across populations

All signal traits except dominant frequency and whine

pulse rate differed significantly in pairwise comparisons

of populations across the island, indicating that signals

have diversified among geographic populations

(Table 2, Fig. 3).

Relative role of neutral vs. selective processes:
genetic drift, sensory drive and RCD

Drift (Time)
Mitochondrial sequence divergence (our proxy of time)

was related to divergence in several signalling traits,

both in the direction we predicted and in the opposite

direction. Increased mitochondrial divergence corre-

sponded to increased signal trait divergence for slow

pulse rate (b= 0.12, SE=0.05, z = 2.35, P = 0.019; rela-

tive importance=0.87). Conversely, increased mitochon-

drial divergence corresponded to reduced trait

divergence in interpulse interval (b = �0.14, SE=0.07,
z = �2.13, P = 0.033; relative importance=0.72), whine

pulse rate (b = �0.25, SE=0.09, z = �2.87, P = 0.004;

relative importance=0.87) and weakly in fundamental

frequency (b= �0.14, SE=0.08, z = �1.82, P = 0.080;

relative importance=0.68) (Table 3, Fig. 4).

Sensory Drive (Host Plant)
We found no significant effect of signalling environment,

the host plant, on signal trait divergence (fundamental

frequency: b = �0.14, SE=0.14, z = �1.02, P = 0.317;

dominant frequency: b= �0.12, SE=0.22, z = 0.56,

P = 0.574; interpulse interval: b= �0.07, SE=0.15, z =
0.46, P = 0.645; whine duration: b = �0.14, SE = 0.15,

z = �0.92, P = 0.356; whine pulse rate: b= �0.18,

SE=0.18, z = �0.97, P = 0.333; slow pulse rate: b= 0.08,

SE=0.10, z = 0.75, P = 0.456; RSI: b = �0.02, SE=0.36,
z = �0.07, P = 0.948; Table 3, Fig. 4).

Reproductive character displacement
Whine pulse rate was significantly influenced by the

variable RCD in the opposite direction from our predic-

tion; it showed increased divergence in allopatric popu-

lation comparisons (b = �0.64, SE=0.20, z = �3.27,

P = 0.001; relative importance=0.93). Furthermore,

three additional traits showed evidence of marginally

significant influence of this variable and warrant discus-

sion: fundamental frequency showed increased

divergence in allopatric population comparisons (b=
�0.28, SE=0.16, z = �1.72, P = 0.080; relative impor-

tance=0.64), whereas whine duration (b= 0.23, SE=
0.14, z = 1.62, P = 0.106; relative importance=0.37)
and RSI (b= 0.41, SE=0.33, z = 1.24, P = 0.062; relative

importance=0.43) showed increased divergence in the

sympatric population comparisons. In these traits, small
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sample sizes resulted in a lack of power (Table 3,

Fig. 4).

Discussion

Our results reveal a complex communication system

that is rapidly diversifying in multiple dimensions

under the influence of both neutral and selective pro-

cesses. Some of our results were consistent with our

original predictions – we saw evidence of increased

trait divergence with increasing genetic divergence

(drift), and we also saw some evidence of greater trait

displacement in sympatry than in allopatry (RCD).

However, some signal traits were influenced in the

Table 2 Summary of differences among population–plant combination in signal traits. Host plant identity: Dubautia ciliolata glutinosa

(DCG), Dubautia ciliolata ciliolata (DCC), Dubautia scabra (DS). Population identity: Mauna Kea (MK), Mauna Loa (MLT), Saddle Road High

(SRH), Saddle Road Low (SRL). Shown are b parameters (on the first line) and standard errors (on the second) obtained from generalized

linear model comparing each population and host plant combination. Wald’s Z-test statistics are shown on the third line and approximate

P-values on the fourth. Pairwise differences were assessed from generalized linear models accounting for multiple comparisons (Tukey post

hoc test). For each population comparison, the reference population in the comparison is indicated first. Samples sizes for each population

are indicated below the population names (sample size of reference population, sample size of second population). For example, for

fundamental frequency in the ‘MK-DCG, MLT-DCC’ comparison (row 1), fundamental frequency is lower in MLT-DCC (b = -0.884). Bold

indicates that comparisons are significant at the <0.05 level.

Population–host

plant comparison

(npop1, npop2) RCD

Fundamental

frequency

Dominant

frequency Interpulse interval Whine duration Whine pulse rate Slow pulse rate RSI

MK-DCG Allopatry �0.884 �0.151 1.288 0.687 �1.268 �0.121 �0.546

MLT-DCC (0.368) (0.428) (0.314) (0.312) (0.313) (0.408) (0.351)

(12,15) z = �2.401 z = �0.354 z = 4.109 z = 2.200 z = �4.050 z = �0.297 z = �1.553

P = 0.016 P = 0.724 P < 0.001 P = 0.028 P < 0.001 P = 0.766 P = 0.120

MK-DCG Allopatry �0.866 0.427 0.524 �0.628 �0.860 0.469 0.679

SRH-DS (0.374) (0.417) (0.318) (0.316) (0.323) (0.408) (0.365)

(12,14) z = �2.317 z = 1.024 z = 1.648 z = �1.985 z = �2.659 z = 1.149 z = 1.862

P = 0.021 P = 0.306 P = 0.099 P = 0.047 P = 0.008 P = 0.251 P = 0.063

MK-DCG Allopatry �1.319 �0.509 1.207 0.399 �1.641 0.608 �0.997

SRL-DCC (0.475) (0.500) (0.351) (0.338) (0.337) (0.485) (0.431)

(12,6) z = �2.774 z = �1.018 z = 3.436 z = 1.180 z = �4.874 z = 1.253 z = �2.312

P = 0.006 P = 0.309 P = 0.001 P = 0.238 P < 0.001 P = 0.210 P = 0.021

MK-DCG Allopatry �0.654 0.182 1.176 �0.320 �1.175 0.626 �0.823

SRL-DS (0.397) (0.428) (0.335) (0.326) (0.345) (0.441) (0.494)

(12,11) z = �1.647 z = 0.425 z = 3.507 z = �0.981 z = �3.409 z = 1.420 z = �1.667

P = 0.099 P = 0.671 P < 0.001 P = 0.327 P = 0.001 P = 0.156 P = 0.095

MLT-DCC Allopatry 0.018 0.578 �0.764 �1.315 0.408 0.590 1.225

SRH-DS (0.353) (0.437) (0.308) (0.302) (0.313) (0.372) (0.342)

(15,14) z = 0.050 z = 1.324 z = �2.479 z = �4.354 z = 1.304 z = 1.584 z = 3.581

P = 0.960 P = 0.185 P = 0.013 P < 0.001 P = 0.192 P = 0.113 P < 0.001

MLT-DCC Allopatry �0.435 �0.358 �0.081 �0.288 �0.372 0.730 �0.451

SRL-DCC (0.459) (0.516) (0.342) (0.325) (0.327) (0.456) (0.412)

(15,6) z = �0.946 z = �0.693 z = �0.237 z = �0.885 z = �1.140 z = 1.600 z = �1.095

P = 0.344 P = 0.488 P = 0.812 P = 0.376 P = 0.254 P = 0.110 P = 0.274

MLT-DCC Allopatry 0.230 0.333 �0.112 �1.007 0.093 0.747 �0.278

SRL-DS (0.377) (0.447) (0.326) (0.312) (0.335) (0.408) (0.477)

(15,11) z = 0.610 z = 0.746 z = �0.344 z = �3.225 z = 0.277 z = 1.831 z = �0.582

P = 0.542 P = 0.456 P = 0.731 P = 0.001 P = 0.781 P = 0.067 P = 0.560

SRH-DS Sympatry �0.452 �0.936 0.683 1.028 �0.781 0.140 �1.676

SRL-DCC (0.459) (0.516) (0.342) (0.325) (0.327) (0.456) (0.412)

(14,6) z = �0.984 z = �1.813 z = 1.994 z = 3.161 z = �2.389 z = 0.307 z = �4.067

P = 0.325 P = 0.070 P = 0.046 P = 0.002 P = 0.017 P = 0.759 P < 0.001

SRH-DS Sympatry 0.213 �0.245 0.652 0.308 �0.315 0.157 �1.503

SRL-DS (0.377) (0.447) (0.326) (0.312) (0.335) (0.408) (0.477)

(14,11) z = 0.563 z = �0.548 z = 2.000 z = 0.987 z = �0.941 z = 0.385 z = �3.148

P = 0.573 P = 0.583 P = 0.046 P = 0.324 P = 0.347 P = 0.700 P = 0.002

SRL-DCC Sympatry 0.665 0.691 �0.031 �0.719 0.465 0.017 0.173

SRL-DS (0.377) (0.447) (0.326) (0.312) (0.335) (0.408) (0.477)

(6,11) z = 1.761 z = 1.546 z = �0.094 z = �2.304 z = 1.389 z = 0.042 z = 0.363

P = 0.078 P = 0.122 P = 0.925 P = 0.021 P = 0.165 P = 0.966 P = 0.717
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opposite direction of our predictions: some traits

became more similar with genetic divergence, and

some traits were more distinct in allopatry than in

sympatry. This variation is consistent with the hypoth-

esis that in multidimensional signals, different compo-

nents of the signals can serve different purposes (e.g.

species recognition, mate quality assessment) and that

signal diversification may occur in response to differ-

ent evolutionary processes acting on different signal

traits (Candolin, 2003; Hebets & Papaj, 2005). These

results have several implications for our understanding

of how signals evolve.

First, genetic drift is important in signal divergence.

Although drift is ubiquitous in evolution, it is typically

thought to act slowly in large populations and therefore

not be a major force in divergence in most systems

(Coyne & Orr, 2004; Sobel et al., 2010). Despite

this, we found it to be the sole factor associated with
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divergence in one signal trait (slow pulse rate, as mea-

sured by increased divergence with time). In popula-

tions of limited size such as in islands, drift may be

more likely to influence trait diversification (Mayr,

1954; Lande, 1976; Carson, 1978; Kaneshiro, 1980;

Templeton, 2008). Theoretical work has shown that

sexual isolation may evolve quite rapidly (in as few as

1000 generations) due in part to the neutral processes

of drift with population sizes in the range of 1000–5000
(Uyeda et al., 2009). Although the two Saddle Road

populations are only estimated to have diverged

approximately 2600 years ago, tropical planthoppers

have multiple generations per year and thus have

undergone several thousand generations since diver-

gence. Furthermore, the smallest of the populations,

Saddle Road Low, has an estimated effective population

size of approximately 5600 (Goodman et al., 2012).

Together, the demographic parameters of the Saddle

Road populations (sufficiently small populations and

sufficiently long enough time) are consistent with those

that would be needed for drift to play a role in trait

evolution leading to reproductive isolation (Uyeda

et al., 2009). Divergence with time is also compatible

with a number of other scenarios, such as constant

population-specific selection or mutation order effects

(Mani & Clarke, 1990; Schluter, 2009). Although this is

the case, we feel that drift is the most likely scenario

considering the geographic and demographic parame-

ters of this group.

Second, sensory drive is not important in signal

divergence. Host plants provide channels through

which signals propagate, constraining the variation pos-

sible in acoustic signals. It is possible that host plants

did not play a role in signal divergence because the

transmission properties between different host plants

were similar. In this case, similar transmission proper-

ties in host plants may drive the convergence of court-

ship traits through time, possibly after post-zygotic

mechanisms of isolation evolved (Wilkins et al., 2013).

These possibilities require future study.

Table 3 Final models for factors influencing absolute divergence of seven signal traits. For host plant difference, model intercept (or

reference level) was ‘different plant species’, whereas the RCD reference level was allopatry. Parameter estimates (b), standard errors (SE),

P-values and 95% confidence intervals are obtained from model averaging of all candidate models. The last column indicates the relative

importance, or the summed AICc weights across the entire candidate model set, for each predictor. Bold indicates factors for which the

standard deviations do not overlap with zero.

Signal trait Model term b SE z

95% CI

P

Relative

importanceLower Upper

Fundamental frequency (Intercept) 0.07 0.08 0.98 �0.07 0.22 0.326 –

time �0.14 0.08 �1.82 �0.28 0.01 0.069 0.68

host plant �0.14 0.14 �1.02 �0.41 0.13 0.307 0.39

RCD �0.28 0.16 �1.72 �0.60 0.04 0.086 0.64

Dominant frequency (Intercept) �0.05 0.10 �0.53 �0.24 0.14 0.598 –

Time �0.02 0.10 �0.18 �0.21 0.18 0.854 0.27

Host plant �0.12 0.22 �0.56 �0.55 0.30 0.574 0.30

RCD 0.14 0.20 0.67 �0.26 0.53 0.503 0.31

Interpulse interval (Intercept) 0.03 0.07 0.40 �0.11 0.16 0.687 –

Time �0.14 0.07 �2.13 �0.27 �0.01 0.033 0.72

Host plant �0.07 0.15 �0.46 �0.37 0.23 0.645 0.29

RCD �0.01 0.18 �0.07 �0.36 0.33 0.948 0.30

Whine duration (intercept) �0.03 0.08 �0.43 �0.18 0.12 0.666 –

Time 0.04 0.08 0.46 �0.12 0.20 0.644 0.32

Host plant �0.14 0.15 �0.92 �0.43 0.15 0.356 0.37

RCD 0.23 0.14 1.62 �0.05 0.51 0.106 0.56

Whine pulse rate (intercept) 0.19 0.09 2.01 0.00 0.37 0.044 –

Time �0.25 0.09 �2.87 �0.43 �0.08 0.004 0.87

Host plant �0.18 0.18 �0.97 �0.53 0.18 0.333 0.37

RCD �0.64 0.20 �3.27 �1.03 �0.26 0.001 0.93

Slow pulse rate (Intercept) �0.03 0.05 �0.56 �0.13 0.07 0.577 –

Time 0.12 0.05 2.35 0.02 0.22 0.019 0.87

Host plant 0.08 0.10 0.75 �0.13 0.28 0.456 0.33

RCD 0.08 0.13 0.65 �0.17 0.34 0.516 0.35

RSI (Intercept) �0.14 0.17 �0.84 �0.48 0.19 0.403 –

Time 0.05 0.18 0.30 �0.30 0.40 0.765 0.29

Host plant �0.02 0.36 �0.07 �0.73 0.68 0.948 0.27

RCD 0.41 0.33 1.24 �0.24 1.07 0.214 0.43
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Third, some signalling traits become more similar

over time. We found a negative association between

time and divergence in a subset of traits (interpulse

interval, whine pulse rate and fundamental frequency).

This unusual pattern is one that we had not predicted,

and suggests an unanticipated source of selection that

drives convergence in signalling traits. Two potential

sources of ecological selection that may have led to this

pattern are eavesdropping predators (Endler, 1980,

1995; Basolo & Wagner, 2004; Zuk et al., 2006; Trillo

et al., 2013) and wind noise (McNett et al., 2010; Wu &

Elias, 2014). Wind is an especially intriguing possibility

in this system as all these sites are quite windy, result-

ing in significant levels of background noise. Noisy sig-

nalling environments have been shown to shape

signalling characters in other systems (Brumm & Slab-

bekoorn, 2005; Ord et al., 2011), and the spectral char-

acteristics in noise tend to be similar across habitats.

Fourth, some signal traits are more divergent in allop-

atry than sympatry. This unexpected result demon-

strates a pattern we would expect if selection on isolated

populations resulted in divergent signalling trajectories

(Fisher, 1930). We suggest that sexual selection may

have led to this pattern. Recent work has pointed out

that the null expectation for the way sexual selection

drives changes in signal traits among populations is arbi-

trary (Prum, 2010), and thus by chance, it is possible

that sexual selection acting on isolated populations

could have driven more signal divergence in allopatry.

Sexual selection, particularly selection acting directly on

courtship signals, is an important force in driving male

signal trait diversification in many groups (West-Eber-

hard, 1983; Rodriguez et al., 2006; Boul et al., 2007). A

strong relationship has been demonstrated in Enchenopa

treehoppers between female preferences and several

male signal traits (frequency, whine length, pulse num-

ber, pulse rate, signal number; Rodriguez et al., 2006),

many of which we also studied here. Given the similari-

ties in lifestyle and communication systems between

treehoppers and planthoppers, it is likely that female

preference plays a strong role in shaping trait evolution

in this system as well.

Fifth, some traits were more divergent in sympatry

than allopatry. These effects are weak, but intriguing

because they are suggestive that these traits are func-

tioning in premating population discrimination in

response to post-zygotic isolation (Brown & Wilson,

1956; Howard, 1993). Regions of secondary contact

are of great interest to evolutionary biologists because

they provide a way to examine the efficacy of repro-

ductive isolating factors in their natural setting (Barton

& Hewitt, 1985). Saddle Road Low and Saddle Road

High are very similar ecologically, and planthoppers

there form a stable zone of secondary contact with

clear genetic differences and extremely low gene flow

(estimated at <0.1 individual/generation). Further-

more, divergence among these populations has been

conservatively estimated at only 2600 years ago

(Goodman et al., 2012). This indicates that a barrier

has quickly developed to maintain isolation between

the populations, despite geographic contact. Signal

divergence in other arthropod taxa from this island is

also fast. Signals have diverged to the point that they

may be used for species level classification in the

monophyletic species groups of seven cave planthop-

pers (Wessel et al., 2013) and six Laupala crickets

(Mendelson & Shaw, 2005), both of which have

arisen within the recent time frame of Hawaii Island

of approximately 0.5 million years. Data from Neso-

sydne provide a reference for the speed of within-

species trait divergence.

Our study demonstrates that signal diversification in

Nesosydne chambersi occurs along different axes for each

signal trait, sometimes in unexpected ways. It is the

first study, to our knowledge, to simultaneously look

at the influence of multiple processes on divergence in

sexual signals and to document their relative impor-

tance. The analytical framework we have developed is

flexible and can be used on different taxa and incor-

porate a wide range of hypotheses. Determining the
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mechanisms that drive species diversity is a long-

standing goal in evolutionary biology. Rapid diver-

gence and reproductive isolation among populations of

animals is known to be driven by changes in sexual

signals; however, understanding what drove those

changes can be difficult. Here, we show that a study

system with clear demography provides an opportunity

for making significant progress on this problem. More

empirical examples from a wide range of taxonomic

groups are necessary to understand basic principles in

signal diversification.

Acknowledgments

We are grateful to Madeline B. Girard and Paul R. Ro-

esch, Jr. for help in the field and to David Foote for

providing logistical support and laboratory facilities at

the USGS in Hawaii Volcanoes National Park. We thank

Craig Moritz for helpful discussions and Kasey Fowler-

Finn and Rafael Rodriguez for comments on the draft.

Access to the land and permission to collect was pro-

vided by the State of Hawaii, Department of Land and

Natural Resources and Hawaii Volcanoes National Park.

This research was supported in part by the Margaret C.

Walker Fund for teaching and research in systematic

entomology, the U.C. Pacific Rim Research Program,

Souja Memorial Fund, Steinhaus Memorial Fund and

the University of California, Berkeley. The authors have

no conflict of interests to declare.

References

Asche, M. 1997. A review of the systematics of Hawaiian

planthoppers (Hemiptera: Fulgoroidea). Pac. Sci. 51: 366–
376.

Audacity 2008. Audacity (version 1.2) [Computer program].

Retrieved April 2009 from: http://audacity.sourceforge.net/.

Barton, N.H. & Hewitt, G.M. 1985. Analysis of hybrid zones.

Annu. Rev. Ecol. Syst. 16: 113–148.
Basolo, A.L. & Wagner, W.E. 2004. Covariation between pre-

dation risk, body size and fin elaboration in the green

swordtail, Xiphophorus helleri. Biol. J. Linn. Soc. 83: 87–
100.

Bates, D., Maechler, M. & Bolker, B. 2011. lme4: Linear

mixed-effects models using S4 classes. R package.

Boughman, J.W. 2002. How sensory drive can promote speci-

ation. Trends Ecol. Evol. 17: 571–577.
Boul, K.E., Funk, W.C., Darst, C.R., Cannatella, D.C. & Ryan,

M.J. 2007. Sexual selection drives speciation in an Amazo-

nian frog. Proc. R. Soc. B 274: 399–406.
Bradbury, J.W. & Vehrencamp, S.L. 1998. Principles of Animal

Communication. Sinauer Associates Inc, Sunderland, MA.

Brown, W.L.J. & Wilson, E.O. 1956. Character displacement.

Syst. Zool. 5: 49–64.
Brumm, H. & Slabbekoorn, H. 2005. Acoustic communication

in noise. In: Advances in the Study of Behavior, Vol. 35 (J.B.

Peter, C.T. Slater, T.J. Snowdon, H. Roper, J. Brockmann &

M. Naguib, eds.). pp. 151–209. Academic Press, New York.

Burnham, K.P. & Anderson, D.R. 2002. Model Selection and

Multimodel Inference: A Practical Information-Theoretic Approach,

2nd edn. Springer, New York.

Butlin, R.K. 1993. The variability of mating signals and prefer-

ences in the brown planthopper, Nilaparvata lugens (Homop-

tera: Delphacidae). J. Insect Behav. 6: 125–140.
Butlin, R.K. 1996. Co-ordination of the sexual signalling sys-

tem and the genetic basis of differentiation between popula-

tions in the brown planthopper, Nilaparvata lugens. Heredity

77: 369–377.
Butlin, R.K., Debelle, A., Kerth, C., Snook, R.R., Beukeboom,

L.W., Castillo Cajas, R.F. et al. 2011. What do we need to

know about speciation?. Trends Ecol. Evol. 1450: 27–39.

Candolin, U. 2003. The use of multiple cues in mate choice.

Biol. Rev. 78: 575–595.
Carson, H.L. 1978. Speciation and Sexual Selection in Hawaiian

Drosophila. Springer-Verlag, New York.

Claridge, M.F. 1985a. Acoustic behavior of leafhoppers and

planthoppers: Species problems and speciation. In: The Leaf-

hoppers and Planthoppers (L.R. Nault, J.G. Rodriguez, eds), pp.

103–125. John Wiley and Sons, New York.

Claridge, M.F. 1985b. Acoustic signals in the Homoptera:

behavior, taxonomy, and evolution. Annu. Rev. Entomol. 30:

297–317.
Claridge, M.F. & de Vrijer, P.W.F. 1985. Reproductive behav-

ior: The role of acoustic signals in species recognition and

speciation. In: Planthoppers: their Ecology and Management

(R.F. Denno, J.T. Perfect, eds), pp. 216–233. Chapman Hall,

New York.

Claridge, M.F., Den Hollander, J. & Morgan, J.C. 1984. Speci-

ficity of acoustic signals and mate choice in the brown plant-

hopper Nilaparvata lugens. Entomol. Exp. Appl. 34: 221–226.
Claridge, M.F., Den Hollander, J. & Morgan, J.C. 1985. Varia-

tion in courtship signals and hybridization between geo-

graphically definable populations of the rice Brown

planthopper, Nilaparvata lugens (Stal). Biol. J. Linn. Soc. 24:

35–49.
Coyne, J.A. & Orr, H.A. 2004. Speciation. Sinauer Associates

Inc, Massachusetts.

De Winter, A.J. 1995. Genetic control and evolution of acous-

tic signals in planthoppers (Homoptera: Delphacidae). Res.

Popul. Ecol. (Kyoto) 37: 99–104.
Drew, A.E. & Roderick, G.K. 2005. Abundance and diversity of

Nesosydne planthoppers (Hemiptera: Delphacidae) across

hybrid zones of the Hawaiian Silversword Alliance. Pac. Sci.

51(4): 440–449.
Elias, D.O., Mason, A.C. & Hebets, E.A. 2010. A signal-sub-

strate match in the substrate-borne component of a multi-

modal courtship display. Curr. Zool. 56: 370–378.
Endler, J.A. 1980. Natural selection on color patterns in Poecil-

ia reticulata. Evolution 34: 76–91.
Endler, J.A. 1992. Signals, signal conditions, and the direction

of evolution. Am. Nat. 139: s125–s153.
Endler, J.A. 1995. Multiple-trait coevolution and environmen-

tal gradients in guppies. Trends Ecol. Evol. 10: 22–29.
Fennah, R.G. 1958. Fulgoroidea of south-eastern Polynesia.

Trans. R. Entomol. Soc. Lond. 110: 117–220.
Fisher, R.A. 1930. The genetical Theory of Natural Selection.

Oxford University Press, Oxford, UK.

Fisher, R.A. 1958. The genetical Theory of Natural Selection, 2nd

edn. Dover, N.Y..

ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 2 8 ( 2 0 1 5 ) 4 1 5 – 42 7

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 4 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Sexual signal evolution 425

http://audacity.sourceforge.net/


Gerhardt, H.C. & Huber, F. 2002. Acoustic Communication in

Insects and Anurans: Common Problems and Diverse Solutions.

University of Chicago Press, Chicago, IL.

Goodman, K.R., Welter, S.C. & Roderick, G.K. 2012. Genetic

divergence is decoupled from ecological diversification in

the Hawaiian Nesosydne planthoppers. Evolution 66: 2798–
2813.

Gray, D.A. & Cade, W.H. 2000. Sexual selection and speciation

in field crickets. Proc. Natl Acad. Sci. 97: 14449–14454.
Hasty, G.L. 2005 Host-plant specialization affects species

diversity and vulnerability to endangerment in a group of

island-endemic phytophagous insects (Delphacidae, Hawai-

ian Islands). In: Environmental Science, Policy and Manage-

ment, pp. 204. University of California at Berkeley,

Berkeley.

Heady, S.E. & Denno, R.F. 1991. Reproductive isolation in

Prokelisia Planthoppers (Homoptera: Delphacidae): Acoustic

differentiation and hybridization failure. J. Insect Behav. 4:

367–390.
Hebets, E.A. & Papaj, D.R. 2005. Complex signal function:

developing a framework for testable hypotheses. Behav. Ecol.

Sociobiol. 57: 197–214.
Hothorn, T. & Bretz, F. 2008. Simultaneous inference in gen-

eral parametric models. Biom. J. 50: 346–363.
Howard, D. 1993. Reinforcement: origin, dynamics, and fate of

an evolutionary hypothesis. In: Hybrid Zones and the Evolu-

tionary Process (R.G. Harrison, ed), pp. 46–69. Oxford Univer-

sity Press, New York.

Ichikawa, T. 1976. Mutual communication by substrate vibra-

tions in the mating behavior of planthoppers (Homoptera:

Delphacidae). Appl. Entomol. Zool. 11: 8–23.
Kaneshiro, K.Y. 1980. Sexual selection, speciation and the

direction of evolution. Evolution 34: 437–444.
Kirkpatrick, M. & Ryan, M.J. 1991. The evolution of mating

preferences and the paradox of the lek. Nature 350: 33–38.
Lande, R. 1976. Natural selection and random genetic drift in

phenotypic evolution. Evolution 30: 314–334.
Lande, R. 1981. Models of speciation by sexual selection on

polygenic traits. Proc. Natl Acad. Sci. 78: 3721–3725.
Mani, G.S. & Clarke, B.C. 1990. Mutational order: a major sto-

chastic process in evolution. Proc. R. Soc. Lond. B 240: 29–37.
Masta, S.E. & Maddison, W.P. 2002. Sexual selection driving

diversification in jumping spiders. Proc. Natl Acad. Sci. 99:

4442–4447.
Mayr, E. 1954. Change of genetic environment and evolution.

In: Evolution as a Process (J. Huxley, A. Hardy, E. Ford, eds),

pp. 157–180. Allen & Unwin, London, U.K..

McNett, G.D. & Cocroft, R.B. 2008. Host shifts favor vibrational

signal divergence in Enchenopa binotata treehoppers. Behav.

Ecol. 19: 650–656.
McNett, G.D., Luan, L.H. & Cocroft, R.B. 2010. Wind-induced

noise alters signaler and receiver behavior in vibrational

communication. Behav. Ecol. Sociobiol. 64: 2043–2051.
Mendelson, T.C. & Shaw, K.L. 2005. Rapid speciation in an

arthropod: the likely force behind an explosion of new

Hawaiian cricket species is revealed. Nature 433: 375–376.
O’Connell, C. (1991) Species barriers and breakdowns in

Hawaiian planthoppers. In: Entomology, Vol. Master of

Science. pp. 73. University of Hawaii, Manoa.

Ord, T.J., Charles, G.K. & Hofer, R.K. 2011. The evolution of

alternative adaptive strategies for effective communication in

noisy environments. Am. Nat. 177: 54–64.

Ossiannilsson, F. 1949. Insect drummers, a study on the mor-

phology and function of the sound-producing organ of

Swedish Homoptera Auchenorrhyncha, with notes on their

sound production. Opusc. Entomol. Suppl. 10: 1–145.
Pfennig, K.S. & Pfennig, D.W. 2009. Character displacement:

ecological and reproductive responses to a common evolu-

tionary problem. Q. Rev. Biol. 84: 253–276.
Prum, R.O. 2010. The Lande-Kirkpatrick mechanism is the

null model of evolution by intersexual selection: implica-

tions for meaning, honesty, and design in intersexual sig-

nals. Evolution 64: 3085–3100.
R Core Development Team 2010. R: A language and environ-

ment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. ISBN 3-900051-07-0, URL

http://www.R-project.org/.

Ritchie, M.G. 2007. Sexual selection and speciation. Annu. Rev.

Ecol. Syst. 38: 79–102.
Robichaux, R.H. 1984. Variation in the tissue water relations

of two sympatric Hawaiian Dubautia species and their natu-

ral hybrid. Oecologia 65: 75–81.
Roderick, G.K. 1997. Herbivorous insects and the Hawaiian sil-

versword alliance: coevolution or cospeciation? Pac. Sci. 51:

440–449.
Roderick, G.K. & Metz, E.C. 1997. Biodiversity of planthoppers

(Hemiptera: Delphacidae) on the Hawaiian silversword alli-

ance: effects of host plant phylogeny and hybridisation.

Mem. Mus. Vic. 56: 393–399.
Rodriguez, R.L., Sullivan, L.M. & Cocroft, R.B. 2004. Vibra-

tional communication and reproductive isolation in the en-

chenopa binotata species complex of treehoppers

(Hemiptera: Membracidae). Evolution 58: 571–578.
Rodriguez, R.L., Ramaswamy, K. & Cocroft, R.B. 2006. Evi-

dence that female preferences have shaped male signal evo-

lution in a clade of specialized plant-feeding insects. Proc. R.

Soc. B 273: 2585–2593.
Safran, R.J., Scordato, E.S.C., Symes, L.B., Rodriquez, R.L. &

Mendelson, T.C. 2013. Contributions of natural and sexual

selection to the evolution of premating reproductive isola-

tion: a research agenda. Trends Ecol. Evol. 28: 643–650.
Sattman, D.A. & Cocroft, R.B. 2003. Phenotypic plasticity and

repeatability in the mating signals of enchenopa treehoppers,

with implications for reduced gene flow among host-shifted

populations. Ethology 109: 981–994.
Schluter, D. 2009. Evidence for ecological speciation and its

alternative. Science 323: 737–741.
Sobel, J.M., Chen, G.F., Watt, L.R. & Schemske, D.W. 2010.

The biology of speciation. Evolution 64: 295–315.
Swofford, D.L. 2002. PAUP*. Phylogenetic Analysis Using Parsi-

mony (*and Other Methods), version 4.0. Sinauer Associates,

Sunderland, MA.

Templeton, A.R. 2008. The reality and importance of founder

speciation in evolution. BioEssays 30: 470–479.
Tregenza, T., Pritchard, V.L. & Butlin, R.K. 2000. Patterns of

trait divergence between populations of the meadow grass-

hopper, Chorthippus parallelus. Evolution 54(2): 574–585.
Trillo, P.A., Athanas, K.A., Goldhill, D.H., Hoke, K.L. & Funk,

W.C. 2013. The influence of geographic heterogeneity in

predation pressure on sexual signal divergence in an Amazo-

nian frog species complex. J. Evol. Biol. 26: 216–222.
Trusdell, F.A., Wolfe, E.W. & Morris, J. 1996. Digital database

of the geologic map of the island of Hawaii: data series 144.

USGS Series IMAP, Report Number 2524-A.

ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY . J . E VOL . B I OL . 2 8 ( 2 0 1 5 ) 4 1 5 – 42 7

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

426 K. R. GOODMAN ET AL.

http://www.R-project.org/.


Uyeda, J.C., Arnold, S.J., Hohenlohe, P.A. & Mead, L.S. 2009.

Drift promotes speciation by sexual selection. Evolution 63:

583–594.
de Vrijer, P.W.F. 1984. Variability in calling signals of the

planthopper Javesella pellucida (F.) (Homoptera: Delphacidae)

in relation to temperature, and consequences for species rec-

ognition during distant communication. Netherlands Journal

of Zoology 34: 388–406.

Wessel, A., Hoch, H., Asche, M., von Rintelen, T., Stelbrink,

B., Heck, V. et al. 2013. Founder effects initiated rapid spe-

cies radiation in Hawaiian cave planthoppers. Proc. Natl Acad.

Sci. 110(23): 9391–9396.
West-Eberhard, M.J. 1983. Sexual selection, social competi-

tion, and speciation. Q. Rev. Biol. 58: 155–183.
Wilkins, M.R., Seddon, N. & Safran, R.J. 2013. Evolutionary

divergence in acoustic signals: causes and consequences.

Trends Ecol. Evol. 28: 156–166.
Wilson, W.W., Mitter, C., Denno, R.F. & Wilson, M.R. 1994.

Evolutionary patterns of host plant use by delphacid plant-

hoppers and their relatives. In: Planthoppers: Their Ecology and

Management (R.F. Denno, T.J. Perfect, eds), pp. 7–113. Chap-
man & Hall, New York.

Wood, S. 2006. Generalized Additive Models: an Introduction with

R. Chapman & Hall/CRC, Boca Raton, Florida.

Wood, S. 2011. Fast stable restricted maximum likelihood

and marginal likelihood estimation of semiparametric gener-

alized linear models. J. R. Stat. Soc. B 73: 3–36.
Wright, S. 1931. Evolution in Mendelian populations. Genetics

1: 97–159.

Wu, C.-H. & Elias, D.O. 2014. Vibratory noise in anthropo-

genic habitats and its effect on prey detection in a web-

building spider. Anim. Behav. 90: 47–56.
Zimmerman, E.C. 1948. Homoptera: Auchenorhyncha. University

of Hawaii Press, Honolulu, HI.

Zuk, M., Rotenberry, J.T. & Tinghitella, R.M. 2006. Silent night:

adaptive disappearance of a sexual signal in a parasitized pop-

ulation of field crickets. Biol. Lett. 2: 521–524.

Supporting information

Additional Supporting Information may be found in the

online version of this article:

Appendix S1. Summary of signal data.

Table S1. Summary of signal traits by population.

Appendix S2. Associations between signal traits.

Figure S2. Bivariate associations between signal traits.

Appendix S3. Results of Model selection.

Table S3. (a) Model selection for factors influencing

absolute trait divergence of frequency-domain signal

traits. (b) Model selection for factors influencing abso-

lute trait divergence of time-domain signal traits.

Data deposited at Dryad: doi:10.5061/dryad.vr3h0

Received 19 August 2014; revised 8 December 2014; accepted 16

December 2014

ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 2 8 ( 2 0 1 5 ) 4 1 5 – 42 7

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 4 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Sexual signal evolution 427


