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Abstract: Vibrational pest control techniques have been recently developed for several Hemiptera, suggesting that similar
strategies could be applied to other species that emit vibrational signals. To evaluate the applicability of a control method
for Philaenus spumarius, the vector of Xylella fastidiosa in olive orchards in Italy, we investigated its mating behavior and
characterized the associated substrate-borne signals. The vibrational signals emitted by males and females were recorded
with a laser vibrometer from the surface of a leaf. Male and female repertoires consisted each of three vibrational signals
with distinct features. Pair formation begun with the calling signal of a receptive female and mating was accomplished
when a vibrational duet was established and maintained until the male reached the female on the plant. Female calls and
duets occurred only in trials conducted in September, while earlier in the season females emitted rejection signals to court-
ing males. Intrasexual communication between males involved the emission of vibrational signals, whose role is still not
clear. Playback trials with either a female or male calling signal elicited the emission of different vibrational signals by the
tested males. Further experiments with playbacks are warranted to identify vibrational signals to be used for manipulating
P. spumarius behavior and develop a future control method.
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1 Introduction

Due to the increasing awareness about the deleterious impact
of pesticides on human health and environment, there is an
ongoing effort to design alternative methods for pest man-
agement in agriculture. In general, most strategies (i.e.
push-and-pull and lure-and-kill tactics, mating disruption)
involve the manipulation of the pest’s behavior by means of
different external stimuli. To be effective, these techniques
must take into account the pest’s physiological state and
associated behaviors such as the process of pair formation
(Foster and Harris 1997; Polajnar et al. 2015). In animals,
mating is achieved through exchange of species-specific
signals between a female and a male (Bailey 2003), which
provides relevant information about identity, position and
even quality of a potential mate (Endler 1992). It has been
estimated that 92% of the insect species interacts by means
of vibrational substrate-borne signals (Cocroft & Rodriguez
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2005) and in most Hemiptera these signals are crucial to
accomplish mating (reviewed in Cokl & Virant-Doberlet
2003; Polajnar et al. 2014). Typically, pair formation starts
with the emission of an advertisement call by one of the
two potential partners, to which a sexually mature male or
female replies with its own signal. Establishment of a duet
is critical to achieve mating in that it allows mate localiza-
tion and copulation (Mazzoni et al. 2009b; De Groot et al.
2012). Interruption of the duet implies the interruption of the
mating process. As such, in some insect species rival males
evolved specific disruptive signals to prevent other males
to mate (Booij 1982; Heady et al. 1986; Bailey et al. 2006;
Miranda 2006). In the grapevine pest Scaphoideus titanus,
a rival male can emit a masking signal that when transmit-
ted as a playback in laboratory trials caused interruption of
the duet (Mazzoni et al. 2009a, b). In further experiments
conducted in semi-field trials, the continuous transmis-
sion of this signal into grapevine plants by electromagnetic
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transducers significantly reduced mating success of S. tita-
nus (Eriksson et al. 2012; Polajnar et al. 2016). A similar
method has been tested in laboratory (Gordon et al. 2017;
Mazzoni et al. 2017a) and field (Krugner & Gordon 2018)
to interfere with the mating communication of the glassy-
winged sharpshooter, Homalodisca vitripennis, vector of
the bacterium Xylella fastidiosa in California (Gordon et al.
2017), and the green grapevine leathopper Empoasca vitis
(Nieri & Mazzoni 2018). Besides mating disruption, vibra-
tional signals could be exploited as lures to attract the target
insect into a trap. For example, this approach is driving the
development of vibrational traps for the brown marmorated
stink bug, Halyomorpha halys (Mazzoni et al. 2017b) and
Asian citrus psyllid, Diaphorina citri (Hartman et al. 2017).
In summary, the rapid and encouraging improvements in this
field permit scientists to explore the use of vibrational signal
playback as a novel tool for pest control.

The meadow spittlebug, Philaenus spumarius (Hemiptera:
Aphrophoridae), is an abundant and worldwide spread spe-
cies that occurs in almost all terrestrial habitats (Halkka
& Halkka 1990; Stewart & Lees 1996). It’s a univoltine
insect that overwinters as egg and can feed on hundreds of
plant species (Weaver & King 1954; Cornara et al. 2018).
Recently, this species became a threat for European agricul-
ture because it is the main vector of X. fastidiosa in Southern
Italy (Saponari etal. 2014; Cornara et al. 2019a), where
the bacterium causes the Olive Quick Decline Syndrome
(OQDS) (Saponari et al. 2017). Currently, X. fastidiosa has
been found throughout the Mediterranean (Denance et al.
2017; Olmo et al. 2017). Therefore, an effective and sustain-
able management strategy for P. spumarius has become of
high priority in the European Union. In the frame of a poten-
tial behavioral manipulation approach, knowledge of the pair
formation process and the associated signals of P. spumar-
ius are essential prerequisites to develop a control method
(i.e. to repel, disrupt mating, attract) (Pedigo & Rice 2014;
Pertot et al. 2017). Several aspects of the biology (Weaver
& King 1954; Chmiel et al. 1979), genetics (Halkka et al.
1973; Maryanska-Nadachowska et al. 2012; Rodrigues et al.
2014), ecology (Santoiemma et al. 2019; Bodino et al. 2019)
and feeding behavior (Cornara et al. 2018b; Cornara et al.
2019b; Markhaiser et al. 2020) of P. spumarius have been
studied, but its sexual behavior has been poorly described.
Despite the fact that egg maturation occurs only late in the
summer due to an ovarian parapause (Witsack 1973), previ-
ous investigations have reported that multiple matings could
occur soon after adult emergence in spring (Cornara et al.
2018; Morente et al. 2018). Although there is evidence of
the emission of vibrational signals by P. spumarius males
(Tishechkin 2003), their ethological function in conspecific
interactions has not been investigated, while neither the
emission of female’s signals nor of duets have been reported.

The objective of this study was to characterize P. spumar-
ius vibrational signals, describe their role in the pair forma-
tion process, and provide information for further research

and development of vibration-based sustainable control
techniques.

2 Materials and methods

2.1 Insects

Fourth and fifth instar nymphs of P. spumarius were col-
lected in April 2017 and May 2018 from meadows in Riva
Del Garda (Trentino, Italy). Host plants carrying spittle were
cut and transported using a refrigerated bag to a glasshouse
at the Fondazione Edmund Mach. Insects were then reared
in mesh cages (Bugdorm-6620, 60x60x120 cm, MegaView
Science Co., Ltd., Taiwan) under controlled conditions
(25+2 °C, L16:D8, RH 75£5%). Plants of Helianthus annus,
Vicia faba, Trifolium repens and Rumex spp. were placed
inside each cage as food source. Nymphs were checked daily
and the newly emerged adults were removed and isolated by
gender in order to obtain virgin individual to be used for the
trials. The adults that emerged in the same day were placed
on a plant of H. annus, which was enclosed by a cylindrical
tube made of plastic net (5 cm diameter X 15 cm height).
A nylon stocking on the top of the tube permitted air ven-
tilation. Adult emergence ranged from the end of April and
lasted until the 6 of June.

2.2 Recordings

Recordings were carried out in a sound insulated chamber
of the laboratory of Biotremology at Fondazione Edmund
Mach (Italy), at a room temperature of 22+1 °C and RH
of 65%. The experimental arena was a Plexiglass cage
(30%50%30 cm) with a circular opening on the top (diam-
eter 6 cm), which was placed on an anti-vibrational table
(Astel s.a.s., Ivrea, Italy). A host plant (H. annus or V. faba,
average height 12 cm, 2—4 leaves) was placed into the cage.
Insects were released on the plant after 15 minutes of accli-
mation in the room. Vibrational signals were recorded from
a small piece of reflective tape attached on the lamina of the
upper leaf by a laser Doppler vibrometer (Ometron VQ-500-
D-V), and digitized with Pulse (Briiel and Kjer Sound &
Vibration A/S, Nerum, 104 Denmark) at a 44.1 kHz sample
rate and 16-bit depth resolution through a data acquisition
device (LAN XI type 3050-B-040, Briiel and Kjer Sound
& Vibration A/S, Nerum, Denmark), then stored onto a
hard drive of a computer (HP, EliteBook 8460 p). Trials
were recorded with a video-camera (mod. HTC-TM700,
Panasonic, Japan) to associate the emission of vibrational
signals with the corresponding behavior.

2.3 Bioassays

Three experiments of spontaneous behavior and three of
playbacks to induce behavioral responses were conducted.
In pair and trio trials, insects were released in a random order
on the plant and their behavior was observed for 30 minutes
or until copulation occurred.



2.3.1 Bioassay 1. Spontaneous behavior

Single males and females. Males (n=105) and females
(n=32) were singly placed on a H. annuus or V. faba plant and
vibrational signals were recorded for 30 minutes to identify
spontaneous calling signals. Because males emitted signals
soon after adult molting, they were tested from the end of
April until the end of June 2017 to study the daily pattern
of calling activity. For statistical purposes, recordings were
grouped in five 2-h periods from 08:00h to 19:00h. Calling
activity of 21 males for each time-period was recorded.
Single females were tested from the end of April to the end
of June 2017 (n=15) and from the end of July to the end of
September 2017 (n=17). Further recordings of males (n=121)
and females (n=201) were performed from August to October
2018 on a small plant of Vitis vinifera (height 10-15 cm) in
order to increase the number of observations during the most
active period (in terms of mating communication) of the
insect life cycle as emerged from the pairs’ test (see results).

Pairs of a male and a female (n=188) were tested to
describe the pair formation process. Trials were conducted
from the end of April to the end of September 2017. For sta-
tistical analysis, recordings were grouped in the following
10 periods of 15 days: (1) from the end of April to mid-May
(n=17), (2) from mid-May to end of May (n=20), (3) from
the beginning of June to mid-June (n=16), (4) from mid-June
to the beginning of July (n=17), (5) from the beginning of
July to mid-July (n=18), (6) from mid-July to the beginning
of August (n=20), (7) from the beginning of August to mid-
August (n=19), (8) from mid-August to the end of August
(n=25), (9) from the beginning of September to mid-Sep-
tember (n=22) and (10) from mid-September to the end of
September (n=14). Insects were released on a H. annuus or
V. faba plant.

Trios (n=47) of two males and a female were released
on a H. annuus or V. faba plant from mid-July to the end
of August 2017. Behaviors and associated vibrational sig-
nals were recorded to evaluate intraspecific interactions and
potential rivalry behaviors between males.

2.3.2 Bioassay 2. Playback trials

Males of P. spumarius were stimulated with playbacks of
pre-recorded male and female calling signals (MCS and
FCS, respectively, see results), to evaluate the possible role
of these signals in the pair formation process. Playback
signals were transmitted to a V. faba plant using a mini-
shaker (Type 4810; Briiel and Kjer Sound & Vibration
A/S, Neerum, Denmark) in direct contact with a leaf via a
conical rod. The background noise was filtered, and signals
were modified using the audio software Adobe Audition 3.0
(Adobe Systems, Inc., San Jose, CA, USA), while the ampli-
tude was adjusted to resemble the insect natural amplitude
from previous recordings. In order to determine whether
the transmission of the female signal could evoke different
behaviors in males, we tested the female playback in two
different periods of the P. spumarius adult season: October
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2017 and June 2018. Conversely, the male signal was tested
as playback only in June 2018 to ascertain possible effects
in a period when only males emit vibrational signals, while
females are silent (see results). Insect behaviors were fol-
lowed using a video-camera and vibrational signals were
recorded as described above.

October 2017. Three different female calling signals
(FCS) were randomly transmitted to stimulate males (n=42).
The FCSs were composed of 20-25 chirps/signal, with a
total duration of 6.5 s and a repetition time of 0.25-0.30s. A
male was released on a leaf of the plant and after 3 minutes
of acclimatization the playback was played seven times with
one minute of interval between each signal. The test lasted
for 10 minutes or until the insect jumped off.

June 2018. Males (n=40) were stimulated with the same
three FCSs used in October 2017, while other males (n = 20)
were tested with three male calling signal (MCS) consisting
of 40 chirps/signal. The duration of each MCS was 48 s, and
the repetition time between chirps raged between 0.20 s and
0.25 s. After 2 minutes of acclimatization, males were stimu-
lated with either the female or the male playbacks, which
were transmitted with 30 seconds of gap between consecu-
tive signals. A third group of males (n=20) was not stimu-
lated as control.

2.4 Terminology
Vibrational signals were labelled according to their behav-
ioral context.

Calling signals (or calls). Spontaneous emission of a sig-
nal by isolated insects (Booiji 1982).

Pulse. Unitary homogeneous parcel of sound of finite
duration (Broughton 1963) and composed of a brief succes-
sion of sine waves (Alexander 1967).

Pulse train. Series of pulses arranged into temporally dis-
tinct groups.

Chirp. Continuous sound characterized by a fundamental
frequency and a clear harmonic structure.

Syllable. Pulses and a chirp arranged into repeatable and
temporally distinct groups, where a chirp is emitted after a
brief train of pulses.

2.5 Statistical analyses

Spectral and temporal analyses of the recorded signals were
performed with Raven 1.4 (The Cornell Lab of Ornithology,
151 Ithaca, NY) using Fast Fourier Transform (FFT) type
Hann, with window length of 512 samples and 75% over-
lap. Recordings of males and females were used for analysis
of temporal and spectral parameters of the vibrational sig-
nals; only signals recorded at a distance of 2—5 cm from the
laser sticker were used in order to reduce the effect of dif-
ferent plants on signal transmission. Results are presented
as means, ranges, and standard deviation (SD) together with
the numbers of signals or elements within a signal analyzed
for each individual (N) and number of individuals (n) from
which signals were obtained. The following parameters,
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when applicable, were measured for the signals: calling rate
(intended as number of calling signals from the onset of the
first one until the end of the trial), signaling latency (time
from placement on the plant to the emission of the first vibra-
tional signal), duration of the calls, duration and fundamental
frequency (Ff) of the chirp, pulse/chirp repetition time (mea-
sured as the distance between the onsets of two consecutive
sound elements), and duration and dominant frequency (Df)
of the pulses. Additional parameters were measured for the
Male Courtship Song (MCrS) (Table 2) and the male-female
duet (Table 6), since those were composed of sections with
a distinctive pattern. We analyzed only the duets that led to
copulation (5 out of 6 duets). The number of signaling males
in each period of the day was taken as measure of calling
activity, and the G-test for contingency table (using log-likeli-
hood ratios) after Williams’ correction (Zar 1999) was used to
compare calling activity between the periods of the day. The
Wilcoxon-Mann-Whitney test (Zar 1999) was used to deter-
mine whether there was significant difference in the spectral
and temporal features between the male and female signals.
For playback trials, the percentage of males that emitted a
signal after the stimulation were compared between trials
in October 2017 and June 2018 as well as between stimula-
tion and control, using chi-square in contingency Table (2x2
and 2x3, respectively). The same test was used to determine
whether playbacks had a repellent effect on insects by com-
paring the percentage of males that jumped off the plant after
the stimulation between trials in October 2017 and June 2018
(2x2) and between control and stimulation trials (2x3). The
type of signal evoked in the tested males was evaluated to
associate each signal to a possible behavioral function. To
ascertain that vibrational signals emitted by the tested males
were due to the playbacks, the signaling latency of the stimu-
lated group and the control was compared using a Wilcoxon-
Mann-Whitney test (Zar 1999). Data were analyzed using
Past 3 (Hammer & Harper, @yvind Hammer, Natural History
Museum, and University of Oslo).

A statistical analysis of the signals was performed using
R (R core team 2019) and visualized by ggplot (Wickham
2016) and tidyverse (Wickham 2017). Each measurement
was characterized in terms of chirp duration, chirp funda-
mental frequency and repetition time between chirps. We did
not perform any comparative analysis on the pulses since
those were emitted mainly by males. To account for pos-
sible non-normality in the distribution of the parameters, the
signals recorded from each individual were summarized by
their median. An overall data inspection was performed to
visualize the distribution of the log-transformed individual-
specific signals (Q2) in the three-dimensional space of the
parameters by using the plot3D package (Soetaert 2017).
The presence of a significant clustering among the signals
was assessed by a permanova approach (Anderson 2008),
implemented in the vegan package (Oksanen et al. 2019). A
Wilcoxon-Mann-Whitney test (Zar 1999) was finally applied
to compare male and female signals.

3 Results

3.1 Bioassays 1. Spontaneous trials

3.1.1 Vibrational signals and mating behavior
Vibrational signals of P. spumarius are composed of two
different sound elements, which are defined as separate
subunits: (i) a harmonic element (“chirp”, fundamental fre-
quency around 180.8 = 20.6 Hz) and (ii) a pulse element
(“pulse”, dominant frequency 150 + 52.9 Hz). The two sub-
units when emitted in sequence constitute a syllable, where
a chirp follows a brief pulse train (0.13 + 0.02 s). The chirp
is used by both males and females to compose their respec-
tive signals, while female pulses were rarely recorded (2%
of the females of the pair trials). The male repertoire consists
of three different types of vibrational signals: Male Calling
Signal (MCS, Fig 1A), Male Courtship Signal (MCrS,
Fig 1B), and Male-Male Signal (MMS, Fig 1C). Similarly,
females emit three types of signals: Female Calling Signal
(FCS, Fig 1D), Female Rejection Signal (FRjS, Fig 1E), and
Female Response Signal (FRsS, Fig 1F). MCS (Fig. 1A)
and FCS (Fig. 1D) are both composed of a train of short
chirps. In addition, the MCS can be preceded by pulse trains
or include syllables. The MCrS consists of chirp and pulses
as well but with a more complex structure than the MCS
(Table 1, Fig. 1A) since it can be divided in two sections,
which are alternately emitted (Table 2, Fig. 1B). Section 1
consists of a long train of pulses with a rather variable repeti-
tion time (Table 2, Fig. 1B) and it is emitted while the male
is walking on the plant. Section 2 occurs when the male is
stationary and has a more regular pattern, being composed of
a series of syllables of relatively constant duration and rep-
etition time (Table 2, Fig. 1B). The MMS consists of a series
of chirp elements with variable duration and repetition time
(Table 3, Fig. 1C). Similarly, the FRjS consists in a continu-
ous, long chirp element (Table 5, Fig. 1E) emitted alone or
in trains with irregular repetition time. The FRsS is a short
chirp emitted by a female in the time window between two
consecutive male syllables during the duet (Table 6, Fig. 1F).
The signals were divided in three classes according to
their structure: CS, the male and female calling signals,
composed of regularly repeated short chirps; RS, rejection
signals consisting of long and irregularly distributed chirps;
CRS, male courtship signal. Plots of the analyzed param-
eters shows that the classes of signals have different chirp
duration and repetition time, which, however, could not be
used to clearly separate either calling or rejection signals
between males and females (Fig. 2). The different properties
of the three classes of signals are highlighted in the 3D plots
(Fig. 3), which clearly show the partitioning of the parameter
space. The RS signals could be clearly distinguished since
the repetition time and the duration of the chirps were more
distant from the values measured for the other two classes.
Permanova shows that the signals were significantly differ-
ent in the considered three parameter space (CRS-RS: p =
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Fig. 1. Oscillograms (above) and spectrograms (below) of the vibrational signals of P. spumarius. A. Male Calling Signal (MCS) com-
posed of chirp trains. B. Male Courtship Signal (MCrS), which is composed of two sections (S1 and S2). S1 consists of pulses, while
S2 of pulses and chirps arranged in syllables. Asterisks indicate the chirps. C. Male-Male Signal (MMS). D. Female Calling Signal
(FCS). E. Female Rejection Signal (FR]jS). F. Portion of a male-female duet; the frame highlights the male contribution, the syllable,
which is composed of a short pulse train followed by a harmonic element (chirp, pointed out by the star). The asterisks indicate the

Female Response Signal (FRsS), also consisting of a chirp element.

Table 1. Temporal and spectral properties of the Male Calling Signal (MCS) of P. spumarius. N = number of measured elements;
n = number of individuals; chirp = harmonic element; Ff = fundamental frequency; Df = dominant frequency.

Signal parameter Mean = SD Min. Max. n N
Calling Latency (s) 774.71 £493.18 6.65 1767.43 23 1

Call Rate (%) 4.13+2.97 0.24 13.86 23 See note below
Duration MCS (s) 8.71 £4.00 3.27 19.74 26 4
Duration chirp (s) 0.063 £ 0.007 0.049 0.076 26 30
Repetition time between chirps (s) 0.270 £ 0.031 0.216 0.367 26 30

Ff chirp (Hz) 177.40 +21.30 140.27 217.67 26 30
Repetition time between pulse trains (s) 0.31 +£0.05 0.23 0.36 14 5
Duration pulse trains (s) 0.07 £0.02 0.06 0.10 14 5

Df pulse trains (Hz) 161.37+34.37 131.43 218.29 14 5

note: for measuring the call rate, the number of signals emitted by each individual within the recording was used
Means + standard deviation (SD), together with minimal and maximal measured values are shown.
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Table 2. Temporal and spectral properties of the Male Courtship Signal (MCrS) of P. spumarius. S1 and S2, sections 1 and section 2
of the MCrS; N = number of measured elements; n = number of individuals; chirp = harmonic element; Ff = fundamental frequency;

Df = dominant frequency.

Signal parameter Mean £+ SD Min Max n N
Duration MCrS (s) 601.48 + 524.44 31.83 1371.64 8 1
Duration S1 (s) 12.91 +6.08 5.74 23.76 8 5
Duration S2 (s) 829+2.55 5.95 13.43 8 5
Duration syllable (s) 0.21 £0.02 0.20 0.25 8 30
Repetition time between syllables (s) 0.26 +0.02 0.24 0.30 8 30
Duration chirp within the syllable (s) 0.06 £ 0.01 0.05 0.073 8 30
Ff chirp within the syllable (Hz) 197.87+12.01 181.33 216.27 8 30
Duration pulse trains in S1 (s) 4.46+12.17 0.12 34.59 8 30
Duration pulse trains in S2 (s) 0.13+0.02 0.10 0.17 8 30
Df pulse trains in S1 (Hz) 147.87 £ 66.09 82.67 277.33 8 30
Df pulse trains in S2 (Hz) 144 £ 63.10 96 276.27 8 30
Number of S1 26.50 £ 19.76 56 8 1
Number of S2 25.88 +£19.52 55 8 1

Table 3. Temporal and spectral properties of the Male-Male Signal (MMS) of P. spumarius. N = number of measured elements;
n = number of individuals; chirp = harmonic element; Ff = fundamental frequency.

Signal parameter Mean £ SD Min. Max. n N
Duration chirp (s) 0.14 +0.01 0.12 0.16 8 30
Repetition time between chirps (s) 0.50+0.25 0.28 0.95 8 30
Ff chirp (Hz) 180.97 +20.80 153.07 206.67 8 30

0.001) (CS-CRS: p =0.003) (CS-RS: p =0.001). Moreover,
male and female calling signals are significantly differ-
ent in chirp duration (dbl = 796, Wilcoxon rank, two sided
p <0.001) and in repetition time between chirps (dbl = 730,
Wilcoxon rank two sided p < 0.001), while the fundamen-
tal frequencies are rather similar (dbl = 222, Wilcoxon rank,
two sided p = 1). The male and female rejection signals (the
MMS and the FRjS, respectively) are significantly different
in the repetition time between chirps (Wilcoxon rank, dbl =
45, two sided p < 0.001), while the chirp duration (Wilcoxon
rank, dbl = 37.5, two sided p = 1) and the fundamental fre-
quency (Wilcoxon rank, dbl = 33.5, two sided p = 1) are
similar between the signals. The Wilcoxon-Mann-Whitney
test confirms the significant differences in the spectral and

temporal features between the calling and rejection signals
(Table 8).

3.1.2 Single trials

Both males and females of P. spumarius emitted vibrational
signals spontaneously within 30 minutes from placement on
the plant. Among the males tested from April to the end of
June 2017, 22% (n=105) emitted at least one MCS, which
was never recorded from individuals younger than four
days from adult molting. The MCS was usually composed

of chirps only (Table 1, Fig. 1A), except for eight males
who emitted also short (0.07+0.02 s) trains of pulses either
before or within the MCS. The chirp repetition time was
relatively constant (Table 1), while the calling latency was
rather variable (Table 1) and there was not a significant dif-
ference in male calling activity between different periods of
the day (G test; G = 3.53, df = 4, p = 0.47). In some cases,
males (56.5%, n=23) jumped from the point of signal emis-
sion after the MCS, and the number of calling signals varied
greatly among different individuals (4.845.5, minimum = 1;
maximum = 23).

None of the females tested during the first period of tri-
als from April to the end of June (n=15) emitted a signal,
while 52.9% of the females tested in September (n=17)
emitted a Female Calling Signal (FCS), which consisted in a
chirp train with relatively constant repetition time (Table 4,
Fig. 1D). Females called from different parts of the leaf,
and the number of FCS varied among different individuals
(9.41+£5.8; minimum = 3; maximum = 17). In contrast with
males, females did not leave the plant after calling.

3.1.3 Pair trials
Pair formation started with the emission of the FCS, which
elicited (n=6) emission of MCrS and thus, the onset of a
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Fig. 2. Distribution of the analyzed parameters for calling and rejection signals. Each point represents the median of the
signals measured for each individual, different colors (red and blue) indicate females and males, respectively. El_dur =
chirp duration; f = chirp fundamental frequency; rep_time = chirp repetition time; cs = calling signals; rs = rejection

signals.

CRS

Fig. 3. 3D plots representing the distribution of the three class of signals in relation to the others.
Classes are defined as: courtship (CRS), rejection (RS), and calling (CS). Element duration =
duration of chirps; CRS = male courtship signal; RS = female rejection signals and male-male
signal; CS = female and male calling signals (MCS and FCS).

male-female duet (Table 6, Fig. 1F). The latter was estab-
lished when a female replied to the male with emission of
FRsS in the time window between two consecutive male syl-
lables within the S2 of the MCrS, although occasional FRsS
occurred also during S1. The female response triggered the
search of the male, which continued to emit the MCrS also
while walking. The exchange of signals led to the localiza-
tion of the stationary female by the male and, eventually, to
copulation (mating success of duetting males: 83%). Duets
were observed only in September (Table 7), while prior to
this period, females were refractory to mating by emitting
a rejection signal (FRjS) to an approaching male that tried
to mount her. In contrast, a duetting female neither rejected
a male nor expressed acceptance with emission of a vibra-
tional signal. During mating, which lasted for 3—4 hours,
both insects emitted copulatory vibrational signals consist-
ing of randomly arranged and overlapped chirps. Few males
(6 out of 188 tested) achieved mating without the emission of
any vibrational signal but directly mounting on the female,
which struggled to escape and jumped off the plant with the
male attached. These forced copulations lasted for hours and
occurred occasionally in our trials, throughout the season
even when females were not acoustically active. Contrarily
to the FCS, the MCS was emitted with slightly variable

frequency throughout the experimental period (Table 7),
while the MCrS was recorded starting from the 6% period
(Table 7).

3.1.4 Trio trials
MCS either with (14.9%, n=47) or without pulses (6.4%,
n=47) and MCrS (4.3 %, n=47) were recorded during trio
trials as well. However, only the males of the trio trials emit-
ted a Male-Male Signal (MMS), which was observed after
interaction between the two males (17%, n=47). In particu-
lar, MMS was mostly emitted after physical contact, after
emission of MCS (with or without pulses), or after emission
of MCrS by the other male in close proximity. The MMS
could either partially (50%, n=8) or completely (50%, n=8)
overlap the signals emitted by the other male, until one of
them ceased to reply or, in one case, jumped off the plant. In
two cases, one of the males mounted on the other. Similar to
pair trials, when a male physically interacted with a female
the latter emitted the FRjS (21.3%, n=47), then ran away
and/or jumped off the plant (14.9%, n=47). The FRjS could
be evoked by the MCrS of a relatively nearby male, whereas
neither a FCS nor a duet were ever observed.

Audio files of the MCS (train of chirps), MCS (pulses
and chirps), MMS, FCS, FRjS and duet are provided as
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Table 4. Temporal and spectral properties of the Female Calling Signal (FCS) of P. spumarius. N = number of measured elements;
n = number of individuals; chirp = harmonic element; Ff = fundamental frequency.

Signal parameter Mean = SD Min. Max. n N
Calling Latency (s) 183.39 £213.15 0.128 870.799 71 1

Duration FCS (s) 2.89+1.88 2.34 9.42 36 20
Duration chirp (s) 0.079+0.014 0.056 0.106 36 30
Repetition time between chirps (s) 0.313 £0.055 0.252 0.478 36 30
Ff chirp (Hz) 180.81 £ 13.82 150.93 182.13 36 30

Table 5. Temporal and spectral properties of the Female Rejection Signal (FRjS) of P. spumarius. N = number of measured elements;
n = number of individuals; chirp = harmonic element; Ff = fundamental frequency.

Signal parameter Mean + SD Min. Max n N
Duration chirp (s) 0.16 +0.04 0.12 0.25 8 30
Repetition time between chirps(s) 1.05 +0.67 0.33 2 8 30
Ff chirp (Hz) 185.76 £ 18.14 167 222 8 30

Table 6. Temporal and spectral properties of the vibrational signals

emitted during the male-female duet. S1 and S2, sections 1 and

2 of the Male Courtship Signal; N = number of measured elements; n = number of individuals; chirp = harmonic element; Ff = funda-

mental frequency; Df = Dominant frequency.

Signal parameter Mean + SD Min. Max. n N
Duration duet (s) 245.68 + 197.46 2.83 483.61 6 1
Duration S1 (s) 9.05+2.48 6.23 12.07 5 5
Duration S2 (s) 7.04 +£1.31 5.90 9.17 5 5
Duration syllables (s) 0.19+0.03 0.16 0.22 5 30
Duration pulse trains in S2 (s) 0.16 £0.10 0.08 0.34 5 30
Repetition time syllables (s) 0.25+0.01 0.24 0.26 5 30
Number of syllables/S2 32.41+6.36 25.00 39.00 5 5
Ff chirp within the syllable (Hz) 193.87 +9.41 184 206 5 30
Df pulse trains S2 (Hz) 112.75 +31.40 84.27 165.87 5 30
Df pulse trains within the syllable in S2 (Hz) 108.80 = 14.30 95.47 130.67 5 30
Df pulse trains in S1 (Hz) 643.72 + 818.23 0.10 1,922.99 5 30
Duration Female Response Signal (s) 0.08 +£0.01 0.07 0.09 5 30
Ff Female Response Signal (Hz) 167.36 £ 10.20 158.93 182.40 5 30
Female response latency (s) 70.13£91.21 0.00 223.24 7 1
Female response rate in S1 (%) 0.14+0.17 0.00 0.44 7 1
Female response rate in S2 (%) 0.71£0.20 0.43 0.95 7 1
Number of S1 23.2+14.08 7 45 5 all
Number of S2 22.6 +14.47 6 45 5 all

supplementary material in Online Resources 1, 2, 3, 4, 5, and
6, respectively.

3.2 Bioassays 2: Stimulation trials with
playbacks

Males stimulated with playbacks responded by emitting dif-

ferent vibrational signals (n=42, 28.6%, Fig. 4). The num-

ber of signaling males after the transmission of the female

playback (Fig. 4) was numerically lower in June 2018 (n=40,
5.8%) than in October 2017, but there was no significant dif-
ference between the two periods (Chi-squared test; X2 =
3.220, df = 1, p = 0.073). In absence of any external vibra-
tional stimulus, 20% of the males (n=20) emitted at least one
MCS (Fig. 4).

Comparing the percentages of signaling males tested
in the two periods, we did not find a statistical difference
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Types of signal emitted by the tested males
W Male Calling Signal composed of pulse elements and chirps
B Male Calling Signal composed of only chirps
Series of pulse elements
B Male Courtship Song
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— I

MPBs in June Control in June

Fig. 4. Type of signals emitted by the males tested in the playback trials. FPBs = Female Playbacks; MPBs = Male Playbacks; chirp

= harmonic element.

between the control group and the groups stimulated with
playbacks of male or female signals (Chi-squared test; X?
=0.949, df = 2, p = 0.622). Similarly, the percentages of
males that jumped off the plant did not significantly differ
between the stimulated groups in October 2017 and June
2018 (Chi-squared test; X?> =2.052, df = 1, p = 0.152) or
between the stimulated and the control groups (Chi-squared
test; X2=10.739, df = 2, p = 0.691). Nonetheless, the number
of jumping males in the control (n=20; 25%) was numeri-
cally higher than the group stimulated either with the female
(n=42 in October; 7.1% and n=40 in June; 5.8%) and the
male playbacks (n=20; 15%). There was statistical difference
in the signaling latency between the stimulated and the con-
trol groups (Wilcoxon-Mann-Whitney test: p = 0.0021).

4 Discussion

The present study provides the first detailed description
of the vibrational substrate-borne signals produced by P.
spumarius and the associated mating behavior. Similar to
other species in Hemiptera (Cokl and Virant-Doberlet 2003),
inter-sexual communication relies on vibrational signals and,
overall, P. spumarius mating behavior resembled the general
scheme known for other Auchenorrhyncha, albeit with some
differences.

4.1 Phenology

In Auchenorrhyncha, females typically need more time
than males to reach reproductive maturity (Krugner 2010;
Mazzoni et al. 2009b). Accordingly, P. spumarius males
tried to accomplish mating throughout the season in labora-
tory conditions, while females called and then established
duets with males only from September. Because egg matu-
ration begins in September and continues until the female
dies (Weaver and King 1954), calls and vibrational duets
likely occur when the female carries mature eggs in the
ovaries. In fact, female calling activity is an indicator of
reproductive maturity and receptiveness to mating (Hoch
& Howarth 1993), and a similar relationship between pres-
ence of mature eggs and female calling has been suggested
in H. vitripennis (Nieri et al. 2017), where the pre-oviposi-
tion period ranged from 9 to 285 days (Krugner 2010). P,
spumarius females called in September even if we reared
the insects under controlled conditions (temperature and
photoperiod), and this fact is in strong disagreement with
the literature (Witsack 1973; Morente et al. 2018). Since we
neither dissected the females nor performed oviposition tri-
als, we could not evaluate whether the ovarian parapause
was broken. Nevertheless, photoperiod is potentially not the
only factor that drives the development of P. spumarius ova-
ries, thus further trials should be addressed to unveil which
factors promote ovarian development and the potential
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Table 7. Signals emitted by either a female or a male of P. spumarius during the pair trials (at least one signal per individual). FCS =
Female Calling Signal, FRjS = Female Rejection Signal; MCS = Male Calling Signal; MCrS = Male Courtship Signal; chirp = harmonic
element; n = number of pairs tested for each period; (1) end of April to mid-May, (2) mid-May to end of May, (3) beginning of June to
mid-June, (4) mid-June to beginning of July, (5) beginning of July to mid-July, (6) mid-July to begging of August, (7) beginning of
August to mid-August, (8) mid-August to end of August, (9) beginning of September to mid-September, (10) mid- September to end

of September.

Females emitting at least one Males emitting at least one Onset of a

Period N FCS FRjS MCS (%) MCS (%) MCrS duet

(%) (%) (only chirps)  (chirp+pulses) (%) (%)
1 17 0 17.6 11.8 11.8 0 0
2 20 0 30 15 10 0 0
3 16 0 6.3 0 0 0 0
4 17 0 17.6 5.9 5.9 0 0
5 18 0 11.1 16.7 5.6 0 0
6 20 0 30 5 5 20 0
7 19 0 0 15.8 10.5 0 0
8 25 0 4 12 12 16 0
9 22 18.2 0 22.7 4.5 9.1 9.1
10 14 28.6 0 0 7.1 28.6 28.6

Table 8. Temporal and spectral parameters of different male and female signals after a Wilcoxon-Mann-Whitney U test. FCS =
Female Calling Signal, FrjS = Female Rejection Signal; MCS = Male Calling Signal; MMS = Male-Male Signal; chirp = harmonic ele-
ment; Ff = fundamental frequency; n = number of individuals. Significance (p < 0.05) shown in bold.

Comparison Parameter U n p
FCS vs FRjS Chirp duration (s) 26 8 NS
MCS vs MMS Chirp duration (s) 0 8 <0.001
FCS vs FR;jS Chirp repetition time (s) 8 0.011
MCS vs MMS Chirp repetition time (s) 8 0.004
FCS vs FRjS Chirp Ff (Hz) 8 0.010
MCS vs MMS Chirp Ff (Hz) 18 8 NS

association between the presence of eggs and female calling
activity.

In the field P. spumarius mates soon after adult molt-
ing (Yurtsever 2001), and in our trials some males silently
approached and mounted the female. This behavior could
give a reproductive advantage to the male if the female
preserves the sperm until egg maturation occurs, con-
sidering that the spermatheca allows a delayed fertiliza-
tion (Robertson & Gibbs 1937). Since polyandry has been
reported in P. spumarius (Yurstever 2001), the female could
potentially fertilize eggs using newly acquired sperm from
additional mates. In particular, she could use the sperm of the
male that engaged a duet with her and eventually localized
her. In this perspective, the sperm acquired after a forced
copulation does not give a genetic contribution, if the female
uses the sperm of the last mate. According to this, last-male
sperm precedence is a widespread reproductive strategy
among insects (Gwynne 1987) and has been proposed for P
spumarius (Yurstsever 2001).

4.2 Pair formation process

During the initial phase of mate finding, the female call-
ing signal (FCS) provided the indication of the availabil-
ity of a reproductive mature female and triggered emission
of the MCrS. The rapid inversion of female leading/male
replying roles resulted in males guiding subsequent duets
to locate the female, whose signal was reduced to a short
chirp (the female response signal, FRsS). Mating success
presumably depended on the male ability to maintain the
female acceptance and to find her on the plant, while the
decreased signaling activity of the female could be a strat-
egy to save energy and/or reduce risks of predators eaves-
dropping (Virant-Doberlet et al. 2014). A similar behavior
was reported in H. vitripennis (Nieri et al. 2017) and in the
planthopper Hyalesthes obsoletus, where females call to
form a duet and then males lead the following phases of
communication (Mazzoni et al. 2010). During mate identi-
fication and localization, males usually tend to optimize the
energy consumption (Kuhelj et al. 2015); therefore, due to



the degradation of the spectral characteristics of the signals
along plants, which act as frequency filters (Michelsen et al.
1982), an important part of the mate choice likely occurs
when the male is close enough to the female. Accordingly, in
many Hemiptera, the male emits a specific and likely more
complex signal when he gets enough close to the female to
increase her acceptance (i.e, Mazzoni et al. 2010; Polajnar
et al 2014). On the other hand, P. spumarius males use a
specific courtship signal, the MCrS, unvaried throughout the
duet until copulation. Since it consists of alternately emitted
sections with different structures, these could have different
roles and require a different involvement of resources from
the male. In particular, the pulse train of the first section
could serve to maintain the female interest during localiza-
tion, while the female replies in the second section could
provide the directional cues to the male while he is station-
ary. The second section is probably the most energetically
costly subpart of the male repertoire, suggesting that mate
choice could occur during this phase. Moreover, this could
be the communication phase more susceptible to external
interference by playing back disruptive signals (i.e. the FRjS
and the MMS) with the aim to decrease the receptivity or
even mask the female signals.

4.3 Vibrational communication and role of
the signals

Chirps and pulses are emitted in a stereotyped sequence to
produce a repertoire of signals, which are associated with
different behavioral contexts. Series of short chirps underlie
advertisement signals such as the MCS and the FCS, while
longer chirps constitute a class of signals (FRjS and MMS)
that denote distress after interaction with a conspecific. The
FRjS, for instance, was emitted by females to reject a male
after physical contact or during male signaling, a behavior
also observed in the stink bug Nezara viridula (Cokl et al.
2000) and in the leathopper Scaphoideus titanus (Mazzoni
et al. 2009a). Because MMS consisted of an exchange of sig-
nals between interacting males, its biological meaning could
be of dominance, interference towards other males, expres-
sion of distress, or defining territory. In this regard, rivalry sig-
nals are present in the repertoire of many Auchenorrhyncha
and their function is to disturb or mask male—female duets
(Booij 1982). For example, in the treehopper Ennya chrisura
(Hemiptera: Membracidae) a rival signal is emitted by both
competitors when in close proximity (Miranda 2006), while
in S. titanus males can emit a disturbance noise that aims
at masking the female reply (Mazzoni et al. 2009a). Further
trials are therefore needed to unveil the role of this signal in
male-male interactions.

The biological meaning of the MCS remained unclear
as well. This signal was recorded in almost all the record-
ing periods throughout the season, but it neither elicited the
emission of a FCS nor took part in the duet. We excluded
that the purpose was to chase away a rival male because the
playback of the MCS did not have a repellent effect on the
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tested males. Despite having spectral characteristics similar
to FCS, a potential role of female mimicry was also excluded
due to a different temporal pattern. Thus, while the FCS is
clearly associated with mating and female receptivity, the
MCS could be a territoriality signal that advertises the sender
in terms of actual presence and, possibly, quality. In H. obso-
letus, the male emits a calling signal with temporal and
spectral features similar to the female signal (Mazzoni et al.
2010), but the behavioral meaning for this signal remains
unclear. However, the MCS of P. spumarius (when com-
posed of chirps and pulses) partially resembles the MCrS,
therefore it could be either a form of “preparatory” courtship
signal or potentially trigger the emission of a FCS from a
distant female. Interestingly, the presence of a silent female
was sufficient to trigger emission of MCrS in trio trials.

Finally, the vibrational signals emitted during copula-
tions could either prevent female movements or induce ovi-
position (Eberhard 1991). Another interesting hypothesis is
that copulatory signals allow females to evaluate the mate
after copulation has begun and choose whether use the sperm
from successive males. This behavior has been described as
cryptic female choice by Eberhard (1991) and seems to be
widespread in insects and likely relevant in the evolution of
genitalia as well.

4.4 Conclusions and perspectives

To conclude, P. spumarius communication is characterized
by emission of vibrational signals, which have specific roles
within the mating behavior.

The sexual behavior of P. spumarius shares similarities
with several aspects of the stereotyped scheme known for
other Auchenorrhyncha (Mazzoni et al. 2009b; De Groot
et al. 2012) although many traits resemble more planthop-
pers (Fulgoromorpha) and sharpshooters (Cicadomorpha:
Cicadellidae: Cicadellinae) than leathoppers (Cicadomorpha:
Cicadellidae other subfamilies). In particular, when individ-
ually placed on plants both males and females emitted spon-
taneous calling signals, like in many planthoppers (Ichikawa
& Ishii 1974; Booij 1982; Virant-Doberlet & ZeZlina 2007;
Mazzoni et al. 2010) and in sharpshooters (Nieri et al. 2017),
whereas in most leathoppers (i.e. subfamilies Typhlocybinae
and Deltocephalinae) only males call spontaneously while
females emit replying signals (i.e. Mazzoni et al. 2009b;
Derlink et al. 2014; Nieri & Mazzoni 2018). However, if the
MCS could increase the interest in mating of an immature
female, the calling signals of P. spumarius would resem-
ble the one described in cicadas and leafhoppers (Sueur
2002; Cokl & Virant-Doberlet 2003; Mazzoni et al. 2014).
Nonetheless, P. spumarius females emitted FCSs from dif-
ferent positions of the same plant, behavior observed also
in H. obsoletus (Mazzoni et al. 2010). The similarities and
differences in the behavioral pattern, however, could be a
result of an ecological convergence rather than phylogeny
divergence between these species. In fact, it is important
to remember that P. spumarius, as well as H. obsoletus and
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H. vitripennis, is polyphagous and has an aggregated popula-
tion structure.

Eventually, we consider possible the manipulation of P,
spumarius by means of artificial playbacks and thus, future
development of low environmental impact control practices.
However, further research is needed to identify an efficient
signal and the most suitable strategy for application in the
field. One interesting approach could be to attract males into
a trap using a specific vibrational signal, preferably before
the adults move from the herbaceous vegetation to the olive
tree canopy (Cornara et al. 2016). Since mating is achieved
by exchange of signals between partners, it would be diffi-
cult to use the female response signal (FRsS) as directional
cue to guide male into a trap. Nonetheless, in Halyomorpha
halys the female calling signal was used with good efficacy
even if male and female use to duet during the pair formation
process (Mazzoni et al. 2017b). In this species, the male sig-
nal could increase the female motivation and induce accep-
tance; however, particularly motivated females likely do not
require special “attention” and therefore males could reach
them without emitting any signal, like in the case of some
Apoidea species (Eickwort & Ginsberg 1980). For this rea-
son, it is worthy to test a P. spumarius female playback to
lead nearby males into a trap, while another option is to use
a pre-recorded male-female duet as attractive signal, exploit-
ing a potential “satellite behavior”, which was described in
S. titanus, where the male could silently localize a duetting
female (Mazzoni et al. 2009a; Virant-Doberlet et al. 2014).
Finally, further experiments should be conducted to investi-
gate the role of MMS and MCS and, indeed, playback trials
should assess if the continuous transmission of a specific sig-
nal could disrupt an ongoing duet or cause repellence/stress
in individuals that eventually would tend to leave the plants.
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