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Abstract Psyllids, or jumping plant lice (Hemiptera: Sternorrhyncha: Psylloidea), are a
group of small phytophagous insects that include some important pests of crops world-
wide. Sexual communication of psyllids occurs via vibrations transmitted through host
plants, which play an important role in mate recognition and localization. The signals
are species-specific and can be used to aid in psyllid taxonomy and pest control. Sev-
eral hypotheses have been proposed for the mechanism that generates these vibrations,
of which stridulation, that is, friction between parts of the forewing and thorax, has re-
ceived the most attention. We have investigated vibrational communication in the Euro-
pean pear psyllid species Cacopsylla pyrisuga (Foerster, 1848) using laser vibrometry and
high-speed video recording, to directly observe the movements associated with signal pro-
duction. We describe for the first time the basic characteristics of the signals and signal
emission of this species. Based on observations and analysis of the video recordings us-
ing a point-tracking algorithm, and their comparison with laser vibrometer recordings, we
argue that males of C. pyrisuga produce the vibrations primarily by wing buzzing, that
is, tremulation that does not involve friction between the wings and thorax. Comparing
observed signal properties with previously published data, we predict that wing buzzing is
the main mechanism of signal production in all vibrating psyllids.

Key words Cacopsylla pyrisuga; high-speed video recording; jumping plant lice; sexual
communication; substrate-borne vibrational signals; vibrational communication

Introduction

Psyllids, or jumping plant lice (Hemiptera: Sternorrhyn-
cha: Psylloidea), are a group of small phytophagous in-
sects with piercing-sucking mouthparts, closely related
to whiteflies, aphids and scale insects. Psyllids cur-
rently comprise about 4000 described species worldwide.
They feed mainly on phloem sap and are generally host-
specific (Hardy, 2018; Mauck et al., 2023). Some species
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of psyllids are pests of crops around the world, such as
citrus, potatoes, pears, apples, apricots, and others (Bur-
ckhardt, 1994). The greatest damage is caused by species
that are vectors of phytopathogenic bacteria found in the
phloem tissue of plants: “Candidatus Liberibacter” spp.
and “Ca. Phytoplasma” spp. (Munyaneza, 2012; Grafton-
Cardwell et al., 2013; Jarausch et al., 2019; Moreno et al.,
2021).

In addition to feeding, psyllids also use their host plants
as a medium for sexual communication with vibrational
signals transmitted through the substrate, which, together
with sex pheromones and visual cues, play an important
role in mate recognition and localization (Lubanga et al.,
2014; Civolani et al., 2023). Both males and females
produce species-specific vibrational signals, and the
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Wing buzzing in psyllids 1467

interaction typically involves a duet phase in which the
male actively searches for the stationary female (Percy
et al., 2006; Lubanga et al., 2014; Liao et al., 2022).

Basic knowledge of insect vibrational communica-
tion has improved in recent decades, but the field
remains understudied (Virant-Doberlet et al., 2023).
Biotremology—the study of vibrational behavior—is still
considered a niche subject, but has nevertheless led to
promising developments toward alternative pest control
methods (Mankin et al., 2011; Polajnar et al., 2015), and
can help with identification within complexes of cryptic
species (Wells & Henry, 1998; Bluemel et al., 2014; Liao
& Yang, 2015). These goals are evident in recent research
on psyllid vibrational communication, where mating dis-
ruption (Lujo et al., 2016; Mankin et al., 2016), attraction
for trapping (Mankin et al., 2013) and automated detec-
tion based on vibrational signals for monitoring (Mankin
et al., 2011) have been investigated, as well as discrim-
ination of morphologically similar species (Yang et al.,
1986; Liao & Yang, 2015; Liao et al., 2016).

A long-standing question about the mechanism of
vibrational signal production in psyllids has remained
unanswered for over half a century, as their small body
size and rapid movements associated with signal pro-
duction preclude direct observation. Traditional expla-
nations focused on morphology and suggested stridula-
tion as the most likely mechanism, with various possible
pairs of scrapers and files. Among these, friction between
the anal area of the forewing and the prominent axillary
cords covered with scale-like denticles on the mesoscutel-
lum and metascutellum (Taylor, 1985; Tishechkin, 2006)
has received the most attention, but wing-wing, wing-
leg and wing-abdomen friction have also been proposed
(Lubanga et al., 2014; Liao et al., 2019, 2022; Avosani
et al., 2022). An alternative hypothesis is based on sig-
nal characteristics: Wenninger et al. (2009) noted that the
fundamental frequency of Diaphorina citri signals in the
range of 150–250 Hz matches the wingbeat frequency
of flying insects, and proposed that the spectral proper-
ties of the signals are the result of wing buzzing which
generates the fundamental frequency and its harmonics.
The same idea had already been put forward by the pio-
neering biotremologist Ossiannilsson (1950) on the ba-
sis of his auditory impression, but he later referred to
the wing-axillary cord friction hypothesis (Ossiannilsson,
1992). Wing buzzing is a special case of tremulation—
an oscillatory movement of the whole body or a specific
body part—that does not require specialized anatomical
structures (Virant-Doberlet et al., 2023), which might be
more feasible in insects as small as psyllids. On the other
hand, a particularly large variety of specialized vibration-
generating structures is known from related, but gener-
ally larger Heteroptera (Davranoglou et al., 2023; Virant-

Doberlet et al., 2023). Liao et al. (2019) tested the above
stridulation hypotheses and, based on wing cutting ex-
periments, concluded that a new hypothesis—axillary
sclerite-thorax friction—is the best explanation, with
wing-thorax friction being a possible complementary
mechanism. They recorded the wing movements with a
high-speed camera and rejected the wing buzzing hypoth-
esis because the frequency of the wing beats was much
lower than the dominant frequency of the signals in their
recordings. However, due to the angle and low resolution
of their video recordings, it is impossible to tell if the
opposing structures are touching during signal produc-
tion. To support the argument, Liao et al. (2019) stated
that higher harmonics should be much weaker than the
fundamental frequency, so the dominant frequency they
recorded at the seventh harmonic is not possible with-
out stridulation. This statement may apply to airborne
sound (Arthur et al., 2014), but elastic solid structures
used as a medium in substrate-borne vibrational commu-
nication lead to significant frequency changes due to res-
onance; for example, in stink bugs (Heteroptera: Pentato-
midae), the dominant frequency of signals recorded on
herbaceous plants varies with the location of recording
and is higher than that recorded on a nonresonant surface
(Čokl et al., 2005, 2009). It can be expected that the dom-
inant harmonics would lie even higher in stiffer woody
branches used by psyllids, so this may be an insufficient
ground for rejecting the wing buzzing hypothesis.

We tested the stridulation hypothesis again by using
high-speed video recording equipment to directly ob-
serve the movements associated with signal production,
together with laser vibrometry. We predicted contact be-
tween a scraper and a file during signal production, with
the spectral properties of the signal depending on the fre-
quency of oscillation of the moving body part and the
number of teeth on the opposing file. Alternatively, if
the wing buzzing hypothesis is correct, no contact would
be observed between the opposing structures, and the
spectral characteristics would predominantly reflect wing
motion. We chose Cacopsylla pyrisuga (Foerster, 1848),
a relatively large psyllid species (overall body length
3.5–4.2 mm) that is easy to collect in spring in cen-
tral European pear orchards. It belongs to the species-
rich genus Cacopsylla Ossiannilsson, 1970 (Psyllidae),
and is known, together with several other closely re-
lated species, as a pest of pear (Pyrus spp.) trees (Ja-
rausch et al., 2019; Civolani et al., 2023). In addition
to directly affecting plant growth by sap removal and
excreting large amounts of honeydew, which promotes
the growth of sooty mold and can impair photosynthe-
sis and render fruit unmarketable, C. pyrisuga has re-
cently been confirmed as a vector of “Candidatus Phyto-
plasma pyri,” which causes pear decline, one of the most
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1468 J. Polajnar et al.

devastating diseases of pear trees in Europe and North
America (Riedle-Bauer et al., 2022). In contrast to the
better-studied pear psyllid species, C. pyri (Linnaeus,
1758) and C. pyricola (Foerster, 1848), for which vibra-
tional signals have already been described (Eben et al.,
2015; Jocson et al., 2023), those of C. pyrisuga are not
yet known, so we also set out to describe the basic charac-
teristics of the signals and signal emission of this species.
We expected that the pattern of the male call would be
similar to related species: several short repeating ele-
ments (“chirps”) followed by a longer element (“trill”)
(Liao et al., 2022).

Materials and methods

Collecting and rearing

Adult C. pyrisuga were collected after overwinter-
ing in early spring in pear orchards in Starý Lískovec
(Brno, Czech Republic; 49.16148°N, 16.59172°E) and
in the experimental pear orchards of the Biotechnical
Faculty, University of Ljubljana (Ljubljana, Slovenia;
46.04856°N, 14.47235°E) in March 2022 and 2023,
respectively. Specimens were collected by beating from
branches of pear trees (Pyrus communis L.) (Horton,
1999) into a sweep net and captured with an aspirator.
Males and females were then kept separate in net cages
on freshly cut pear branches at room temperature until
recording.

Recording of vibrational signals

The animals were placed on a cut pear tree twig (ap-
prox. 6.5 cm long free end) fixed in a plastic container
filled with water and were allowed to move freely on it.
The vibrations were monitored with a laser vibrometer
(PDV 100, Polytec, Germany in the laboratory of the Na-
tional Institute of Biology (NIB) in Ljubljana, and VH-
1000-D, Ometron, UK, at Masaryk University (MU) in
Brno) pointed at a small piece of reflective tape stuck
on the twig. The laser output was recorded via a sound
card (Sound Blaster X-Fi) and digitized by Raven Pro 1.5
software (K. Lisa Yang Center for Conservation Bioa-
coustics, Cornell Lab of Ornithology, Cornell Univer-
sity, NY, USA) at a sampling rate of 44.1 kHz at NIB,
and Photon+ Dynamic Signal Analytic System (LDS-
Dactron, WI, USA) at a sampling rate of 2.56 kHz at MU.
As most pilot experiments did not yield any male signals,
a second computer with a sound card was used to stim-
ulate the males with a previously recorded female signal
played back via a minishaker (Type 4810 10N, Brüel &

Kjær, Denmark) with a sharp-tipped metal rod pressed
against the substrate and fixed with Blu-Tack putty. The
stimulation consisted of a loop playback of the female
signal (2.75 s pulse trains consisting of seven pulses,
separated by a 9.8 s silent period) set to approximately
the same amplitude as the original signal. We found that
the males of C. pyrisuga preferentially emit their signals
from the base of leaf buds and from the tip of a twig.
Therefore, the twig was cut distally just above a leaf bud,
so that the bud’s tip protruded about 1 cm above the cut
(see e.g., Cp_vid01 in the online repository). The termi-
nology used in the description of vibrational signals fol-
lows Liao et al. (2022); when presenting numerical val-
ues, “N” denotes the number of analyzed calls (complete
signals), and “n” the number of analyzed signal elements.

Video recording and analysis

Video recordings of the males were made in the labo-
ratory of NIB in Ljubljana at room temperature using the
FASTCAM Mini AX200 high-speed camera (Photron,
Japan) with a 105 mm Sigma telemacro lens (Sigma,
Japan). The sampling rate was set to 6400 Hz and was
controlled by a computer running the program FAST-
CAM Viewer 4. The vibrations associated with wing
movements were recorded simultaneously with a laser vi-
brometer in the same way as above, and the males were
stimulated in the same way as well.

Each trial started with a playback to stimulate the male.
After the male had settled in a favorable position on the
twig, the high-speed camera was directed from the pos-
terior side along the body axis so that we could observe
both wing motion and the dorsal body surface when the
wings were raised during signal production. The bright
lighting required to provide sufficient light for high-speed
video recording disturbed the males in the pilot exper-
iments. Therefore, their vibrational emissions were in-
stead monitored with a real-time spectrogram displayed
by Raven 1.5, and the video recording was triggered
along with the lighting as soon as the experimenter no-
ticed that the signal had started.

The video recordings were exported to MP4 format
at 30 fps and processed with a point-tracking algorithm
to obtain the track of the wing tip oscillation. No bend-
ing of the wings was observed, so the oscillating move-
ment of the tips was used as a proxy for the move-
ment of the entire wings. The point-tracking algorithm
is based on the Persistent Independent Particles (PIPs)
tracker from Harley et al. (2022) and Zheng et al. (2023),
which tracks points across multiple frames. Each point
was tracked independently. We found that the released
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Wing buzzing in psyllids 1469

Table 1 Temporal and spectral characteristics of vibrational signals emitted by Cacopsylla pyrisuga based on recordings of one female
and four male specimens.

Sex Signal element Parameter Mean ± SD n N

Female Chirp Duration (s) 0.08 ± 0.01 7 1
Repetition time (s) 0.33 ± 0.07 6 1
Fundamental frequency (Hz) 131.4 ± 6.4 7 1

Male Chirp Duration (s) 0.06 ± 0.02 186 43
Repetition time (s) 0.34 ± 0.05 129 43

Trill Duration (s) 1.26 ± 0.30 43 43
Fundamental frequency (Hz) 148.3 ± 19.2 43 43

N, number of analyzed calls (complete signals); n, number of analyzed signal elements.

PIPs and PIPs++ models performed poorly on the task
at hand, largely because the temporal span in our videos
is much longer than that for which these methods were
designed (i.e., > 10 000 frames, while the original works
are designed for < 100 frames). Since we were interested
in tracking specific keypoints on an object rather than
general-purpose tracking, we redesigned the component
that captures the appearance of these targets. We created
free-variable appearance vectors, one per keypoint, and
optimized these along with the rest of the model using
sparse annotations in the videos. The sparse annotations
were created with a custom annotation tool where track-
ing errors were observed.

The resulting series of video coordinates (one per point
per frame) was then converted back to a sampling rate of
6400 fps. We only considered the plane of motion per-
pendicular to the twig, as the motion of the wings was
symmetric and we assumed that any lateral force was can-
celed by the opposite wing. We additionally considered
the vertical motion of the tip of the abdomen, where we
observed a slight oscillatory motion. The Y values of all
points for each frame were summed after removing the
offset using the R package Seewave (Sueur et al., 2008),
the resulting track displayed as an oscillogram and the
spectrogram computed in Raven 1.5. This track was syn-
chronized with the vibrational track using the beginning
and/or end of the trill as reference points.

Morphology

The males died shortly after the experiment, where-
upon we stuck them to a slide with double-sided tape
with their wings pushed aside, and photographed the dor-
sal side with a digital microscope (Keyence VHX7000)
at 300× magnification with automated focus stacking.
Finally, we measured the axillary cords and counted the
scale-like denticles on the digital image to calculate the

expected stridulation frequency and compare it with the
measurements.

Results

Vibrational signals of Cacopsylla pyrisuga

During the period when sexually mature females were
available, only one female call was recorded. It consisted
of seven chirps of approximately equal duration (0.08 ±
0.01 s, n = 7) and spacing (pause 0.33 ± 0.07 s, n = 6)
and resonant spectral composition (Table 1, Fig. 1A). Be-
cause of the low sampling rate of the initial recordings
(2.56 kHz), higher resonances were not resolvable, but
the fundamental frequency of individual female chirps
was 131.4 ± 6.4 Hz (n = 7) and the dominant frequency
corresponded variously to harmonics nos. 3–8 (i.e., 360–
1020 Hz).

Males never emitted signals spontaneously and had to
be stimulated with playback of the female call, as de-
scribed above. In response to stimulation, males read-
ily emitted their calls, which consisted of a short series
of chirps and a continuous harmonic trill (Fig. 1B). The
male calls were not precisely coordinated with the play-
back and could begin at any stage of the loop, includ-
ing during the emission of the female signals. The male
calls began with a sequence of 4–5 short chirps (median
= 4, n = 43) followed by an approximately 1.3 s long trill
(Table 1, Fig. 1B), also with resonant spectral composi-
tion. The dominant frequency of the male trill was usually
at the first harmonic (fundamental frequency) band 157.2
± 15.8 Hz (peak; median = 161.5 Hz, n = 20); numerous
times at the fifth harmonic band 747.1 ± 7.1 Hz (peak;
median = 742.9 Hz, n = 14); occasionally at the fourth
harmonic band 596.2 ± 14.9 Hz (peak; median = 592.2
Hz, n = 8); and once at the sixth harmonic band, 925.9
Hz (peak).

© 2024 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
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1470 J. Polajnar et al.

Fig. 1 Oscillograms (top) and spectrograms (bottom) of representative vibrational signals of Cacopsylla pyrisuga: female (A) and
male (B). Labels on the male spectrogram denote harmonics F (fundamental frequency, or, the 1st harmonic) through 10th. In this
signal, 6th harmonic was the dominant, denoted with an asterisk. Female signal spectrogram: Hann window, 3053 smpl, 50% overlap;
male signal spectrogram: Hann window, 270 smpl, 50% overlap. Spectrogram settings differ due to the different sampling rate (2.56
kHz for the female signal recording, 44.1 kHz for the male signal recording).

Wing motion

We obtained two high-speed video recordings clearly
showing the psyllid body structures in question, from
a male emitting a signal in a favorable position (suppl.
1/Cp_vid06 and suppl. 2/Cp_vid08). These two were then
processed using the PIPs algorithm. Cp_vid06 was the
only one triggered early enough to observe chirps, but
was partially overlapped by a female signal used for stim-
ulation. Knowing the repetition time of playback loops,
the substrate vibration waveform of the preceding fe-
male signal was subtracted from the overlapping sig-
nal to allow spectral analysis of the male signal. Both
videos, as well as other, less clear videos in the series
(Cp_vid01–Cp_vid05 and Cp_vid07) of a total of four
males, and the associated vibration recordings are de-
posited in the Zenodo repository (https://doi.org/10.5281/
zenodo.10000692).

The videos showed that the forewings were held roof-
like over the body and flapped about the common axis
during signal emission (Fig. 2). Each wing beat consisted
of the anterior (costal) margin of the forewings being
lifted to a nearly horizontal position and pushed back to-
ward the body, while two modes could be distinguished
in the movement of the hindwings: they either completely
followed the movement of the forewings or they separated
and stopped about halfway during upstroke, then were
carried by the forewings during downstroke and moved

with them until separation during the following upstroke.
No relationship was apparent between these two modes
and the characteristics of the resulting vibrations.

No contact was observed between the wing veins and
the body surface, nor between the legs and the body, with
all legs resting firmly on the substrate throughout the
signal emission. In addition, the axillary sclerites of the
wing were moved cleanly away from the thorax during
the upstroke, also with no contact between the surfaces
(Fig. 2).

Because the output of the laser vibrometer was pro-
portional to the velocity component of the surface vi-
brations, the oscillogram of substrate vibrations could
not be directly aligned with the summary oscillogram of
wing and abdomen displacement from the resting posi-
tion without a phase reference. However, the temporal
and spectral composition of the spectrograms calculated
from both tracks matched (Fig. 3), with broadband chirps
followed by a frequency-modulated harmonic trill with a
fundamental frequency of about 156.1 Hz. This, in turn,
matched the structure of the trill with a wavelength of the
main component of about 6.4 ms (1/0.0064 s = 156.3 Hz)
and the duration of a whole forewing flap (41 frames at
6400 fps = 0.00641 s = = 156.0 Hz) (Fig. 2). A clean,
steady portion of the trill in suppl. 2/Cp_vid084 (at about
3 min 13 s in the video, corresponding to position 2.85 s
in the audio file and frame no. 5900 in the video track),
was used for these comparisons.

© 2024 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
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Wing buzzing in psyllids 1471

Fig. 2 Bottom left: the vibrometer track (blue) and the summary movement track (wings plus abdomen; black), with stills from the
high-speed video recording (suppl. 2/Cp_vid08) showing the fully extended (1), middle (2), and resting (3) wing positions. Yellow
diamonds mark the detected positions of the tracked points, with lines indicating the direction of motion. Note that the tracks were
manually aligned to demonstrate matching wavelengths. However, they represent different components of the vibrations: velocity for
substrate vibration (blue) and displacement for wing movement (black).

Morphology

There are two pairs of axillary cords on the dorsal side
of the thorax of C. pyrisuga (Fig. 4). We counted 32 scale-
like denticles in a row on the dorsal surface of the anterior
(mesoscutellar) axillary cord (total length approximately
330 μm), while on the smaller posterior (metascutellar)
cord (total length approximately 210 μm) the denticles
were barely distinguishable; we counted 14. Consider-
ing the measured duration of wing flap and assuming
that the entire putative file on the anterior axillary cord
makes contact during scraping, this would correspond to
a frequency of approximately 9700 Hz. The laser track
(surface velocity) had a sufficient sampling rate to repre-

sent such high frequencies, but we detected no vibrational
events in the oscillogram that could be associated with
individual tooth strikes at this rate, nor any vibrational
energy above 3 kHz in the spectrogram (Figs. 2 and 3).

Discussion

In the past century, several competing hypotheses have
been proposed concerning the generation of vibratory
signals in psyllids (Liao et al., 2019, 2022; Avosani et al.,
2022). However, direct testing of these hypotheses has
only become possible relatively recently, with the advent
of more accessible high-speed video recording equipment

© 2024 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 1466–1476
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1472 J. Polajnar et al.

Fig. 3 Oscillograms (top) and spectrograms (bottom) of the laser track (left) and the summary movement track (wings plus abdomen)
(right). The movement track is shorter because the recording could not be triggered until after the signal had begun. The shaded area
of the laser track indicates the corresponding area of the movement track (length 1.82 s). Laser track spectrogram: Hann window,
3053 smpl, 50% overlap; movement track spectrogram: Hann window, 270 smpl, 50% overlap. Spectrogram settings differ due to the
different sampling rate (44.1 kHz for the laser track, 6.4 kHz for the movement track).

capable of recording such small animals with sufficient
resolution, as well as sensitive vibrometers.

The genus Cacopsylla currently includes about 460
species worldwide (Ouvrard, 2023). Vibrational signals
have been described for only eight of them (Liao et al.,
2022; Jocson et al., 2023). The pattern of male calls of
C. pyrisuga that we recorded is similar to that of these
species: a series of short, repetitive chirps followed by
a longer trill (Eben et al., 2015; Liao & Yang, 2015;
Oppedisano et al., 2020; Jocson et al., 2023). The call
is very similar to that of C. picta males, but with an even
shorter trill of less than 1.5 s (compared with about 3.4
s in C. picta; Oppedisano et al., 2020), the shortest of
all known Cacopsylla male trills. Together with the short
repetition time of the chirps (0.34 s in C. pyrisuga vs. 0.95
s in C. picta), the temporal structure seems to be species-
specific, but further comparative studies are needed to
confirm this. Reproduction of C. picta takes place on ap-
ple trees (Malus spp.), that is, a different host than C.
pyrisuga (Ossiannilsson, 1992; Oppedisano et al., 2020).
The male calls of C. pyri and C. pyricola, which are sym-
patric and often occur together with C. pyrisuga on pear
trees in Europe, differ from C. pyrisuga by a larger num-
ber of chirps and a much longer trill (Eben et al., 2015;
Jocson et al., 2023). Due to the small sample size of the
present study, it is not possible to definitively describe
female calls or the duet sequence, but judging from the

playback experiments, the mates appear to form a loose
duet in the sense of Liao et al. (2022). A more complete
description will be presented in a later paper.

In our direct observation of movements associated with
signal production in C. pyrisuga, we found no support for
the stridulation hypothesis of signal production, although
we confirmed that these animals have corrugated axillary
cords like all other psyllid species (Ouvrard et al., 2008)
and winged insects (Snodgrass, 1935). We did not ob-
serve any contact between the wings and axillary cords
or any other putative scraper-file pair proposed by previ-
ous authors for Psylloidea (Lubanga et al., 2014; Liao
et al., 2019, 2022; Avosani et al., 2022), nor any vi-
brational events or spectral components consistent with
the expected rate of tooth strikes at the observed wing-
beat frequency. Instead, we found support for the wing
buzzing (“wingbeat”) hypothesis proposed by Wenninger
et al. (2009), as the frequency spectrum of oscillatory
wing motion matches the spectrum of resulting substrate-
borne vibrations recorded nearby. This result is also con-
sistent with the results of Liao et al. (2019), although
these authors derived a different hypothesis from their ex-
periments. They found that the psyllids were still able to
produce vibrations after cutting off the anal area of the
forewing or cutting off the forewing except for the axil-
lary sclerites, but the amplitude of the vibrational signal
was significantly reduced compared to the control. They

© 2024 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
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Wing buzzing in psyllids 1473

Fig. 4 Dorsal view of left half of thorax and basal part of wings in male of Cacopsylla pyrisuga under 300× magnification showing
axillary cords (length measured) with scale-like denticles.

concluded that both the anal area and the axillary sclerites
play an important role in signal production by friction on
the thorax. However, removing portions of the forewing
would reduce drag and mass, thus producing weaker vi-
brations than intact wings, even with wing buzzing when
no friction is involved.

Stridulation tends to produce broadband acoustic
and/or vibrational signals with a fundamental frequency
equal to the rate of individual tooth strikes, and is of-
ten associated with defensive signals in insects (Low
et al., 2021). Instead, the harmonic structure of the trills
of C. pyrisuga resembles the vibrations produced by the
wing buzzing of several species of stinkbugs (Hemiptera:
Pentatomidae) (Čokl et al., 2021). The buzzing sig-
nals of Diptera and Hymenoptera also show a certain
similarity. However, the vibrations in these latter cases
seem to be generated by the action of the flight mus-
cles and the elasticity of the thorax, but largely de-
coupled from the wing movement, as for example in
Drosophila spp. (Diptera: Drosophilidae) (Mazzoni et al.,
2013) and Melipona seminigra (Hymenoptera: Apidae)
(Hrncir et al., 2008), where higher frequencies are gen-
erated than during flight. It seems that in psyllids, the
forewings are the main driver of signal generation, which
was also confirmed by wing cutting experiments where

signal amplitude was reduced (Liao et al., 2019), in con-
trast with drosophilids or annoyance buzzing in stin-
gless bees, where amputation of wings did not affect
signal generation and properties (Hrncir et al., 2008;
Mazzoni et al., 2013). The function of hindwing move-
ments in psyllids remains unclear, but the videos sug-
gest the possibility that uncoupling slows the forewing
to make the upstroke and/or subsequent downstroke less
powerful.

Regarding the issue of higher resonances sometimes
becoming dominant, the influence of the substrate on
the frequency of the vibrational signal is well known
(Čokl, 2008; Cocroft et al., 2010; Eberhard et al., 2010)
and is related to frequency-dependent patterns of stand-
ing waves formed in elastic solid substrates (Polajnar
et al., 2012). Intraspecific variations in signal frequency
do not alter the responsiveness of female psyllids and
may change with the position of the signaling animal or
temperature, suggesting that frequency does not contain
crucial information (Lubanga et al., 2016; Jocson et al.,
2023). Unlike some other reports (e.g., Percy et al., 2006;
Liao et al., 2019), the fundamental frequency was the
dominant frequency in half of the recordings on which
this study is based, but the 4th, 5th and rarely the 6th har-
monic can also be dominant in C. pyrisuga. We therefore

© 2024 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 31, 1466–1476
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argue that the fundamental frequency should be the focus
when we report on the characteristics of psyllid vibra-
tional signals.

Wing buzzing also produces air movement. As has
been shown in Drosophila, the small size makes the
wings a poor impedance match to the surrounding air
at low frequencies, so far-field sound is very weak and
unlikely to affect behavior, whereas the effective range
of near-field sound (air particle motion) is about 1/50 λ

(Bennet-Clark, 1998). Psyllids perform vibrational duets
and searches over distances exceeding the length of the
host plant’s modules, that is, many times their body size
(Lubanga et al., 2014), so the long-distance vibrational
component is undoubtedly crucial, while near-field sound
might play a role just before copulation when the male ar-
rives near the female—if at all.

We predict that wing buzzing will in time be confirmed
as the mechanism of signal production in all other vi-
brating Psylloidea, with any other mechanism playing at
best a complementary role. Not all published descriptions
of vibrational signals in the Psylloidea include spectro-
grams, but those we are aware of have the same mix of
broadband and harmonic components with a fundamen-
tal frequency in the 100–200 Hz range and no signifi-
cant vibrational components above 2 kHz, whether they
are species of the same genus (i.e., Cacopsylla; Eben
et al., 2015; Liao & Yang, 2015; Oppedisano et al., 2020;
Jocson et al., 2023), different genera of the Psyllidae
(e.g., Diaphorina Löw, 1880; Wenninger et al., 2009),
or different families (e.g., Triozidae; Percy et al., 2006;
Liao et al., 2016; Lubanga et al., 2016; and Carsidari-
dae; Liao & Yang, 2017). Further work is needed to con-
firm this generalization and clarify the details. Never-
theless, we think that claims about stridulation based on
morphology—that is, the presence of putative stridula—
as is common in the older literature (cf. Davranoglou
et al., 2019; Virant-Doberlet et al., 2023) should always
be supported by direct behavioral evidence.
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