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Abstract Many insects, including bushcrickets, use
acoustic communication for mate finding and mate
choice. These signals often produce simultaneous
substrate vibrations, potentially aiding localization.
However, independently produced vibratory signals
are rarely documented in Orthoptera, despite their
potential to enhance close-range communication.
In the duetting bushcricket Ancistrura nigrovittata,
acoustic communication has been extensively studied.
We investigated whether any previously overlooked
vibratory signals occur during close-range interac-
tions in this species, and characterised their proper-
ties and interplay with acoustic signals. Combining
laser vibrometry, audio and video recordings, we
revealed soundless abdominal tremulation signals in
both sexes during partner search and pair formation.
Although subtle, these movements produce substrate
vibration with amplitudes exceeding those induced
by acoustic signalling (stridulation) by an order of
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magnitude. In both sexes, tremulation and acous-
tic signals can occur simultaneously or separately,
demonstrating independent production mechanisms.
Females combine song with tremulation during long-
distance calling, use primarily tremulation after a
male enters a plant, and typically cease signalling
upon being found. Males add tremulation to the song
after entering a plant and use it as the primary sig-
nal after partner contact. In both sexes, tremulation
comprises mostly grouped pulses, emitted at a rate
of about 2.5 Hz. Male tremulation exhibits a lower
pulse number per train, higher dominant frequen-
cies and amplitudes than female tremulation, and is
typically accompanied by a short acoustic tick at the
beginning of each pulse. Our findings reveal a previ-
ously unknown complexity of vibroacoustic commu-
nication in A. nigrovittata.

Keywords Tremulation - Vibration signal -
Complex signal - Vibroacoustic duet

Introduction

Animal communication serves a number of pur-
poses: social interaction, threatening potential preda-
tors, warning conspecifics about predators, territorial
defence, and mate finding and choice (Alcock 2009;
Bradbury and Vehrencamp 2011). Most bushcrick-
ets (Orthoptera, Tettigonioidea) produce acoustic
signals (calling song; see Glossary for definitions of
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terminology) for mate finding — either the females
approach singing males or both males and females
perform a duet, where either partner may perform
phonotaxis (Korsunovskaya 2009). The produc-
tion of these songs (in bushcrickets by stridulation;
see Heller and von Helversen 1986; Gwynne 2001;
Montealegre-Z 2012; Stumpner et al. 2013) typically
induces vibrations in the substrate as a byproduct
(Keuper et al. 1985; Hill and Shadley 2001; Stolt-
ing et al. 2002). Partners can use this vibratory sig-
nal when orienting towards a singer (Latimer and
Schatral 1983; Weidemann and Keuper 1987), but
the information is largely redundant for encoding
the emitter’s identity and quality and merely repre-
sents a functional “backup” to the song (Hebets and
Papay 2005; Hebets and McGinley 2019). Moreover,
the vibrational component is often detectable in close
range only, for example when male and female sit on
the same plant. Since most bushcricket species initi-
ate communication over long distances (e.g. Romer
and Lewald 1992; von Helversen et al. 2015), most
of the approach relies on the airborne component of
the song.

On the other hand, in many Neotropical bush-
cricket species, males call females by combining
sound with tremulation, i.e. body shaking without
impacting the substrate, emitting an exclusively
substrate-borne vibration signal (Morris et al. 1994;
Stumpner et al. 2013; ter Hofstede et al. 2017). Rep-
resentatives of the Conocephalinae and Pseudophyl-
linae subfamilies are particularly well known for this
type of multimodal signalling (which has otherwise
only rarely been reported in other groups; Brady-
porinae: Busnel 2019; Phylloporinae: Korsunovskaya
et al. 2022). Acoustic communication in these species
is often reduced and tremulation evolved secondarily
in response to substrate-gleaning bats that eavesdrop
on insect sounds (Belwood and Morris 1987; Morris
et al. 1994; Romer et al. 2010). While they typically
combine stridulation and tremulation when calling
partners, Onomarchus uninotatus (Pseudophyllinae)
females were found to produce tremulation as the sole
response to a distant male singing (Rajaraman et al.
2015). Some species, however, may combine song
with tremulation with no apparent reduction of acous-
tic signalling: in Nesoecia nigrispina, a pseudophyl-
line, males complete their calling song cycle with a
series of tremulations (Korsunovskaya and Zhantiev
2022). In most bushcrickets, females tremulate in
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response to male signalling in close range, and males
may also initiate tremulation after detecting a poten-
tial partner on the same plant (Busnel et al. 2019;
Morris 1980; Morris et al. 1994; de Luca and Morris
1998).

Since, in contrast to grasshoppers and crickets,
bushcricket males do not produce a distinct courtship
song when a pair has met, tremulation signals may
compensate for its absence, facilitating mate choice.
Given also the bushcrickets’ elaborate and sensitive
vibrosensory system (e.g. Rossler et al. 2006), one
might expect tremulation (or other types of vibratory
signals) as a complementary signal to occur more
commonly among bushcrickets than in species with
typical courtship songs. Alternatively, they may sim-
ply have been overlooked by researchers. Most known
vibration signals in bushcrickets involve vigorous
body shaking, which is conspicuous to humans. Yet,
insect vibrational signalling — including examples
from Orthoptera — may be more subtle and detectable
with specialized vibration sensors only (e.g. Stritih
and Cokl 2012; Stritih-Peljhan and Zunié, 2024).

Here we present an example of a well-studied
bushcricket, Ancistrura nigrovittata. It is one of
many phaneropterine bushcrickets, in which the
male initiates acoustic communication with a calling
song, while receptive females produce a stridulatory
response, which is temporally strictly coupled to the
male song (Heller and von Helversen 1986; Heller
et al. 2015). In A. nigrovittata, the male song com-
prises a chirp (composed of about 8 syllables) and,
after a delay of 250 to 350 ms, a so-called trigger
syllable (Fig. 1). A receptive female responds with a
short and constant delay of 30 to 40 ms to this trig-
ger syllable (Heller and von Helversen 1986; Dobler
et al. 1994b). Unique among studied Phaneropterinae
is the difference in carrier frequency between male
and female signals (Dobler et al. 1994a; Heller and
Hemp 2015): male song peaks around 14-16 kHz,
female reply peaks around 24-28 kHz (Fig. 1). The
carrier frequencies as well as the temporal struc-
ture are necessary to initiate duetting and phono-
taxis (Dobler et al. 1994a,b). Duetting may start in
the laboratory at a distance of about 8 m between
male and female (Stumpner, unpublished). When a
female responds, the male immediately starts walk-
ing towards it (Dobler et al. 1994a). However, highly
motivated females may start phonotaxis towards the
male at any distance (Stumpner, unpublished). In
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Fig.1 A male—female acoustic duet. The male signal com-
prises a multiple-syllable chirp followed by a separate (single
or double) trigger syllable eliciting a brief, one-syllable female
response

the final approach, the male may switch from a song
with chirps and trigger syllables to a song compris-
ing only chirps with an increased chirp rate. We
call this a courtship song, since its function is not
to elicit female acoustic replies. However, chirps are
also produced in contact with males (Heller 1988;
Stumpner, unpublished). When the sexes come into
physical contact, males may produce the courtship
song or stop acoustic signalling and try to manoeu-
vre themselves under the female for initial coupling,
which likely involves sperm removal as described for
related species (von Helversen and von Helversen
1991). This behaviour, interrupted by long pauses,
may occur repeatedly until the large spermatophore
is transferred. Any other regular vibroacoustic behav-
iour was not observed so far.

Since there are no published data on close-range
communication in A. nigrovittata — in contrast to the
well-documented long-range acoustic behaviour — our
aim was to study possibly overlooked vibratory sig-
nalling. We were motivated by occasional observa-
tions of whole-body shaking triggered by contact
with other individuals (which turned out to have a
repellent function) and the presence of multiple audi-
tory and vibratory interneurons in the first level of
sensory processing (Stumpner and Nowotny 2013;
Cillov 2024); one of them responds to both the male
song and low frequency vibration (Cillov 2024). In
addition, the high degree of convergence of auditory
and vibratory inputs onto common neurons in the
ventral nerve cord in other bushcrickets (Rossler et al.
20006) further suggests an important role of vibratory

signals in communication. After initial experiments
confirmed the presence of vibratory signalling inde-
pendent of stridulation, we set out to characterize the
vibratory dynamics of pair-formation and its interplay
with acoustic signalling in this species. We demon-
strate that vibratory signalling is not merely a byprod-
uct of acoustic signalling, but represents an additional
communication channel based on independently pro-
duced signals used by both sexes during pairing.

Materials and Methods
Animals

We used adult Ancistrura nigrovittata (Phaneropteri-
nae) originating from Greece, kept in a permanent
colony in Gottingen, Germany, with periodic addi-
tions of wild-caught individuals (the most recent ones
in the years 2008, 2013, 2021). The colony is held at
a temperature of 25°C and under a partially reversed
day/night cycle of ca. 14/10 h. Experimental animals
were kept in cages (40X 30X 25 cm) separated by sex
prior to their final molt. Fresh blackberry branches
were provided for support and as food, along with
cricket chow (Nekton, Keltern — IKG Dammfeld,
Germany) and water.

Experiments

Experiments were conducted in an anechoic cham-
ber on an anti-vibration table at a temperature of
24-26 °C during the animals’ night phase under red
illumination.

Animal Preparation: Males were brought to the
laboratory individually in vials, while females were
brought as a group in the same cage they were reared
in. Each animal was marked with a unique combina-
tion of coloured dots (Edding 750, Edding, Germany)
applied to the pronotum and abdomen for individual
identification. Prior to the experiment, one or two
active signallers along with one or two responsive
females were selected (also see below Experimental
Procedure).

Test Setup: We used a 50 cm blackberry (Rubus
sp.) branch — one of the host plants — as a test sub-
strate. The branch had three or four compound
leaves, with one leaf pair in an upper and one in
a lower position, each pair extending in opposite
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Fig. 2 Experimental setup
for recording vibration
signals of A. nigrovittata
on a branch of Rubus sp.
A) Schematic drawing of
an experimental plant, with
laser reflectance measure-
ment points: on the main
branch, at the base of the
petiole supporting the
compound leaves, and on
the individual leaflets.

The dashed line represents
the laser beam. A female
responding to calls from

a distant male (B) and a
pair during the close-range
courtship (C) were typically
positioned on one of the
(upper) compound leaves

directions (Fig. 2). We used six plants of such geom-
etry throughout the experiments. The lower 20 cm
of the branch was inserted through thick foam into
a glass jar filled with water and fixed to the table.
Reflective foil was attached to the leaflet bases, pet-
ioles, and stem at 8 cm intervals for laser vibration
recording (Fig. 2).

Experimental Procedure: All experiments were
video-recorded with a Panasonic (HC-VXF990) cam-
corder. Simultaneous sound and substrate vibration
recordings were conducted using a laser vibrometer
PDV-100 (Polytec, Waldbronn, Germany) and a unidi-
rectional microphone (4133, Briiel & Kjer, Denmark)
with a preamplifier (2610, Briiel & Kjer). The micro-
phone was positioned about 20 cm from the top of the
plant. The two-channel sound and vibration input was
digitised using a Sound Blaster (Creative X-Fi Sur-
round 5.1 pro, Singapore) and recorded with the pro-
gram Raven Pro 1.6 (Cornell Laboratory of Ornithol-
ogy, Ithaca, New York, USA) at 44 kHz sampling rate
and 16-bit resolution. Synchronisation between the
video and audio-vibration recording was achieved by a
loud clap at the beginning of each session, providing
a clear synchronization mark. An ultrasound detector
(D 120, Pettersson, Sweden), which converts ultrasonic
signals into the audible range, was occasionally used to
monitor sound signals in real time and aid their iden-
tification during video analysis. Vibration recordings
were calibrated using a vibration calibrator (type 4294,
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Briiel & Kjer, Denmark), which provides a reference
signal of 10 mm/s. Sound intensity was not analysed.

The selected females were placed individually onto
one of the top leaves of the test plant, while individ-
ual males were kept in foam-covered boxes, allowing
acoustic interaction before their release. To increase the
chances of a successful start (male calling and sustained
female responsiveness after placement on the plant), we
often began the experiment with two male—female pairs.
The females were placed on different plants (if two
plants were in the setup simultaneously) or on different
compound leaves of the same plant and the males in the
boxes were put close to the plant. Then, only one duet-
ting pair was kept (except for inactive females, which
were sometimes left on the same plant to avoid disturb-
ing the other). After recording a responding female on
the plant, the male was either transferred to the bottom
of the stem or placed next to the female if she was no
longer responding acoustically. During short-range
courtship, vibrations were primarily recorded from the
bases of leaflets supporting the signaller or the immedi-
ately adjacent leaflet for 3045 min, with the laser beam
adjusted as needed. During male approach and in pro-
longed unsupervised recordings (e.g. overnight), data
were also collected from the petiole of the compound
leaf hosting the female. Some males called from the
same position on a plant for extended periods, and the
vibrational component of their song was recorded from
various locations on the stem and leaves.
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Signal Analysis

Recordings were analysed in Raven Pro 1.6 follow-
ing filtering in Audacity 3.1.3 (Audacity Team).
We applied a 10 Hz high-pass filter to all vibration
recordings to reduce movement-related noise, while
sound recordings were high-pass filtered at 1 kHz.

For males (n=10), we analysed the first 30 tremula-
tion pulse trains emitted after their initial contact with
the female, measuring the pulse train period and the
number of pulses per train. For individual tremulation
pulses, we analysed the first 40 pulses for duration, in-
train rate and duty cycle, and peak frequency (the latter
only for those pulses emitted on a leaf surface). Pulse
peak amplitude was analysed in relation to measure-
ment location (i.e., on the same leaflet, on the neigh-
bouring leaflet, or on the petiole of the compound leaf
supporting the signaller). For females (n=6), which
were reluctant to respond vibrationally for prolonged
periods, the set of emitted signals was more limited;
we analysed 3-30 pulse trains with 1540 individual
pulses per female. The same parameters as for males
were analysed. We further analysed the dominant fre-
quency and peak amplitude of stridulatory vibrations
from 8 males and 7 females that signalled on a leaf
surface, taking 15 male chirps/female replies per indi-
vidual. For spectral analysis, we applied a Fast Fourier
Transformation with a size of 16,384 points.

Statistical analysis was first performed using the
Mann-Whitney U test for male—female comparisons
and the Kruskal-Wallis test to assess interindividual
differences in the measured parameters. However, the
large sample size led to many significant differences
that appeared biologically irrelevant, prompting us to
rely on a Linear Mixed-effects Model (LMM), which
effectively accounts both for interindividual variability
as a random effect (in the context of male—female com-
parisons) and for unequal sample sizes between males
and females. We report results from both analyses, pro-
viding a robust and transparent assessment of the data.

Results

Ancistrura nigrovittata bushcrickets are known for
their acoustic duetting prior to pair formation (see
Introduction and Fig. 1). The stridulatory wing
movements also produce low-frequency vibrations
in the substrate (Fig. 3). In addition, we show that

both sexes combine stridulation with abdominal
tremulation, either simultaneously or in succession,
producing additional prominent substrate-borne
vibration signals. Tremulation is not easily visible
to the naked eye but is clearly seen in close-ups of
video recordings (Suppl. Video 1, Suppl. Video 2).

Fig. 3 Stridulation signals. A) Sound and vibration com-
ponents of the male song emitted on a plant. Low-frequency
vibrations induced in the substrate reflect large-scale (open-
ing and closing) wing movements; an initial cycle of these
movements may be silent (arrows show corresponding vibra-
tion waves, arrowheads indicate “missing” sound syllables).
B) Sound and vibration components of a female response to
a male singing from a separate substrate (i.e., male signals
detectable on the sound trace). A transient bimodal stridulatory
response (arrows) is prolonged with a lower-frequency vibra-
tion induced in the body, unique to females (sections indicated
by an arrowhead and dashed line). This immediate response
to the male trigger syllable may be followed by a secondary
vibratory peak from a silent wing movement (empty arrow; see
also Suppl. Video 1). Note that vibration components above
1 kHz (seen on spectrogram) are largely an artifact of sound-
induced plant vibrations resulting from frequency conversion
by the ultrasound detector
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Long-Range Signalling

Communication starts with the male emitting a long-
distance calling song, which induces a female acous-
tic reply — a short click in response to the trigger
syllable of the male song (Figs. 1, 4). In males, each
stridulatory wing movement generates a correspond-
ing low-frequency vibration wave in a simple one-to-
one relationship (Fig. 3A). In contrast, the female’s

— SEPARATE substrate

reply is accompanied by more complex body vibra-
tions, highly prolonged over the acoustic component
(Fig. 3B). Frame-to-frame video analysis, along with
the independent combination of these vibrations with
higher-amplitude tremulation signals (Fig. 4) sug-
gest that, apart from the initial wave, these are pas-
sive after-vibrations of the female body induced by
stridulation (Fig. 3B). These signals are often bipha-
sic, with the second peak associated with a soundless

stridulation (23)

Male CALLING —————» Female RESPONSE

DISTANT

stridulation (6)
stridulation + tremulation (7)

K]
8| |— SHARED substrate
“Qi‘
2
g Male CALLING & APPROACH Female RESPONSE
«g; stridulation + tremulation (3) ——3» tremulation (3)
§ r - » MaleCALLING — — — — — — — » stridulation + tremulation (2) <€ - -
3 | stridulation (1) tremulation (2) |
S | stridulation + tremulation (3) | o
| | 1 2
| . | 8
| » Male COURTSHIP Female REPELLENCE | E
r —| » stridulation + tremulation (13) 3 hind-leg kicking + / I ;
S tremulation (10) aggressive (?) | 8
§ I tremulation by contact (5) RS
Iy | E
| v v s
. —|— - Male CEASED Female ACCEPTANCE 1
signalling stays in contact distance,
no signalling (15)
» pre-COPULA (14)
COPULA (3) ADJACENT

Fig. 4 Ethogram of pre-mating behaviour of A. nigrovittata.
The data are based on 23 experiments. Each trial began with
males calling on a separate substrate from the female in focus.
In three experiments, the male located the responding female
on the plant unaided; in the remaining 20, the male was trans-
ferred to the female’s vicinity (on the shared plant substrate).
Subsequently, males emitted signals within contact range of
the female. Note that the frequency of different behavioural
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contexts does not necessarily reflect their actual probability of
occurrence, as the mating sequence may have been terminated
at various stages following the initiation of close-range court-
ship. However, within each specific context, the signal records
do represent the probability of specific signal types being emit-
ted, which was the primary focus of the study. The recordings
included 19 male and 14 female individuals
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wing movement immediately following the acoustic
click (Fig. 3B; Suppl. Video 1).

In females regularly responding to the male song,
series of such vibroacoustic responses combine in
various ways, simultaneously or in succession, with
intermittent groups of tremulation pulses that are no
longer synchronized with the male song (Fig. 5A).
Simultaneous stridulation and tremulation reveal no
strict temporal relation between the two components,
indicating independence of the two signalling mecha-
nisms (Fig. 5B). While such complex female signals
are typical for the initial calling phase of pair-forma-
tion, they can also be transiently expressed following
periods of quiescence (resting or feeding) and part-
ner separation, after the male has already located and
courted the female on the same plant (Fig. 4).

Short-range Signalling
Male Signalling Attributes

Duetting males perform phonotaxis towards the
responding female. To focus on the interaction on the
same plant, we transferred a duetting male from the
vial to the base of the plant. One male directly jumped
from the opened vial to the plant. On the plant, the male
seems to search for the source of the vibroacoustic sig-
nals (Figs. 4, 6). Already during the search, the males
start emitting tremulation signals as single pulses and
(more often) as pulse trains, characteristically combined
with the song. They continue such signalling once they
have located the potential mate (Figs. 4, 6A, 7A; Suppl.
Video 2). In all situations and contexts, male tremula-
tion pulses are accompanied by a tick with similar sonic
carrier frequency as the song and a consistent latency
around 30 ms following pulse onset, an association not
characteristic for female tremulation. Similarly as in
females, male tremulation pulses and stridulation can
either occur simultaneously or in succession. If the
male tremulated while producing a calling song, the
ticks accompanying tremulation occur exactly at the
time of the trigger syllables (Fig. 7B).

The signalling modes of males and females across
different communication contexts are summarised
in Table 1. This overview provides a framework for
interpreting the sequential interactions illustrated in
the ethogram (Fig. 4).

A tremulation

wing clicks

!(i“) o *’«’W"WWW I

i

AT
I 3

500 ms

vibration

Fig. 5 Female vibroacoustic response to male song. A) Sam-
ple vibration traces demonstrating production of tremulation
pulse trains in relation to series of wing clicks, which represent
synchronised responses to the male song (seen as lower ampli-
tude vibration signals). Tremulation can occur during acous-
tic responses (i), separately from these (ii; despite continuous
male singing), or can directly terminate a series of stridulatory
responses to male song (iii). B) Two sections of female tremu-
lation emitted with (above) and without accompanying stridu-
lation (below). In the upper example, arrowheads indicate
female stridulatory signals in both channels (note that female
sound is shifted to the sonic range by the ultrasound detector)

Interaction Dynamics on the Shared Plant

In our setup, the male reached the female within
15 to 30 cm from where it entered the plant in
all three recorded cases in 30 to 75 s. On branch-
ing points or when the female does not respond to
several consecutive songs, the male often makes

@ Springer
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: \4 v
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Fig. 6 Male—female vibroacoustic duet on a plant. A) Sam-
ple vibration trace from the moment of male’s approach to
the plant following female acoustic response, until contact
between the partners occurs. Asterisks mark sections contain-
ing male song, and black or white arrows point to a few indi-
vidual chirps (only visible since no other movements occur).

tilting movements of the body typical for 3-D
sound localisation (Rheinlaender et al. 2007) with
the forelegs contacting both paths on branching
points, which also provides information about the
source of vibration elicited by female tremulation.
In all three cases, the male located the female after
three or fewer tremulation responses. In this phase,
male and female exchange tremulations in a loose
duet, during which male tremulation and the female
tremulation in response are often interspersed by
calling songs and movement of the male (Fig. 6).
Moreover, the females do not respond acoustically
to the male signals as regularly as before. Once the
male locates the female (or after being introduced to
her vicinity), female vibroacoustic signalling typi-
cally ceases while the male continues with tremu-
lation as the primary signal in the contact range,

@ Springer

male next to female 5s T
initiation
of pre-copula

%* sections with male song
v [ individual chirps

B) Expanded view of the section marked by a dashed frame in
(A), with the corresponding vibration spectrogram in the lower
trace. Note the occurrence of female tremulation either during
’silent gaps’ or transiently inhibiting male approach and sing-

ing

which can be combined with singing (Figs. 4, 7).
However, female tremulatory or combined acous-
tic-tremulatory response to male signals can occur
transiently following longer periods of quiescence,
after the partners have already come into contact
and separated again (Fig. 4). Female tremulation is
never triggered by male tremulation alone; it always
follows male signalling including the song. Often,
tremulation signals coincide with a transient inhibi-
tion of the partner’s activity (for example walking)
or occur immediately after its cessation (Figs. 6,
7A; see Table 2 for sample sizes across contexts).
In addition, irregular high-amplitude body tremula-
tion of the female, not producing a pulsed signal,
was occasionally observed after contact—alone or
together with kicking of the male—apparently serv-
ing a repellent function (Fig. 4).
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A male tremulation (MT)

male song

MT MT

MT

MT

N

female movement

10s

Fig. 7 Male close-range vibroacoustic courtship. A) Vibra-
tion recordings demonstrating tremulation in the presence
(above) and absence of song (below). In case of female move-
ment, male tremulation is often seen immediately following
cessation of female activity. B). Close up of male tremulation
pulse trains, in the presence and absence of song, revealing the
occurrence of a short acoustic tick at each tremulation pulse

Timing of Copulatory Contacts

Male close-range courtship typically occurs in bouts
of varying duration, interrupted with periods of rest-
ing or feeding. During this stage, the pair repeat-
edly establishes copulatory contacts without actual

onset (white arrows in the sound spectrogram). With simulta-
neous stridulation and tremulation, the tick at the pulse onset
is much louder than the chirp and appears to replace the trigger
syllable in the song (arrowheads in the vibration spectrogram —
lower trace). The chirps of the song are marked by asterisks in
the spectrograms

spermatophore transfer (called pre-copula; Fig. 4).
Males are generally more active in this respect,
though females occasionally approach and mount
the male for genital coupling as well. During unin-
terrupted courtship, the first pre-copula occurs in
the first few minutes (median 131 s, IQR 40-221 s;
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Table 1 Acoustic and vibrational signalling of males and females of A. nigrovittata during different communication phases (domi-

nant, most frequent modes listed first)

Communication context

Male signalling

Female signalling

Long-range (separate substrate)
Long range (shared substrate)
Close-range (contact distance)

Stridulation
Stridulation, Tremulation*

Stridulation, Tremulation
Tremulation, Stridulation

Tremulation*, Stridulation -

*Each male tremulation pulse is obligatorily accompanied by a single stridulatory tick at its onset, which is not listed separately in
the table. Male stridulation refers exclusively to the male calling or courtship song

Table 2 Number of experiments and individuals of A. nigrovittata showing specific vibroacoustic behaviours in different interaction
contexts. Included are counts reflecting defined thresholds for the analysis of behaviour and signals (detailed in footnotes)

Context Number of experi-
ments / individu-
als

Male calling 23 /19

Male courtship — at least shortly (few tremulations) 23 /19

Male courtship — at least 10 minutes (8 tremulation trains)* 15714

Male courtship — at least 25 tremulation trains** 10/10

Female response — separate substrate 1477

Female response — during male approach 3/3

Female response — after courtship reactivation 4/3

Female response — at least 3 tremulation trains’ 6/6

*Considered the minimum period to assign and evaluate female behaviour under “acceptance” (see Fig. 4). **"Used for formal signal

analysis

N=12), and subsequent pre-copulas at around 10 min
(median 738 s, IQR 653-11,346 s; N=5), 25 min
(median 1446 s, IQR 1308-1815s, N=3), and 35 min
(1666 and 2474 s; N=2) following the initial con-
tact between partners. In line with the decreasing
frequency of these interactions, only three out of ten
males successfully copulated with receptive females
within the 30—45-min period of observation. In the
two pairs recorded overnight for 8 and 13 h following
courtship initiation, spermatophore transfer did not
occur.

Tremulation Signal Characteristics
Temporal Parameters

Pulse trains: Males exhibit a median of 3 (IQR
2-4) pulses per train and females exhibit a median
of 4 (IQR 3-6) pulses per train (see also Table 3
for an overview of signal parameters). This param-
eter shows no significant variability between indi-
viduals within either sex (Kruskal-Wallis tests;
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males: H=3.8010, p=0.578; females: H=3.8010,
p=0.578), while the sex difference is significant
(Mann—Whitney U=14,212, p <0.001; Mixed Lin-
ear Model: Coef=-1.469, p<0.001; Fig. 8). The
median pulse train period is 20.9 (IQR 13.4-42.7)
seconds for males and 26.2 (IQR 10.7-55.2) sec-
onds for females. Despite a significant interindi-
vidual variability within each sex (Kruskal-Wal-
lis tests; males: H=63.4556, p <0.001; females:
H=9.6389, p=0.047), and no significant sex differ-
ence shown by the Mann—Whitney U test (U=9138,
p=0.605), the Mixed Linear Model indicates sig-
nificantly shorter pulse train periods in males than
females (Coef=—-33.766, p=0.045; Fig. 8).

Pulses: Male tremulations have a median pulse
duration of 0.344 (IQR 0.284-0.389) seconds, a
pulse rate of 2.51 (IQR 2.12-2.95) Hz, and a pulse
duty cycle of 0.85 (IQR 0.74-0.94). These values
are slightly lower in females, which have a median
pulse duration of 0.332 s, a pulse rate of 2.41 Hz,
and a pulse duty cycle of 0.81 (Fig. 8). According
to the Mann—Whitney U test, there is no significant
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Table 3 Overview of vibrational signal parameters and sample sizes for males and females

MALE FEMALE
Signal Parameter Median (IQR) n (Npi-Nnax) / N Median (IQR) n (N Npax) / N
TREMULATION
pulse duration (s) 0.344 (0.284 - 0.389) 400 (40) /10 0.332 (0.282-0.395) 191(15-40)/6
rate (Hz) 2.51(2.12-2.95) 400 (40) /10 241 (2.03-2.76) 165 (12 - 40) /6
duty cycle 0.85 (0.74 - 0.94) 400 (40) /10 0.81 (0.68 — 0.93) 165 (12-40)/6
dominant frequency (Hz) 38 (27 -43) 400 (40) /10 32 (26 -38) 160 (24 —40) /5
peak amplitude (mm/s) 5.52 (4.67 - 6.81) 125 (10-40)/4 4.01 (3.06 — 4.67) 3131)/1
same leaf
peak amplitude (mm/s) 3.55(2.18-5.42) 160 (40)/ 4 2.19 (1.15-3.07) 89 (24-40)/3
next leaf
peak amplitude (mm/s) 0.58 (0.37 - 0.96) 160 (40)/ 4 0.32 (0.22 -0.38) 47(7-40)/2
petiolus
train period (s) 20.9 (13.4-42.7) 284 (24 -30) /10 26.2 (10.7 - 55.2) 65(2-30)/6
number of pulses per train 32-4) 284 (25-30) /10 4 (3-6) 72 (3-30)/6
STRIDULATION dominant frequency (Hz) 32 (27 -38) 120 (15)/8 16 (11 -21) 105 (15) /7
peak amplitude (mm/s) 0.48 (0.22 - 0.69) 45(15)/3 0.54 (0.42 -0.70) 60 (15)/4
same leaf
peak amplitude (mm/s) 0.18 (0.15-0.31) 1571 /
next leaf
peak amplitude (mm/s) 0.09 (0.08 — 0.15) 60 (15)/4 0.11 (0.08 —0.18) 30(15)/2

petiolus

n total number of analysed signals (range per individual in parentheses, min-max); N number of individuals

E Male [ Female

*%% *
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Fig. 8 Temporal parameters of male and female tremulation signals. Asterisks indicate the degree of significant differences in the
Mixed Linear Model (* p <0.05, *** p <(0.001)

difference between the sexes for pulse duration
(U=38,321, p=0.950) and a low level of signifi-
cance for pulse rate (U=29,287.5, p=0.035) and

duty cycle (U=29,405, p=0.042). These differ-
ences, however, are not confirmed by the Mixed
Linear Model (pulse duration: Coef=-0.021,
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Fig. 9 Spectral and A
intensity characteristics
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p=0.490, pulse rate: Coef=0.139, p=0.459, pulse
duty cycle: Coef=0.019, p=0.533), which sug-
gests individual differences in these parameters
to be a more significant source of variability than
sex-based differences. In the Kruskal-Wallis tests,
interindividual variability is highly significant for
pulse duration (males: H=133.4750, p<0.001;
females: H=77.8108, p <0.001), pulse rate (males:
H=144.2260; p<0.001: females: H=26.1701,
p <0.001) and pulse duty cycle (males: H=64.7507,
p <0.001; females: H=27.7189, p <0.001).

@ Springer

tremulationI stridulation

tremulationI stridulation

Spectral and Amplitude Parameters

Median peak frequency for tremulation pulses is 38
(IQR 27-42) Hz for males, and 32 (IQR 26-38) Hz
for females (Fig. 9A, B). The difference between
sexes is highly significant in Mann—Whitney U
test (U=21,589.5, p<0.001), while in the Mixed
Linear Model, the fixed effect of sex is only mar-
ginally significant (Coef=4.736, p=0.064). In
the Kruskal-Wallis test, peak frequency varies
highly significantly between individuals of either
sex (females — H=23.0576, p<0.001; males:
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H = 117.4638, p<0.001), as confirmed by a high
random effect variance in the model (19.599).
Amplitude varies with the distance to the point of
measurement, with higher values measured closer to
the signaller. When measured on the leaflet support-
ing the signaller, the signals’ median peak veloc-
ity was 5.52 (IQR 4.67-6.81) mm/s for males and
4.01 (IQR 3.06—4.67) mm/s for females (Fig. 9C).
When measured on the leaflet adjacent to the sig-
naller, it was 3.55 (IQR 2.18-5.42) mm/s for males
and 2.19 (IQR 1.15-3.07) mm/s for females. When
emitted on the leaflets and measured on the petiole
of the compound leaf, it was 0.58 (IQR 0.37-0.96)
mm/s for males and 0.32 (IQR 0.22-0.38) mm/s for
females. This corresponds to around 4-5 dB ampli-
tude decrease from the leaflet carrying the signal-
ler to other leaflets and to 20-22 dB decrease to the
base of the petiole of the compound leaf. Overall,
the amplitude is consistently higher in males than
in females, but no statistical comparison has been
made, because such a comparison would require
more standardised settings with greater control over
the signaller’s location.

Vibratory Song Component

In males, the median dominant frequency of the
vibratory song component is 32 (27-38) Hz (Fig. 9A,
B), directly reflecting the rate of large-scale wing
movements during stridulation (which may be silent
in the syllable/chirp onset; Fig. 3). These signals are
spectrally similar to those induced by tremulation
but have a broader spectral peak (Fig. 9A). Their
amplitude is about 20 dB lower than in tremulation
(Fig. 9C), with the median peak velocity of 0.48
(IQR 0.22-0.69) mm/s on the leaflet supporting the
signaller, 0.18 (IQR 0.15-0.31) mm/s on the neigh-
bouring leaflet, and 0.09 (0.08-0.15) mm/s at the base
of the compound leaf petiole. In females, the domi-
nant frequency of stridulatory vibrations is about
half of that in males and this difference is highly sig-
nificant (Mann—Whitney U=1119, p <0.001; Mixed
Linear Model Coef=15.073, p<0.001; Fig. 9B).
The dominant frequency of stridulatory vibration
is significantly different also between the individu-
als within sexes, especially in males (Kruskal Wal-
lis H=81.8756, p<0.001 for males; H=18.7238,
p=0.005 for females; Mixed Linear Model Group
Var=20.197). In females, the vibratory amplitude

is similar to that in males (Fig. 9C), with a median
of 0.535 (IQR 0.422-0.697) mm/s on the supporting
leaflet and of 0.107 (IQR 0.08-0.177) mm/s on the
compound leaf petiole.

Discussion

Acoustic communication in bushcrickets has been
extensively studied across many species, including A.
nigrovittata. For this and other species of Phanerop-
terinae, there has been no prior evidence of vibra-
tion signals emitted through mechanisms other than
stridulation. The present study uncovers novel aspects
of communication in A. nigrovittata, with a particular
focus on the vibrational signal component. In addi-
tion to their well-known acoustic signals (e.g. Hel-
ler and von Helversen 1986; Dobler et al. 1994a, b),
we found that both sexes also employ tremulation
signals, which has previously gone unnoticed. These
signals are produced during key stages of mating
behaviour such as long-range calling and close-range
courtship, and complement acoustic signals while
being produced independently.

Several bushcricket species are known to emit both
acoustic and tremulation signals during advertise-
ment, including Neotropical examples with reduced
auditory signalling (Belwood and Morris 1987;
Romer et al. 2010; ter Hofstede et al. 2017), as well
as others that add tremulation to a typical acoustic
repertoire (Korsunovskaya and Zhantiev 2022). We
recorded similar long-range advertisement signals
in duetting A. nigrovittata, here emitted by station-
ary females, primarily in the absence of male cues on
the same plant. We found that their tremulation and
stridulation are produced with independent rhythms
but may also occur simultaneously. In bushcrickets,
only Nesonotus reticulatus (Pseudophyllinae) has
been found to exhibit such a signalling pattern, with
the two mechanisms showing no strict temporal cou-
pling (Stumpner et al. 2013).

Female tremulation signals emitted together with
the acoustic response to the male song may enhance
the male’s ability to localise the female on a shared
substrate. A similar effect has been previously dem-
onstrated for the vibratory component of the song
(Latimer and Schatral 1983). In this context, tremula-
tion may facilitate vibrotaxis by increasing the effective
vibratory signalling range beyond that of stridulation. In
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our study, tremulation signal amplitude exceeded that of
stridulatory vibrations by about 20 dB. With the peak
velocity around 4 to 5 mm/s next to the signaller, these
signals exceed the threshold of the most sensitive low-
frequency tuned (< 100 Hz) receptor neurons recorded
in bushcrickets by about 25 dB (Kalmring et al. 1978; at
50 Hz, their peak acceleration threshold is at ca. 8 cm/
s?, corresponding to 0.3 mm/s velocity). Tremulation
signals are thus more likely to be transmitted across the
entire host plant (e.g. Romer et al. 2010), between plants
connected through soil and roots (Cokl et al. 2021), and
even across air gaps between them. Vibratory signals
propagating through a vibration-sound-vibration con-
version across air gaps as large as up to 10 cm between
appositioned leaves have been demonstrated even for
much weaker planthopper vibrational signals (Eriks-
son et al. 2012; Gordon et al. 2019). This may help to
explain why tremulation in A. nigrovittata is also char-
acteristic for female responses to males signalling from
a separate substrate. Once a responding female detects
an approaching male on the same plant, the acoustic
response to the male call is reduced, suggesting taxis
guided by tremulation signals may be more efficient in
the close range than song alone. The use of only one
signal may also help conserve energy during localisa-
tion interactions. A similar pattern is observed in other
bushcrickets such as Copiphora rhinoceros, where a
calling male reduces his song while continuing tremula-
tion after the female reaches his perch (Morris 1980). In
this reversed call-search role scenario, such behaviour is
thought to minimize signal exploitation by rivals.

As we did not record substrate vibrations from
remotely calling males, we cannot rule out that they also
produce tremulation signals in this context, as observed
in females. However, these males did not emit acoustic
ticks, which we found to be associated with tremulation
in close range. Male tremulation thus appears to be elic-
ited only upon detecting female vibration signals on the
plant and may stimulate responses until localisation is
successful. In addition, male tremulation is expressed as
the primary close-range signal, often in the absence of
song (and largely also in the absence of intense anten-
nation) following partner contact. It thus appears to be
a key component of extended courtship, which in our
experiments mostly did not result in spermatophore
transfer within about an hour — the typical observation
time — nor in cases recorded overnight. The lengthy
signalling periods, interspersed with regular abdominal
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contact (likely for sperm removal; von Helversen and
von Helversen 1991), reflect the males’ reluctance to
mate without increasing their chance of paternity. Thus,
the ultimate role of male tremulation in close range may
be to keep the female involved, delay her withdrawal,
or even synchronise the partners’ behaviours to initiate
copulation. In this context, tremulation signals may also
advertise male quality, as seen in the bushcricket Cono-
cephalus nigropleurum, where the rate of male close-
range tremulation signals reflects the emitter’s mass
— indicative of a larger nuptial gift to the female (de
Luca and Morris 1998). Similarly, in agonistic inter-
actions of Gnathoclita sodalis, the number of tremula-
tions and male size predict the contest outcome, while
song parameters do not (de Souza et al. 2011). In A.
nigrovittata, such information may be encoded in the
temporal parameters showing significant interindividual
variability, i.e. pulse train period, pulse duration, rate
and duty cycle. However, experimental evidence does
not yet exist.

Generally, carrier frequency of tremulation signals
can indicate energetic effort of the signaller, as it may
directly reflect the rate of muscle contractions generat-
ing body movements (Cokl et al. 2006). In our study,
the signals’ dominant (also fundamental) frequency
largely varied between individuals (from 27 to 46 Hz),
with no clear relation to either recording or the sig-
naller location. However, more systematic recording
of stridulatory vibrations from different points of the
plant revealed some location-related effect. Since the
dominant frequency of tremulation signals is substrate
dependent as well (e.g., de Luca and Morris 1998; de
Souza et al. 2011; Stritih and Cokl 2012), its informa-
tion potential is low for A. nigrovittata, which inhabits a
variety of host plants.

During duetting, the exchange of the complex
vibroacoustic signals between partners may facilitate
species and sex recognition. The temporal parameters
of male and female tremulation signals are similar;
however, the carrier frequency and pulse number dif-
fer significantly, albeit with a wide range of overlap.
Additionally, the sound ticks coupled with male trem-
ulation pulses may enhance sex differentiation; poten-
tially relevant in situations where multiple individu-
als share the same communication space. At least in
the centre of populations, several males and females
often share the same branch (Cillov and Stumpner,
personal observation).
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Conclusions

Our findings suggest that vibratory signalling is an
important and previously unnoticed element in A.
nigrovittata communication, playing a role in both
mate finding and courtship. In bushcrickets and other
Orthoptera, tremulation signals are often considered
evolutionarily derived relative to the songs (e.g., ter
Hofstede et al. 2015, 2017). However, in insects, and
specifically in Ensifera, vibrational signalling likely
predated acoustic communication (Stumpner and
von Helversen 2001; Stritih and Cokl 2012; Stritih-
Peljhan and Virant-Doberlet 2021). Thus, vibrational
signalling may also represent a remnant behavioural
character in bushcrickets and be more prevalent than
generally assumed. Our results prompt a re-evalua-
tion of bushcricket communication — at least in close
range — challenging the general perception that sound
is the only non-contact mechanical signal in their sex-
ual behaviour.
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Glossary

The glossary is partly following Hill and Wessel
(2016). Since terminology is consistent neither in
the bioacoustic nor in the biotremology (vibrational)

literature, we explain our own usage of terms rather
than attempting to create generalised definitions.

e sound: mechanical energy transmitted over the
air (airborne) with particle movement in the same
direction as the energy propagation

e vibration: mechanical energy transmitted over the
surface of a solid substrate (substrate-borne) with
particle movement perpendicular to the direction
of energy propagation

e acoustic signal: information transmitted primarily
via airborne waves, where any associated vibra-
tional component is induced by the acoustic signal
generation

e vibrational signal: information transmitted pri-
marily via substrate-borne waves

o stridulation: friction between two specialised
body parts (in bushcrickets, the forewings), which
generates acoustic and vibrational signals; in hear-
ing insects like orthopterans or cicadas, the acous-
tic component represents the primary communica-
tion signal

e tremulation: movement of the body without
impacting the substrate, which generates vibra-
tional signals without an acoustic component

e song: series of acoustic signals with a species-
specific temporal and spectral pattern used in
reproductive contexts

calling song: song emitted in the absence of a
nearby conspecific used for long-distance local-
isation, either triggering a reply or phonotaxis
in conspecifics

courtship song: song emitted in the presence of
a nearby female used to initiate mating

e syllable: short acoustic signal produced during
one full cycle of wing movement

trigger syllable: single syllable emitted follow-
ing a longer pause after the chirp in the calling
song of A. nigrovittata and typically triggering
female reply

tick: very short syllable emitted by males at the
onset of each tremulation pulse, with the same
frequency spectrum as the calling song

click: very short syllable emitted by females in
reply to male song, often with broad spectral
content
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e chirp: longer acoustic signal consisting of a rapid
series of syllables

e pulse: a short burst of vibration, consisting of
only a few oscillatory cycles, and functioning as
the smallest temporal unit of a signal

e pulse train: a sequence of vibration pulses deliv-
ered one after another with regular spacing, form-
ing a distinct temporal group within a signal
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