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The weevil Aegorhinus nodipennis (Coleoptera: Curculionidae) (Hope, 1834) is a polyphagous woodboring beetle of economic
concern in Chile and southern Argentina, mainly affecting berries and hazelnut. Although insecticides may be applied in hazelnut
orchards, their effectiveness is limited and can be environmentally impactful, underscoring the need for alternative, sustainable
control strategies. Attempts to exploit semiochemicals for attraction or repellence have yielded only modest results, failing to
support effective trapping or deterrence. This study investigates substrate-borne vibrations as a complementary behavioral
management tool by examining their potential to induce defensive responses in A. nodipennis. We demonstrate that walking
individuals exhibit a stereotyped freezing response to vibrational stimuli, with peak sensitivity at 50 to 150 Hz (median threshold
at 0.71m/s?) and a secondary sensitivity increase at 1-2kHz. The duration of the immobile phase increases strongly with
stimulus duration, with a median around 200s following a 5s stimulus, but is much less affected by amplitude once the
threshold is exceeded. In addition, weevils exhibit a marked postfreeze locomotor suppression, with walking speed reduced
to0 25% to 30% of prestimulus levels. These findings suggest that extended low-amplitude vibrational stimuli could effectively
suppress activity and feeding. This offers a novel, nonchemical, and potentially economically viable approach in managing this
pest. Deterrent vibrations could be deployed directly on host plants or on structural barriers in orchards. This study provides a
foundation for integrating vibrational cues into pest management frameworks for A. nodipennis and related weevils, though
results are currently limited to females.
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Graphical abstract
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Introduction

Weevils of the genus Aegorhinus (Coleoptera: Curculionidae:
Aterpini) are flightless beetles endemic to temperate forests of
southern South America, particularly Chile and parts of south-
ern Argentina, where A. nodipennis (Hope, 1834) and A.
superciliosus (Guérin-Méneville, 1830) have become serious
pests in perennial crops (Elgueta and Marvaldi 2006, Zavala
et al. 2011). In Chile, A. nodipennis is the most widespread
species, now heavily infesting berry species and European
hazelnuts (Corylus avellana L., Betulaceae) (Lencinas et al.
2021, Navarro et al. 2022). Its larvae feed within the root
crown, often killing plants, while adults damage branches and
foliage, reducing yield (Ellena et al. 2014, Navarro et al. 2022).
The rapid expansion of hazelnut cultivation in Chile, currently
exceeding 49,000 hectares (ODEPA 2025), has amplified the
economic significance of this pest that threatens one of the
country’s most dynamic agro-industries.

Control of Aegorhinus species has relied mainly on insecti-
cides, but their efficacy is limited because larvae stay protected
inside the plant (Lencinas et al. 2021). Combined with concerns
over environmental safety and pollinator exposure, this under-
scores the urgency for alternative, more sustainable pest man-
agement strategies. Attempts to exploit semiochemicals have
shown some potential for monitoring or disruption of these
species. In the closely related A. superciliosus, males respond
behaviorally to R-limonene, a compound emitted by females
(Mutis et al. 2010). Some plant-based attractants and repellents
have also been identified, but have shown modest and incon-
sistent effectiveness in the field (Tampe et al. 2020a, b). Thus,
despite offering useful insights, semiochemical tools have not
yet delivered robust standalone control methods, and pest man-
agement of the Aegorbinus genus, particularly in hazelnuts,
remains largely dependent on insecticides.

As an alternative, recent research has focused on
substrate-borne vibrations as an emerging tool in pest manage-
ment (Mazzoni et al. 2019, Takanashi et al. 2019, Strauf et al.
2021, Yanagisawa et al. 2024). Vibrational signals and cues
play key roles in insect communication and predator avoidance
(Cocroft & Rodriguez 2005, Virant-Doberlet et al. 2019,
2023), based on the widespread presence of specialized
vibration-detecting organs in insect legs (Strauf et al. 2021,
2024). Insects are particularly dependent on vibrational cues
in plant habitats, where plant tissues transmit vibrations with
high efficiency (Polajnar et al. 2012, Cokl et al. 2021).

In biotremology, the study of animal interactions via sub-
strate vibrations (Hill and Wessel 2016), most applied work
has focused on mating disruption, typically by interfering with
vibrational courtship through the playback of rival signals or
noise. This approach has been successfully used in several
Hemiptera: the leathopper Scaphoideus titanus Ball, 1932
(Cicadellidae), the sharpshooter Homalodisca vitripennis (Ger-
mar, 1821) (Mazzoni et al. 2017), and psyllids such as Bacte-
ricera cockerelli (Sulc, 1909) and Diaphorina citri Kuwayama,
1908 (Mankin 2019, Avosani et al. 2020). More recently,
vibrational signals have also been adapted for active trapping
of the brown marmorated stink bug Halyomorpha halys (Stél,
1855) (Pentatomidae) (Zapponi et al. 2023), broadening the
potential of vibrational approaches in managing pests that use
vibrations in the sexual context.

In addition, there is growing interest for the use of more
generalized vibrational cues that trigger defensive behaviors
in insects, such as immobility, startle and escape (Tsubaki et
al. 2014, Takanashi et al. 2016, Takanashi and Kojima 2021,
Parent et al. 2022, Macdougall et al. 2025). Unlike sexual
signals, these “hardwired” responses are broadly expressed in
response to stimuli mimicking predator cues and offer poten-
tial for pest management. They can cause immediate disrup-
tion of feeding, oviposition, and movement, while also
inducing longer-term effects thorough increased energetic costs
and predator-related stress that reduce survival and fecundity
(Foster and Harris 1997, Takanashi et al. 2019, Pekas et al.
2024, Yanagisawa et al. 2024). Among Coleoptera,
vibration-induced defense responses, such as freezing, startle
and tonic immobility, have been documented across many
families (Takanashi and Kojima 2021, Davis et al. 2023) and
explored as potential crop protection strategies in some pest
cerambycid and chrysomelid species (Acheampong and Mitch-
ell 1997, Tsubaki et al. 2014, Takanashi et al. 2016, Takanashi
and Nishino 2022).

For A. nodipennis and Curculionidae in general, defensive
vibrational behaviors have not yet been studied. Here, we inves-
tigated the freezing response, that is, a transient cessation of
movements, in walking individuals to pulsed vibrational stim-
uli. Specifically, we determined the frequency thresholds and
the effects of stimulus intensity and duration on the duration
of the immobile phase and postfreeze locomotor inhibition.
Our findings provide the basis for developing a non-chemical
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management tool for A. nodipennis in hazelnut orchards based
on vibrational deterrence.

Materials and Methods

Animal Collection and Rearing

At the beginning of November 2024, we collected adult A.
nodipennis from hazelnut orchard in southern Chile (Arau-
cania Region; Fig. 1A). The insects were kept in plastic terraria
(dim. 35x20x20 c¢m) in groups of up to 50 individuals, at 23
to 25°C with a natural light: dark cycle. They were provided
with fresh hazelnut twigs, leaves, and water ad libitum. Prior
to testing, individuals were isolated in 50 ml vials at least 24 h
before the experiment. Each vial was supplied with a fresh twig
and water-soaked cotton.

After completion of the experiments, all tested individuals
were prepared and sexed, together with several additional wee-
vils collected in the first half of November 2024. All experi-
mental individuals were confirmed to be females, and only a
single male was found in the entire sample, which could suggest
that females may emerge earlier than males, but this requires
further confirmation. Thus, the responses reported are based
on females, and while we expect the general patterns to be
similar in males, this assumption requires confirmation.

Experimental Set-up

The experimental set-up consisted of a 20 cm long wooden rod
(diameter of 1.5cm), marked at 2cm intervals. The rod was
attached with its central point perpendicularly to the direction
of stimulation to a vibration exciter (type 4180, Briiel & Kjer,
Denmark). The vibration exciter was fixed by a steel base at
an angle of 45°, resulting in the same inclination of the test rod
(Fig. 1B). The behavior of the weevils on the rod was videore-
corded (HC-VXF990, Panasonic, Japan), showing lateral and
top views.

Generation of Vibrational Stimuli

Vibrational stimuli were sinusoidal pulses of various durations
(100 to 5,000 ms; all with 10ms rise and fall times), carrier
frequencies (30 to 2,000Hz), and acceleration amplitudes
(0.0126 to 12.6 m/s?) applied depending on the test type. The
stimuli were synthesized in Audacity (Audacity Team) at
44.000 Hz resolution and applied to the minishaker via a com-
puter in-built sound card and a power amplifier (Rigol Pa1011,
Suzhou, China). For calibration, stimuli were measured by the
laser vibrometer (Polytec, PDV-100, Waldbron, Germany) at
the center of the rod—the point of its attachment to the min-
ishaker, and on the output of the vibration calibration exciter
(Briiel and Kjeer, 4294, Denmark) providing the reference signal
(10 mm/s) for the amplitude calculation.

Experiments

We experimentally tested the characteristics of the vibrational
freezing response elicited during walking in A. nodipennis.
Each test was conducted by gently placing an individual at the
lower end of the rod and letting it walk upwards along it. The
test stimulus was applied once the weevil’s midlegs reached the
center of the rod. If walking did not start within 1 min, we
replaced the individual. Subsequent tests with the same indi-
vidual were conducted at a minimum interval of 1min to avoid
habituation. We investigated the frequency-threshold sensitivity
of the freezing response (i.e., immobility), the effects of stimulus
intensity and stimulus duration on the duration of the immobile
phase, as well as the effects of stimulus intensity and duration
on the change in postfreezing walking velocity relative to pre-
stimulus velocity.

In the threshold test, we applied a 500 ms long stimulus at
the carrier frequencies of 30, 50, 70, 100, 150, 200, 300, 500,
700, 1,000, and 2,000 Hz, with acceleration amplitudes varied
between 0.126 and 12.6 m/s* in 5 dB steps. We randomized the
order of test frequencies across the individuals and tested for

Fig. 1. Aegorhinus nodipennis A) on a hazelnut trunk in a commercial orchard, Araucania Region, Chile, and B) in the experimental set-up (schematic). In
the experiment, a weevil was placed at the bottom of a rod attached to a minishaker and left walking along it. The test stimulus was applied once the

weevil's midlegs reached the central point of the rod.
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the threshold at only one frequency at a time (with the individ-
ual returned to its vial between the tests). The starting intensity
was also randomly applied and then increased (if no response
was observed) or decreased (if a response occurred). We tested
10 to 12 individuals per frequency, using a total of 21 individ-
uals in the threshold test (some were replaced due to inactivity
during the 5-day testing period).

In the intensity test, we applied a 100 Hz, 500 ms long stim-
ulus at acceleration amplitudes increasing from 0.126 to
12.6m/s? in 5 dB steps. In the duration test, we applied a 100Hz
stimulus of 4 m/s? acceleration with durations of 100, 250, 500,
1,000, 2,000, and 5,000 ms, applied at a randomized order to
each individual. In both tests, the same set of individuals
(n = 10) was used across all stimulus conditions, including 3
that were not part of the threshold test. In total, 24 individuals
were used in all experiments.

Behavioral Analysis

The behavior was analyzed from the video records in a frame-to-
frame manner. In most cases, the weevil’s movement between the
subsequent video frames preceding the stimulus was continuous.
We defined the threshold as the lowest stimulus intensity trig-
gering the cessation of all movements for the duration of at least
2 video frames. In case movement was already discontinuous
prior to the stimulus, the threshold was defined as the intensity
that prolonged the poststimulus inactivity period for at least 2
video frames compared to the preceding one.

Following the termination of the freezing response, weevils
typically exhibited a slow-down in waking speed, revealing a
delayed effect of the stimulus. To analyze this change in walking
velocity, we measured the time each individual required to cross a
4 cm section of the rod both before and after stimulus application.
To ensure precision, equivalent walking phases based on body
and leg positions were analyzed. Poststimulus walking velocity
was then normalized to prestimulus velocity, producing a relative
measure of change across stimulus intensities and durations.

Statistical Analysis

Diagrams were generated in Microsoft Excel, while all statis-
tical analyses were performed in Python (3.12). Statistical
methods followed established procedures: a linear model fitted
by ordinary least squares regression for threshold comparisons
(Kutner et al. 2005), Wilcoxon signed-rank test for paired non-
parametric comparisons (Wilcoxon 1945), and false discovery
rate (FDR) correction to control for multiple testing (Benjamini
and Hochberg 1995).

Differences between thresholds were analyzed using a linear
model, with the minimum stimulus intensity (m/s?) at which
an individual exhibited a freezing response (i.e., threshold)
representing the response variable. Stimulation frequency (30
to 2,000Hz) was included as a categorical fixed effect, with
70Hz (with lowest median threshold) set as the reference level.
This design allowed us to test for differences in sensitivity
across frequencies relative to the baseline.

Changes in freezing response duration and walking speed
were analyzed using the Wilcoxon signed-rank test, suitable
for small samples and non-normally distributed data. A
one-sided test was applied when comparing responses against
a defined baseline (threshold amplitude for stimulus intensity
tests, shortest stimulus for stimulus duration tests, and prestim-
ulus walking velocity for postfreeze slow-down). When com-
paring responses across different stimulus amplitudes or
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durations, we used two-sided tests, since no directional predic-
tion was made. To control for type I error across multiple
comparisons, P-values were adjusted using the FDR correction.

Data are reported as medians with interquartile range (IQR).

Results

Vibrational stimuli induced a freezing response; an abrupt
cessation of all activities of varying duration. At higher stim-
ulus amplitudes, the inactivity period typically commenced
with a startle; a transient jerk of the body with a pronounced
leaning of the head and the antennae toward the substrate
(Supplementary Video S1).

The freezing response expressed the main sensitivity peak
between 70 and 150Hz with the median threshold at 0.71 m/s?,
reduced sensitivity in the 500 to 700 Hz range with threshold at
4 to 7.1m/s%, and a secondary sensitivity peak at 1kHz with
threshold at 1.75 m/s? (Fig. 2). Thresholds at 500Hz (p = +4.58,
P<0.001) and 700Hz (p = +4.32, P<0.001) were most signifi-
cantly elevated from the reference level at 70 Hz, while the thresh-
old at 1000 Hz was not significantly elevated from the baseline
(GLMM; B = +1.54, P<0.064; Fig. 2). Also frequencies between
30 and 200Hz did not significantly differ from 70 Hz, suggesting
a plateau of sensitivity at low frequencies. Such nonmonotonic,
bimodal tuning was observed consistently across individuals.

As absolute stimulus amplitude increased, the median freezing
response duration to a 100 Hz stimulus rose from 0.17 (IQR: 0
to 0.57) s at 0.71 m/s? (the median threshold at 100 Hz), to 2.84
(IQR: 2.09 to 3.63) s at 7.1 m/s?, before declining again at higher
amplitudes (Fig. 3A). Statistically significant increases compared
to threshold level response were observed at 4m/s* and higher
amplitudes (Wilcoxon singed-ranks test, FDR corrected;
P =0.022 to 0.032). When stimulus amplitude was expressed
in decibels (dB) relative to individual thresholds, the median
response duration increased from 0.29 (IQR: 0.21 to 0.65) s at
threshold to a peak of 3.42 (IQR: 1.61 to 4.34) sat 15 dB above
threshold. At higher amplitudes response duration declined to
values between 1.57 (IQR: 1.3 to 1.83) sec and 2.29 (IQR: 1.78
to 4.69) s (Fig. 3B). Statistically significant increases relative to

Fig. 2. Threshold tuning of the vibrational freezing response in A.
nodipennis. Data show median threshold with interquartile ranges (grey
area) and the extreme values (dashed lines). Statistical differences from
the reference level (at 70Hz) were assessed using GLMM with stimulus
frequency treated as a categorical predictor. Significant differences are
indicated by asterisks (* P<0.05, **P<0.001).
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Fig. 3 Behavioral responses of A. nodipennis to increasing vibration amplitudes (100 Hz, 500 ms stimuli). A) Duration of freezing response as a function
of absolute stimulus amplitude. B) Duration of freezing response as a function of relative stimulus amplitude (in dB) to the individual threshold level. C)
Reduced velocity after freezing, as the ratio of poststimulus to prestimulus walking velocity (post/pre), show against absolute stimulus amplitude. D)
Percentage of individuals expressing the freezing response, and slowdown, as a function of absolute stimulus amplitude. The arrow indicates the median
threshold amplitude. Pannels A-C show medians (lines) with interquartile ranges (grey areas) and extreme values (dashed lines). Asterisks indicate
significant differences from threshold (Wilcoxon signed-rank test, one-sided, FDR-corrected; * P < 0.05, ** P < 0.01). The y-axis in Ais linearup to 5 s

and logarithmic above.

threshold were observed only at 15 dB and 20 dB (Wilcoxon
Singed-Ranks test, FDR corrected; P = 0.042), confirming a tran-
sient amplification of the response followed by a plateau rather
than a continuous increase with stimulus intensity.

A significant slow-down in walking following the freezing
response was already evident at the median threshold amplitude
(0.71 m/s?) and intensified with increasing stimulus intensity,
reaching a plateau between 2.25 and 12.6 m/s?. Within this
range, the normalized walking velocity dropped to between 0.24
and 0.44 of that prior the stimulus, and the effect was statistically
significant (Wilcoxon singed-ranks test, FDR corrected; P=0.010
to 0.002; Fig. 3C). Thereby, the percentage of individuals exhib-
iting freezing response and postfreeze slow-down increased from
18% at 0.225 m/s* to 100% at 4.0 m/s? (Fig. 3D).

The freezing response duration was also influenced by the
increased stimulus duration, which appeared to have a much
stronger effect than stimulus amplitude increase. The median
response duration increases across the test stimulus durations

from 0.17 (IQR: 0.14 to 1.11) s at 100ms to 206.7 (74.4 to
443.9) s at 5,000ms (Fig. 4A), without saturation. Compared
to the 100 ms treatment, the effect was statistically significant
at all subsequent stimulus durations (Wilcoxon singed-ranks
test, FDR corrected; P=0.004 to 0.005). Pairwise comparison
revealed statistical response increases also between 250 and
500ms, and 1,000 and 5,000 ms steps (both P=0.029, Wil-
coxon singed-ranks test, FDR corrected). Thereby, the percent-
age of responding individuals was 80% with the 100 ms long
stimulus and 100% at all longer stimulus durations.

By contrast, the reduction of walking velocity following
freezing evoked by stimuli of different durations was compa-
rable to the effect seen with increased stimulus amplitude. This
reduction was significant with all stimulus durations (Wilcoxon
signed-ranks test, FDR corrected; P=0.002-0.004; Fig. 4B),
with the most pronounced slow-down at 500 ms (median: 0.35,
IQR: 0.23 to 0.57) and 1,000 ms stimuli (median: 0.31, IQR:
0.23 to 0.48). However, pairwise comparison between stimulus
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Fig. 4. Behavioral responses of A. nodipennis to increasing vibrational stimulus durations. A) Duration of freezing response and B) reduced velocity after
freezing, as the ratio of poststimulus to prestimulus walking velocity (post/pre), evoked by a 100 Hz stimulus at 4 m/s? acceleration amplitude. Data show
medians with interquartile ranges (grey area) and extreme values (dashed lines). Asterisks above the medians indicate significance levels in the
comparisons to the shortest stimulus in A) and to prestimulus velocity in B) (Wilcoxon signed-rank test, FDR corrected; * P<0.05, **P<0.01). Asterisks
between the data pairs indicate significant differences in pairwise comparisons (FDR corrected; P>0.05).

durations did not reveal significant differences (Wilcoxon
singed-ranks test, FDR corrected; P=0.29 to 0.95).

Discussion

Our results show that A. nodipennis exhibits a characteristic
freezing response to substrate vibrations, with heightened sen-
sitivity at frequencies between 50 and 150 Hz and notably low
amplitude thresholds. In addition, prolonged immobility and
postfreeze reduced walking velocity were triggered even by
stimuli of moderate duration and intensity. These response
characteristics are promising for the development of vibrational
deterrence strategies for crop protection in this species.
While the low-frequency tuning of the freezing response in
A. nodipennis is broadly comparable to that of vibrationally
elicited defensive behaviors in other Coleoptera (Tsubaki et al.
2014, Takanashi et al. 2019), the Chilean curculionid responds
to substantially lower stimuli amplitudes. This enhanced sen-
sitivity, ranging between 5 and 30dB at peak frequencies, is
advantageous for field application where signal attenuation
through plant structures is unavoidable. We also observed a
secondary sensitivity peak between 1 and 2kHz in A. nodipen-
nis, not seen in other beetles (Takanashi et al. 2019), expanding
the range of potentially deterrent stimuli. This peak suggests
ecological relevance of multiple frequency bands to this species.
Notably, the frequency spectra of plant vibrations differ char-
acteristically for biotic and abiotic sources. When generated by
abiotic factors such as wind, vibrations are typically dominated
by low frequencies peaking between 5 and 30Hz (e.g., McNett
et al. 2010, Guedes et al. 2012, Tsubaki et al. 2014). In con-
trast, biotic sources like insect walking or landing produce
vibrations with significantly greater energy at higher frequen-
cies (Castellanos and Barbosa 2006, Tsubaki et al. 2014). These
differences were shown to be crucial for prey species like cat-
erpillar larvae to discriminate predator-generated cues from
those of herbivores or abiotic sources, leading to distinct behav-
ioral responses (Castellanos and Barbosa 2006). Considering
these findings, the elevated sensitivity of A. nodipennis in the
higher frequency range may enhance its ability to discriminate

and selectively respond to biologically relevant stimuli, while
ignoring nonthreatening abiotic disturbances.

Importantly, our findings reveal that the freezing response
duration is strongly influenced by stimulus duration but only
weakly by stimulus intensity once the response threshold is
exceeded. Extending the stimulus from 100 ms to 5's (i.e., 50
times) elicited immobility periods with median duration
increase from below 1 to over 200s, without saturation. In
contrast, increasing amplitude up to 30dB (i.e., for 56-times;
a comparable factor than in the amplitude treatment) above
threshold did not prolong the response above the median of
3.5s. Interestingly, this response pattern contradicts that
found in Colorado potato beetle (Leptinotarsa decemlineata
(Say, 1824), Chrysomelidae), where the freezing recovery
time depended primarily on stimulus amplitude, while it was
unrelated to stimulus duration (Acheampong and Mitchell
1997). From a practical perspective, the strong
duration-dependence in A. nodipennis offers a major advan-
tage for field application, as generating longer vibrations may
be considered much less energy-demanding than producing
higher-amplitude ones, which would require especially pow-
erful actuators (namely, the mechanical power required to
generate vibrations is proportional to the square of the ampli-
tude). Moreover, when targeting woody plants such as hazel-
nut, the mechanical impedance of the plant tissue plays a
critical role, substantially increasing the power required to
induce vibrations in the structure at a desired amplitude
(Olesen and Randal 1979). This makes high-amplitude exci-
tation in woody plants not only energetically demanding but
also technically challenging (see Takanashi et al. 2019). In
this system, longer stimuli of moderate amplitude, found to
be highly efficient for A. nodipennis, thus offer a more
energy-efficient solution for field application. At the same
time, the plateau in the freezing response in this species
expressed across a wide range of stimulus amplitudes suggests
that the desired behavioral inhibition could be achieved more
easily throughout the plant, or other protection structures in
the orchard (see below), considering signal attenuation. These
characteristics make the defensive behavior of A. nodipennis
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particularly well-suited for exploitation in pest control via
vibrational deterrence.

In addition to the freezing response, A. nodipennis showed
a postfreeze behavioral inhibition, with walking velocity sig-
nificantly reduced after the immobile state ended. For both
increased stimulus duration and intensity, postfreeze walking
velocity was reduced to as low as 25%-30% of the prestimulus
level. In both cases, the strongest slow-down occurred at inter-
mediate stimulus values—particularly when intensity was con-
sidered relative to threshold—suggesting a generalized rather
than parameter-dependent effect. This extended behavioral
inhibition has not been reported in beetles previously studied
for vibrational responses. This feature may be expected to pro-
long reductions in feeding or oviposition, thereby amplifying
the protective effect of vibrational treatments.

In addition, inclination of the substrate represents another
important factor, which has been shown to influence the
expression of defense and escape behaviors in insects. Prior
work in beetles (Paraglenea fortunei (Say, 1824), Cerambyci-
dae) has shown that the freezing response sensitivity is reduced
on vertical compared to horizontal substrates (Tsubaki et al.
2014). Similarly, in cave crickets (Troglophilus cavicola (Kollar,
1833), Rhaphidophoridae) escape behavior becomes less likely
on steeper surfaces (Kastberger 1982). In our study, weevils
were tested on a 45° inclined substrate, which may be consid-
ered representative of the stance of an insect on typically
inclined plant twigs and branches. Nevertheless, it would be
valuable to investigate response characteristics on substrates
with different inclinations, representing situations from vertical
stems to horizontal branches, which would further refine our
understanding of how vibrational deterrence could be applied
under field conditions.

Beyond application, this study also contributes new insights
into the behavioral and physiological mechanisms of vibra-
tionally induced freezing. Notably, we observed considerable
individual variability in the response threshold and duration
of the immobile state. This is unlikely to reflect the response
sensory basis alone, but points to behavioral gating where inter-
nal states modulate responsiveness. In the Colorado potato
beetle, the probability and duration of freezing immobility were
shown to be modulated by hunger, decreasing both response
parameters (Acheampong and Mitchell 1997). A study on the
patent-leather beetle, Odontotaenius disjunctus (Illiger, 1800)
(Passalidae), demonstrated strong and sex-specific variation of
the freezing response under nematode infection, with males
and females expressing opposite trends under parasitism (Davis
etal. 2023). Similarly, in A. nodipennis, gating of the response
could have been influenced by internal physiological conditions
such as nutritional state and parasitic load.

Furthermore, response variation can also arise from prior
exposure to stimuli, with effects generally depending on both
timing and repetition. In the Colorado potato beetle, stimuli
delivered during the immobile state prolonged the duration of
immobility, while those applied postrecovery elicited either
sensitization or habituation, depending on stimulus interval
and rank (Acheampong and Mitchell 1997). Similarly, escape
responses in the larvae of the sap beetle Phenolia picta
(Macleay, 1825) (Nitidulidae) showed a nonlinear dependence
on stimulus interval (Kishi and Takanashi 2019), indicating a
complex interplay between sensory input and central process-
ing. In our study, we employed a consistent 1-min stimulus
interval in all experiments to avoid response decline through

habituation. Future experiments in A. nodipennis shall explore
whether variations in stimulation regimes, such as shorter inter-
vals or stimuli delivered during the immobile phase, might
enhance the freezing response through sensitization. Also, to
assess the risk of long-term habituation due to repeated stim-
ulation protocols (see Bernal-Gamboa et al. 2021), future stud-
ies should consider testing for cumulative response decline over
extended periods and employ stimulus presentations at ran-
domized intervals, reducing the likelihood of long-term habit-
uation effects. These studies should also include testing male
individuals, which were not available during our experiments.
While we do not expect major qualitative differences, differ-
ences in the frequency or intensity of the response are some-
times observed between sexes even in generalized antipredator
behaviors of insects (Dou et al. 2021, Matsumura and Miyatake
2023). In addition to sex difference, evaluating vibrational
responsiveness at different age, times of the year and physio-
logical conditions, such as mating and dispersal stages, would
provide further insight into how internal and environmental
states modulate behavioral inhibition.

In conclusion, our study carries important practical insights
for the behavioral control of A. nodipennis using vibrational
cues. We showed that the freezing response in this species is
strongly dependent on stimulus duration, with prolonged
immobility achieved even at moderate amplitudes, and remains
stable across a wide amplitude range. The additional phase of
postfreeze locomotor inhibition further enhances the suppres-
sive effect. These features suggest that even brief, intermittent
vibrational stimuli can induce sustained behavioral suppres-
sion, offering an energy-efficient and potentially field-deployable
control method through deterrence, expected to suppress
behaviors such as feeding, mating, oviposition and residence
on host trees (Foster and Harris 1997, Takanashi et al. 2019).
As such, vibrational deterrence represents a promising, sustain-
able tool for reducing activity of this insect pest, with potential
for integration into broader management frameworks in hazel-
nut and other orchards. As knowledge of when and where
adults are active is also crucial for field deployment, future
research should clarify aspects of the seasonal activity and
movement of adult A. nodipennis—for example, whether
adults stay at orchard margins or move between fields—as such
movements would directly inform the placement and timing of
vibrational deterrent barriers. To achieve this, the development
of a powerful, low-cost, and autonomous vibration exciter is
essential for practical field application. Preliminary steps in this
direction have already been taken (Takanashi et al. 2019), but
further innovation is required to create an autonomous system
with programmable control. Vibrational stimuli could be
applied not only to the plants but also to perimeter structures,
such as protective fences surrounding the orchards, to create
deterrent zones. Such “behavioral barriers” would exploit the
weevil’s reliance on walking to enter orchards.

Future research should also aim to evaluate how vibrational
deterrents perform under field conditions, particularly in terms
of signal transmission through plants, as well as the behavioral
effects of repeated or prolonged exposure. In addition, investi-
gating mating behavior is essential to determine whether vibra-
tional signals also play a role in sexual communication of A.
nodipennis and could complement deterrents in the push—pull
strategies. In the next step, this approach should be integrated
with other control methods, such as semiochemical attractants
or repellents, to enhance overall efficiency. Such integrated tools
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may be especially valuable for crops such as hazelnuts where
pesticide efficiency is constrained by the weevil’s biology. Also,
recent bans on highly toxic substances and the rollout of new
regulatory frameworks in Chile, such as Resolucién 243 Exenta
and enhanced ecotoxicological requirements, indicate an accel-
erating need for alternative, sustainable control methods.
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