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Abstract

Halyomorpha halys (Stél, 1855), the brown marmorated stink bug (BMSB), is an invasive species that has become a key
agricultural pest in its invaded range. Commercial traps available for BMSB monitoring rely on male produced aggregation
pheromones as lure, with two possible shortcomings: trap spillover and low detection precision. In this study, we assessed if
vibrational signals can increase the attractiveness of pheromone traps by testing the optimized vibration-based lure (Female
Song 2, FS2) associated with a specifically designed trap (i.e., the vibrotrap). We evaluated the efficacy of this bimodal trap
(i.e., pheromones + vibrations) on females, males and nymphs in controlled conditions (greenhouse) and in the field, in two
sites at the margin of two commercial vineyards. In the field, bimodal vibrotraps were compared to three unimodal (i.e.,
only pheromone) trap types. Both experiments showed that the vibrotrap is highly attractive for BMSB, and the optimized
FS2 signal significantly improved its effectiveness. Even though FS2 was selected to target males, the number of trapped
females increased as well. Overall, the presented findings show a feasible improvement to future commercial BMSB traps
through the synergic use of semiophysicals and semiochemicals. Further research is needed to evaluate the effectiveness of
vibrotraps for both early detection and mass trapping.

Keywords Behavioral manipulation - Pest control - Applied biotremology - Hemiptera - Pentatomidae - Halyomorpha halys

Key messages e The synergic use of vibrations and pheromones can

increase the efficacy of insect traps

e Vibrational signals increase the captures of pheromone-
baited traps for H. halys

e The vibrational signal Female Song 2 attracts both H.
halys males and females

Introduction

Behavioral manipulation is a technique of pest control
largely used worldwide to protect many crops from dif-
ferent insect species (Cokl and Millar 2009; Agarwal and
Sunil 2020; Mazzoni and Anfora 2021). In most cases, it
relies on the use of volatile compounds (i.e., semiochemi-
cals) that aim at disrupting, inhibiting or promoting target
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behaviors, which in turn prevent or reduce crop losses (Fos-
ter and Harris 1997). Besides semiochemicals, a new term,
semiophysicals, has been recently coined (Nieri et al. 2021)
to indicate the use of physical stimuli (e.g., lights, sounds,
and vibrations) to interfere with pest behaviors. In particular,
the use of substrate-borne vibrations for behavioral manipu-
lation has been the object of conspicuous investigation in
the last decade (e.g., Eriksson et al. 2012; Laumann et al.
2018; Krugner and Gordon 2018; Gordon et al 2019; Maz-
zoni et al. 2019; Dias et al. 2021). Thanks to such studies,
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the potential for pest insect control methods employing this
communication modality is becoming evident (Polajnar et al.
2015).

An application of behavioral manipulation with substrate-
borne vibrations is the use of artificial signals as lures to
attract insect pests into trapping devices. By mimicking the
sexual calling signal of a gender, it would be possible to
capture the mating partner by triggering searching behav-
ior (Foster and Harris 1997; Strauss et al. 2021). Given the
high specificity of vibrational signals, such a trap would be
highly selective but with limited active space, being confined
to the surface in contact with the vibration emitter (Polaj-
nar et al. 2016a). Examples of use of vibrational signals to
attract insects are reported for psyllids (Mankin 2019) and
stinkbugs (Laumann et al. 2017). In particular, the stinkbug
(Hemiptera and Pentatomidae) strategy for pair formation
is bimodal, being based on the release of semiochemicals
(i.e., pheromones) for long-range aggregation followed by
the emission of semiophysicals (i.e., vibrational signals) for
short-range mating communication (Virant-Doberlet and
Cokl 2004). However, commercial traps currently available
to catch noxious stink bugs are based exclusively on the use
of pheromones as a lure (Laumann et al. 2017), thus miss-
ing the vibrational component which is crucial, in natural
conditions, to accomplish the location of mating partners.

This means that pheromone traps can attract stink bugs
from far away, but then they are not likewise effective in cap-
turing individuals that in part remain out of the trap and/or
in the nearby vegetation (“trap spillover”), where they may
cause damage (Sargent et al. 2014; Morrison et al. 2016).
This is the case of the brown marmorated stink bug (BMSB),
Halyomorpha halys (Stal, 1855), an Asian species that has
become a key agricultural pest in both America and Europe.
Due to “trap spillover,” farmers prefer placing the monitor-
ing traps out of the orchards to avoid infesting their own
plants (Akotsen-Mensah et al. 2018). However, this strategy
is controversial; because of the wide host plant range, the
presence of BMSB in the nearby vegetation can be abundant
and must be considered as a risk factor, but it does not nec-
essarily imply immediate crop infestation (Maistrello et al.
2017; Bergh et al. 2021). Overall, low capture efficacy and
the tendency to place the traps outside the orchards can be
solved by increasing the trap effectiveness. Previous studies
focused on integrating semiochemicals and semiophysicals
to increase trap attractiveness, testing the combination of
light traps with restricted light wavelengths together with
pheromones (e.g., Rice et al. 2017). In this view, several
authors advocate the synergic use of pheromones combined
with vibrations (Laumann et al. 2017; Leskey and Nielsen
2018).

As other stink bugs, BMSB communication is character-
ized by a repertoire of male and female vibrational signals
that mediate the mating behavior (Polajnar et al. 2016b).
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Females are the calling sex and a signal in particular, the
Female Song 2 (FS2), has proved to trigger directional
movements in males to the source of emission on differ-
ent experimental arenas (Mazzoni et al. 2017). Further
research provided more details about the spectral and tem-
poral parameters of FS2 that best trigger the male searching
behavior (Caorsi et al. 2021).

In this study, we tested for the first time the use of this
optimized FS2 vibrational signal in combination with phero-
mones in a bimodal trap for BMSB. First, we studied in
controlled conditions (greenhouse) whether the vibrational
signal could increase the number of BMSB entering the trap,
assessing males, females and nymphs separately. Second, to
evaluate the performance of the bimodal trap in the field, we
tested it together with other BMSB commercial traps.

Materials and methods
Vibrotrap description
The vibrotraps (CBC Europe S.r.l.) consisted of a trans-

parent collection container attached to a black coroplast
pyramid 100-cm tall (Fig. 1). The top of the lid of the

Fig. 1 Vibrotrap used in both control conditions and field assessments
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collection container was fitted with a solar panel on the
outer side, while in contact with the inner side was a cus-
tom-made transducer, associated with a microchip to which
the attractive signal had been loaded. The signal used was
the FS2 previously tested in Caorsi et al. (2021). To char-
acterize the signal spread through the trap and ensure that
the signal amplitude was over the optimal basal threshold
(> 100 pm/s), we measured signal amplitude and frequency
from two points on each trap (on the pyramid panel and
at the entrance of the plastic container) by means of two
accelerometers (model 352A24, PCB Piezotronics, sensi-
tivity 100 mV/g) connected to a computer through a multi-
channel LAN-XI data acquisition hardware (Briiel and Kjer
Sound & Vibration A/S). The recordings were digitized
with a 48 kHz sample rate and 16-bit depth. Lures (Dual
Lure; Trécé Inc., Adair, OK) were positioned externally,
at the junction between container and pyramid, next to the
entrance. Stink bug individuals could access the collection
container only from its basal part.

Trap assessment in controlled conditions

During June and July 2021, a greenhouse experiment was
conducted to assess the efficacy of vibrotraps in catching
BMSB (i) males, (ii) females, and (iii) nymphs (i.e., third
to fifth stage). Each category was tested separately by plac-
ing ten individuals inside an insect rearing cage (BugDorm-
6M1010 for adults and BugDorm-4F4590 for nymphs). A
vibrotrap lured with pheromones (Dual Lure; Trécé Inc.)
was placed in the middle of each cage. In the treatment cage,
the vibrotrap was turned on thus emitting FS2 (VON, vibra-
tion on), whereas in the control cage, the vibrotrap did not
vibrate (VOFF, vibration off). The intensity of vibrations on
both VOFF and VON traps was monitored using the same
protocol described before, to ensure that the FS2 was not
detectable on VOFF traps.

A total of 15 replicates per category (n=3) and per treat-
ment (n=2) were carried out over a seven-week period. The
number of individuals inside the collection container was
counted every 20 min for one hour (three observations per
replicate). Insects were not used for more than one trial per
day, and they were never used more than once for the same
treatment. Since repetitions were performed on different
days, one treatment and one control were always performed
simultaneously. Temperature and relative humidity during
the experimental time were constant, 26 +3 °C and 60+ 10%
RH, respectively.

Field trap assessment
All experiments were conducted at the hedgerow located near

two commercial vineyards in Fondazione Edmund Mach,
S. Michele all’Adige (TN), Italy (46.192903 N—11.135488

E). This hedgerow was divided in two sectors (S1 and S2),
where the traps were positioned to compare their perfor-
mance in different conditions of natural shade (Online
Resource 1). The two sectors were used in different and
consecutive periods: S1 from 21/05 to 14/06/21; S2 from
16/06 to 09/07/21.

Four types of traps were tested: 1) VON trap lured with
Trécé Inc. Dual Lure; 2) VOFF trap (i.e., transducer turned
off) lured with Trécé Inc. Dual Lure; 3) Rescue trap (Sterling
International, Inc., Spokane, WA, USA) lured with Rescue
Stink Bug Attractant (RR); 4) Rescue trap lured with Trécé
Inc. Dual Lure (RT). Three traps of each type were ran-
domly deployed along the hedgerow in each sector (total
number of traps per site =12), at least 25 m apart (Online
Resource 1), the distance that prevents interference, accord-
ing to manufacturer’s label instructions. Rescue traps (RR,
RT) were hung at approximately 1.5 m, on branches of trees
and shrubs in the wood edge, while VON and VOFF were
placed on the ground. The traps were emptied three times a
week, between 7:30 and 10:00 AM, with 11 sessions (i.e.,
trap checks) per sector (Online Resource 2). The number
of BMSB males, females and nymphs (divided in two sub-
groups, II-III and I'V-V instars) captured were recorded. Cli-
matic conditions (Online Resource 3 and 4) were recorded
by a weather station located in Fondazione Edmund Mach.

Data analysis

Data exploration followed the protocol described in Zuur
et al. (2010), all analyses were performed with R version
4.0.3 (R Core Team, 2020) and RStudio (RStudio Team,
2021). All plots were produced using ggplot2 (Wickham
2016). Since data were not normally distributed, statistical
significance was assessed with nonparametric tests: Wil-
coxon test for paired data to compare the number of indi-
viduals inside the collection container at each observation
time (controlled conditions) and Dunn’s test with Bonferroni
correction to compare the number of individuals in each trap
(field conditions).

To model the performance of the different trap types in
field conditions, considering that each trap was checked sev-
eral times (Online Resource 2), generalized mixed models
(GLMMs) in which trap ID was used as a random factor
were applied, using the glmmTMB function (Brooks et al.
2017). First, for each sector (S1 and S2, the latter consider-
ing adults and nymphs separately), to test the effect of the
interaction between trap type and sex (for adults) and trap
type and stage (for nymphs), a GLMM was fitted with the
number of collected individuals as the response variable. For
adults in S1, the analyses revealed that the data suffered from
overdispersion and zero inflation, thus, a zero inflated nega-
tive binomial GLMM with a log-link function was used. For
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adults in S2 and for nymphs in S2, Poisson GLMMs with a
log-link function were used.

Second, after verifying the correlation among the differ-
ent variables and factors, we built a set of GLMM:s including
sex/stage, trap type, date and climatic conditions.

Model assumptions were verified following the protocol
presented by Zuur and Ieno (2016), plotting residuals ver-
sus fitted values, versus each covariate in the model and
versus each covariate not in the model. The residuals were
assessed for spatial dependency with variograms (Zuur and
Ieno 2016). Akaike Information Criterion (AIC) was used
for model selection, marginal R> values for fixed effects
alone and conditional R? for both fixed and random effects
were also assessed (Liidecke et al. 2021). Predictor effect
plots (Fox and Weisberg 2018) were used to visualize the
fitted coefficients.

Results

The signal amplitude was over the optimal basal thresh-
old for all the vibrotraps used in the study. At 80 Hz, the
dominant frequency of the FS2, the mean intensity of the
signal (+SD) on the pyramid panel and at the entrance
of the plastic container were 203.86+127.52 pm/s and
2855.33 +£1629.61 um/s, respectively.

Trap assessment in controlled conditions

Overall, VON traps captured a significantly higher number
of males (p <0.001) and females (p <0.001) than VOFF
traps. Furthermore, for males this prevalence of VON over
VOFF was significant for each observation time (Table 1;
Fig. 2). As for females, in the first observation time (20 min
from the beginning of the trial), there was no difference
between VON and VOFF. However, both in the second
(40 min) and third (60 min) observation time, the number
of females inside the VON trap was significantly higher
(Table 1; Fig. 2). On the contrary, the number of captured
nymphs did not significantly differ between the two tested
traps for all the observation periods.

Field trap assessment

The two sectors (S1 and S2), which corresponded to con-
secutive periods, showed a different abundance of BMSB
adults and nymphs (Table 2). In fact, 2,928 and 494 adults
were captured in S1 and S2, respectively, with a capture peak
on the 04/06/21 (Fig. 3). Nymphs were caught only in S2
(n=4,097), 96% of them in the II and III nymphal instars.
The lowest catches were associated with important rainfall
events (Fig. 3 and Online Resource 4), while we observed
a progressive decline with the passing of time, especially
during the final sessions for each sector.

In general, VON traps captured a significantly higher
number of individuals than the other trap types, while the
performances of VOFF and RT were similar (Fig. 4a-b).
The performance of VON, VOFF and RT for nymphs did
not show significant differences (Fig. 4c).

While the sex ratio (F/M) was almost equal for RR and
RT in the two sectors (48-55% of females), more females
than males were caught by VON and VOFF traps (59-69%)
(Table 2), especially in S1 where this difference was signifi-
cant (p <0.05) (Fig. 4d).

Model validation, including spatial dependency (Online
Resource 5), indicated no problems. The GLMM results
showed that VON traps captured a significantly higher num-
ber of adults than the other trap types in both S1 and S2
(Fig. 5a-b). The interaction between sex and trap type was
significant (with a negative effect) only for males and for
both VON and VOFF traps: GLMMs results confirmed that
these traps were more attractive for females. For nymphs, the
number of caught individuals of VON, VOFF and RT was
similar (Fig. 5¢), slightly higher for VOFF for nymphs in II-
III stage. A significant negative effect of date (as day since
start) was also detected for both nymphs and adults (Online
Resource 6 and 7). With respect to climatic variables, we
observed a minor positive effect of maximum temperature
for both adults and nymphs, and a minor negative effect of
maximum humidity for nymphs.

Discussion

Increasing trap efficacy is a critical element for the devel-
opment of new devices to monitor and manage BMSB. An
unfortunate shortcoming of traps relying only on BMSB

Table 1 Wilcoxon test

. 20 min 40 min 60 min
comparing the number of
Halyomorpha halys individuals w P-value w P-value w P-value
inside the two tested traps
(VOFF and VON) for each Males 58.5 0.012 10 <0.001 0 <0.001
group (males, females and Females 87 0.197 425 0.002 36 0.001
nymphs) at each observation Nymphs (II1-V) 80 0.140 72 0.079 73 0.091

time (20, 40 and 60 min)
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Fig.2 Boxplot for the trap
capture data from the control
(VOFF) and vibrotrap (VON)
for Halyomorpha halys males,
females and nymphs. Significant
differences among traps were
assessed using Wilcoxon test
between the two treatments

at each time (* p <0.05; **
p<0.01; *** p<0.001)
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Table2 Number of collected individuals of Halyomorpha halys in
the two sectors (S1 and S2) with the different traps: Total (sum of
collected individuals); Mean (average number of collected individuals

40
Time

60

Treatment

B4 VOFF
E3 VoN

per trap per day); Std. Dev. (standard deviation of the average number
of collected individuals per trap per day)

RR RT VOFF VON
Total Mean (Std. Dev)  Total Mean (Std. Dev)  Total  Mean (Std. Dev)  Total = Mean (Std. Dev)  Total
S1  Females 181 5.5(6.2) 363 11.0 (7.9) 466 14.1 (9.6) 618 18.7 (9.9) 1628
Males 199 6.0 (6.2) 400 12.1 (8.7) 270 8.2(7.9) 431 13.1(7.9) 1300
Total 380 763 736 1049 2928
S2  Female 13 0.39 (0.86) 72 2.2 (3.5) 68 2.1(2.9) 134 4.1 (4.1) 287
Male 12 0.36 (0.96) 59 1.8 (2.7) 47 1.4(1.9) 89 2.7 (3.0) 207
Juv. II-1IT 84 2.55 (3.56) 1097  32.2(34.5) 1598  48.4 (84.1) 1157  35.1(54.0) 3936
Juv.IV-V 8 0.27 (0.64) 49 1.6 3.1) 44 1.4 (2.6) 60 2.0 (2.7) 161
Total 117 1277 1757 1440 4591

aggregation pheromones is that the individuals tend to arrest
nearby the source (within 2.5 m) regardless of its concen-
tration (Morrison et al. 2016). Our results demonstrate that
the FS2 signal can improve the performance of pheromone
traps, both in controlled conditions and in the field.

In controlled conditions, its effect increased with time,
showing a significantly higher number of trapped indi-
viduals after 20 min of exposure to the signal for males,
and after 40 min for females. In field conditions, GLMMs
analysis supports that the attraction effect of the optimized
FS2 was positive for both sexes. While hanging traps (RR
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Fig.3 Trends (mean and standard deviation) in the captures of Halyomorpha halys adults (a—Sector 1 and b—Sector 2) and nymphs (Sector 2).
Data pooled per trap type for each session

and RT) showed a balanced sex ratio, significantly more  traps pooled adult capture data together (e.g., Rice et al.
females were caught with ground traps (VOFF and VON). 2017; Hadden et al. 2021); thus, this is the first observa-
Previous studies on field experiments using pheromone  tion of unbalanced BMSB sex ratio related to trap design.
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A possible hypothesis is that females are more attracted
by traps on the ground; however, further experiments are
needed to clarify this finding.

The two tested lures performed differently, with higher
catches observed with Trécé Inc. Dual Lure. Both lures
contained methyl (2E,4E,67)-2.4,6-decatrienoate (MDT),
the aggregation pheromone of Plautia stali Scott, which is
attractant for BMSB both in Asia (Lee et al. 2002) and in
its invaded range (Aldrich et al. 2007). In the Trécé Inc.

test: a S1: adults, b S2: adults and ¢ S2: nymphs; d boxplot showing
the number of males and females per trap in each sector (*p <0.05;
**p<0.01)

Dual Lure, MDT is used together with the two-component
aggregation pheromone specific to BMSB (3S,6S,7R,10S)-
10,11-epoxy-1-bisabolen-3-0l and (3R,6S,7R,10S)-
10,11-epoxy-1-bisabolen 3-ol (PHER) (Khrimian et al.
2014), since MDT is known to act as a synergist when
employed together with PHER (Weber et al. 2014). As
experimented by Morrison et al. (2015) in apple orchards,
large coroplast pyramid traps (having a wider access area)
tend to be more effective in trapping BMSB adults and
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nymphs compared to smaller pyramids and hanging traps.
Furthermore, lures positioned outside the traps should
increase plume propagation, maximizing their effect,
compared to pheromones confined in collection contain-
ers (Rice et al. 2018). Interestingly, we observed that for
adult BMSB, when using the same pheromone (commercial
MDT + PHER), neither the size of the access area (larger
in VON/VOFF than in RR/RT) nor the reach of the phero-
mone plume (pheromones outside the trap for VON/VOFF
and confined in the trap container for RR/RT), affected the
trap performance, which was similar for RT and pyramids
without vibration (VOFF). Conversely, our findings suggest
that FS2 vibrational signal is the key element responsible
for the higher number of adults captured with VON traps.
For nympbhs, the performance of the three traps using MDT
plus PHER was similar. However, the results of the trials in
controlled conditions indicate that nymphs were not repelled
by FS2, and thus the use of vibrational signals did not nega-
tively affect the general trap effectiveness.

The attractiveness of FS2 for males was expected from
previous studies (Polajnar et al. 2016b), while the posi-
tive response of females was unexpected. Even though the
intraspecific communication of stink bugs has been widely
investigated, the behavioral ecology of females is extremely
unclear (Cokl et al. 2021). Males are supposed to be the
active sex that promotes the emission of vibrational signals
in stationary females by releasing pheromones and then uses
the vibrational cues to locate them on the plant. For this
reason, studies tend to focus on male searching behavior,
while female behavior is generally overlooked. Polajnar
et al. (2016b) reported that females alone and in pairs did
not emit spontaneous calls, except for two individuals. How-
ever, they did not test the response of females to a female
playback signal or the combination of a male together with
more than one female. In other species of stink bugs, it has
been found that females respond to females’ signals with a
complex rivalry behavior (Cokl et al. 2017). It is possible
that BMSB females also use intrasexual communication,
which has not been described yet. These questions remain
open and should be further investigated. It is possible that
with more specific studies targeting female communication,
new evidences will arise.

In northern Italy, BMSB has two generations/year, with
egg masses laid from mid-May and increased mortality of
the overwintering generation observed from mid-July (Costi
et al. 2017). The observed negative effect of time passing on
trap catches is thus in accordance with the species’ phenol-
ogy and year fluctuations, with an observed decrease in the
abundance of overwintering adults starting from mid-June
(i.e., end of S1). Likewise, nymphs were captured only in
S2 (i.e., from 16/06 for II-1II stage and from 18/06 for IV-V
stage). The number of trapped nymphs in II-III stage was
more than 20-fold higher than those in IV-V stage, which

is in agreement with the high nymphal mortality (93%)
observed in the field (Stahl et al. 2021). Further experiments
should be conducted in the second part of the summer and
even in fall, when individuals are looking for overwinter-
ing sites (Leskey and Nielsen 2018). Bedoya et al. (2020)
observed in controlled conditions that during pre-diapause
aggregations, only males called and the signals did not trig-
ger any clustering. In this context, when mating is no more
a priority, it is likely that vibrotraps performance might not
differ from non-vibrated traps.

Finally, in the field experiment, we observed a minor pos-
itive effect of maximum temperature (range: 6.0-33.7 °C)
and maximum humidity (range: 16.3-97.7%) on both adults
and nymphs. It has been suggested that a decline in adult and
nymph captures in summer may be related to high tempera-
tures (> 36 °C), responsible for mortality/lowered activity
(Ingels and Daane 2018). Our findings confirm that when
temperatures are below such threshold, they do not seem to
affect BMSB captures.

A number of conclusions of this study may have a signifi-
cant relevance to BMSB management. Vibrotraps could be
effective for post-overwintering early detection, when indi-
viduals are at low densities but searching for mating and also
for mass trapping. However, the assessment of the effec-
tiveness of this device for both these applications requires
further investigation. A bimodal device, with the addition
of vibrations to pheromones, regardless of trap design, rep-
resents the way forward for future monitoring strategies,
improving the timing of IPM strategies implementation and
surveillance programs, for example in countries that aim to
prevent BMSB arrival and settlement. More generally, we
expect that in the near future, the synergic use of semio-
physicals and semiochemicals may be applied to increase
the efficacy of insect traps.

Author contributions

All authors contributed to the study conception and design.
LZ, VM, RN and VZC conducted experiments. LZ analyzed
data, with advising from all other authors. LZ, RN, VZC and
VM wrote the manuscript. NMP revised the manuscript. All
authors read and approved the manuscript.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10340-022-01533-0.

Acknowledgements We thank Marco Baldo and Carlo Lotti (CBC
Europe) for their technical support throughout the experiments execu-
tion and Ruggero Cetto for his assistance in the greenhouse and field
trials. We would like to thank the anonymous reviewers whose com-
ments helped us improve a previous version of the manuscript.

@ Springer


https://doi.org/10.1007/s10340-022-01533-0

Journal of Pest Science

Funding Open access funding provided by Fondazione Edmund
Mach - Istituto Agrario di San Michele all'Adige within the CRUI-
CARE Agreement. Livia Zapponi was supported by the SWAT Project
(Fondazione Edmund Mach with the contribution of the Autonomous
Province of Trento). Rachele Nieri and Nicola Pugno were supported
by Fondazione CARITRO, Cassa di Risparmio di Trento e Rovereto,
502 No. 2019.0216. Valentina Zaffaroni-Caorsi was supported by CBC
Europe.

Data availability The datasets generated during the current study are
available from the corresponding author on reasonable request.

Declarations

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agarwal M, Sunil V (2020) Basic behavioural patterns in insects and
applications of behavioural manipulation in insect pest manage-
ment. J Entomol Zool Stud 8:991-996

Akotsen-Mensah C, Kaser JM, Leskey TC, Nielsen AL (2018) Halyo-
morpha halys (Hemiptera: Pentatomidae) responses to traps
baited with pheromones in peach and apple orchards. J Econ
Entomol 111:2153-2162. https://doi.org/10.1093/JEE/TOY200

Aldrich JR, Khrimian A, Camp MJ (2007) Methyl 2, 4, 6-decatrien-
oates attract stink bugs and tachinid parasitoids. J Chem Ecol
33(4):801-815

Bedoya CL, Brockerhoff EG, Hayes M et al (2020) Brown marmorated
stink bug overwintering aggregations are not regulated through
vibrational signals during autumn dispersal. R Soc Open Sci
7:201371. https://doi.org/10.1098/rs0s.201371

Bergh JC, Morrison WR, Stallrich JW, Short BD, Cullum JP, Leskey
TC (2021) Border habitat effects on captures of Halyomorpha
halys (Hemiptera: Pentatomidae) in pheromone traps and fruit
injury at harvest in apple and peach orchards in the Mid-Atlantic,
USA. Insects 12(5):419

Brooks ME, Kristensen K, van Benthem KJ et al (2017) glmmTMB
balances speed and flexibility among packages for zero-inflated
generalized linear mixed modeling. R J 9:378—400. https://doi.
org/10.3929/ETHZ-B-000240890

Caorsi V, Cornara D, Wells KE et al (2021) Design of ideal vibrational
signals for stinkbug male attraction through vibrotaxis experi-
ments. Pest Manag Sci. https://doi.org/10.1002/PS.6590

Cokl AA, Millar JG (2009) Manipulation of insect signaling for moni-
toring and control of pest insects In Biorational control of arthro-
pod pests. Springer, Dordrecht, pp 279-316

@ Springer

Cokl A, Dias AM, Moraes MCB et al (2017) Rivalry between stink bug
females in a vibrational communication network. J Insect Behav
30:741-758. https://doi.org/10.1007/s10905-017-9651-z

Cokl A, Zunié-Kosi A, Stritih-Peljhan N et al (2021) Stink bug com-
munication and signal detection in a plant environment. Insects
12(12):1058

Costi E, Haye T, Maistrello L (2017) Biological parameters of the
invasive brown marmorated stink bug, Halyomorpha halys, in
southern Europe. J Pest Sci 90(4):1059-1067

Dias AM, Borges M, Moraes MCB et al (2021) Inhibitory copulation
effect of vibrational rival female signals of three stink bug species
as a tool for mating disruption. Insects 12(2):177

Eriksson A, Anfora G, Lucchi A et al (2012) Exploitation of insect
vibrational signals reveals a new method of pest management.
PLoS ONE 7:32954. https://doi.org/10.1371/JOURNAL.PONE.
0032954

Foster SP, Harris MO (1997) Behavioral manipulation methods for
insect pest-management. Annu Rev Entomol 42:123-146. https://
doi.org/10.1146/annurev.ento.42.1.123

Fox J, Weisberg S (2018) An R companion to applied regression, 3rd
editio. Sage, Thousand Oaks CA

Gordon SD, Tiller B, Windmill JFC et al (2019) Transmission of the
frequency components of the vibrational signal of the glassy-
winged sharpshooter, Homalodisca vitripennis, within and
between grapevines. J Comp Physiol A 2055(205):783-791.
https://doi.org/10.1007/S00359-019-01366-W

Hadden WT, Nixon LJ, Leskey TC et al (2021) Seasonal distribution
of Halyomorpha halys (Hemiptera: Pentatomidae) captures in
woods-to-orchard pheromone trap transects in Virginia. J Econ
Entomol. https://doi.org/10.1093/JEE/TOAB226

Ingels CA, Daane KM (2018) Phenology of brown marmorated stink
bug in a California urban landscape. J Econ Entomol 111:780-
786. https://doi.org/10.1093/jee/tox361

Khrimian A, Zhang A, Weber DC et al (2014) Discovery of the aggre-
gation pheromone of the brown marmorated stink bug (Halyo-
morpha halys) through the creation of stereoisomeric libraries of
1-bisabolen-3-ols. J Nat Prod 77:1708-1717. https://doi.org/10.
1021/np5003753

Krugner R, Gordon SD (2018) Mating disruption of Homalodisca
vitripennis (Germar) (Hemiptera: Cicadellidae) by playback of
vibrational signals in vineyard trellis. Pest Manag Sci 74:2013—
2019. https://doi.org/10.1002/PS.4930

Laumann RA, Maccagnan DHB, Coki A (2017) Chapter 11 use of
vibratory signals for stink bug monitoring and control. In: Cokl
A, Borges M (eds) Stink bugs: biorational control based on com-
munication processes. CRC Press, 6000 Broken Sound Parkway
NW, pp 226-245. https://doi.org/10.1201/9781315120713-12

Laumann RA, Maccagnan DHB, Cokl A et al (2018) (2018) Substrate-
borne vibrations disrupt the mating behaviors of the neotropical
brown stink bug, Euschistus heros: implications for pest man-
agement. J Pest Sci 913(91):995-1004. https://doi.org/10.1007/
S$10340-018-0961-5

Lee K-C, Kang C-H, Lee DW et al (2002) Seasonal occurrence trends
of Hemipteran bug pests monitored by mercury light and aggre-
gation pheromone traps in sweet persimmon orchards. Korean J
Appl Entomol 41:233-238

Leskey TC, Nielsen AL (2018) Impact of the invasive brown mar-
morated stink bug in North America and Europe: history, biol-
ogy, ecology, and management. Annu Rev Entomol 63:599-618.
https://doi.org/10.1146/annurev-ento-020117-043226

Ludecke D, Ben-Shachar M, Patil I et al (2021) Performance: an R
package for assessment, comparison and testing of statistical mod-
els. J Open Source Softw 6(60):3139. https://doi.org/10.21105/
joss.03139


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/JEE/TOY200
https://doi.org/10.1098/rsos.201371
https://doi.org/10.3929/ETHZ-B-000240890
https://doi.org/10.3929/ETHZ-B-000240890
https://doi.org/10.1002/PS.6590
https://doi.org/10.1007/s10905-017-9651-z
https://doi.org/10.1371/JOURNAL.PONE.0032954
https://doi.org/10.1371/JOURNAL.PONE.0032954
https://doi.org/10.1146/annurev.ento.42.1.123
https://doi.org/10.1146/annurev.ento.42.1.123
https://doi.org/10.1007/S00359-019-01366-W
https://doi.org/10.1093/JEE/TOAB226
https://doi.org/10.1093/jee/tox361
https://doi.org/10.1021/np5003753
https://doi.org/10.1021/np5003753
https://doi.org/10.1002/PS.4930
https://doi.org/10.1201/9781315120713-12
https://doi.org/10.1007/S10340-018-0961-5
https://doi.org/10.1007/S10340-018-0961-5
https://doi.org/10.1146/annurev-ento-020117-043226
https://doi.org/10.21105/joss.03139
https://doi.org/10.21105/joss.03139

Journal of Pest Science

Maistrello L, Vaccari G, Caruso S et al (2017) Monitoring of the inva-
sive Halyomorpha halys, a new key pest of fruit orchards in north-
ern Italy. J Pest Sci 90(4):1231-1244

Mankin RW (2019) Vibrational trapping and interference with mating
of Diaphorina citri. In: Peggy SM, Lakes-Harlan R, Mazzoni V
et al (eds) Biotremology: Studying Vibrational behavior. Springer,
Cham, pp 399413

Mazzoni V, Anfora G (2021) Behavioral manipulation for pest control.
Insects 12(4):287

Mazzoni V, Polajnar J, Baldini M et al (2017) Use of substrate-borne
vibrational signals to attract the brown marmorated stink bug
Halyomorpha halys. J Pest Sci 904(90):1219-1229. https://doi.
org/10.1007/S10340-017-0862-Z

Mazzoni V, Nieri R, Eriksson A, Virant-Doberlet M, Polajnar J, Anfora
G, Lucchi A (2019) Mating disruption by vibrational signals:
state of the field and perspectives. In: Hill PSM, Lakes-Harlan
R, Mazzoni V, Narins PM, Virant-Doberlet M, Wessel A (eds)
Biotremology: studying vibrational behavior. Springer Interna-
tional Publishing, Cham, pp 331-354. https://doi.org/10.1007/
978-3-030-22293-2_17

Morrison WR, Cullum JP, Leskey TC (2015) Evaluation of trap designs
and deployment strategies for capturing Halyomorpha halys
(Hemiptera: Pentatomidae). J Econ Entomol. https://doi.org/10.
1093/jee/tov159

Morrison WR, Lee DH, Short BD, Khrimian A, Leskey TC (2016)
Establishing the behavioral basis for an attract-and-kill strategy
to manage the invasive Halyomorpha halys in apple orchards. J
Pest Sci 89(1):81-96

Nieri R, Anfora G, Mazzoni V, Rossi Stacconi MV (2021) Semiochem-
icals, semiophysicals and their integration for the development of
innovative multi-modal systems for agricultural pests’ monitoring
and control. Entomol Gen 42(2):167-183. https://doi.org/10.1127/
ENTOMOLOGIA/2021/1236

Polajnar J, Eriksson A, Lucchi A et al (2015) Manipulating behaviour
with substrate-borne vibrations—potential for insect pest control.
Pest Manag Sci 71:15-23. https://doi.org/10.1002/PS.3848

Polajnar J, Eriksson A, Virant-Doberlet M, Mazzoni V (2016a) Mating
disrup-tion of a grapevine pest using mechanical vibrations: from
laboratory to the field. J Pest Sci 894(89):909-921. https://doi.org/
10.1007/S10340-015-0726-3

Polajnar J, Maistrello L, Bertarella A, Mazzoni V (2016b) Vibrational
communication of the brown marmorated stink bug (Halyomor-
pha halys). Physiol Entomol 41:249-259. https://doi.org/10.1111/
PHEN.12150

Rice KB, Cullum JP, Wiman NG et al (2017) Halyomorpha halys
(Hemiptera: Pentatomidae) response to pyramid traps baited
with attractive light and pheromonal stimuli. Florida Entomol
100:449-453. https://doi.org/10.1653/024.100.0207

Rice KB, Morrison WR III, Short BD et al (2018) Improved trap
designs and retention mechanisms for Halyomorpha halys
(Hemiptera: Pentatomidae). J Econ Entomol 111:2136-2142.
https://doi.org/10.1093/jee/toy 185

Sargent C, Martinson HM, Raupp MJ (2014) Traps and trap place-
ment may affect location of brown marmorated stink bug (Hemip-
tera: Pentatomidae) and increase injury to tomato fruits in home
gardens. Environ Entomol 43:432-438. https://doi.org/10.1603/
EN13237

Stahl JM, Scaccini D, Daane KM, Ali J (2021) Field survival of
the brown marmorated stink bug Halyomorpha halys (Hemip-
tera: Pentatomidae) on California tree crops. Environ Entomol
50:1187-1193. https://doi.org/10.1093/EE/NVAB055

Strauss J, Stritih-Peljhan N, Nieri R et al (2021) Communication by
substrate-borne mechanical waves in insects: from basic to applied
biotremology. Adv in Insect Phys 61:189-307. https://doi.org/10.
1016/bs.aiip.2021.08.002

Virant-Doberlet M, Cokl A (2004) Vibrational communication in
insects. Neotrop Entomol 33:121-134. https://doi.org/10.1590/
S1519-566X2004000200001

Weber DC, Leskey TC, Walsh GC, Khrimian A (2014) Synergy of
aggregation pheromone with methyl (E, E, Z)-2,4,6-decatrienoate
in attraction of Halyomorpha halys (Hemiptera: Pentatomidae). J
Econ Entomol 107:1061-1068. https://doi.org/10.1603/EC13502

Wickham H (2016) ggplot2: Elegant graphics for data analysis.
Springer Verlag, New York

Zuur AF, Ieno EN (2016) A protocol for conducting and presenting
results of regression-type analyses. Methods Ecol Evol 7:636—
645. https://doi.org/10.1111/2041-210X.12577

Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data exploration
to avoid common statistical problems. Methods Ecol Evol 1:3-14.
https://doi.org/10.1111/j.2041-210X.2009.00001.x

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/S10340-017-0862-Z
https://doi.org/10.1007/S10340-017-0862-Z
https://doi.org/10.1007/978-3-030-22293-2_17
https://doi.org/10.1007/978-3-030-22293-2_17
https://doi.org/10.1093/jee/tov159
https://doi.org/10.1093/jee/tov159
https://doi.org/10.1127/ENTOMOLOGIA/2021/1236
https://doi.org/10.1127/ENTOMOLOGIA/2021/1236
https://doi.org/10.1002/PS.3848
https://doi.org/10.1007/S10340-015-0726-3
https://doi.org/10.1007/S10340-015-0726-3
https://doi.org/10.1111/PHEN.12150
https://doi.org/10.1111/PHEN.12150
https://doi.org/10.1653/024.100.0207
https://doi.org/10.1093/jee/toy185
https://doi.org/10.1603/EN13237
https://doi.org/10.1603/EN13237
https://doi.org/10.1093/EE/NVAB055
https://doi.org/10.1016/bs.aiip.2021.08.002
https://doi.org/10.1016/bs.aiip.2021.08.002
https://doi.org/10.1590/S1519-566X2004000200001
https://doi.org/10.1590/S1519-566X2004000200001
https://doi.org/10.1603/EC13502
https://doi.org/10.1111/2041-210X.12577
https://doi.org/10.1111/j.2041-210X.2009.00001.x

Vibrational calling signals improve the efficacy of pheromone traps to capture the brown marmorated
stink bug

Livia Zapponi'*, Rachele Nieri* Valentina Zaffaroni-Caorsi'?, Nicola Maria Pugno>*, Valerio Mazzoni'

'Fondazione Edmund Mach, Research and Innovation Centre, 38010 San Michele all’Adige, TN, Italy
?Laboratory for Bioinspired, Bionic, Nano, Meta Materials & Mechanics, Department of Civil,
Environmental and Mechanical Engineering, University of Trento, Italy

3C3A Centro Agricoltura, Alimenti ¢ Ambiente, University of Trento, Trento, Italy

*School of Engineering & Materials Science, Queen Mary University of London, United Kingdom

“livia.zapponi@fmach.it

ORCID:

L. Zapponi 0000-0003-4033-9001

R. Nieri 0000-0002-7199-5565

V. Zaffaroni-Caorsi 0000-0003-4166-9600
N.M. Pugno 0000-0003-2136-2396

V. Mazzoni 0000-0003-4036-5322



Online Resource 1: Map of the study area showing the location of the two sectors (S1 and S2) of traps: RR,
Rescue traps lured with their aggregation pheromone; RT, Rescue traps lured with Pherocon BMSB Dual

Lure; VOF, black pyramid traps with no vibrational and lured with Pherocon BMSB Dual Lure; VON, black
pyramid traps with vibrational signals and lured with Pherocon BMSB Dual Lure.
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Online Resource 2: Dates of the different sessions for the two sectors.

Session Date Session Date
1 21/05/2021 1 16/06/2021
2 24/05/2021 2 18/06/2021
3 26/05/2021 3 21/06/2021
4 28/05/2021 4 23/06/2021
5 31/05/2021 5 25/06/2021
S1 6 01/06/2021 S2 6 28/06/2021
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Online Resource 3: Summary of the climatic parameters included in the models, for the two sites S1 and S2.

T1 T2

Mean Std. Dev. Mean Std. Dev.
Temperature (min.) [°C] 11.082 3.157 15.536 2.410
Temperature (max.) [°C] 25.127 5.053 31.327 1.741
Relative humidity (min.) [%] 36.045 12.550 30.200 6.488
Relative humidity (max.) [%]  91.064 4.748 91.673 4.276
Total rainfall [mm] 1.855 6.085 1.691 3.523
Global solar radiation [MJ/m2]  23.415 8.209 26.626 2.220
Total insolation [s] 34238.182 12344.299 39267.273 3636.650
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Online Resource 4: Temperature (minimum and maximum) and rainfall daily data for the two sectors, S1
and S2.
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Online Resource 5: Variograms for the assessment of spatial dependency of the residuals from the best
models with climatic variables: a. Sector 1 and b. Sector 2.
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Online Resource 6: Variograms for the assessment of spatial dependency of the residuals from the best
models with climatic variables: a. Sector 1 and b. Sector 2.

. R? R?
Model formulation AlIC
(marg) (cond)
Number ~ Trap * Sex 1740.783 0.415 0.220
S1: Number ~ Date + Trap + Sex 1640.270 0.650 0.490
adults  Number ~ Trap + Sex + Maximum temperature +
Maximum humidity 1737.460 0.420 0.230
gp:  Number ~ Trap * Sex 1134.861 0.624 0.498
adullts Number ~ Trap + Sex + Date + Maximum temperature +
Maximum humidity 750.953 0.787 0.716
S2: Number ~ Trap * Stage 1421.750 0777 0734
nymbhs Number ~ Trap + Stage + Date + Maximum temperature
+ Maximum humidity 1375.129 0.819 0.777
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Online Resource 7: Estimated regression parameters, standard errors, z-values and p-values for the negative
binomial GLMM candidate models.

Sector 1: adults

Number ~ Maximum temperature + Maximum humidity + Trap + Sex

Estimate Std. error z value P-value
Intercept 1.682 0.269 6.248 <0.001
Maximum
temperature 0.147 0.044 3.326 0.001
Maximum humidity 0.087 0.044 2.008 0.045
Trap RT 0.828 0.368 2.251 0.024
Trap VOFF 0.753 0.369 2.041 0.041
Trap VON 1.162 0.368 3.158 0.002
Sex Males -0.181 0.088 -2.052 0.040
Number ~ Trap * Sex
Estimate Std. error z value P-value
Intercept 1.540 0.287 5.370 <0.001
Trap RT 0.853 0.396 2.153 0.031
Trap VOFF 1.072 0.396 2.710 0.007
Trap VON 1.399 0.395 3.546 <0.001
Sex Males 0.157 0.195 0.805 0.421
Trap RT: Sex Males -0.075 0.257 -0.291 0.771
Trap VOFF: Sex Male -0.734 0.264 -2.779 0.005
Trap VON: Sex Males -0.536 0.254 -2.113 0.035

Sector 2: adults

Number ~ Trap + Sex + Day since start + Maximum temperature + Maximum humidity

Estimate  Std. error z value P-value
Intercept -1.484 0.345 -4.303 <0.001
Trap RT 1.755 0.430 4.079 <0.001
Trap VOFF 1.596 0.431 3.700 <0.001
Trap VON 2.305 0.426 5.405 <0.001
Sex Males -0.327 0.091 -3.583 <0.001
Date -1.052 0.065 -16.075 <0.001
Maximum temperature 0.233 0.054 4.322 <0.001
Maximum humidity -0.005 0.038 -0.131 0.896
Number ~ Trap * Sex
Estimate Std. error z value P-value
Intercept -1.097 0.389 -2.819 0.005
Trap RT 1.810 0.478 3.789 <0.001
Trap VOFF 1.724 0.478 3.604 <0.001
Trap VON 2.450 0.471 5.202 <0.001
Sex Males -0.080 0.400 -0.200 0.842
Trap RT: Sex Males -0.119 0.437 -0.272 0.785
Trap VOFF: Sex Male -0.289 0.443 -0.653 0.514
Trap VON: Sex Males -0.329 0.423 -0.778 0.437




Sector 2: nymphs

Number ~ Trap + Stage + Day since start + Maximum temperature + Maximum humidity

Estimate  Std. error z value P-value
Intercept 0.732 0.336 2.176 0.030
Trap RT 2.396 0.443 5.411 <0.001
Trap VOFF 2.363 0.443 5.330 <0.001
Trap VON 2.492 0.446 5.592 <0.001
Stage V-V -2.763 0.180 -15.317 <0.001
Date -0.375 0.103 -3.625 <0.001
Maximum temperature 0.493 0.085 5.805 <0.001
Maximum humidity -0.201 0.088 -2.275 0.023
Number ~ Trap * Stage
Estimate Std. error z value P-value
Intercept -1.097 0.389 -2.819 0.005
Trap RT 1.810 0.478 3.789 <0.001
Trap VOFF 1.724 0.478 3.604 <0.001
Trap VON 2.450 0.471 5.202 <0.001
Stage V-V -0.080 0.400 -0.200 0.842
Trap RT: Stage IV-V -0.119 0.437 -0.272 0.785
Trap VOFF: Stage 1V-V -0.289 0.443 -0.653 0.514
Trap VON: Stage IV-V -0.329 0.423 -0.778 0.437
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