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Abstract

The effects of substrate-borne vibration with frequencies of 30 and 300 Hz on the number of the greenhouse whitefly
Trialeurodes vaporariorum and the number of fruit sets in greenhouse tomatoes were investigated. When tomatoes were
intermittently subjected to 300-Hz vibration generated from vibrational exciters installed in a greenhouse, the number of
adult and larval T. vaporariorum was significantly reduced compared with non-vibration plots. The substrate-borne 30-Hz
vibration generated from different vibrational exciters did not affect the number of 7. vaporariorum when smaller accelera-
tion was applied to tomato plants; however, it showed a suppressive effect when greater acceleration was applied. Regarding
pollination, the number of fruit sets in tomatoes subjected to 300-Hz vibration was the same as that in non-vibration plots,
which was lower than that in plant growth regulation treatment plots. The number of fruit sets in tomatoes subjected to 30-Hz
vibration significantly increased compared with that in non-vibration plots, which was comparable to that in plant growth
regulation treatment plots. Our findings suggest that applying substrate vibration to tomatoes is effective in suppressing the
plant infestation by 7. vaporariorum and promoting tomato pollination. Vibrations could disrupt various behaviors associated
with infestation and cause repellency in 7. vaporariorum. This study focused on the effectiveness of vibrational conditions,
including frequency, acceleration, and temporal characteristics, in detail, aiming to incorporate them into integrated pest
management programs in greenhouse tomato cultivation.
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e We applied 30- and 300-Hz substrate-borne vibrations to
tomato plants in a greenhouse.

e Applying 30-Hz vibration increased the number of
tomato fruit sets.

P4 Takayuki Sekine e Applying 300-Hz vibration decreased the number of T.
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e Substrate-borne vibrations could be suitable for both pest
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and Engineering, The University of Electro-Communications, and ecological interactions among insects (Cocroft 2011;
Chofu, Tokyo 182-8585, Japan Takanashi et al. 2019; Strauf} et al. 2021). A large number
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of insect species use substrate-borne vibrations as intra- or
interspecific signals, and plants are the most widely used
substrates for transmitting these vibrations (Cocroft and
Rodriguez 2005). Plant-borne vibrations play important
roles in various behavioral contexts, such as finding part-
ners, preys, or hosts (Virant-Doberlet and Cokl 2004; Hill
2008), and among them, mating behavior is probably the
most studied function of vibrational communication (Pola-
jnar et al. 2015). For instance, the male brown planthopper
Nilaparvata lugens (Stal) (Hemiptera: Delphacidae) locates
the female brown planthopper that produces vibrations by
inserting her stylet into a rice plant stem and vibrates her
abdomen in a dorso-ventral direction without tapping the
rice plant directly (Ichikawa and Ishii 1974). The mating
process of the brown marmorated stink bug, Halyomorpha
halys (Stal) (Hemiptera: Pentatomidae), is aided by low-
frequency (50-80 Hz) substrate-borne vibrational signals,
which are of two types in females and three types in males
and are present in various combinations (Polajnar et al.
2016).

Several species of hemipteran families use substrate-
borne vibrations for mate location and assessment, com-
munication between sexes (Cokl and Virant-Doberlet 2003;
Takanashi et al. 2019). Therefore, various pest control tech-
niques involving mating disruption throughout the period of
substrate vibration have been studied with promising results
for these insect pests (Krugner and Gordon 2018; Avosani
et al. 2020). For example, Laumann et al. (2018) found that
pure tone vibrations (75-200 Hz) reduced copulation by
94.2%-100% compared with control pairs, thereby disrupt-
ing the reproductive behavior of the neotropical brown stink
bug, Euschistus heros Fabricius (Hemiptera: Pentatomidae).
Further, Mazzoni et al. (2017) reported that a vibrational
signal of 80 Hz was effective in disturbing the mating system
of the glassy-winged sharpshooter Homalodisca vitripen-
nis (Germar) (Hemiptera: Cicadellidae). Additionally, Par-
ent et al. (2022) indicated that non-specific substrate-borne
vibrations caused reductions in number of some aphid spe-
cies not known use vibration for communication. These
studies demonstrate the potential of mechanical vibration
as an integrated pest management (IPM) tool for several
hemipteran pests.

The greenhouse whitefly Trialeurodes vaporariorum
(Westwood) (Hemiptera: Aleyrodidae) is a severe pest on
vegetables and numerous greenhouse plants, attacking more
than 800 plant species worldwide (Perring et al. 2018).
This insect species damages plants, including the tomato
plant Solanum lycopersicum L., via direct as well as indi-
rect methods. It reduces plant vitality and productivity and
damages plants by directly extracting the plant sap (Colvin
et al. 2006; Prijovi€ et al. 2013), resulting in the growth of
sooty mold fungi through the secretion of sticky honeydew
on the fruit (Bi et al. 2002). In addition, T. vaporariorum can
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transmit some viruses (Morales and Jones 2004). In the mat-
ing behavior of whiteflies, including 7. vaporariorum and
Bemisia tabaci (Gennadius), communication through vibra-
tions occurs when males and females oscillate their abdomen
up and down (Kanmiya 1996, 2006; Fattoruso et al. 2021).

In greenhouse tomato production, using Bombus bum-
blebees as pollinators that vibrate the anthers of a flower
to extract pollen has become a common practice world-
wide (De Luca and Vallejo-Marin 2013). However, the
Japanese government has been phasing out the use of non-
native bumblebees, such as B. terrestris L., as greenhouse
tomato pollinators since 2017 because of their ecological
risks (Nishimura 2021). A number of alternative pollination
methods have been applied, including plant growth regula-
tion using synthetic plant hormones (hereinafter abbreviated
as “PGR”) treatment or plant vibration treatment, such as
hitting the wire associated with plants and apparatus that is
manually applied to individual flowers (Palma et al. 2008;
Dingley et al. 2022). However, these pollination treatments
are labor-intensive methods, especially among large-scale
growers. Although conventional vibrational pollination is
inefficient in terms of labor-intensiveness, vibration gener-
ated from vibrational exciters installed in a greenhouse is
expected to be effective for pollination.

In this study, we used two different substrate-borne vibra-
tions with pure tone frequencies: 300-Hz vibration, which is
present in various signals emitted by male 7. vaporariorum
(Kanmiya 1996), and 30-Hz vibration, which is effective in
pollinating plants (Shimizu and Sato 2018). We conducted
two field experiments to investigate how substrate-borne
vibrations with these two frequencies would affect the
number of T. vaporariorum and pollination in terms of the
number of insect species on tomato plants and the number
of tomato fruit sets.

Materials and methods
Study site and plant cultivation

Experiments were conducted at Miyagi Prefectural Agri-
culture and Horticulture Research Center in Natori, Miyagi
Prefecture, Japan (38°10'N, 140°51'E, 46 m above the sea
level).

For all experiments, the tomato cultivar was “Rinka 409”
(Sakata Seed Co., Yokohama, Japan). Tomato seeds were
sown in a 72-cell tray and grown in a greenhouse until the
seedlings reached the five-leaf stage. Tomato seedlings were
transplanted into 0.8-m wide beds covered with a black plas-
tic mulching sheet in greenhouses at a plant-to-plant distance
of 40 cm within rows and columns each. Fertilizers were
applied at a standard amount for the study region (300 kg N/
ha).
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Vibrational exciters and measurements

A vibrational exciter using a magnetostrictive FeCo clad
steel plate (Yang et al. 2018) cantilever was developed by
Tohoku Steel Co., Ltd. (Fig. 1). The bending behavior of the
cantilever causes vibrations with a constant frequency on the
object connected to the base plate. The output signals were
controlled and amplified using a custom-made system to
drive vibrational exciters at either 300 or 30 Hz. The vibra-
tional signals were measured using an accelerometer (Type
NP-2106; Onosokki, Japan / Type PV-08A; RION, Japan)
connected to a charge converter (Type VP40; RION), and
the signals were fed into data acquisition hardware (Type
SA-A1; RION). The accelerometer was attached to the target
position using a plastic tape. Frequencies (Hz) and accelera-
tions (m/s?, zero-to-peak) were measured at each position
on the same day. The output signal (300 or 30 Hz) was con-
firmed in the detected signals through spectral analysis (fast
Fourier transform: Hanning, 1 kHz bandwidth, 1600 lines).

Experiment 1: Influences of substrate-borne
vibrations of 300 and 30 Hz on the number of T.
vaporariorum

This experiment was conducted from August to Septem-
ber 2018. It was designed to evaluate the effects of sub-
strate-borne vibrations of 300 and 30 Hz on the infesta-
tion by T. vaporariorum. The experiment was performed
in a greenhouse (20-m long X 5.5-m wide X 3.0-m high)
whose openings were covered with a white net (0.8 mm
mesh). We constructed a tower in the greenhouse using
iron pipes with a diameter of 19 mm (18-m long X 4.2-m
wide X 2.4-m high) (Fig. 2a). Vibrational exciters with
two different frequencies were established on 1.8-m-high

Fig. 1 Vibrational exciter installed on a pipe. See Fig. 2 for details

pipes. Vibrational exciters with 300 Hz were installed at
two points per pipe, 6.0 and 12.0 m from the edge of the
pipe (Fig. 2b). Similarly, those with 30 Hz were installed
at two points per pipe, 1.4 and 2.2 m from the edge of the
pipes (Fig. 2b).

Tomato seedlings were transplanted into two parallel
strips (18-m long X 0.8-m wide, with 1.0-m interval between
their edges) in two rows covered with a black plastic mulch-
ing sheet on June 14; they were present at an interplant
distance of 0.4 m within rows and columns each (Fig. 2b,
¢). Thus, each strip contained 90 tomato plants. One strip
was used for examining 300-Hz vibration, and the other
for 30-Hz vibration. Each strip was divided into six plots,
and both treatments, i.e., with and without vibrations, were
arranged alternately. However, the plot size was different as
the treatment with vibration was 4.0-m long and that with-
out vibration was 2.0-m long (Fig. 2b). While a plot with
each vibration contained 20 tomato plants, a plot without
vibration contained 10 tomato plants. The total number of
tomato plants in each treatment was the same, i.e., 60 tomato
plants. Thus, the size of the plot without vibration was half
that of the plot with vibration. In the treatment with vibra-
tion, tomato seedlings were supported by iron wires (2 mm
diameter) suspended from 1.8-m or 2.1-m-high iron pipes
to transmit vibrations from exciters to tomato seedlings
(Fig. 2c¢). In contrast, in the treatment without vibration,
iron poles were installed from the ground to support tomato
plants and prevent transmission of the vibration. The 300-Hz
vibration was set to apply 1 min of pulsed vibration, which
comprised repetitions of 1 s of vibration at an interval of 9 s,
at an interval of 14 min from 5 a.m. to 7 p.m. (Supplemental
Fig. 1a). This vibrational start and end time of the day was
determined by taking into account the time of sunrise and
sunset at experimental site during this periods. The stimula-
tion cycle and timing in plots with 300-Hz vibration were
based on previous studies to avoid the effects of habitua-
tion of vibration (Kishi and Takanashi 2019a; Yanagisawa
et al. 2021). The 30-Hz vibration was set to apply 1 min of
continuous vibration to ensure a long duration of vibration
in the plants at three time points, 9, 10, and 11 a.m. (Sup-
plemental Fig. 1b). The stimulation cycle and timing in plots
with 30-Hz vibration were based on our preliminary experi-
ments and previous studies (Hanna 1999, 2004). Both the
vibrations were applied every day for 22 days from August
20 to September 10, 2018.

The number of adult and larval T. vaporariorum on two
compound leaves located at intervals of three and four leaves
from the growing point were counted on August 20 (before
providing the vibration). These two leaves were marked at
that time and were continuously counted on August 28 and
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(a) Tower of iron pipes in Greenhouse
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Fig.2 Schematic of an experiment comparing the incidence of 7ri-
aleurodes vaporariorum under conditions with 300- and 30-Hz
vibrations in Experiment 1. The greenhouse was 20-m long X 5.5-m
widex3-m high. A tower of iron pipes (18-m longx4.2-m
wide X 2.4-m high) was built (a). Two parallel strips were created in
the greenhouse, and vibrations with the two frequencies were tested
in a strip. A plot with both 300- and 30-Hz vibrations contained 20

September 3 and 10. These investigations were conducted on
four plants located at the center of each plot. After providing
vibrations of either 300 or 30 Hz, we measured the accelera-
tions on plant stems at a height of 1.35 m above the ground
on August 20 (Supplemental Fig. 2).

@ Springer

plants and the plot without vibration contained 10 plants (b). Vibra-
tional exciters were set up on iron pipes at a height of 1.8 m. In the
treatment plots with vibration, tomato seedlings were supported by
iron wires suspended from the iron pipes. In the treatment plots with-
out vibration, tomato seedlings were supported by iron poles to pre-
vent transmission of the vibration (c¢)

Experiment 2: Influences of substrate-borne
vibrations of 300 and 30 Hz on the number of T.
vaporariorum, number of fruit sets, and growth
of tomato plants

The experiment was conducted from November 2018 to
March 2019. It was designed to evaluate the effects of sub-
strate-borne vibrations of 300 and 30 Hz on the infestation
by T. vaporariorum, number of fruit sets, and height and
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stem diameter of tomato plants. The experiment was per-
formed in two greenhouses (12-m long X 5.5-m wide X 3.0-m
high) whose openings were covered with a white net
(0.8 mm mesh). One greenhouse was for examining the
300-Hz vibration, and the other for examining the 30-Hz
vibration.

Tomato seedlings were transplanted into three paral-
lel strips (10.0-m long X 0.4-m wide, with 1.0-m interval
between their edges) in a single row covered with a black
plastic mulching sheet on October 29; they were present at
an interplant distance of 0.5 m. Thus, each strip contained
19 tomato plants. Next, iron pipes with a diameter of 19 mm
were installed at a height of 1.8 m above the strips, and iron
poles were used to suspend them. Tomato seedlings were
supported by iron wires (2-mm diameter) that were sus-
pended from iron pipes. The treatments with 300- and 30-Hz
vibrations were performed in a greenhouse. Two of the three
strips in both the greenhouses were plots with vibration, and
the remaining strip was a plot without vibration (Fig. 3a,

(a) Experimental house of 300-Hz vibration

Strips with 300 Hz

W Strip without
vibration

vibration
| \ |
ol Lo U
e ® e
10m
®
-\ [ |
1.7m
v
| 7 «—> «—>
7 | Y\ 1.0m 04m
Iron pole Exciter Iron pipe

Fig.3 Greenhouse layout in an experiment comparing the incidence
of Trialeurodes vaporariorum and the number of tomato fruit sets
under conditions with (a) 300- and (b) 30-Hz vibrations in Experi-
ment 2. The greenhouse was 12-m long X 5.5-m wide X 3-m high. Iron

b). The vibrational exciters were set up on the pipes. Excit-
ers with 300-Hz vibration were installed at one point per
pipe, 1.7 m from the edge of the pipe (Fig. 3a). In contrast,
those with 30-Hz vibration, which were modified to provide
greater acceleration than in Experiment 1, were installed
at two points per pipe, 2.2 m and 7.8 m from the edge of
the pipe (Fig. 3b). We started providing the vibrations on
November 28. The 300-Hz vibration was set to apply 1 min
of pulsed vibration, which comprised repetitions of 1 s of
vibration at an interval of 9 s, at an interval of 14 min from
6 a.m. to 6 p.m. (Supplemental Fig. 1c). This vibrational
start and end time of the day was determined by taking into
account the time of sunrise and sunset at experimental site
during this periods. The 30-Hz vibration was applied under
different conditions for each strip; one was applied as con-
tinuous vibration for 1 min at two time points, 9 and 11
a.m. (hereinafter “30 Hz-1", Supplemental Fig. 1d) and the
other was applied as continuous vibration for 1 min, nine
times every hour from 9 a.m. to 5 p.m. (hereinafter referred

(b) Experimental house of 30-Hz vibration

Strip with 30 Hz-1 Strip with 30 Hz-2
vibration vibration

\ | |

Strip without
vibration

10m

22m

@ @ A

\ 10m 04m

v r'Y

i \

Exciter Iron pipe

Iron pole

pipes were installed at a height of 1.8 m above the ground using iron
poles. Tomato seedlings were contained 19 plants a strip and sup-
ported by iron wires suspended from iron pipes. The filled circles rep-
resent iron poles for supporting iron pipes
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as “30 Hz-2”, Supplemental Fig. le). All vibrations were
applied every day for 108 days from November 28 to March
15. In the plots without vibration, PGR (30 ppm of 4-chlo-
rophenoxyacetic acid) was applied to every two plants, i.e.,
nine plants, for comparison of the number of fruit sets.

The number of adult and larval T. vaporariorum on
tomato compound leaves was counted on November 28
(before providing the vibration), December 7, 14, and 26,
January 11 and 18, February 1, 14, and 28, and March 11,
but the counting on January 11 was limited to the green-
house of the 300-Hz vibration experiment. The countings
were conducted on four compound leaves located at the
middle and lower sections of the stems from November 28
to December 26. Further, the countings were conducted
on three compound leaves that were located at the upper,
middle, and lower sections of the stems from January 11 to
March 11. The height of tomato plant was approximately
equivalent of 0.6 m to 1.7 m during this investigation period,
therefore, compound leaf located at middle meant about 0.3
to 0.85 m height from the ground. These countings were
conducted for every two plants per strip. Thus, 18 tomato
plants were investigated in strips with 300-Hz vibration,
whereas nine tomato plants were investigated in strips with
30 Hz-1 and 30 Hz-2 and those without either 300- or 30-Hz
vibration. For the greenhouse where the 300-Hz vibration
experiment was conducted, the number of T. vaporariorum
on tomato plants was plotted against the distance from the
exciter to examine the correlation between them.

The growth parameters of tomato plants were investigated
in terms of the number of fruit sets, plant height, and stem
diameter. Meter rulers were used to measure the tomato plant
height from the base to the tip of the main shoots, whereas
calipers were used to measure the tomato stem diameter at
a height below 15 cm from the growing point of the main
shoots. These investigations were conducted at two time
points on January 21 and March 11. The number of fruit sets
was counted for each cluster during harvest. We measured
accelerations on plant stems at a height of 1.35 m above the
ground on March 15. Further, we measured accelerations on
iron pipes to compare the vibration transmissions on Novem-
ber 28 (after providing the vibration) (Supplemental Fig. 3).

Statistical analysis

The effect of treatments on the number of T. vaporariorum
was evaluated using a generalized linear mixed model
(GLMM) with a linked function of Poisson distribution
(Poisson-GLMM). However, based on the dispersion estima-
tor ¢ = D/(n — p) proposed by Wedderburn (1974), where D
represents the deviance of the model, n the sample size, and
p the number of parameters for the model, if overdispersion
greater than the expected overdispersion was observed, we
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adopted the negative binomial GLMM (NB-GLMM) with
a log-link function for those comparisons. In GLMM, the
number of 7. vaporariorum is a response variable, and the
treatment type, which comprised two levels, is included as
an explanatory (fixed) effect. The plots nested within fields
and the date of investigation was included in the model as
random effects. These GLMM analyses were performed
using the R 4.0.5 Ime4 package (Bates et al. 2015), and the
significance of treatments was evaluated using a likelihood
ratio test (LRT) in the R 4.0.5 car package (Fox and Weis-
berg 2019). The number of fruit sets, height, and stem diam-
eter of tomato plants in Experiment 2 was compared via the
Student’s ¢ test or Tukey’s HSD test using R 4.0.5.

Results

Experiment 1: Influences of substrate-borne
vibrations of 300 and 30 Hz on the number of T.
vaporariorum

The temporal change in the number of adult and larval
stage 7. vaporariorum is shown in Figs. 4 and 5. In the 300-
Hz experimental strip, the number of larval T. vaporari-
orum in vibration plots was significantly lower than that in
non-vibration plots, while a significant difference was not
observed in the adult stage (Fig. 4; LRT for the NB-GLMM:
df=1, X2:9.00, p=0.0027 [larva], LRT for the Poisson-
GLMM: df=1, Xz =0.5, p=0.4933 [adult]). Meanwhile, in
the 30-Hz experimental strip, the numbers of both adult and
larval T. vaporariorum were similar between vibration and
non-vibration plots (Fig. 5; LRT for the NB-GLMM: df =1,
X2 =1.79, p=0.1815 [larva], LRT for the Poisson-GLMM:
df=1, x*=0.0006, p=0.9804 [adult]).

The accelerations in the 300-Hz strip were 10.0 and
4.0 m/s? at both the measuring positions, but the maximum
acceleration in the 30-Hz strip was 1.5 m/s* (Supplemental
Table 1). As the iron pipes in both the frequency strips were
interconnected, the 300-Hz vibration was transmitted with
maximum acceleration of 1.2 m/s?, even in the 30-Hz strips,
and vice versa with maximum acceleration of 0.2 m/s” in the
300-Hz strips.

Experiment 2: Influences of substrate-borne
vibrations of 300 and 30 Hz on the number of T.
vaporariorum, number of fruit sets, and growth
of tomato plants

The temporal change in the number of adult and larval
stage T. vaporariorum is shown in Figs. 6 and 7. In the
300-Hz vibration greenhouse, the number of adult and lar-
val T. vaporariorum in vibration strips was significantly
lower than that in non-vibration strips, respectively (Fig. 6;
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Fig.5 Temporal change in the 1 - (a) Adults
number of (a) adult and (b) lar-
val Trialeurodes vaporariorum
on tomato plants in the 30-Hz 0 -
experimental strip in Experi-
ment 1. Circles and diamonds
represent the mean number of 12 (b) Larvae

T. vaporariorum in the treat-
ment with and without 30-Hz
vibration, respectively. The
number of adults and larvae did
not differ significantly between
treatments (likelihood ratio test,
p>0.05). The error bars repre-
sent standard deviations

Mean number of individuals/compound leaf
oo

LRT for the NB-GLMM: df=1, x*=10.0, p=0.0015
[adult], LRT for the NB-GLMM: df=1, x?=29.5,
p <0.0001 [larva]). When the number of T. vaporariorum
on tomato plants was plotted against the distance from
the exciter, no correlation was observed between them

Date of investigation

(Supplemental Fig. 4). In the 30-Hz vibration greenhouse,
the number of adult and larval T. vaporariorum in both the
strips, i.e., 30 Hz-1 or 30 Hz-2, was significantly lower
than that in non-vibration strips, respectively (Fig. 7; Tuk-
ey’s HSD post hoc test: p <0.05).
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Fig.6 Temporal change in the
number of each (a) adult and
(b) larval Trialeurodes vapo- 2
rariorum on tomato plants in
the 300-Hz experimental house
in Experiment 2. Circles and
diamonds represent the mean
number of T. vaporariorum in
the strips with and without 300-
Hz vibration, respectively. The
numbers of adults and larvae
were significantly different
throughout the experimental
period (likelihood ratio test,
p<0.001). The error bars repre-
sent standard deviations

(a) Adults

(b) Larvae

Mean number of individuals/compound leaf

Nov.

Fig.7 Temporal change in 80
the number of each (a) adult
and (b) larval Trialeurodes
vaporariorum on tomato plants
in the 30-Hz experimental
house in Experiment 2. Circles,
triangles and diamonds rep-
resent the mean number of 7.
vaporariorum in the strip with
30 Hz-1 (for 1 min at two time
points, 9 and 11 a.m.), 30 Hz-2
(for 1 min, nine times every
hour from 9 a.m. to 5 p.m.) and
without vibrations, respectively.
No significant differences were
observed in these numbers indi-
cated with the same lowercase
letter along lines of treatments
(Tukey’s HSD post hoc test,
p>0.05). The error bars repre-
sent standard deviations

(a) Adults

Mean number of individuals/compound leaf

Dec. Jan.

Feb. Mar.

Date of investigation

Nov.

The number of tomato fruit sets in strips with 300-Hz
vibration was similar to that in strips without vibration; how-
ever, it was significantly lower than that in PGR treatment
without vibration (Fig. 8a; Tukey’s HSD test, p <0.05). In
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Dec. Jan. Feb. Mar.

Date of investigation

300-Hz vibration strips, the number of fruit sets tended to be
lower in the first—third clusters than that in PGR treatment
without vibration (Supplemental Fig. 5; Tukey’s HSD test,
p <0.05). Conversely, the number of tomato fruit sets in both
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Fig.8 Number of tomato fruit sets in each (a) 300- and (b) 30-Hz
experimental greenhouse in Experiment 2. PGR indicates plant
growth regulation using synthetic plant hormones. Significant differ-
ences in the number of Trialeurodes vaporariorum were not observed

the 30-Hz vibration plots was significantly higher than that
in non-vibration plots but was similar to that in PGR treat-
ment without vibration (Fig. 8b; Tukey’s HSD test, p <0.05).
There was no difference in the number of fruit sets among
30 Hz-1, 30 Hz-2, and PGR treatment in the first—fifth clus-
ters, but the number of fruit sets in the sixth cluster was the
highest in 30 Hz-2 plots (Supplemental Fig. 6; Tukey’s HSD
test, p <0.05).

Regarding plant height and stem diameter, there was
no significant difference in plant height and stem diameter
between strips with and without vibration in the 300-Hz
experimental greenhouse (Supplemental Table 2; Student’s
t test, p>0.05). Meanwhile, in the 30-Hz experimental
greenhouse, the plant stem diameter tended to be larger in
the strip with vibration than that without vibration, and this
tendency was the strongest in 30 Hz-2 plots. Moreover, the
plant height in 30 Hz-2 plots tended to be higher at the sur-
vey in Jan. 21, but subsequent growth was restrained (Sup-
plemental Table 3; Tukey’s HSD test, p <0.05).

At the start of the experiment, the tomato stems that were
applied 300-Hz vibration showed accelerations ranging from
2.8 to 59 m/s? on the iron pipe (Supplemental Table 4).
However, the acceleration on the tomato stem at the end of
the experiment ranged from 0.8 to 18 m/s”. Regarding 30-Hz
vibration, the acceleration on the tomato stem at the end of
the experiment ranged from 0.6 to 2.5 m/s”.

Discussion

In this study, we demonstrated that providing substrate-
borne vibrations of 300 and 30 Hz to tomato plants reduced
the plant infestation by T. vaporariorum and that 30-Hz
substrate-borne vibration resulted in the same number of
fruit sets as the PGR treatment.

among treatments indicated with the same lowercase letter in each
greenhouse (Tukey’s HSD post hoc test, p>0.05). The number of
fruit sets summed across first—sixth clusters is shown. The error bars
represent standard deviations

Whiteflies communicate with each other through sexual
signals, which vary among species (Kanmiya 2006). Tri-
aleurodes vaporariorum males, the target of this study,
generally communicate with 7. vaporariorum females by
emitting vibrations in the range of 250-375 Hz (Kanmiya
1996). Therefore, applying 300-Hz vibration to tomato
plants probably interfered with mating behavior and sup-
pressed the infestation by 7. vaporariorum. In this study, the
vibrational suppressing effect was investigated against the
naturally occurring T. vaporariorum. Therefore, the number
of the target pest was small. In particular, significant reduc-
tion in the number of adults was observed when 300-Hz
vibration was applied in Experiment 2, but the difference
was less than one individual (Fig. 6a). It would be necessary
to confirm whether the same density suppression effect can
be investigated, even under the condition with more 7. vapo-
rariorum, including artificial pest release. Further, the 30-Hz
substrate-borne vibration reduced the infestation by 7. vapo-
rariorum depending on the acceleration, which may have
some effect on their behavior, such as a rival male emitting
mating disruption signals (Fattoruso et al. 2021). A previous
study has shown the use of substrate-borne vibration based
on the rivalry signal that functions as a mating disruption
signal in the leafthopper Scaphoideus titanus Ball (Hemip-
tera: Cicadellidae) (Eriksson et al. 2012). Although the
rivalry signal does not function sufficiently in the green leaf-
hopper Empoasca vitis (Gothe) (Hemiptera: Cicadellidae),
a different signal that focuses on the dominant frequency of
this species is successfully used (Nieri and Mazzoni 2019).
Further research on substrate-borne communication signals
emitted by T. vaporariorum, including the possibility of this
rivalry signal, is needed.

Bemisia tabaci is as important as 7. vaporariorum among
whiteflies damaging horticultural crops. Yanagisawa et al.
(2021) focused on a frequency of 100 Hz, which causes a
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startle response, and confirmed the effectiveness of vibra-
tion in suppressing the number of this species in tomatoes.
As 100-Hz vibration is also included in the mating signal
emitted by male B. fabaci (Kanmiya), it is unknown whether
the suppression in the number of B. tabaci by the vibrations
is due to the startle response or the disruption of mating
(Yanagisawa et al. 2021). Furthermore, in Coleoptera, vibra-
tions of 100-120 Hz are found to induce escape and disrupt
behavior other than mating; for example, feeding (Taka-
nashi et al. 2019; Kishi and Takanashi 2019b; Takanashi
and Nishino 2022). In the present study, similarly, 300-Hz
vibration could cause disrupt various behaviors associated
with infestation, in addition to disrupt mating behavior. It is
necessary to elucidate the mechanism of behavioral control
using vibrations and determine the vibrational properties
that can achieve a greater suppression effect among white-
flies. Although there have been several behavioral and ana-
tomical studies on the effect of vibration on the families of
Heteroptera and Auchenorrhyncha (Cokl and Virant-Dober-
let 2003; Takanashi et al. 2019), this information is still
scarce in whiteflies Aleyrodidae of Sternorrhyncha, which
are much smaller in size (Kubota et al. 2019). To establish
effective control against whiteflies through vibration, vibra-
tional communication and behavior in whiteflies should be
studied behaviorally and anatomically in further detail.
The transmission of vibration can be crucial to the prac-
tical application of vibrational pest control. Yanagisawa
et al. (2021) stated that vibration attenuates as the distance
from the exciter increases, and this vibration attenuation
was observed in this study (Supplemental Tables 1 and 2).
However, regarding 300-Hz vibration, although accelera-
tion was attenuated, there was no correlation between the
number of T. vaporariorum and the distance from the exciter
(Supplemental Fig. 4), indicating that a range of vibration
accelerations obtained in this study suppressed the infesta-
tion to some extent. It is necessary to examine the correla-
tion between the vibration accelerations and 7. vaporari-
orum infestation in a larger field and determine the number
of vibrational exciters that should be installed. The 300-Hz
vibration may have more attenuation than 30-Hz vibration
(Supplemental Table 1), and the frequencies of vibrational
exciters can affect its performance. Furthermore, it is neces-
sary to consider a more efficient way of transmitting vibra-
tion rather than using the iron wires employed in this study.
In this study, the application of 30-Hz vibration showed a
positive effect on pollination, whereas that of 300-Hz vibra-
tion showed no effect. However, it is difficult to state a gen-
eral comparison because of different temporal characteristics
of vibration applications, i.e., time, duration, and intervals
between 30- and 300-Hz treatments in this study. Some
buzz-pollinators emit vibrations of approximately 300 Hz
(De Luca and Vallejo-Marin 2013), which may promote
pollination depending on the conditions. However, we did
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not investigate the fruit weight and traits in this study even
though the 30-Hz vibration was effective in promoting pol-
lination. Considering these factors, it is necessary to conduct
more detailed investigations to evaluate their practicality.
The plant height and stem diameter were slightly higher and
thicker with 30-Hz vibration than without vibration, respec-
tively. However, in this study it was not determined whether
a positive or negative effect on tomatoes. Mechanical stim-
uli, such as shaking, rubbing, touching, and wind blowing,
generally inhibit shoot elongation in plants, whereas vibra-
tion with a particular frequency promotes shoot elonga-
tion in some plants, suggesting that vibration may have a
different effect on plants compared with other mechanical
stimulations (Takahashi et al. 1991). Additionally, providing
wind as a mechanical stimulus, depending on the conditions
under which it is provided, enhances plant immunity and
inhibits the condensation in plants, thereby suppressing the
incidence of diseases (Cipollini 1997; Sekine et al. 2007).
Future research should also shed light on various other pos-
sibilities, such as plant growth promotion and plant disease
control in addition to insect pest control and pollination.
When an IPM system incorporated with vibrational
pest control and pollination promotion is established, it is
expected to significantly reduce the number of hours spent
on pest control and pollination using synthetic chemicals in
production fields. While applying the vibration technology
to production sites, it would be simpler and inexpensive to
apply a single frequency that is effective for both pest control
and pollination than to apply two frequencies on tomatoes,
i.e., 300 Hz to control pests and 30 Hz to promote pollina-
tion, as shown in this study. In future studies, it is necessary
to determine effective frequencies, accelerations, and tem-
poral characteristics for applying vibration to agricultural
production. Moreover, vibration technology is expected to
contribute to the management of resistant pests as well as
the environmental impact by reducing the use of pesticides.
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