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Abstract

The spotted-wing drosophila (SWD), Drosophila suzukii (Matsumura), is an invasive species native to East Asia and now
widespread worldwide. Major economic damage is caused by the larvae developing within ripening soft-skin fruit. Cur-
rently, larval detection in fruit is limited to destructive methods and post-harvest control strategies heavily rely on the use of
chemicals or cold to inhibit egg eclosion and larval growth. Feeding larvae are likely to induce substrate-borne vibrations in
the berry that could be exploited as cues by predators or to develop a non-invasive pest detection method, an approach previ-
ously applied on leaves and wooden structures, but never on fresh fruit. We used a laser vibrometer to detect and characterize
the incidental vibrations produced by D. suzukii larvae within fresh blueberries at five different pest age (48, 96, 168, 216
and 264 h). An innovative statistical analysis was performed to assess if infestation level (number of pupae) and pest age
(hours after exposure) affect the spectrum and the amplitude of vibrations. The recordings of infested berries were charac-
terized by the presence of a series of broad-band pulses (frequency range 0.1-2 kHz) without a regular temporal pattern, in
an amplitude range between 12.1 and 946 um/s. Furthermore, the analysis revealed the possibility to distinguish between
different pest ages and infestation levels. By a spectral analysis of the recordings, the pest ages can be distinguished among
each other, but for the age groups at 168 and 216 h after infestation. The vibration amplitude trend gradually increased up
to 168-216 h after infestation, and then decreased until fly emergence. Low-infested blueberries showed a faster D. suzukii
development time compared to high-infested blueberries. This was reflected into vibrational recordings, as low-infested
blueberries exhibited peak amplitude at earlier stage compared to high-infested ones. Results suggest that D. suzukii larvae
induce detectable vibrations by feeding within berries that are dependent on infestation level and pest age. We discuss the
possible ecological role of such vibrations as cues for unintended receivers, such as predators and parasitoids, and their
potential for innovative infestation detection methods.
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Introduction

Apart from being important economical commodities and
Communicated by Tim Haye. relevant component of human and animal’s diet, fruits pro-
vide microhabitats to a vast group of insects (Sallabanks
and Courtney 1992). This interaction can be mutualistic and
54 Marco Valerio Rossi Stacconi have neutral or even beneficial effects for some host plants
marcovalerio.rossistacconi @fmach.it (Wilson 2008), but from an agriculture perspective, infested
fruits are a major economical concern. Among frugivore
insects residing in fruit pulp there is an invasive pest causing
extensive agricultural damage worldwide, the spotted-wing
g:seﬁazlfledg}zé?mf; tclemefs Fondazione Edmund Mach, drosophila (SWD), Drosophila suzukii (Matsumura) (Dip-
ge, Hay tera: Drosophilidae). Native to Southeast Asia, since 2008 D.

suzukii has invaded North America (Hauser 2011), Europe
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(Cini et al. 2012), South America (Andreazza et al. 2017)
and Northern Africa (Ouantar et al. 2020) thanks its high
fecundity (Emiljanowicz et al. 2014; Hamby et al. 2016),
wide host range (Lee et al. 2015; Kenis et al. 2016) and
thermal adaptability (Ryan et al. 2016). Drosophila suzukii
is among the very few Drosophila species able to lay eggs
in ripening fruit (Atallah et al. 2014). Development param-
eters are temperature and humidity-dependent (Tochen et al.
2014, 2016). Under optimal laboratory condition at 22 °C,
eggs take 12 to 14 days to reach adulthood, passing through
three larval instar stages (5.8 days) and a pupal stage (6
days) (Emiljanowicz et al. 2014; Tochen et al. 2014). While
larvae reside most of their life in fruit pulp, pupation can
also occur on fruit surface, or detached outside (Kanzawa
1939; Hamby et al. 2016; Woltz and Lee 2017; Bezerra Da
Silva et al. 2019). Crop damage is caused by larvae feeding
in ripening fruit and serious economic impacts have been
reported to raspberry (Farnsworth et al. 2017), blueberry
(Yeh et al. 2020), strawberry and blackberry (De Ros et al.
2015), Swiss cherry, plum and grape (Knapp et al. 2021)
cultivation.

Pest detection methods rely on monitoring adults utiliz-
ing traps and different lures (Cloonan et al. 2018). A less
common monitoring method is larval count. that has the
advantage of providing immediate information to growers to
adjust the most appropriate control strategies depending on
the real-time infestation status (Tait et al. 2021). However, at
the moment this technique is time-consuming as it requires
several steps such as fruit crushing, salt or vacuum extrac-
tion and filter collection (Van Timmeren et al. 2017; Babu
et al. 2023). A successful non-contact detection method of
D. suzukii not only could favor early pest detection, but also
post harvesting sector that now heavily relies on chemical
application and cold storage to suppress the pest (Walse et al.
2012; Kraft et al. 2020; Mostafa et al. 2021). Insects are
known to produce substrate-born vibrations while residing in
or on their substrate (Hill et al. 2019; Virant-Doberlet et al.
2023). These vibrations can either be produced by special-
ized organs, such in the case of mating signals of Hemiptera
(Laumann et al. 2011; Virant-Doberlet et al. 2011), or they
can be incidental, such in the case of vibrations produced
by movement (Devetak 2014; Oberst et al. 2017) or feeding
(Kollasch et al. 2020; Turchen et al. 2022). These vibrations
have been exploited to detect invertebrates ‘presence within
different substrates (Mankin et al. 2011), initially with accel-
erometers, piezoelectric sensors and microphones (Mankin
et al. 1997, 2004; Castellanos and Barbosa 2006; Pearson
et al. 2007; Devetak 2014), and more recently utilizing more
accurate laser Doppler vibrometers (Zorovi¢ and Cokl 2015;
Liu et al. 2017; De Luca and Vallejo-Marin 2022). This
methodology has been already applied to assess incidental
vibrations produced by insects within wood (Zorovi¢ and

v

Cokl 2015), and extensively on plant’s leaves (Kollasch et al.
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2020; Turchen et al. 2022), but to the authors’ knowledge,
never on fruits. Even if most of juvenile insect stages, such
as larvae, nymphs and pupae, are substrate-bound and likely
depend on perception of vibratory signals, their vibroscape,
described as their natural vibrational environment (Sturm
et al. 2021), has been rarely studied and it remains poorly
understood (Yack and Yadav 2022). While Drosophila adults
are known to utilize substrate-born vibrations during court-
ship, where male tremulations result into female immobiliza-
tion (Fabre et al. 2012; Mazzoni et al. 2013; McKelvey et al.
2021), little is known about their larval stage. Moreover,
the identification and characterization of these incidental
vibrational signals are necessary steps to unravel their eco-
logical role. In particular to assess if they function as cues in
host-parasitoid interactions, as previously assumed (Vet and
Bakker 1985; Girod et al. 2018a), but never assessed thor-
oughly. Eavesdropping is a common scenario in the animal
realm, where numerous and diverse signals (chemical, vis-
ual, acoustic, electrical, tactile) are exploited by unintended
receivers (Peake 2005; Hughes et al. 2012). This technique
is adopted by predators and parasitoids to locate preys and
hosts (Broad and Quicke 2000; Takanashi et al. 2016; Yack
and Yadav 2022). As biological control (BC) is becoming
a relevant practice adopted to suppress this pest population
(Lee et al. 2019; Tait et al. 2021), it is fundamental to deepen
our knowledge on BC agents host searching, which might
not rely solely on chemical, but also on physical cues such as
substrate-born vibrations (Higham and Hebets 2013; Nieri
et al. 2022).

In this study we used a laser vibrometer to detect and
characterize incidental vibrations produced by larvae of D.
suzukii feeding within fresh fruit pulp. We hypothesized
that infested blueberries are characterized by the presence
of larval feeding vibrations. We first evaluated the presence
of vibrations by comparing the recordings of fruit infested
with living larvae and un-infested fruit. We, then, character-
ized the vibrations and applied innovative statistical meth-
ods to test the influence that infestation level and pest age
had on the amplitude and spectral parameters of recorded
vibrations.

Material and methods
Insect rearing and infestation

Drosophila suzukii individuals used for fruit infestation
were mass reared according to the protocol specified in
Rossi Stacconi et al. (2022) and derived from multiple field
collections of live adults at different locations in the Trento
Province (Italy), during 2020 and 2021 seasons. Consid-
ered that traits of recorded substrate play an important role
into defining spectra we ensured that every blueberry had
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similar weight and shape. Fresh blueberries from the same
batch were selected and weighted to ensure a standardized
weight of 1.5 +0.1 g using a precision scale (D-72336, Kern
and Sohn, Balingen, Germany). Rotten, soft, deformed or
damaged fruits were discarded. Un-infested blueberries
were used as control, while the others were placed in D.
suzukii mass rearing cages (30 x30x 70 cm, Bugdorm
BD4F3074, MegaView Science Co., Ltd, Taichung, Tai-
wan) to allow oviposition. Every 15 min, infested blueber-
ries were removed from the cages and checked under ste-
reoscope (M80, Leica Microsystem, Germany) to count the
number of laid eggs and ensure the absence of other living
organisms such as mites. Blueberries with 5 to 30 fly eggs
were selected for recordings and maintained individually in a
plastic cylinder container (diameter 6 cm, height 8 cm) with
absorbent cotton at the bottom and a lateral hole (diameter
2 cm) covered with fine mesh for aeration. A small fragment
of reflective tape (22 mm?) was attached to the surface of
each blueberry in the same position, near the calyx, to mini-
mize differences in vibrational recordings. For the duration
of the experiment, distilled water (3 ml) was poured weekly
on the cotton in each container to avoid sample desicca-
tion. Containers were maintained in controlled conditions
at21+2 °C, 70% RH, and 16:8 L:D.

Drosophila suzukii development parameters

The containers holding the infested blueberries were moni-
tored for adults’ eclosion every 48 h. Emerging D. suzukii
adults were counted and stored in 70% ethanol solution. One
week after last adult emergence, the samples were hydrated
and pupae were isolated and counted. The total number of
pupae was used as a proxy to estimate blueberries’ infesta-
tion level. Blueberries were grouped into two categories:
low infestation (L) containing 1 to 6 pupae (n=14), and high
infestation (H) containing 7 to 13 pupae (n=16). To evalu-
ate D. suzukii development the following parameters were
used: the adult survival rate, expressed as the percentage of
eggs laid that reached adulthood, the average emersion time
(AEM), the first emersion time (FET) and the last emersion
time (LET), as the number of days from the infestation date
to adult emergence.

Vibrational recording and analysis

Vibrational recordings were taken in a soundproof room
between February and April 2022. The blueberries were
placed in calyx-up position and individually tested on an
anti-vibration table (Astel s.a.s, Ivrea, Italy). Vibrations were
recorded using a laser Doppler vibrometer (PDV 100, Poly-
tec, Germany) focused on the reflective tape previously posi-
tioned on the blueberry. Recordings were digitized using the
software BK Connect (Briiel and Kjer Sound and Vibration

A/S, Nerum, Denmark) at 6.4 kHz sample rate and 24-bit
depth resolution through a data acquisition device (LAN
XI type 3050-B-040, Briiel and Kjar Sound and Vibration
A/S, Neerum, Denmark), and stored directly onto a computer
hard drive. For each blueberry, vibrations were recorded for
3 min at five different time intervals: at 48, 96, 168, 216
and 264 h after D. suzukii infestation. Control un-infested
blueberries were recorded at the same time. Recordings
were analyzed using the software BK Connect (Briiel and
Kjer Sound and Vibration A/S, Nerum, Denmark) with a
Fast Fourier Transformation (FFT), Hanning type, window
size of 400 Hz and 66.7% overlap for the frequency range
100-2000 Hz. The amplitude of vibrations was measured as
velocity of substrate displacement. To characterize the single
pulses induced by the feeding larvae, the peak frequency and
the corresponding amplitude were measured for three pulses
per recording at three infestation time (28 recordings at 96 h
after infestation, 30 at 168 h, and 29 recordings at 216 h).
A pulse was defined as a physically unitary or homogene-
ous sound, composed of a brief succession of sine waves
(Alexander 1967). To evaluate the influence of infestation,
its level, and pest age, on the entire length of the recording,
the spectra averaged for the three-minutes recordings were
compared.

Statistical analysis

All statistical analyzes have been carried out in R (4.2)
(R Core Team 2020) with the following packages: fda.usc
(Febrero-Bande and Oviedo De La Fuente 2012), {dANOVA
(Gorecki and Smaga 2018), permuco (Frossard and Renaud
2021), together with custom code developed by the authors
and available upon request. To compare D. suzukii develop-
ment parameters a Shapiro—Wilk normality test followed by
non-parametric Mann—Whitney was performed. To compare
vibrational recording, following a functional data analysis
(Ramsay and Silverman 2005) approach, we analyzed the
average spectra for each three minute recording and con-
sidered, for each blueberry and time interval, a functional
observation of the amplitude of vibrations as a function of
the frequency. These curves have then been compared by
means of point-wise and global non-parametric two-way
functional ANOVA (Zhang and Liang 2014), testing, in
particular, the effect of infestation, pest age and infestation
level. For the point-wise analysis, we compared the between-
and within-groups variances at each frequency, producing
a sequence of statistical tests and corresponding p values.
The globalizing test statistic (GPF) (Zhang and Liang 2014),
was then obtained integrating the point-wise statistic. The
corresponding p value was computed through a permuta-
tion test (Good 2000). All the statistical analysis described
henceforth have been performed for the single frequen-
cies (point-wise tests) and integrating over the frequencies
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(global tests). To avoid inconsistencies between the results
of the two families of tests, p values were always computed
through permutation tests, with 100,000 permutations. To
test the effect of pest age on recording intensity in infested
blueberries, we performed a post-hoc analysis by means of
Quade’s test (Conover 1999). Quade’s test is a non-paramet-
ric test based on ranks for multiple treatments (represented
here by pest age) in randomized complete block designs. To
test the effect of the level of infestation on recorded vibra-
tions, always controlling for the effect of pest age, we added
different covariates, numeric variables, to the categorical
factors in our functional ANOVA model. This resulted in
an Analysis of Covariance (ANCOVA) with the following
covariates: number of eggs at the infestation time, number
of developed pupae, and pupae/eggs rate as a measure of
the survival rate of the pest’s larvae. We also examined the
interaction between the amounts of eggs and pupae, both
by allowing for the interaction in the model and by adding
explicitly to the model the ratio among the two variables.
For more details about tests and models, see the Supple-
mentary file.

Results
Drosophila suzukii development rate
On average, high infested blueberries had more than twice

the number of pupae compared to low infested blueber-
ries (Table 1). Adult survival rate and FET did not differ

significantly between the two groups (Table 1). On the con-
trary, the LET was significantly delayed in high infested
samples (3.8 days on average, Table 1), indicating a lower
development rate of the larvae in the high infested berries.

Vibrations induced by feeding larvae

Infested samples’ recordings were characterized by the pres-
ence of a series of different sized broad-band pulses that
displayed no regular temporal patterns (Fig. 1). The ampli-
tude of single pulses ranged from 33.2 to 312.6 um/s at 96
h (n=28), from 23.7 to 672.6 um/s at 168 h (n=30), and
from 12.1 to 946 um/s at 216 h after infestation (n=29). The
dominant frequency of pulses was on average 1096, 662 and
651 Hz at 96, 168 and 216 h, respectively. No pulses were
ever detected in uninfested blueberries. Moreover, the three
minutes average spectra had significant higher intensities for
all the frequencies (100-2000 Hz) in infested blueberries
compared to control ones (analysis of variance, @ =0.05)
(Figs. 2, 3).

Influence of pest age on vibration amplitude

Among infested blueberries, the pest age had a significant
effect on the vibration amplitude for almost all frequen-
cies (@ =0.05). Only at around 1800 Hz the effect was
not significant (p > 0.05) (Fig. 3). The Globalising Point-
wise Quade test revealed that over all frequencies, all pest
ages could be discriminated among each other (p <0.001),
except for two groups, 168 and 216 h (T-statistic: 0.84, p

Table 1 Drosophila suzukii

Egg Pupae Adults Survival ~FET LET AET
mean development parameters
for control and the two Low (n=14) 11.7+15a 3.6+04a 35+05a 37+6%a 15+£03a 17+05a  163+03a
treatments High (1=16) 21.3+14b 83+04b 8.1+03b 40+3%a 159+03a 20.8+04b 18.1+0.3b
U 27.5 1 1 93.5 69.5 22 23
p value 0.0005 <0.0001 <0.0001 04540  0.1023 0.0002 0.0002

Low (L) and High Infestation level (H). Egg, pupae and emerging adults are expressed as mean number
(n+SEM), First Emersion Time (FET), Last Emersion Time (LET) and Average Emersion Time (AET) are
expressed in days after infestation (days + SEM). Means within a column followed by different lowercase
letters are significantly different according to the performed Mann—Whitney test for pairwise comparison.
U represent the Mann—Whitney test results. p values are corrected by Monte-Carlo permutation

Fig.1 Waveform of feeding w50
vibrations of Drosophila suzukii i
larvae developing within fresh 2
blueberry pulp 168 h after infes- g
tation. The 10 s lapse shows a 2 0
series of pulses 2
Q
£
<
- 150 A
1 1

bttt
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0.1

500 1000 1500 2000 500 1000 1500 2000
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Pest age (hours): 48 = 96 = 168 = 216 = 264

Fig.2 Visual representation of the three-minutes spectra for control resent the average of the samples (n=30) recorded at different pest
uninfested blueberries (left) and infested blueberries (right). The age time. Shades represent Standard Deviation values
infested samples displayed higher recorded intensities. Bold lines rep-

Fig.3 p values along the 0.100
frequencies resulting from term
ANOVA obtained by a permuta-
tion method. At level of signifi- e égtgrl/g%)
cance of 95% (p=0.05) both
factors under analysis (control 0.075
and treatment, and the five pest
ages) show a significant effect
on amplitude for almost all
frequencies. Y axis has been
o
cutat 0.1 =]
8 0,050 1
a
0.025
0.000 e e
500 1000 1500 2000

Frequencies (Hz)

value=0.12) (Table 2). The pairwise pointwise Quade test at other pest ages (a=0.05) for almost all frequencies,
(Fig. 4) revealed that the amplitude of vibrations recorded  except at very low frequencies (100-125 Hz), and few
at 48 h was significantly different from the one recorded  more frequencies (upper limit 600 Hz) in comparison

@ Springer



Journal of Pest Science

Table 2 Globalising pointwise quade test results for all time (pest
age) comparisons

Comparison Statistic (T) p value
48 versus 96 3.69 0.00
48 versus 168 7.14 0.00
48 versus 216 6.34 0.00
48 versus 264 3.94 0.00
96 versus 168 3.45 0.00
96 versus 216 2.66 0.00
96 versus 264 1.00 0.00
168 versus 216 0.84 0.12
168 versus 264 3.20 0.00
216 versus 264 2.40 0.00

with the recordings performed at 96 h. The vibration
amplitude at 96 h was significantly different on average
from the one recorded at 168 and 216 h for frequencies
under 1200 Hz (o =0.05). The pairwise comparison of the
vibration amplitude between the 96 h and 264 h groups
was not significantly different for most of the frequencies
(p>0.05) (Fig. 4).

Influence of infestation level on vibration amplitude

The analysis of variance confirmed that different infestation
levels (Control, Low and High) had a significant effect on
the vibration amplitude for all the frequency range (a=0.05)
(Fig. 5). Overall, we observed an increase of the vibration
amplitude at increasing infestation levels: the higher the
infestation level the higher the vibration amplitude (Fig. 6).
The vibration amplitude trend over time was characterized
by a gradual increase (up to 168-216 h after the infestation)
followed by a gradual decrease until flies’ emergence. The
average maximum amplitude was recorded at 0.104 um/s
after 168 h for samples with low infestation, whereas sam-
ples with high infestation recorded the average maximum
amplitude at 0.189 um/s after 216 h. The functional analy-
sis of covariance (ANCOVA) performed on infested berries
confirmed that, among infestation level factors considered
into the analysis, the number of pupae better explained the
observed vibration amplitude recorded for all frequencies
(a=0.05) (Fig. 7). The interaction between egg and pupae
resulting from the model was unreliable at low frequency
range (100400 Hz) and above 1500 Hz (¢ =0.05). Both the
number of laid eggs and the ratio between pupae and eggs,

48 h h
0.100 AL 96 hir TETTTTH]
| 2 "
L (L
t '0\
P RUE
| iJj'{
0.050 fhe--=smmm s mmmmmmmem e m s ;MI -----
¥ Iy
! 1 3 1
Pl Al ¢
| '
It L RV §
o 0010 || & o WK
3 0001 A< oo e =
168 h 16 h
> 0.100 BB by 2Ry
S
L M [ o
0.010 ]E
0.001 '
500 1000 1500 2000 500 1000 1500 2000
Frequencies (Hz)
Pest age: = 96 = 168 = 216 264

Fig.4 p value for multiple pairwise Quade test obtained by a permutation method. The tests have been performed for each frequency and for
multiple comparisons between different pest ages. Y axis has been cut at 0.1
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1000 1500 2000
Frequencies (Hz)

Fig.5 p values along the 0.100
frequencies resulting from . .
ANOVA and permutation test. variables:
At level of significance of 95% Ir:ggrr]sSI(é?CQEA)
(a=0.05 the infestation levels
(C, L and H) show a signifi- 0.075
cant effect on amplitude for all
frequencies but those lower than
168 Hz

)

=

e

o}

0.025
0.000
500

Fig.6 Visual representation of % 05
vibrations amplitude recorded at g_
different pest age and infesta- e
tion level (C Control; L Low 3
infestation; H High infestation) é 0.4
previously tested with ANOVA <

(Fig. 5). For each box, the cen-

tral line represents the median,

the limits of the box are the 25th 0.3
and 75th percentiles. The cross

symbol (x) represents the mean.

Whiskers extending outside the

box illustrate data range, while 0.2
dots are considered outliers

0.1

o
- = =

Oc
oL
B H

.

m [

48 hours

did not explain the vibration amplitude for any frequency
(p>0.05) (Fig. 7).

Discussion

Infested samples were characterized by the presence of
broad-band pulses that are within the sensitivity range of the
species (Mamiya et al. 2018). The spectral analysis revealed
the possibility to distinguish infested from un-infested sam-
ples. Additionally, in our standardized context we were
able to distinguish different pest ages and infestation lev-
els. Vibrations produced by hymenopteran and lepidopteran

96 hours 168 hours 216 hours 264 hours

larvae feeding on leaves exhibit similar wave forms to those
we described (Kollasch et al. 2020), supporting the hypothe-
sis that the recorded pulses are D. suzukii larvae’s mandibles
chewing the fruit pulp. Kollasch et al. (2020) described peak
amplitude of pulses ranging between 1 and 3 mm/s, whereas
our recorded amplitudes ranged from 12.1 to 946 pm/s. Such
lower values could be explained by several factors, as the
difference in size of the emitters used in the two studies, the
location of the emitters with respect to recording point on
the substrate and the shape and type of the substrate (Oberst
et al. 2019) In fact, the insect size is directly related to the
amplitude of produced vibrations (Vick et al. 1988; Mankin
et al. 2010); and while D. suzukii larval length ranges from

@ Springer
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Fig.7 p value resulting 0.10
from the functional Analysis

of covariance (ANCOVA)
obtained by a permutation
method. Pupae represent the
number of pupae that developed
into the sample, eggs represent
the number of counted eggs at
infestation time, pupae/eggs
represent the ratio of the vari-
ables, and eggs-pupae interac-
tion represent their interaction
resulting from the model

0.75

p-value
e )
@
o

0.25

term

hours (48, 96...)
pupae
pupae/eggs

e

ggs .
eggs-pupae interact.

0.00

1 mm (1st instar) to 4 mm (3rd instar) (Van Timmeren et al.
2017), the lepidopteran and hymenopteran larvae tested by
Kollasch et al. (2020) were all late instars (3rd to 5th) rang-
ing from 10 to 30 mm in length. Furthermore, amplitude of
vibrations is inversely related to the distance of the emitters
with respect to the recording point. In our study the lar-
vae were embedded in a spherical substrate (blueberries),
whereas recordings by Kollasch et al. (2020) were performed
on larvae feeding on the surface of a flat substrate (leaves);
thus, in our case it was impossible to know the exact distance
between the emitting larva and the recording point on the
blueberry surface. Probably this is the reason behind the
variability of amplitude of the recorded pulses. Although D.
suzukii infestation was carried out at the same time to reduce
biases, different larvae could have displayed different devel-
opment time (therefore size) and were simultaneously active
within the substrate, at different distance from the record-
ing point. Interestingly, the amplitude range we observed is
very similar to that of the vibrations produced by the larvae
of the Asian longhorned beetle (Anoplophora glabripen-
nis Motschulsky) feeding within wood logs (10-960 pm/s)
(Zorovi¢ and Cokl 2015), despite such larvae can measure
up to 50 mm in length (CABI 2020). This may suggest a
major influence of the location of the emitter with respect
to the substrate (on or within) compared to the effect of the
insect. In modern berries processing, quality check tradi-
tionally performed by human operators is leaving place to
automatized imaging systems that allow to effectively sort
and grade fruit based on its appearance (Wang et al. 2021).
These detection technologies mainly rely on physical aspects
of the fruit surface (Patel et al. 2012; Blasco et al. 2017), and

@ Springer

1000 1500 2000
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cannot detect the presence of pests located within fruit pulp.
Our results demonstrate that vibrational detection is possible
and its integration into fruit processing systems can poten-
tially give a more comprehensive picture of fruit status. One
constrains of vibrational detection is the need to isolate the
recorded sample to reduce the interference of background
noises. This issue could be tackled coupling the recording
with other detection systems that are generally placed in
controlled area, such as computer vision systems and odor
detection (E-Nose) (Wang et al. 2021), or filtering the noise
digitally (Bentler and Chiou 2006). Considering that cur-
rently post-harvest suppression of D. suzukii requires costly
long exposure to CO,, not always effective to completely kill
the immature stages (Mostafa et al. 2021), a preliminary pest
detection could limit its application, reducing both environ-
mental and economical associated costs.

Besides detection for monitoring or control purposes,
vibrations recorded in this study are potentially relevant
in the Drosophila ecology. In fact, feeding vibrations
could have both an intraspecific and interspecific function.
Intraspecific communication in Drosophila relies also on
vibrational stimuli (Fabre et al. 2012; Mazzoni et al. 2013;
McKelvey et al. 2021). In particular, Drosophila femoral
chordotonal organs neurons (FeCO) are sensitive to low
amplitude vibrations in the 200-2000 Hz range. In particu-
lar, it has been shown that frequency that corresponds to the
highest sensitivity is 400 Hz at 0.9 pm/s, and 800 Hz at the
smaller amplitude of 0.054 um/s (Mamiya et al. 2018). The
pulses we recorded are above this threshold and the peak
frequency is within the sensitive range, suggesting that D.
suzukii could exploit the vibrations induced by feeding larvae
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as a cue to identify infested berries. Host searching behavior
and oviposition site selection in D. suzukii is regulated by
visual, mechanical and chemical cues (Cloonan et al. 2018;
Kidera and Takahashi 2020) but vibrations could represent
an additional modality to acquire insights on the suitability
of host patches. Specific odors emitted by plants or micro-
organisms and the color of ripening berries are important
for long-range location of suitable hosts, indeed these cues
are used for traps’ design (Cloonan et al. 2018; Alawamleh
et al. 2021). At short-range, surface secretions produced
after oviposition have an aggregative function and stimu-
late conspecific females to lay eggs shortly after infestation
(Tait et al. 2020). However, this effect rapidly decreases
(a few hours) as the chemical cues left by the ovipositing
female start degrading (Tait et al. 2020). We hypothesize
that vibrational cues could be involved in oviposition site
selection at advanced stages (> 12 h after infestation), when
eggs hatch and larvae start producing incidental vibrations.
At this stage, the chemical cues deriving from previous ovi-
position events could be outcompeted by the vibrational cues
induced by larvae developing within the fruit. This would be
consistent with the fact that multiple concurrent ovipositions
on a single fruit increase offspring survival through different
cooperation mechanisms (Tait et al. 2020), whereas oviposit-
ing on fruit where older larvae are already present could be
disadvantageous due to intraspecific competition (i.e., can-
nibalism of eggs and younger larvae) (Bezerra Da Silva et al.
2019). Moreover, if flies perceive the differences in the spec-
tra that we identified in our analysis, vibrations induced by
larvae could provide adult flies with information about both
the infestation level and the larval stage. Future studies on
D. suzukii perception of mechanical stimuli and the behav-
ioral response to vibrational playbacks are needed to test this
hypothesis. Incidental vibrations produced by developing
D. suzukii larvae could also serve as a cue for parasitoids
searching for their host (Broad and Quicke 2000). Several
parasitoid wasps have documented to attack D. suzukii both
in its native and invaded area (Girod et al. 2018a, b; Lee
et al. 2019; Daane et al. 2021), some of which are currently
being reared and released as biological control agents (Rossi
Stacconi et al. 2022; Fellin et al. 2023). Larval parasitoids
in particular could benefit from vibrational detection, for
these species both the host location within the substrate and
the development stage are crucial for successful parasitiza-
tion (Wang et al. 2018). For instance, G. brasiliensis have
a preference toward young larvae of 1-2 days old (Wang
et al. 2018) Larval parasitoids’ exploitation of vibrotaxis for
host detection has been previously assumed (Vet and Bakker
1985; Girod et al. 2018a), but never assessed thoroughly.
In several hymenopteran groups (bees, wasps and ants),
evaluation on responses of chordotonal organs to vibrational
stimuli revealed that the sensitivities range between 1.8 and
80 um/s (StrauB} et al. 2021), suggesting that the signals we

recorded in infested samples could be detected by parasitoid
wasps, such as larval parasitoids of D. suzukii.

Our analysis revealed the possibility to discriminate lar-
vae age based on recordings amplitude. As spectral param-
eters are influenced by the recorded substrate (Oberst et al.
2019), this was possible because in our experiment blue-
berries had similar weight and shape. Different fruit traits
should be evaluated in future studies to assess how they
influence the spectra. These data could lead to the creation of
a model that accounts for both pest age and fruit characteris-
tics. Our recordings suggests that vibrations not only carry
binary information regarding host presence or absence, but
potentially also relevant information regarding their devel-
opmental stage. If proven, the eavesdropping performed
by parasitoids could contribute to explain their selectivity
toward the different host stages of D. suzukii (Rossi Stacconi
et al. 2015; Wang et al. 2018). The trend of the amplitude of
vibrations over time after infestation can be explained by D.
suzukii life cycle, and in particular by pupation. Once pupal
stage is reached, D. suzukii, as all insects, does not feed any-
more and it is almost immobile, thus the gradual decrease
of vibration amplitude observed in our experiment can be
explained by the reduction in individual actively feeding.
In fact, the highest amplitude values have been observed at
168 h after infestation, which is when larvae probably were
close to pupation according to the observed emersion rates,
which are in agreement with those of similar experiments
conducted on blueberries in comparable climatic conditions
(Tochen et al. 2014, 2016; Winkler et al. 2020). In previ-
ous studies, the development time from egg to adult took
on average 14 +0.1 days and larvae pupated approximately
eight days after infestation (192 h) (Tochen et al. 2014,
2016), a time at which we observed signal amplitude plateau
and its gradual decrease. The increase in amplitude from 24
to 168 h can be explained by the increase in size of the lar-
vae, for the previously mentioned effect on size over vibra-
tions amplitude. Among the two infestation level groups, L
blueberries better represented a natural scenario, in which
low numbers of larvae develop within a single berry (Bur-
rack et al. 2013). The later occurrence of the average maxi-
mum amplitude observed in H blueberries and its slower
decrease compared with L blueberries reflect an overall
lower development rate observed in blueberries where lar-
val density was higher. Also emersion times, AET and LET,
in highly infested samples was significantly delayed, most
likely due to the occurrence of higher intraspecific competi-
tion pressure and relative limited availability of food source,
both factors that have been proven to extend development
time (Hardin et al. 2015; Bezerra Da Silva et al. 2019). The
ANCOVA revealed also an important aspect about the devel-
opment rate and success of D. suzukii infestations. Contrary
to the number of pupae, the eggs number was not a good
indicator to explain changes in the recorded spectra. This
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evidence supports the fact that egg count is an unreliable
proxy to preliminary quantify infestation level. Egg count
can be easily performed, even automatized (Waithe et al.
2015) and still a valid method to assess insect fecundity and
oviposition preference (Tochen et al. 2014; Ng’oma et al.
2018; Kidera and Takahashi 2020; Fowler et al. 2022), but
it poorly represents the number of larvae developing in the
infested fruit. Many factors affect D. suzukii development
from egg to adulthood, such as temperature and humidity
(Winkler et al. 2021), interspecific competition (Bezerra Da
Silva et al. 2019) and host plant (Olazcuaga et al. 2019). This
makes it difficult to estimate accurately infestation level from
egg count, especially in samples taken from field and uncon-
trolled environment. Vibrational recording on the other hand
could be a more practical alternative that does not rely on
sample history.

Laser vibrometer recordings have been proven a suc-
cessful non-destructive methodology for early detection of
incidental vibrations induced by D. suzukii larvae feeding in
fresh fruit pulp. Furthermore, the applied analysis has been
proven useful to compare vibrational spectral parameters and
discriminate both pest ages and infestation level at standard-
ized berry weight. This analysis could be useful in further
studies aiming to investigate the effect of broad-band vibra-
tions on other organisms. Moreover, this study paves the
way for development of automated monitoring systems that
could use a similar comparison analysis to not only detect
the occurrence of vibrations but also quantify or identify the
infestation level. Additionally, we provided new insights on
the ecology of Drosophila species, showing that not only
adults, but also larvae are emitters of vibrational cues and
signals. Which could play a role in both intra and interspe-
cific communication.
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