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Abstract

Blue sticky traps contribute substantially to monitoring the western flower thrips, Frankliniella occidentalis Pergande (Thy-
sanoptera: Thripidae), in greenhouses. Although sticky traps can detect the initial presence of thrips reliably, an estimation
of the actual thrips density in the crop by counting number of thrips on the traps is often not accurate. To overcome this
issue, we compared blue sticky traps and newly developed sticky LED-enlightened traps in combination with the commercial
thrips kairomone Lurem-TR under commercial growing conditions. Therefore, an experiment was conducted in cucumber,
Cucumis sativus L. (Cucurbitaceae), crop stands in greenhouse cabins investigating the correlation between thrips caught
on (LED) traps and the thrips density in the crop for an accurate and reliable thrips monitoring. Additionally, experiments
aiming to understand underlying mechanisms of thrips orientation towards traps in different scenarios were conducted under
controlled conditions. Results show that thrips catches on sticky LED enlightened coloured traps correlated strongly posi-
tive with number of thrips in the crop, especially at low thrips population densities. Adding Lurem to this trap type further
improved accuracy of the correlation in the greenhouse cabin experiment. Moreover, LED traps with and without Lurem
were more attractive towards thrips in small follow-up experiments compared to standard blue sticky traps. The results are
discussed in the context of general orientation of thrips and its behaviour towards visual and olfactory cues when considering
different scenarios. Our study shows the successful integration of blue LEDs into an existing trapping system and underlines
the advantages compared with standard sticky plates. In conclusion, sticky LED enlightened coloured traps have a potential
as an improved thrips monitoring device that might improve pest management decisions.

Keywords Light emitting diode - Insect behaviour - Insect detection - Blue sticky traps - Integrated pest management -
Mass trapping - Greenhouse

Key message e Number of thrips caught on LED traps correlates strongly
positive with thrips density in the crop
e Lurem-TR further increased accuracy of this correlation
e First examination of combining blue LED traps and in combination with LED traps
Lurem-TR for thrips density monitoring in a crop e LED traps were much more attractive than blue sticky
traps under variable conditions
e Visual rather than olfactory orientation plays a key role
for thrips monitoring at short distances
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are monitored by yellow sticky traps, while blue sticky traps
(BSTs) are commonly used for detecting the western flower
thrips (WFT), Frankliniella occidentalis Pergande (Thysa-
noptera: Thripidae) (van Tol et al. 2021). Besides detecting
the presence of pest insects or beneficials by sticky traps,
insect counts can also correlate with the actual insect density
present in the crop (Higgins 1992; Muvea et al. 2014; Bock-
mann et al. 2015; Grupe et al. 2023). This allows integration
of action thresholds against pest insects in decision support
systems, indication of success of plant protection meas-
ures and even indirect monitoring of sessile pests on crops
(Bockmann et al. 2015; Grupe et al. 2023). Based on this
information, pest management decisions can be improved
(Bockmann et al. 2015) and accelerated (Pizzol et al. 2010).
Acceleration of pest management decision by using sticky
traps is of primary importance for growers, as monitoring
on plants is extremely labour intensive (Beers 2012). How-
ever, correlations between insects on traps and plants are
not always given or reliable (Steiner et al. 1999; Steiner
and Goodwin 2005; Broughton and Harrison 2012; Dieck-
hoff and Meyhofer 2023). In the last two decades though,
insect orientation and monitoring by using enhanced visual
cues, such as LED traps (Chu et al. 2003, 2004; McCor-
mack 2015; Stukenberg et al. 2015, 2018, 2020; Otieno et al.
2018; Lopez-Reyes et al. 2022) and attractive olfactory cues,
such as p-anisaldehyde (Teulon et al. 1993; Koschier et al.
2000; Mainali and Lim 2011; Ren et al. 2020) or methyli-
sonicotinate (MI; Active ingredient of Lurem-TR; Further
referred to as “Lurem”) (Davidson et al. 2007; Teulon et al.
2007b; Liang et al. 2010; Broughton and Harrison 2012;
Muvea et al. 2014; Nielsen et al. 2016; Koschier et al. 2017;
Otieno et al. 2018) has been studied. These studies reported
(strongly) increased thrips catches by using LED traps and/
or semiochemicals. However, studies combining MI and
LED traps to detect the WFT are scarce or even missing in
case of testing concepts in crop stands. Moreover, no study
examined if the combination of MI (Lurem) and a blue LED
trap has advantages for decision-making in plant protection
compared to standard monitoring. Instead of only catching
more thrips with LED traps, earlier detection of WFT on
the crop or improved correlations of WFT present on traps
and on plants would be an important advantage in prac-
tice. Therefore, we investigated the attractiveness of a BST
and blue sticky LED-enlightened trap (further referred to
as “LED trap”) towards WFT in cucumber crops in green-
house cabins with or without Lurem (MI), respectively. The
aim of the study was to characterise the advantages of LED
monitoring, i.e. to find out if the combined use of LED traps
and Lurem improves monitoring of the WFT and enables
predictions more robust and reliable compared to standard
monitoring with blue sticky traps. Finally, several experi-
ments under controlled conditions were conducted for a bet-
ter understanding of the underlying behavioural mechanism,
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which might help in the future to optimise and automatize
monitoring and decision-making in plant protection.

Material and methods
LED traps

For the experiments, traps with eight blue (465 nm) LEDs
(NCSB219B-V1 SMD; Nichia Corporation; Anan, Japan)
were constructed based on the LED traps used by (Stuke-
nberg 2018) for monitoring the greenhouse whitefly (7¥i-
aleurodes vaporariorum) (Fig. 1).

A blue coloured plate (size: 11.5 X% 16 cm, IVOG biotech-
nical systems GmbH; Neusidfl Vogelsang, Germany) was
integrated in the LED trap. Thereby, the coloured plate was
enlightened by the blue LEDs to intensify the brightness of
the reflection of the trap. This 11.5 X 16 cm big rectangular
served as the trapping area by covering it with a plastic sheet
covered with insect glue (Insektenleim; Temmen GmbH,;
Hattersheim-Edersheim, Germany). In case of the standard
BSTs, the BSTs (IVOG biotechnical systems GmbH; Neu-
sdB Vogelsang, Germany) were cut into the same size as the
LED trap (11.5% 16 cm) and attached to a dummy LED trap,
which was permanently switched off. All LED traps were set
to the same light intensity (0.5 umol/m™>x s™!, measured at
a distance of 1 m), using a LED driver (350 mA; LCM-40,
MEAN WELL; New Taipei City, Taiwan). Light intensity
was measured prior the experiment in complete darkness
with a light meter (LI 250 with Quantum Sensor LI-190;
LI-COR Biosciences GmbH; Bad Homburg, Germany).
Light spectrum of LED traps and BSTs was measured in
the greenhouse using a spectrometer (AvaSpec-2048-2;
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Fig.1 Schematic of the LED trap equipped with eight blue LEDs
(465 nm) that were used in the experiments
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Avantes; Apeldoorn, The Netherlands) in combination with
the software (AvaSoft 8.9.3.0; Avantes; Apeldoorn, The
Netherlands) (Fig. 2).

Insect materials and handling

Frankliniella occidentalis Pergande (Thysanoptera: Thripi-
dae) was transferred from the stock rearing on bean plants
(Phaseolus vulgaris) at Leibniz Universitdt Hannover,
Germany to cucumber plants (Cucumis sativus), cultivar
“Cumlaude Bio” (Rijk Zwaan Netherlands B.V.; De Lier,
The Netherlands). The WFT were reared on cucumber for
at least three generations in custom made wooden cages
(approx. 30x30x40 cm) in a 23 °C climate room before
use in any experiment. For collecting WFT from the rear-
ing, a plastic box was held below the plant while tapping
the leaves. The plastic box containing the thrips was placed
on ice cubes to reduce WFT activity. Western flower thrips
were transferred from the box into a glass vial (25 ml; Carl
Roth GmbH & Co. KG; Karlsruhe, Germany) using a fine
brush (Size: 0; LAT—Labor- und Analysen-Technik GmbH;
Garbsen, Germany) for experimental use.

Plant materials

Cucumber seeds, variety “Cumlaude Bio” (Rijk Zwaan
Netherlands B.V.; De Lier, The Netherlands) were individu-
ally sown in plastic pots (13 cm diameter), containing stand-
ard soil substrate (Substrat 1; Klasmann-Deilmann GmbH;
Geeste, Germany) for growing. Plants were kept and watered
daily in the plant nursery greenhouse at approximately 23 °C
without using pesticides or beneficial insects. Plants were
taken for the experiments when five to six leaves were pre-
sent. For data collection during experiments, plants were cut
and placed in a plastic bag (MicroSnap-Beutel; Semanedi
AG; Ostermundigen, Switzerland) after each experimental
repetition. Bags were stored in a freezer at -18 °C for at

Fig.2 Measured light spectrum 1257 A
reflected/emitted by the BST A
and LED trap B. Data are based
on reflectance relatively to the
white reference
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Rel. reflectance (%)

251

least 24 h and insects on the plants were counted using a
microscope (M26; Leica Camera AG; Wetzlar, Germany).

Experimental setup

Overview. In total, four experiments were conducted in
greenhouse cabins to investigate the behaviour of WFT
towards visual and olfactory cues under laboratory and semi-
greenhouse conditions. Therefore, different trap types, that is
LED trap and BST with and without additional Lurem, were
investigated in a cucumber crop stand (Experiment 1) for
monitoring of WFT and under more standardized conditions
(Experiment 2—4). Data loggers (HOBO Pendant®; Onset
Computer Corporation; Bourne, MA, USA) were used to
monitor the temperature and ambient light (see Fig. A-1 to
A-4) during all experiments.

Experiment 1—Thrips monitoring with blue LED traps,
BSTs and Lurem in cucumber greenhouse crops. The aim
of exp. 1 was to test the advantage of using an LED trap
compared to a common sticky trap in practice, as well as a
possible effect of Lurem on thrips monitoring. Therefore,
two plantings were realized in a greenhouse in 2022. The
first planting was grown from February to March (calen-
dar week 7—14) followed by the second planting from April
to May (calendar week 16-22). Two greenhouse cabins
(63 m?; 9 x 7 m) were used at the same time. Eighty cucum-
ber plants were transplanted into 10 L containers (31st of
January 2022, calendar week 6) filled with standard soil
substrate (Substrat 1; Klasmann-Deilmann GmbH; Geeste,
Germany) and approximately 50 g of long-term fertilizer
(Neudorff Azet® Tomato Fertilizer; W. Neudorff GmbH KG;
Emmerthal, Germany). Containers were transferred into the
greenhouse cabins (40 containers per cabin) and set up in
two double-rows with ten plants per row (Fig. 3).

In accordance with standard horticultural practice, each
cucumber plant was grown to a total height of 2.2 m. Plants
were watered daily by an automatic dripping system (Gar-
dena “Flexcontrol”’; GARDENA GmbH; Ulm, Germany)
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Fig.3 Schematic of the experimental setup in the two greenhouse
cabins with Lurem B and without Lurem A for the two plant-
ings. Cabin with Lurem was changed from B to A between the two
repeated planting blocks. Squares represent individual cucumber
plants set up in two double-rows (I, II and III, IV). X mark the release
point of F. occidentalis at start of the experiment. Grey fields (1-8)

and manually fertilized (Wuxal® Top N; AGLUKON Spezi-
aldiinger GmbH & Co. KG; Diisseldorf, Germany) once per
week. During both plantings, fertilizing started two weeks
after setting up plants in the greenhouse cabins (first plant-
ing: calendar week 8, second planting: calendar week 17).
Side shoots and fruits up to the sixth node from the bottom
up were removed. Above the sixth node, every third fruit
was retained and every side shoot removed until the height
of 2.2 m was reached. At 2.2 m, the main shoot was cut off
and two side shoots were allowed to grow downwards. Dur-
ing the plant care, plants were also checked for other pest
(e.g. spider mites) and diseases (e.g. powdery mildew), but
no beneficial insects or pesticides were used.

As initial population 40 WFT, both males (8) and females
(32) were released in the middle of each cabin at 9 am on
the 4th February 2022 (calendar week 6, first planting) and
on the 8th April 2022 (calendar week 15, second planting),
respectively. Insect populations were monitored on a weekly
basis throughout both plantings, starting in calendar week
7 (9th February) and 16 (13th April), respectively. In total,
eight plants per cabin and date were evaluated (Fig. 3). Each
sampling plant was sampled in a non-destructive manner.
Therefore, plants were visually divided into three equally
sized sections (upper, middle and lower section). In each
section, three leaves were randomly selected for insect
counting (nine leaves per plant in total). Adults and larvae
of WFT were counted on both sides of the leaves (abaxial
and adaxial side).

Additionally, four traps per cabin were installed on the
9th of February (calendar week 7, first planting) and the
8th April 2022 (calendar week 15, second planting), respec-
tively, to monitor the flying adult WFT. Therefore, two blue
LED traps and two BSTs were placed in each cabin within
the double-rows next to the sampling plants. All four traps
were facing in the same direction, completely randomized
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mark the eight sampling plants. The bold lines A mark the location
of the four traps (LED or BST). Trap one was placed between plant 1
and 2, trap two between plant 3 and 4, trap three between plant 5 and
6 and trap four between plant 7 and 8, respectively. The latticed lines
B mark the location of the four traps with additional Lurem attached

every week and adjusted to the height of the plant canopy to
a maximum height of 2.2 m. The sticky plastic sheet on the
LED traps and the BSTs were removed weekly just before
starting insect counting on plants. Number of male and
female WFT on the traps were counted in the laboratory
under a stereo microscope (Leica M26; Leica Camera AG;
Wetzlar, Germany). New BSTs and sticky plastic sheets were
installed after finishing insect counting on plants.

During the first planting, Lurem was installed in cabin-2
on the 9th February 2022 by attaching the dispenser with a
wire to the LED trap and BST, respectively, while cabin-1
served as control without Lurem. During the second plant-
ing, Lurem was installed in cabin-1 on the 14th April 2022
with cabin-2 serving as control without Lurem. To reduce
Lurem impact from the one to the other cabin through open
windows, another empty greenhouse cabin was located in
between cabin-1 and cabin-2, during both plantings. The
release of Lurem was monitored by weighting (MXX-412,
range: 0.01-410 g; Denver Instrument GmbH; Gottingen,
Germany) the lure-dispensers in the laboratory before
installing and after removing them from the greenhouse
cabin. The average amount of MI released per dispenser was
0.48 +£0.09 g per week and 0.52+0.11 g per week in the
first and second planting, respectively. During the first plant-
ing, average temperature in cabin-1 was 25.55+4.11 °C and
24.67 +3.28 °C in cabin-2, respectively. During the second
planting, temperatures in cabin-1 were 27.49 +4.04 °C on
average and 26.41 +3.82 °C in cabin-2. After the first plant-
ing, all greenhouse cabins and equipment were cleaned and
sanitized using MennoFlorades (MENNO; Chemie-Vertrieb
GmbH; Norderstedt, Germany).

Experiment 2—Attractiveness of traps at different times of
the day (no-choice). The second experiment was conducted
to investigate the attractiveness of the different trap types in
combination with Lurem in a standardised no-choice-setup
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without host plants involved. Moreover, daily pattern of
WEFT attraction to these traps were examined to find out if
reducing monitoring efforts to specific daily periods is pos-
sible. Two greenhouse cabins were used at the same time
for experiments. Lurem was used in one of the cabins and
cabins were alternated daily. Two thrips-proof gauze tents
(hxIxw: 1.9%1.8x 1.2 m) were installed in each green-
house cabin (four tents in total) and replaced after each
run. A black plastic shield (2 X2 m) was installed between
the tents to avoid light interference between the traps. In
each gauze tent, one LED trap or BST (randomized) was
placed on a plateau in a height of one metre. Additionally,
one Lurem dispenser was attached to each of the two traps
using a clothespin. Twenty WFT (10 males and 10 females)
were released per run at a distance of one metre from the
trap. The experiment was replicated eight times on eight
days in June 2022 (8th—10th/14th—18th) at three different
daytimes: morning (8—10 am), noon (11 am—1 pm) and after-
noon (2—4 pm). The Lurem dispensers were removed and
weighed after the third run on each day.

Experiment 3—Attractiveness of traps towards WFT set-
tled on a host plant (choice). The third experiment should
reveal a better understanding of the behaviour of recently
settled thrips at low population density towards LED traps
and BSTs. Two greenhouse cabins were used for the experi-
ment at the same time. As in experiment 1 and 2, Lurem was
used in one of the cabins by attaching it to the trap. Four
gauze tents were installed per cabin and each equipped with
a cucumber plant. Twenty WFT were released from a glass
vial directly to the plant at day one at 8§ am. Eight hours later
the LED trap or BST were placed directly opposite to the
host plant in a distance of one metre. Two LED traps and two
BSTs were used in each cabin and completely randomized
after each run. Each run lasted 24 h from the point the trap
was introduced into the gauze tents. The experiment was
conducted six times in September 2022 (12th; 14th; 19th;
21st; 23rd and 26th) resulting in 12 replications. The Lurem-
dispenser was removed and weighted after each run.

Experiment 4—Preference of WFT for monitoring traps
or host plant (choice). The fourth experiment should reveal
a better understanding of the behaviour of flying thrips at
low population density towards LED traps and BSTs. Four
gauze tents were installed in a greenhouse cabin. Two of the
four tents were each equipped with a LED trap or BST and a
cucumber plant. Trap and host plant (1 m apart) were placed
opposite to the release point of thrips at a distance of one
metre. Trap and plant positions were interchanged after two
days. Placement of trap types (LED/BST) was completely
randomized. The experiment was conducted two times per
day (9-11 am and 1.30-3.30 pm) on three days in October
2022 (17th—19th) resulting in 12 replications. Twenty WFT
were released per run and counted on the plant and trap after
two hours, respectively.

Statistical analysis

Data analysis was done in R Studio (Version 4.1.3, RStudio
Inc. R Core Team 2022). Linear regression models (LM,
R-package: “lme4”) were performed to analyse the correla-
tion between number of thrips on the plant and number of
thrips on sticky traps. All traps were considered individually
and treated as technical, i.e. independent replicates. Number
of thrips on the traps were used as the dependent variable
and mean number of thrips per plant as the explanatory vari-
able. Kruskal-Wallis Test followed by Dunn’s Test of multi-
ple comparison was performed to compare number of caught
thrips by the different treatments, that is BST—(+)Lurem,
BST—(—)Lurem, LED—(+)Lurem and LED—(—)Lurem.
For the (no-) choice experiments, generalized linear model
(GLM, R-package: “Ime4”) was fitted to the data, assuming
quasi-binomial distribution. Thrips on the traps (and plants
in experiment 3 and 4) were used as the dependent variable
and daytime (experiment 2) and trap type (experiments 2,
3 and 4) were used as explanatory variable. Models were
selected by performing an analysis of variance (ANOVA)
with F-Test on the model and analysis of goodness-of-fit
using the hnp-function (R-package: “hnp”) (Moral et al.
2017). The emmeans-function was used for pairwise com-
parison of the treatments (R-package: “emmeans”).

Results

Thrips monitoring with blue LED traps, BSTs
and Lurem in cucumber greenhouse crops (Exp. 1)

In general, western flower thrips population density on
cucumber plants was similar in both cabins during the first
(p=0.624) and second (p =0.990) planting, respectively.
However, number of WFT differed significantly between
plantings (p <0.001).

In the first planting, correlation analysis revealed a sig-
nificant correlation between WFT on all trap types in com-
bination with and without Lurem. The strongest correlation
was found between WFT on the plants and LED—(+)Lurem
(R*=0.877, p<0.001), followed by the WFT caught on
BST—(+)Lurem (R’>=0.869, p<0.001), LED—(—)Lurem
(R*=0.657, p<0.001) and BST—(—)Lurem (R>=0.603,
p=0.002) (Fig. 4A, Table. A-1).

Most WFT were caught by LED—(+)Lurem (41.9+12.5
mean + SE) followed by LED—(—)Lurem (21.4 +8.9
mean + SE) (Fig. 5A). Blue sticky trap (+)Lurem (3.2 +3.5
mean + SE) caught significantly less WFT than LED—(+)
Lurem (p=0.039), but no significant difference to LED—
(=)Lurem and BST—(—)Lurem (1.6 +2.4 mean + SE;
p=1.00) was observed. Significantly less WFT were
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caught by BST—(—)Lurem compared to LED—(+)Lurem
(»=0.010) and LED—(—)Lurem (p =0.033).

In the second planting, WFT on the plant correlated
significantly with WFT on LED—(+)Lurem (R’=0.715,
p=0.001) and LED—(—)Lurem (R*=0.453, p=0.017),
respectively. In contrast, number of WFT on the plant
and on BST—(+)Lurem (R?=0.059, p=0.447) and
BST—(—)Lurem (R2=0.089, p=0.347) were not cor-
related (Fig. 4B, Table. A-2). The most WFT were found
on the LED—(—)Lurem (720.6 + 159.6 mean = SE) fol-
lowed by LED—(+)Lurem (671.2 +154.1 mean + SE),
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BST—(+)Lurem (175.9 +£78.9 mean+ SE) and BST—
(—)Lurem (52.9 +43.3 mean + SE) (Fig. 5B). Blue sticky
trap (—)Lurem caught significantly less WFT compared
to LED—(—)Lurem (p =0.032) and LED—(+)Lurem
(p=0.009), but no significant difference to BST—(+)Lurem
(p=1.00) was found.

Since insect numbers comprised lower (first planting) and
higher (second planting) overall thrips densities, correlation
was reassessed with pooled data of both plantings (Fig. 6).
The analysis showed a significant correlation between
number of WFT on the plant and all treatments (BST—(+)
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Fig.6 Linear Regression model to visualize the correlation between
adult F. occidentalis on LED traps with Lurem (red), LED without
Lurem (grey), BST with Lurem (yellow), BST without Lurem (blue)
and adult F. occidentalis on the plant of experiment 1. Data for F.
occidentalis on the traps are based on numbers of insects per trap.
Data for F. occidentalis on the plants are based on average numbers
of adult F. occidentalis per leaf (mean, n=18 leaves). Data from the
first and second planting are pooled in this figure

Lurem: p=0.007; BST—(—)Lurem: p=0.005; LED—(+)
Lurem: p <0.001; LED—(—)Lurem: p <0.001). The strong-
est correlation was found for LED—(+)Lurem (R?=0.653),
followed by LED—(—)Lurem (R?=0.544), BST—(—)Lurem
(R?=0.286) and BST—(+)Lurem (R’ =0.268) (Table. A-3).

Attractiveness of traps at different times of the day
(no-choice) (Exp. 2)

The recapture rates of thrips ranged between 0 and 70%
(mean 17.30+12.95% SD). A significant influence of the
treatment (p <0.001) and the daytime (p =0.001), with-
out interaction between treatment and daytime (p =0.298)
was observed. There was no significant difference between
BST—(+)Lurem and BST—(—)Lurem (p =0.981) and
LED—(+)Lurem and LED—(—)Lurem (p =0.700) (Fig. 7),
respectively.

LED—(+)Lurem caught 3.06 and 3.44 times more WFT
than BST—(+)Lurem (p <0.001) and BST—(—)Lurem
(p <0.001), respectively. Even LED—(—)Lurem caught
2.49 and 2.8 times more WFT compared to BST—(+)
Lurem (p <0.001) and BST—(—)Lurem (p <0.001),
respectively. Significantly more WFT were caught at
noon (p=0.017) and afternoon (p <0.001) compared to
the morning period. LED trap caught significantly more
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Fig.7 Number of F. occidentalis recaptured on LED with Lurem
(red, LED +), LED without Lurem (grey, LED—), BST with Lurem
(yellow, BST+) and BST without Lurem (blue, BST—) in experiment

2 at morning, noon and afternoon, respectively. Data are based on
numbers of F. occidentalis caught per rep at each daytime (n=38)
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WEFT than the BST regardless of the daytime (morning:
p <0.001; noon: p=0.006; afternoon: p <0.001). Females
were caught 1.48 times more frequently than males
(p=0.003), but interaction between sex and treatment was
not significant (p =0.333). Ambient light intensity in the
morning (mean = SD: 4682 + 1026 Lux) was significantly
lower compared to noon (mean + SD: 16,886 + 3287 Lux;
p <0.001) and afternoon (mean + SD: 20,597 + 6718 Lux;
p <0.001) but not significantly different between noon and
afternoon (p =0.052).

Attractiveness of traps towards WFT settled
on a host plant (choice) (Exp. 3)

The recapture rates of thrips ranged between 20 and 100%
(mean 59.66 +20.14% SD). Significantly more WFT were
found on the plants compared to the traps (p <0.001),
regardless of the treatment (LED—(+)Lurem, LED—
(=)Lurem, BST—(+)Lurem, BST—(—)Lurem) (Fig. 8).
Overall, 34.4 times more thrips were found on the plants
compared to traps. No significant influence of the treat-
ment on the number of thrips found on either traps or
plants was observed (p=0.114).
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Fig. 8 Percentage number of released F. occidentalis found on LED
with Lurem (red, LED +), LED without Lurem (grey, LED-), BST
with Lurem (yellow, BST+) and BST without Lurem (blue, BST—)
or still on the cucumber plant in experiment 3. Data are based on
numbers of F. occidentalis found per rep (n=12)
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Preference of WFT for monitoring traps or host plant
(choice) (Exp. 4)

The recapture rates of thrips ranged between 5 and 95%
(mean 31.20+ 18.51% SD). On the host plant, 76.9 times
more WFT were found compared to the BST (p <0.001)
(Fig. 9). No significant difference was observed between
WFT on the LED trap and the host plant (p=0.097),
where 1.72 times more thrips were found compared to the
LED trap. Number of WFT caught on the LED trap was
44.25 times more compared to the WFT caught on the BST
(p<0.001).

Discussion

The results clearly indicate that blue LED traps can improve
monitoring of WFT in small crop stands. Moreover, the
combination of LED traps with the thrips kairomone Lurem
can further enhance the accuracy of estimating WFT popula-
tion densities in greenhouse cabin grown cucumber by trap
catches. However, Lurem does not improve WFT catches in
all situations.

In general, thrips recapture rates varied strongly between
and within the experiments. This variation seems to be
within a normal range and can be observed frequently in
other studies as well (Davidson et al. 2006; Otieno et al.
2018; Stukenberg et al. 2020).
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Fig.9 Number of F. occidentalis found on BST (blue, left) or LED
without Lurem (blue, right) and on the cucumber plant (green) in
experiment 4. Data are based on numbers of F. occidentalis found per
rep (n=12)
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During monitoring of thrips in the cucumber crop (exp.
1), thrips populations developed as expected in both plant-
ings and cabins (data not shown). However, although num-
bers of initially released thrips were similar, population
density was significantly higher in the second planting.
This can be explained by external factors that are known to
influence thrips development, such as the higher tempera-
ture (Nielsen et al. 2021) and longer photoperiod (Whit-
taker and Kirk 2004) during the second planting. Since also
outdoor temperatures increased, number of thrips entering
the greenhouse cabins through openings most likely con-
tributed to this observation as well. Nevertheless, at either
high or low numbers of thrips on the plants the LED trap
showed always far higher thrips catches compared to the
BST which also resulted in a more accurate correlation, that
is higher explained variance and steeper slope. Especially
the higher attractiveness of the LED trap for thrips is also
well documented in our study. Two main factors, i.e. light
spectrum and light intensity, may have contributed to the
increased attractiveness and therefore enhanced thrips moni-
toring by the LED trap compared to the BST: Light spectrum
plays a key role in visual orientation of thrips (Vernon and
Gillespie 1990; Otieno et al. 2018; Ben-Yakir, 2020; Stuke-
nberg et al. 2020). Although both trap types emit (LED)
or reflect (BST) attractive blue light, the mainly emitted
light spectrum is much smaller in the LED trap compared
to the light spectrum that is reflected by the BST (Fig. 2).
Otieno et al. (2018) and Stukenberg et al. (2020) found that
differences of about 15-20 nm significantly influence the
attractiveness of traps in the blue light spectrum, which
might also account for the lower WFT catches on the BSTs
in our experiments. Since the BST reflects great portions
of green and yellow light compared to the highly attractive
blue light (465 nm), the attractiveness of the BST is nega-
tively affected. Additionally, light intensity plays another
key role in thrips visual orientation (Vernon and Gillespie
1990; Otieno et al. 2018). Otieno et al. (2018) found an
increasing attractiveness of a blue LED trap with increasing
intensity of LED light emitted. The reflected light intensity
(and therefore attractiveness) of sticky traps is assumed to
be highly variable due to its dependence on the ambient light
conditions, such as sunlight (Johansen et al. 2011; Cruz-
Esteban et al., 2020; Zhang et al. 2020). This could explain
the observed pattern in exp. 2 as BSTs caught significantly
less WFT under less sunny compared to sunnier (noon and
afternoon) conditions. However, we did not measure light
spectrum and intensity reflected/emitted by both trap types
continuously during the experiments, but traps were never
tested under extreme ambient light intensities (always below
30,000 Lux). Nevertheless, it is most likely that the effect of
light intensity can be accounted for the lower WFT catches
on BSTs in most experiments (i.e. exp. 1, 2 and 4) since
LED traps caught significantly more WFT than BSTs at all

daytimes tested. However, we do not know how the light
spectrum and intensity of the traps contributed to the results
in detail as light conditions always vary greatly during crop-
ping season. These aspects should be further investigated
under controlled conditions.

The numbers of thrips caught during monitoring in the
crop (exp. 1) and also in the preference test for flying thrips
(exp. 4) clearly show the ability of the blue LED trap to
compete successfully with the hostplant even in a complex
environment. In contrast, BSTs were 76.9 times less attrac-
tive than the host plant in a choice situation and much less
reliable when it comes to the correlation between WFT on
the traps and plants (LED vs. BST: R>=0.544 vs. 0.286).
Nevertheless, neither trap type was able to attract many
thrips while foraging on the host plant, but again the LED
trap performed 6.3 times better than the BST (exp. 1 and 3).
Even Lurem, which was found to increase take-off behaviour
of thrips from leaf discs (van Tol et al. 2012) and number
of thrips catches on sticky traps (Broughton and Harrison
2012; Muvea et al. 2014; Teulon et al. 2014; Davidson et al.
2015; Otieno et al. 2018), did not significantly increase
number of thrips catches in either experiment. This is in
favour of Otieno et al. (2018) and van Tol et al. (2020),
who reported reduced attractiveness of an actually attrac-
tive trap in combination with Lurem in presence of a host
plant. The likely reason for this is that the thrips has no
need for leaving a suitable host plant. There are significant
resources on the host plant such as food or places for mat-
ing and oviposition—especially when considering the low
thrips density and, therefore, small interspecific competition
in our experiments. Davidson et al. (2006) for example found
that WFT responds much less to MI when satiated com-
pared to starved ones. Furthermore, Teulon et al. (2007b)
proposed a competition between plant odours and MI in the
thrips olfactory system due to structural similarities of these
compounds. This would lead to a reduced response of the
thrips towards MI when already feeding on a host plant.
Moreover, the relatively small distance between the release
point and the trap in experiment 1, 2 and 3 might play an
important role regarding the low effectiveness of Lurem. It is
well accepted that the visual orientation plays an increasing
role at decreasing distances, while olfactory orientation is
supposed to be more important at longer distances in many
insects (Prokopy and Owens 1983; Finch and Collier 2000;
Ren et al. 2020). Thus, the olfactory stimulus by Lurem
seems to be dominated by the visual stimulus of the LED
trap. This might also explain why the addition of Lurem to
the LED trap improved correlations between thrips on LED
traps and plants in both plantings only moderately. In conse-
quence, the visual enhancement of a trap is more important
than the addition of an olfactory cue in small experimental
setups and also in the closer neighbourhood of traps in the
crop stand in greenhouse cabins. Otieno et al. (2018) could
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show this in their experiments, as numbers of WFT catches
significantly increased when LEDs attached to BSTs were
switched on. However, Otieno et al. (2018) observed also a
significant increase in WFT catches due to Lurem in some
experiments at small distances (0.7 m). This discrepancies
in the effectiveness of Lurem with or without the combina-
tion of enhanced sticky traps were found in several studies
(Sampson et al. 2012; Nielsen 2013; van Tol et al. 2020)
and underline that the increase in thrips catches by visual
and olfactory cues are still not fully understood (Berry et al.
2006; van Tol et al. 2020). Other factors, such as temperature
(Nielsen 2013), volatile dose (van Tol et al. 2012; Kirk et al.
2021), insect origin (Nielsen 2013) or the presence of plant
odours (Visser 1986; Teulon et al. 2007a, 2017) and other
unknown intrinsic factors are suggested to play a role in the
effectiveness of Lurem (= methyl isonicotinate, MI). Never-
theless, neither of these factors account for the here observed
pattern as plants, temperatures and insect origin did not dif-
fer within and between cabins. Furthermore, no significant
difference in MI release was found between plantings (data
not shown). Besides that, no difference was found in the
effectiveness of the LED trap and Lurem between plant-
ings, which supports the functionality of Lurem. Therefore,
it remains unclear why the correlation on BST was enhanced
by the use of Lurem in the first planting but not in the second
planting of experiment 1 and why it was always enhanced
when combined with LED traps in this experiment. Seasonal
effects or ambient light conditions might be accounted for
this observation and should be investigated in future studies.

Our study shows the successful integration of blue LEDs
into an existing trap design used for greenhouse whitefly
monitoring (see Stukenberg 2018). Therefore, LED trap
colours can be adjusted to the growers needs, i.e. to the col-
our preferences of specific target-insects, or might even be
combined in one trap to switch colours on and off at specific
activity periods of insects. Furthermore, it is worth notable
that the blue LED trap attracted also high numbers of the
fungus gnat Bradysia difformis Frey (Diptera: Sciaridae)
compared to BSTs in experiment 1 (data not shown). This
shows an additional positive effect of using blue LED traps
instead of standard BSTs.

To our knowledge, this is the first study monitoring WFT
density in cucumber crop stands using a blue LED trap in
combination with Lurem. The blue LED trap shows a very
accurate correlation of thrips catches and thrips on cucum-
bers in the greenhouse cabins at high and low thrips popula-
tion densities. The addition of Lurem further enhanced the
accuracy of the correlation model. However, follow-up stud-
ies have to show if blue LED traps are also effective in other
crops, locations and seasons, as differences in the attractive-
ness of different trap colours and lures in different crops are
still not fully understood. Nevertheless, the high numbers of
thrips caught on LED traps show the impressive potential of

@ Springer

this technique, at least in small greenhouse setups. Further
studies with different thrips lures, either to attract thrips or
to disturb thrips on the host plant (or both in combination)
in bigger greenhouses, are necessary to investigate the full
range of possible improvements (Athanasiadou and Mey-
hofer 2023) since traps were poorly able to attract thrips
already settled. Additionally, LED traps mounted on a self-
driving platform may further enhance monitoring. This is
currently tested in the joint BLE funded project “LichtFalle”
(www.hortico40.de).
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