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Abstract

The two-spotted spider mite, Tetranychus urticae Koch, is a major agricultural pest that
causes economic losses in the cultivation of most crops worldwide. Pesticide resistance
and the phase-out of many active pesticidal substances have accelerated research into
alternative methods for pest management. The effects of light-emitting diodes (LEDs) on
plants, as well as their potential use in pest management, have attracted the attention of
researchers for the last 25 years. In this study, the repellent effects of UV-A, blue, and red
LEDs on T. urticae were investigated using choice tests in laboratory conditions. The lethal
effect of red LED light on adult individuals was determined by a no-choice test. Importantly,
red LED caused 67.0 ± 4.5% (mean ± SE) mortality in adults in the no-choice test. Second,
the UV-A LED clearly had a strong repellent effect on T. urticae in the choice tests. In the
“UV-A vs. white LED” and “UV-A vs. darkness” choice tests, the egg-laying percentage in
the UV-A part remained below 0.55%. Furthermore, UV-A also had a significant repellent
effect on T. urticae larvae. In the choice tests, the larval ratio in the UV-A part was less
than 5%. The results of laboratory experiments indicated that red and UV-A LEDs have
significant lethal and repellent effects on T. urticae. Comprehensive investigations should
be performed in greenhouses using different strategies to optimize how these potential
effects can be used in pest management.

Keywords: two-spotted spider mites; physical control; pest management; red light; UV light

1. Introduction
Light, the primary energy source for photosynthesis, also functions as a signal in pro-

cesses that trigger gene expression, physiology, morphology, and metabolism in plants [1].
Additionally, the wavelength and intensity of light, as well as the location of the host
plant, can positively or negatively affect the activities of insects associated with crops [2].
Changing the photoperiod may directly or indirectly alter the activity of both beneficial
and pest insects that depend on plants, such as food plant location, herbivore host or prey
finding, dispersion, and daily rhythms [3,4]. Pest reactions to light are influenced by several
factors, including light intensity, exposure time, wavelength, the contrast between light and
colour, and the ambient light. Thus, behavioural studies of biological control agents under
modified light environments are critical for predicting their activity and potential impact
on integrated pest management in greenhouses. The impact of light on insect varies both
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qualitatively and quantitatively depending on the light source (light bulb or light-emitting
diode) [5,6]; therefore, the effects of light on pests may be direct or indirect.

Light-emitting diodes (LEDs), which are semiconductor light sources, could be promis-
ing light sources for use in pest traps. The selective wavelengths and intensities of LEDs
allow them to be specifically tailored to targeting pests, reducing damage to beneficial and
neutral insects to some extent [7]. Owing to these advantages, LEDs can be used directly or
indirectly as traps against pests [8] and can provide significant benefits in this field.

In the related literature, the number of studies on the use of LEDs against agricultural
pests has increased significantly in the last 25 years. Many of these studies have investigated
the most effective LED wavelengths for attracting and trapping different species, from
greenhouse pests to stored product pests [7,9–18]. In addition, the repellent effects of some
LED wavelengths against pests have been revealed [19]. Recently, more complex studies
have been performed with LEDs. For example, some changes caused by LEDs on the
chemistry of plants and their effects on pests and pest–natural enemy working systems
have been investigated as a whole [20,21]. In some studies, the effects of LEDs on both
harmful species and their natural enemies were examined together to reveal the effects of
LEDs in biological control applications [22].

In this context, investigating the potential effects of LEDs, which stand out as an
alternative physical control method, against the two-spotted spider mite Tetranychus urticae
Koch (Acari: Tetranychidae) by observing different factors could lead to important findings.
T. urticae is a major phytophagous pest that is widespread worldwide, causing severe
damage to many economically valuable agricultural crops, including fruits, vegetables,
ornamentals, and field crops [23–26]. The use of insecticides/acaricides against T. urticae is
still common in many parts of the world. T. urticae has developed resistance to most chemi-
cal groups very quickly because of its short life cycle, arrhenotoky, and high reproductive
capacity [23,27–39].

Previous studies have shown that instantaneous and high-dose applications of UV-B
and UV-C have a lethal and strong suppressive effect on T. urticae [40–43]. UV-B signif-
icantly reduced both survival and egg production in T. urticae [40]. In non-diapausing
females, median effective doses of UV-C and UV-B caused 50% mortality, while UV-A
showed a repellent effect [41]. UV-C exposure resulted in 97–99% mortality of T. urticae [42].
Application of UV-C at a dose of 350 J m−2 twice weekly after sunset also strongly sup-
pressed T. urticae populations [43]. However, in the majority of these studies, UV-B and
UV-C wavelengths obtained from several light sources other than LEDs were applied. In
our study, we aimed to contribute to the findings revealed in the past with new results
by investigating the potential effects of LED-based UV-A, blue, and red wavelengths on
T. urticae. The main reason for choosing UV-A, blue, and red wavelengths in our research
was that these wavelengths are widely used in controlled-environment plant production
due to their positive effects on plant growth, morphology, and yield. Therefore, understand-
ing their potential impact on pest dynamics is important for developing integrated lighting
strategies that support crop production. In this context, our study aimed to determine
how a lighting system consisting of these LED wavelengths would influence pest behavior
and survival when applied during plant cultivation. In some studies, it has been observed
that the combination of UV-A (383–426 nm), red (623–673 nm), and blue (427–478 nm)
LEDs resulted in an increase in fresh biomass [44], while the combination of white, blue
(449–548 nm), and red (660 nm) LED light was found to enhance chlorophyll and carotenoid
content [45]. For this purpose, according to the findings of our preliminary studies, the
repellent effects of UV-A, blue, and red light and the lethal effects of red light against
T. urticae were determined under controlled conditions using choice and no-choice tests.
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2. Materials and Methods
2.1. Lighting System and Radiometric Characterization

In this study, LED arrays with specific spectral outputs were developed as light
sources, each driven by independent constant-current drivers (Figure 1). To ensure precise
control over luminous intensity, Pulse Width Modulation (PWM) was utilized, allow-
ing for incremental adjustments of light levels from 0% to 100% via duty cycle modula-
tion. A standardized energy baseline was established by configuring the PWM settings
to maintain a uniform total electrical power of 6.0 W across all experimental groups
(6 × 1 W LEDs for white, red, and blue treatments; 2 × 3 W LEDs for the UV-A treatment).
Following preliminary intensity-response trials, a 100% duty cycle was selected for all
definitive choice and no-choice bioassays to ensure a maximum stabilized spectral output
and to eliminate potential stroboscopic effects (flicker) that might otherwise confound the
behavioral responses of T. urticae [46,47].

Given that photometric units (luminous flux in lm) are biased toward human spectral
sensitivity and are technically inappropriate for non-visible spectra such as UV-A, the
light dose delivered to the leaf surface was quantified using radiometric units. To ensure
scientific accuracy, the irradiance (Ee) at the leaf surface was derived by considering the
total radiant flux (Φe) distributed over the target area (A) at a standardized distance of
16 cm (r = 0.16 m), applying the inverse square law principle adjusted for the LED projection
area (A ≈ π·r2) [48]:

Ee =
Φe

A
(1)

where Ee is the irradiance (W·m−2), Φe is the radiant flux (W), and A is the target area.
For the visible spectrum LEDs, Φe was derived from the luminous flux (Φυ) using the
luminous efficacy of radiation, K(λ), specific to each peak wavelength, according to the
following relation:

Φe =
Φυ

K(λ)
(2)

Here, K(λ) represents the spectral-specific conversion factor (expressed in lm·W−1)
derived from the ISO/CIE 23539:2023 [49] photopic spectral luminous efficiency function.
This factor accounts for the sensitivity of the human eye at different wavelengths, calculated
based on the standard values for each peak wavelength (K(λ) ≈ 683 × V(λ)) is the photopic
spectral sensitivity function). This conversion ensures that the photometric values provided
by the manufacturer are accurately translated into radiometric units, allowing for a direct
energetic comparison with the non-visible UV-A spectrum, which was characterized directly
via radiometric specifications.

For the visible spectrum LEDs, the total radiant flux was converted from luminous
flux by using the luminous efficacy of radiation specific to each peak wavelength [50].
Furthermore, the photosynthetic photon flux density (PPFD) was determined by calculating
the energy of individual photons (Ep) at the respective peak wavelengths using the Planck-
Einstein relation [48,51]:

EP =
h·c

λ·10−9 (3)

PPFD =
Ee

Ep·NA
(4)
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where h is Planck’s constant (6.626 × 10−34 j·s), λ is wavelength (nm), c is the speed of light
(2.998 × 108 m·s−1), and NA is Avogadro’s number (6.022 × 1023 mol−1). Consequently,
irradiance (W·m−2) and PPFD (µmol·m−2·s−1) were characterized as detailed in Table 1.
This normalization of electrical power, contrasted with the inherent variations in surface
irradiance, facilitated a robust evaluation of whether the biological responses were me-
diated by spectral quality (wavelength) or energy quantity (irradiance) [52]. To prevent
spectral cross-contamination, each light treatment was isolated within separate controlled
environmental chambers.

Table 1. Absolute maximum ratings and technical characteristics of the LED light sources used in the
experimental setup.

Characteristic

Visible Spectrum LEDs 1 Non-Visible
Spectrum LED 2,3

White Red Blue UV-A

Wavelength range (nm) 400–700 620–630 465–485 390–410
Peak wavelength (nm) 450–600 625 460 395

Luminous flux per LED (lm) 100 45.7 23.5
Radiant flux per LED (mW) - - - 528

Total luminous flux (lm) 600 274.2 141 -
Total radiant flux, Φe (mW) 1056

Irradiance, Ee (W·m−2) 18.84 11.1 22.92 13.14
Photon flux density

(µmol·m−2·s−1) 74.7 57.6 88.2 43.4

Electrical power per LED (W) 1 1 1 3
Number of LEDs 6 6 6 2

Total electrical power (W) 6 6 6 6

Notes: 1 Visible spectrum (White, Red, Blue) treatments: Cree XLamp XP-C serie (Cree LED, Durham, NC,
USA) [53]. 2 Non-visible spectrum (UV-A) treatment: Edison Edixeon S series (Edison Opto Corp., New Taipei
City, Taiwan) [54]. 3 All radiometric values (W·m−2 and µmol/m2·s) were empirically verified at 16 cm using an
Apogee MQ-510 m. Full methodological details, Equations (1)–(4), and conversion procedures are provided in
Section 2.1.

A timer was used to automate the photoperiod. The lighting environment was charac-
terized using two complementary measurement approaches to ensure radiometric precision.
Illuminance levels were measured using a digital lux meter (Model TES 1339, TES Electrical
Electronic Corp., Taipei, Taiwan) with a measuring range of 0.01 to 999,900 lx and an
accuracy of ±3% rdg ±5 digits. To provide biologically relevant data, the photosynthetic
photon flux density (PPFD) and total irradiance at the leaf surface (at a 16 cm distance) were
quantified using a calibrated Apogee MQ-510 Full-Spectrum Quantum Meter (Apogee In-
struments, Inc., Logan, UT, USA). This device, featuring an accuracy of ±5%, is specifically
optimized for precise measurements under narrow-band LED sources. These empirical
readings were further cross-validated with the theoretical radiometric conversion equations
(Equations (1)–(4)) based on the specific spectral power distribution of each LED treatment,
ensuring a robust and standardized light dose across all experimental groups (Table 1).
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Figure 1. LED light level control circuit diagram and PWM signal. Adapted from HLG-40H se-
ries datasheet (Mean Well Enterprises Co., Ltd., New Taipei City, Taiwan) [55] and modified by
the authors.

2.2. Tetranychus urticae and Rearing Method

In all the experiments within the study, a red form of the two spotted spider mites, T.
urticae, obtained from a greenhouse in Antalya, was used. This population was confirmed
to be T. urticae [56] and was maintained in the climate chamber at Akdeniz University
Faculty of Agriculture Plant Protection Department. The T. urticae population was reared
on clean cowpea plants (Vigna sinensis L.) in a climate chamber at 24 ± 2 ◦C under 65 ± 10%
humidity and a 16:8 (L:D) photoperiod. The cowpea plants used to maintain T. urticae were
grown in another clean climate chamber under the same conditions, with insecticide-free
cowpea seeds sown in a mixture of turf (Klasmann-Deilmann GmbH Germany Geeste) and
perlite (Ultraper, Mersin, Turkey). No fertilizer was used. Additionally, the rectangular
leaf parts used in the choice and no-choice tests were obtained by cutting the most suitable
leaves from these cowpea plants. All clean cowpea plants were grown in the climate
chamber under normal fluorescent lamps.

2.3. Choice and No-Choice Test Experiments

The repellent effects of UV-A, blue and red LEDs on T. urticae adults, egg laying
site preferences and larvae (in the larval test) were determined with the choice tests.
Furthermore, the lethal effects of red LEDs on the adults were detected by no-choice tests.

2.3.1. Choice Tests

The choice test box was designed: To design this box, two separate plastic boxes that
were 26 cm in height × 10 cm in width × 10 cm in length were used (Figure 2a,b). A small
ventilation hole was opened into one side of each box near the bottom. The insides of the
plastic boxes were covered with aluminium foil, and these two boxes were positioned side
by side and sealed with tape. A section of the surface where the boxes were joined side
by side (16 cm below the top) was cut out to accommodate a Petri dish measuring 1.5 cm
height × 5 cm diameter. In this way, when a Petri dish containing a rectangular cowpea
leaf piece measuring 4.5 cm × 2.5 cm in size was placed in the open part of these two
boxes, one half of the rectangular leaf was positioned in one box, and the other half was
positioned in the other half of the box. When the panels carrying LEDs were placed on
the lids of the boxes, half of the 4.5 cm × 2.5 cm leaf remained on one side with one LED
and the other half was on the other side with the other LED (or non-LED = darkness). This
design allowed the different LED lights (or darkness) in these two boxes to leak slightly
to the other box through the gap in the Petri dish. Therefore, during the experiment, this
situation provides the opportunity for the adults and larvae on the leaf to perceive the
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wavelengths present in both boxes, and they can freely decide which way to go or where
to lay eggs. The distance between the metal plate carrying the LEDs and the leaf surface
where the tested spider mites were located was 16 cm. The detailed technical specifications
of the LEDs used here are given in Table 1.

Figure 2. Schematic representation of the choice test unit (a), choice test experiment for repellent
effects of different LED combinations against Tetranychus urticae adults such as “UV-A vs. white LED”
(b). Clarity.

Choice test experiments: Leaves that were smooth and had a symmetrical appearance
on both parts of the midrib were selected from 10–15-day-old cowpea plants grown in the
climate chamber. Rectangular leaf pieces (4.5 cm × 2.5 cm) were cut with scissors, with their
midribs left in the middle, and they were placed on wet cotton in a Petri dish (Figure 3).
As shown in Figure 3, the midrib divides the entire leaf area into 2 equal parts. Thirty
adult females were left on the abaxial leaf surface with a soft brush. After a short period,
adults presented a homogeneous distribution in both parts of the leaf area (Figure 4). This
Petri dish was subsequently placed in the relevant space in the choice test box such that
the midrib of the leaf was exactly at the junction of the two boxes. The LED panels were
placed on the lids of the boxes, the power units were turned on, and the experiment was
started (Figure 2). The experiments were terminated after 24 h. Since adults or larvae are
mobile, their positions can quickly change between two parts of the leaf when the LEDs
are turned off. For this reason, just before the LEDs were turned off, the positions and
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numbers of mites in the leaf arena were determined by taking photographs. Afterwards,
the Petri dish was removed from the choice test box, and the eggs in parts I and II of
the leaf area were counted separately under a stereo microscope (Nikon C-LED). In the
choice experiments, two different LED wavelengths (or LED and non-LED = darkness)
were tested simultaneously during each test. To determine the repellent effects of LEDs
against T. urticae, the following dual LED combinations and the number of egg, adult and
replicate are given in Table 2. In the repellent effect test for larvae, UV-A vs. darkness and
UV-A vs. white dual LED combinations were used (Table 3).

 

Figure 3. A rectangular piece of cowpea leaf was used for feeding and monitoring of Tetranychus
urticaes adults, eggs, and larvae in both choice and no-choice tests. As seen in the photo, the midrib is
located in the middle of the entire leaf area and divides the entire leaf surface into two equal parts.

 
Figure 4. A photograph showing Tetranychus urticae adults homogeneously distributed on the leaf
surface shortly after being placed on the midrib of a rectangular leaf part in the climate chamber
under standard white light.

Table 2. Dual LED combinations and the number of egg, adult, and replicate used in the choice test
experiments with Tetranychus urticae.

Dual-LED Combinations
in Choice-Tests n a (Replicate) for Egg n b (Replicate) for Adult

Female

White LED vs. non-LED
(=darkness) (control) 982 (4) 120 (4)

UV-A LED vs. darkness 526 (3) 64 (3)
UV-A LED vs. White LED 1029 (4) 110 (4)
Blue LED vs. darkness 823 (4) 112 (4)
Blue LED vs. White LED 1194 (4) 105 (4)
Red LED vs. darkness 337 (5) 131 (5)
Red LED vs. White LED 530 (3) 88 (3)
UV-A LED vs. Red LED 304 (4) 114 (4)

a Total number of eggs laid by adults during the tests, b Total number of adult females used in the tests.
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Table 3. Dual LED combinations and the number of larvae, and replicate used in the choice test
experiments with Tetranychus urticae.

Dual-LED Combinations in Choice-Tests n a (Replicate)

UV-A LED vs. darkness 797 (4)
UV-A LED vs. White LED 614 (4)

a Total number of larvae used in the tests.

In choice experiments, the “white LED vs. darkness” dual test was considered a
control and included in the analyses. Furthermore, within the same climate chamber as the
LED experiments, the survival, oviposition, and leaf surface distribution of T. urticae adults
transferred to rectangular leaf surface prepared as in the LED experiments were monitored
under standard white LED (tube, 4200 lm) light exposure, both outside and inside the
LED test units. These tests were designated as additional controls-1 and -2. Additional
controls (add-controls-1 and -2) were considered a strong indicator that the experiments
were conducted in a suitable environment, both in terms of materials used and methods
employed. Tetranychus urticae adults were collected from the same population used for the
LED tests at the same time as the LED tests and were monitored under standard white
LEDs in the same climate environment. The fact that the majority of the adults or larvae
used in the additional controls generally remained on the rectangular leaf surface (did
not escape), that there was almost no mortality, and that they were distributed in close
proportions in both halves of the rectangular leaf area is significant in demonstrating the
health of the experiments. In add. controls-1,-2 for the choice tests, the adults and laid eggs
were generally distributed homogeneously and were found in similar numbers on both
halves of the entire leaf surface, indicating the reliability of the evaluation of the repellent
effects (Figure 4). In the add. control-1, the average percentages of eggs and adults in
one-half of the leaf area were 50.7 ± 1.58% and 49.9 ± 1.53%, respectively (5113 eggs and
29 replicates; 834 adult and 29 replicates were used). Similarly, in the add. control-2, the
average percentages of eggs and adults in one-half of the leaf area were 47.6 ± 2.01% and
48.9 ± 1.99%, respectively (2748 eggs and 14 replicates; 395 adult and 14 replicates were
used). Furthermore, add. control for the choice tests performed on larvae, the numbers of
larvae in both halves of the entire leaf surface area were similar. The average numbers of
larvae in one-half of the leaf area in the add. control-1 (1122 larvae and 6 replicates) and
add. control-2 (746 larvae and 4 replicate) were 49.6 ± 5.15% and 50.7 ± 3.35%, respectively.
The homogeneous distribution of adults, eggs and larvae (in the larvae test) on the leaf
surface used in the additional controls and their presence in close numbers on both halves
of the leaf surface is an important criterion for accurate experimental conditions. An
example photograph showing that adults are found in close numbers on both halves of
the rectangular leaf surface is given in Figure 4. In adult choice experiments, all tests
were repeated at least 3 or more times on different days. In each replicate, approximately
30 adult females were placed on the leaf surface. Adult females of mixed ages were used
in the tests. These females were taken from maintaining T. urticae culture and used in the
LED tests within approximately one hour. Therefore, the adult females used in the tests
were not starved. Adult females were placed on the midrib of a rectangular leaf surface
using a fine brush. Shortly thereafter, they were observed to spread evenly across both leaf
surfaces homogeneously. During the 24-h test period, the adults remained in the tested
leaf arena and largely maintained their initial numbers; however, in some tests, only a few
adults escaped from the leaf surface. The number of adults escaping from the leaf surface
remained below six in all tests (However, the number of adults escaping was slightly higher
in the “UV-A vs. darkness” test). Adults escaping from the leaf surface remained dead
in the wet cotton and were not included in the analyses. In the larval experiments, in
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order to obtain a sufficient number of newly hatched larvae, adult females first laid eggs
on the standard rectangular leaf surface used in the tests for 24 h. Six days later, under
a stereo microscope, it was observed that the hatched larvae (newly hatched larvae aged
0–24 h, in the 3-legged stage) were walking and were distributed homogeneously on the leaf
surface. Larvae at this stage were used for the larval experiments. The rectangular leaf with
a sufficient number of larvae was placed in the choice test unit to test the repellent effects
of UV-A on larvae. Larval tests were conducted in four replicates, replicate containing 71
to 199 larvae (Table 3).

At the end of the choice test experiments, the numbers of adults, eggs, and larvae
(only in larval tests) were recorded in the first and second halves of the rectangular leaf
surface. Thus, the numbers in the total test arena and the numbers in the halves exposed to
different LEDs were obtained as raw data for statistical analysis. The numbers in parts I or
II were then proportioned relative to the total number, and the percentages in these parts
were obtained for each replicate.

2.3.2. No-Choice Tests

For the no-choice experiments, a no-choice test box designed with only one plastic
container that was 26 cm high × 10 cm wide × 10 cm long was used (Figure 5a,b). First,
a small ventilation hole was opened in one side of the box near its bottom. The inner
surface of the plastic container was subsequently covered with aluminium foil. The metal
panel carrying the LEDs was placed on the top of the box as a lid. In the no-choice test,
unlike in the choice test, the adult spider mites were forcibly exposed to the selected LED
wavelength. As explained in the choice test section, a 4.5 cm × 2.5 cm rectangular piece of
cowpea leaf was placed in a Petri dish containing wetted cotton. Thirty adult females were
released on abaxial surface the rectangular leaf arena with a soft brush, and this Petri dish
was placed inside the test box. As in the choice tests, there was a distance of 16 cm between
the LEDs and the leaf surface bearing the spider mites. The number of adult females and
replicates used in no-choice test experiments are given in Table 4.

 

Figure 5. Schematic representation of the no-choice test unit (a), no-choice test experiment for lethal
effects of red LED against Tetranychus urticae adults (b). Clarity.
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Table 4. The LEDs and the number of adult female, and replicate used in no-choice test experiment
with Tetranychus urticae.

LED n a (Replicate)

White LED (control) 147 (5)
Red LED 180 (6)

a Total number of adult females used in the tests.

Red LED was tested to determine its lethal effect level. A white LED was used as a
control and included in the analyses. White LED and red LED caused similar temperatures
on the leaf surface in the no-choice test box (Table 5). Furthermore, additional controls
(142 adults and 5 replicates) were also performed under standard white LED (tube) light in
the same climate chamber where these tests were conducted. No mortality was observed in
the additional controls. For each replicate, 30 adult females were used. The experiments
were continued for 24 h, and at the end of this period, the adults exposed to LEDs were
taken from the test boxes. The number of living and dead adults was recorded using a
stereo microscope.

Table 5. Temperature levels caused by LEDs on the leaf surface in the choice and no-choice tests.

Choice Tests Temperatures (◦C)

White-LED vs. darkness 28.4 vs. 26.6
UV-A LED vs. darkness 25.2 vs. 25.0
UV-A LED vs. White LED 26.5 vs. 27.7
Blue LED vs. darkness 27.5 vs. 26.3
Blue LED vs. White LED 29.3 vs. 29.3
Red LED vs. darkness 29.3 vs. 26.8
Red LED vs. White LED 30.0 vs. 30.0
UV-A LED vs. Red LED 26.0 vs. 28.0

No-choice Tests

White LED 28.1
Red LED 29.6

2.4. Leaf Surface Temperatures in the Choice and No-Choice Tests

The specific energy carried by the LED wavelengths used in the tests, as well as the
temperatures inside the test boxes or leaf surface, may affect the behavioural preferences or
survival of the tested spider mites. Therefore, during the experiments, the leaf surface tem-
peratures on both sides were measured separately (UNI-T UT300B thermometer; Uni-Trend
Technology Co., Ltd., Dongguan, China; −18 to 380 ◦C). In the choice tests, temperatures
were measured in both halves of the rectangular leaf surface during the last minutes of
the 24-h experiments. Similarly, leaf surface temperatures were also recorded during the
no-choice tests (Table 5). In the no-choice test, measurements were taken at the exact center
of the rectangular leaf surface. The lowest and highest leaf surface temperatures were
found to be between 25 ◦C and 30 ◦C. The development, reproduction, and life cycle param-
eters of T. urticae were investigated in detail under laboratory conditions at temperatures
ranging from 13 ◦C to 33 ◦C [57]. On the basis of these findings, T. urticae can develop and
reproduce over a wide temperature range, and temperatures between 27 ◦C and 30 ◦C
are the most suitable conditions for the development, survival, and reproduction of this
species [57]. Considering this information, the leaf surface temperatures during both the
choice and no-choice tests of our study remained between 25 ◦C and 30 ◦C, indicating that
the temperature did not have a significant effect on the survival of the tested spider mites
and that the main effect was due to the specific energies from the applied LED wavelengths.
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The analyses conducted within this study showed that leaf surface temperature, included
as a covariate, had no significant effect on egg or adult distribution (laying site preference)
(p > 0.05).

2.5. Statistical Analysis

During the choice tests, the numbers of adults and eggs on the half of the rectangular
cowpea leaf arena exposed to different LEDs were compared with the total number of
adults and eggs on the entire rectangular leaf arena. In this way, the percentages of adults,
eggs, and larvae (only larvae tests) present in parts I and II of the entire test leaf surface
were calculated. In the no-choice tests, the mortality ratios of adults exposed to LEDs
separately were calculated as percentages.

All datasets were first tested for normality and homogeneity of variances. When
these assumptions were met, one-way analysis of variance (ANOVA) was used to evaluate
differences in the percentages of eggs and adults present on one half of the rectangular leaf
arena among LED treatments. Leaf surface temperature generated by the LEDs during
both choice and no-choice tests was monitored to evaluate potential confounding effects.
Since temperature differences among treatments were negligible, subsequent comparisons
of behavioural and mortality responses were performed using one-way ANOVA. When
significant treatment effects were detected, Tukey’s honestly significant difference (HSD)
test was applied for post hoc mean separation.

In addition, independent-sample t-tests were conducted to compare (i) the proportion
of larvae on one half of the rectangular leaf arena values between T. urticae larvae subjected
to “UV-A LED vs. darkness” and “UV-A LED vs. white LED” treatments, and (ii) the adult
mortality rates between white LED and red LED treatments.

All statistical analyses were conducted using IBM SPSS Statistics 23 (IBM Corp.,
Armonk, NY, USA). Statistical significance was determined at p < 0.05.

3. Results
3.1. Repellent Effect of LEDs on Tetranychus urticae in Choice Tests

In the dual-LED experiments, the UV-A LED clearly had the greatest repellent effect
on T. urticae (Figures 6 and 7). The repellent effects of LEDs on the oviposition site and
feeding/settling down location of adult females of T. urticae during 24 h under dual LED
combination choice tests are given in Figure 7a,b. The repellent effects of UV-A LEDs on
larvae in the choice tests are presented in Figure 8.

 

Figure 6. The photo indicates that when Tetranychus urticae adults were exposed to the UV-A LED in
the choice tests, almost all the adults moved away from the UV-A LED part and settled in the red
LED part.
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(a)

 
(b) 

Figure 7. Repellent effects of LEDs on the oviposition site (a) and feeding/presence site (b) of adult
females Tetranychus urticae after 24 h in choice tests. ANOVA indicated significant effects of LED
treatments on oviposition site (F7,23 = 37.78, p = 3.86 × 10−11) and feeding/presence site (F7,23 = 25.33,
p = 2.25 × 10−9). Means within a group followed by the same letter are not significantly different at
p = 0.05 according to Tukey’s HSD test.

In all choice test combinations, the proportion of eggs deposited on UV-A-exposed
leaf halves was extremely low (mean < 0.5%). Adult females showed a strong oviposition
avoidance response to UV-A illumination, laying the vast majority of eggs on the white LED-
exposed or dark halves of the arena (Figure 7a). This pattern was statistically supported
by ANOVA followed by Tukey’s HSD test, which indicated that oviposition on UV-A-
exposed surfaces was significantly lower than that observed in the alternative treatments
(p < 0.001). In this study, as expected, in the choice tests designed with two different
LED wavelengths, the “mean eggs ratio data” recorded on both sides provide more stable
and stronger evidence than the “mean adult ratio data”, as the adults were free to move
between the two sides during the 24-h period. However, the “mean adult ratio” data given
in Figure 7b may also contribute, provided that it is interpreted cautiously. For example,
determining which part of the leaf shows more intense adult feeding traces may be a
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useful criterion. The percentages of adults in the UV-A part were 4 and 26%, respectively.
Larvae exhibited a strong avoidance response to UV-A illumination. The proportion of
larvae present on UV-A-exposed leaf halves was very low in both choice test combinations.
However, this proportion did not differ significantly between the “UV-A LED vs. darkness”
and “UV-A LED vs. white LED” treatments (independent-samples t-test: t(6) = −0.70,
p = 0.513). Specifically, 4.67% of larvae were recorded on the UV-A-exposed halves in the
“UV-A LED vs. darkness” test, whereas 3.17% were recorded in the “UV-A LED vs. white
LED” test (Figure 8).

 
Figure 8. Repellent effects of LEDs on larvae of Tetranychus urticae after 24 h in choice tests. An
independent-samples t-test indicated that the proportion of larvae present on the LED-exposed leaf
halves did not differ significantly between the “UV-A LED vs. darkness” and “UV-A LED vs. white
LED” treatments (t(6) = −0.70, p = 0.513, two-tailed).

In the choice tests, the blue LED did not have a clear repellent effect on T. urticae. In
contrast, it was attractive, to some extent, in tests using white LEDs. In the “Blue LED vs.
White LED” test, the percentages of eggs and adults present in the blue LED part were 67%
and 74%, respectively (Figure 7a,b). In the “Blue LED vs. darkness” test, the percentages of
eggs and adults present in the leaf area in the blue LED part were 48% and 37%, respectively
(Figure 7a,b).

In the “Red LED vs. darkness” tests, the percentages of eggs and adults present in the
red LED section were 54% and 67%, respectively (Figure 7a,b). In short, the red LED did
not have a repellent effect in the dark environment during the experiment. In the “Red
LED vs. White LED” choice tests, the percentages of eggs and adults present in the red
LED section were 14% and 37%, respectively (Figure 7a,b). Although red LEDs are thought
to have a repellent effect on white light environments, this effect is more likely due to the
attractiveness of white LEDs. In the “Red LED vs. darkness” test, the red LED did not
have a repellent effect in the dark. However, in the “White LED vs. darkness” choice test,
the percentages of eggs and adults in the white LED area were 66% and 68%, respectively
(Figure 7a,b). In brief, adults prefer white LED light over darkness to some extent, both for
feeding and for laying eggs. Choice tests with red LEDs exhibited different characteristics.
In the choice tests with red LEDs, it was determined that some of the adults died in both
the red LED section and the white LED or darkness parts. In the “Red LED vs. darkness”
test, 67% of adults in the red half and 48% of adults in the darkness half were found dead.
Similarly, in the “Red LED vs. White LED” test, 72% of adults in the red half and 9% of
adults in the white half were found dead. Considering the findings of the no-choice test
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under the red LED, some amount of dead adults in the red LED part may be expected in
the choice tests. The no-choice test results indicated that red LEDs caused 67% mortality in
adults (Figure 9). However, in addition to the red LED part, dead adults were also found in
both the white LED and darkness parts. In other choice test combinations, the absence of
dead adults in the parts treated with white LEDs or darkness suggests that white LEDs
and darkness do not have a lethal effect. At this point, our hypothesis regarding why some
adults were found dead in white LED or dark areas in preference tests conducted with red
LEDs is as follows: In the choice tests, the experiments were continued for 24 h. During
the test, adults may have spent a long part of this 24-h period under the red LED part and
then, probably when they were about to die, they moved to the white LED or dark parts
and died there. Although red LEDs have a lethal effect, it is interesting that adults do not
tend to move from the red LED part to the dark part over 24 h of exposure.

 
Figure 9. Lethal effects of Red LED on Tetranychus urticae adult after 24 h in no-choice tests. Adult
mortality differed significantly between the white LED and red LED treatments (independent-samples
t-test: t(9) = −12.88, p = 4.25 × 10−7, two-tailed).

The choice test with the “UV-A LED vs. red LED” against T. urticae revealed extremely
important findings. In the “UV-A LED vs. red LED” choice test, the percentages of eggs
and adults in the UV-A LED part were 0.2% and 1.6%, respectively (Figure 7a,b). As
expected, the UV-A LED caused almost all the adults to be repelled to the red LED section.
Furthermore, 69% of the adults in the red LED section died.

In the choice test for larvae, UV-A LED was also found to have a strong repellent effect.
In the “UV-A vs. darkness” and “UV-A vs. white LED” tests, the number of larvae in the
UV-A side remained at 4.7% and 3.2%, respectively.

3.2. Lethal Effects of Red LEDs on Adult Tetranychus urticae in No-Choice Tests

The lethal effects of red LED on adults in no-choice tests are presented in Figure 9. In
the no-choice tests, 67% of the adult females exposed to red LED died after a period of 24 h
(Figure 9). Only 1% of the adults exposed to control (white LED) died (Figure 9).

Based on the experimental observations within the scope of the study, it would be
useful to include one important detail related to the red or UV-A irradiation time-response
effect on T. urticae. Applying a UV-A LED for a very short period (such as 15 min) is
sufficient for a repellent effect. However, short-term exposure, such as for 15 min, was not
sufficient for the lethal effect of red LED light. To achieve a lethal effect, the red LED will
probably need to be applied for periods of 24 h or slightly less. As long as the UV-A LED
is active, its repellent effect on T. urticae continues. When the UV-A LED was turned off,
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T. urticae adults were observed to immediately pass to the UV-A part, feed and lay eggs.
These findings suggest that applying UV-A for 24 h did not cause a permanent change
in the leaf content and that UV-A may have a direct effect on adult mites. A detailed
investigation of the mechanisms by which UV-A can rapidly repel T. urticae may provide
important clues for managing this pest.

4. Discussion
The significant lethal effect of red LED against T. urticae at a level of 67% and the

strong repellent effect of UV-A LED were important results of this study and provide an
update to the literature in this field. However, no similar study has investigated the direct
lethal effect of red LED on adult T. urticae females. On the other hand, the number of
Thrips palmi was significantly lower in melon (Cucumis melo) seedlings irradiated with red
LED (620–630 nm) for 24 h than in control seedlings [20]. To elucidate the mechanisms by
which red LEDs cause mortality in T. urticae adults, additional investigations are needed.
According to our hypothesis, the application of red LED may have caused damage to the
cuticles (probably the wax layer) of adult females, leading to the death of the spider mites.
When we examined the body morphology of dead spider mites, we observed that the
body volume decreased (due to desiccation), resulting in a darker colour (Figure 5b). If the
wax layer on the cuticle was damaged by the red LED, a significant amount of water may
have escaped from the inside of the body. This damage may have caused the dead adults
to take on a desiccated and smaller body form. Although red LED application caused
death in adults, no phytotoxic effects such as yellowing, wilting, etc., were observed on
the cowpea leaves on which they were fed. When investigating the effects of LED on pests
(or beneficials), both the chemical and physical changes in pests and plants caused by
LED need to be examined together to analyse the findings correctly. The following two
studies provide good examples of comprehensive research that examines the effects of
LED on both the plant–pest–natural enemy relationship [21] and the pest–natural enemy
relationship [22]. Specific changes caused by far-red LED (735 nm) on the chemistry and
physiology of plants and the indirect effects of these changes on pest-beneficial working
systems have been studied in detail [21]. The effects of a far-red LED (735 nm) on volatile
organic compound (VOC)-mediated attraction of the predatory mite Phytoseiulus persimilis
to tomato plants infested with T. urticae and its ability to suppress T. urticae populations
were investigated. The results revealed that far-red LED application significantly affected
the herbivore-induced VOC emissions of tomato plants. However, this treatment did not
appear to affect the herbivore-induced attraction of P. persimilis to plants. Additional far-red
LED application led to an increase in the T. urticae population and P. persimilis numbers. It
was concluded that far-red light could alter herbivore-induced VOC emissions but did not
affect the attractiveness of the predator P. persimilis [21]. A similar comprehensive study
was conducted by Savi et al. [47]. The effects of applying red, blue, or far-red LEDs for
3 h during daytime or nighttime on leaf reflectance indices, elemental composition, and
phenolic profiles of tomato plants, as well as whether these LED applications affected the
performance of T. urticae and its predator P. persimilis on the same plants, were investi-
gated [47]. Nighttime LED applications significantly altered the elemental composition
within the leaves. Red LED application increased K levels, blue LED application increased
Mg levels, and far-red LEDs increased Mn and Cu levels while decreasing Zn levels. Among
the daytime LED applications, blue LEDs decreased Zn levels. Nighttime LED applications
(except far-red) significantly increased leaf gland trichome densities and decreased total
phenolic content. Among a range of leaf reflectance indices, ARI and CRI significantly
increased with nighttime red and blue LED applications, but decreased with far-red LED
applications. T. urticae populations in nighttime LED-treated plants were found to be sig-
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nificantly lower than those in daytime LED-treated and control plants. It was determined
that LED applications, generally except for the daytime blue LED regime, did not affect the
predator P. persimilis population and feeding capacity. The findings of the study showed
that timed LED regimes have the potential to strategically manipulate plant–prey–predator
interactions. To improve the biological control of Bemisia tabaci (Hemiptera:Aleyrodidae),
the effects of LED with different wavelengths on the settlement of the predator Nesidiocoris
tenuis were investigated under laboratory conditions [22]. The most attractive wavelength
for N. tenuis was 385 nm. The same wavelength was also found to be quite attractive for
B. tabaci. It has been reported that a UV LED with a wavelength of 385 nm can be used to
improve the effectiveness of the biological control of B. tabaci [22].

In the past, many comprehensive studies have been conducted to demonstrate the
effects of UV-A, UV-B, and UV-C on T. urticae. However, in most of these studies, UV
wavelengths from special lamps other than LED were used and were generally applied
for a short time and at high doses [40–43]. It would be useful to compare and discuss the
effects of the LED-based UV-A light (390–410 nm) used in our study on T. urticae with the
effects of UV wavelengths obtained other than those from LED used in previous studies on
the same species. The effects of UV-A and UV-B on T. urticae were studied in detail using
non-LED lamps [40]. In this study, UVL-53 or UVL-57 UV lamps were used to obtain UV-A
and UV-B. The results revealed that UV-A (778.3 W cm−2; 12 kJ m−2 d) had no effect on T.
urticae adults or eggs. In contrast, UV-B (667.1 W cm−2; 12 kJ m−2 d) strongly suppressed
the survival and egg production of T. urticae [40]. In our research, LED UV-A did not
have a lethal effect under the conditions we applied, but it had a strong repellent effect on
T. urticae adults and larvae.

The lethal and repellent effects of UV-A (350 nm), UV-B (300 nm), and UV-C (250 nm)
on diapausing and non-diapausing T. urticae were investigated [41]. In non-diapausing
females, the median effective doses for 50% mortality were 21 (UV-C) and 104 kJ m−2

(UV-B). Diapausing females were observed to be less affected by even high doses of UV
radiation, but more than half of these females escaped at low doses. In this study, the
finding that (non-LED) UV-A had no significant effect on the lethality or oviposition of
T. urticae but only had a repellent effect was similar to our result showing that LED UV-A
had a strong repellent effect [41].

It has been clearly demonstrated that UV-C emitted by (non-LED) UV lamps, such as
UV-B lamps, has a strong suppressive effect on T. urticae [42,43]. UV-C light obtained from
a special UV lamp at intensities of 254 nm and 0.237 W m−2 for 60 s was applied nightly to
potted strawberry plants infested with T. urticae [42]. As a result of this application, UV-C
caused 97–99% mortality of T. urticae on strawberries. Additionally, this application did not
cause any phytotoxic effects on plants [42].

The effectiveness of UV-C against T. urticae in a strawberry field with an autonomous
robot designed with a special UV lamp was investigated [43]. Applying UV-C at a dose
of 350 J m−2 twice a week after sunset strongly suppressed T. urticae under field condi-
tions [43].

The effects of applying UV-B (304 nm) alone or in combination with white light at 25 ◦C
for 12 h day−1 on the egg hatching rates of T. urticae, T. kanzawai Kishida, T. piercei McGregor,
and T. okinawanus Ehara were investigated [58]. Under UV-B irradiation alone, no eggs of
any species were able to hatch, even at doses as low as 0.02 W m−2. However, when UV-B
was applied together with 4.0 W m−2 white light, the egg hatching rate increased to above
90% [58].

Nansen et al. [59] investigated the phototactic effects of seven different wavelengths
[ambient (control), UV-C, UV-B, blue, red, white, and near-infrared (NIR)] on T. urticae
under experimental conditions. They also determined how the effects of these wavelengths
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on T. urticae influenced the success rate of acaricide applications. It was found that T. urticae
showed a significantly negative phototactic response to UV-B and a positive phototactic
response to blue wavelength. The effectiveness of the acaricides Pyrethrins and Beauveria
bassiana increased when UV-B and blue wavelengths were applied. Nansen et al. [59] pre-
sented different and important findings in their study, showing that different wavelengths
lead to positive and negative phototaxis on T. urticae and that this can be used as a method
to increase the effectiveness of acaricide applications.

Findings in the literature indicate that UV-B and UV-C have strong suppressive ef-
fects on T. urticae and can be used as control methods in practice. Knowing how these
applications affect predators will shed light on the extent to which UV applications are
compatible with biological control. The effects of UV-C (200–280 nm) at doses of 0, 200 and
350 J m−2 on eggs of predatory mites (Neoseiulus cucumeris Oudemans, Amblyseius swirskii
Athias-Henriot, and Phytoseiulus persimilis Athias-Henriot) and eggs of T. urticae were
compared [60]. The results showed that the UV-C 200 J m−2 dose affected the hatching of A.
swirskii eggs less than it affected that of T. urticae eggs; thus, more A. swirskii eggs survived
at this dose. Additionally, UV-C treatments of 200 and 350 J m−2 did not significantly
affect the predation by P. persimilis adult females on T. urticae eggs. These results suggest
that UV-C application could be used in a compatible method for the biological control of
T. urticae by timing it correctly before the release of predators [60].

Considering the findings of the choice tests in our study, UV-A, blue, and red LED
did not strongly attract T. urticae; in contrast, UV-A had a strong repellent effect. However,
many studies have revealed that different LED wavelengths have significant attractive
potential for various pest and beneficial insect species [9,13,15,18].

5. Conclusions
T. urticae is a major phytophagous acarid pest worldwide and causes severe economic

losses in numerous agricultural crops. Managing this species with chemicals is not easy
because of the prevalence of populations resistant to most active substances. Additionally,
most classic synthetic active substances are expected to be phased out in the medium-
and long-term worldwide. This situation has made it necessary to search for alternative
control methods against pests. As in previous studies on different pest species, this study
revealed that LEDs had potentially important effects on T. urticae. The first of the most
important findings is that red LEDs cause 67% mortality in T. urticae adults. The second
important finding was that the UV-A LED clearly had a strong repellent effect on T. urticae.
UV-A not only removed T. urticae adult females from the UV-A part but also prevented
them from laying eggs in the UV-A section. Moreover, UV-A had a significant repellent
effect on larvae. These LEDs, or combinations of LEDs, have shown significant effects in
laboratory experiments, and further research is needed to confirm their effectiveness under
greenhouse conditions. It would be appropriate for greenhouse studies to test the effects
of different combinations of UV-A and red LEDs in greenhouses used in the production
of edible fruits such as strawberries, in which T. urticae infestation is a consistent problem.
Furthermore, the extent to which LEDs of different wavelengths can affect the reproduction
and development potential of major pests and their natural enemies should be clarified in
future studies.
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35. Çağatay, N.S.; Menault, P.; Riga, M.; Vontas, J.; Ay, R. Identification and characterization of abamectin resistance in Tetranychus
urticae populations from greenhouses in Turkey. Crop Prot. 2018, 112, 112–117. [CrossRef]
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