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Abstract The Western flower thrips (WFT), Frank-
liniella occidentalis, is an important pest of many
crops worldwide and a vector of viral pathogens.
Studying the orientation and approach of flying WFT
toward attractive targets can enhance the efficacy of
monitoring this pest. Monitoring WFT in open fields
using attractive colored traps mounted on a wind
vane indicated that most trapped thrips were on the
leeward of the traps. In this study, we determined the
distribution of trapped WFT on cylindrical yellow
traps under controlled conditions in a wind tunnel
(24+1 °C, 70+4% RH, airflow speeds 0.19 m sec™ D).
In each replicate, we released 150-250 WFT females,
either upwind or downwind of the cylindrical yellow
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sticky trap. Each replicate lasted six hours. Overall,
79%=+14 of the released WFT females flew actively
and 59%=+15 of those that flew were trapped. The vast
majority of the thrips were trapped on leeward of the
cylindrical yellow traps. Of the WFT females released
downwind of the trap, 93%+3 (N=6) were trapped
on the leeward, while of those released upwind of the
trap, 81%+8 (N=7) were trapped on the leeward. A
behavioral-biomechanical model simulating WFT
flight towards the attractive yellow cylinders pre-
dicted that, as long as airflow speed is below the WFT
flight speed, 71-84% of the WFT will be trapped on
the leeward. The results of this study agree with the
trapping distributions of WFT recorded in field stud-
ies. The results also suggest that, when airflow speed
is below the WFT flight speed, most WFT approach
visually attractive traps by actively flying upwind.
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Introduction

The western flower thrips (WFT), Frankliniella occi-
dentalis, is an important pest, and a vector of viral
pathogens, of many crops worldwide (He et al. 2020).
Therefore, the development of monitoring tools for
this pest is of great importance for its management
(Mouden et al. 2017; Reitz et al. 2020). Adult thrips
fly at a low speed (Lewis 1997) but they can actively
reach attractive targets, if the airflow speed is below
0.22 m sec”! (Teulon et al. 1999; Davidson et al.
2012). Attractive colored sticky traps (yellow or blue)
are commonly used for monitoring WFT (for e.g.,
Natwick et al. 2007). Little is known about the effects
of wind direction and speed on the trapping of thrips
using those traps. When we monitored thrips (Thrips
tabaci and WFT) in open fields, using blue pole traps
and blue sticky cards mounted on wind vanes, most
thrips were trapped on the leeward (Ben-Yakir and
Chen 2008). When we monitored WFT in alfalfa
fields at low wind speed (<0.27 m sec™') using blue
pole traps mounted on wind vanes, on average, 77%
of trapped WFT were on the leeward of the traps
(Ben-Yakir and Carvalho 2021). Studying the orien-
tation and approach of flying WFT toward attractive
cylindrical targets under controlled conditions may
explain the behavioral basis of the observed distribu-
tion of thrips on pole traps in the field.

In this study, we determined the distribution of
trapped WFT on cylindrical yellow traps under con-
trolled conditions in a wind tunnel. We also devel-
oped a simulation model of WFT flight toward the
cylindrical yellow trap to predict and explain the
experimental distribution of the trapped WFT.

Materials and Methods
Wind Tunnel Study

This study was done during the summer of 2017
and the spring of 2022 in a wind tunnel designed
for studying thrips flight toward attractive olfactory
and visual cues (Smits et al. 2000). The wind tun-
nel is located at Wageningen Plant Research, Bioin-
teractions and Plant Health, in the Netherlands. The
design of the wind tunnel and the experimental setup
are presented in Fig. 1. The walls of the wind tunnel
are made of a clear glass. The experimental cham-
ber was limited to the middle section of the tunnel
(L=100 cm; W=120 cm; H=80 cm; Fig. 1). The
experimental chamber was illuminated from above
using various LED lights that simulated the wave-
length spectra of the natural sunlight without the UV
portion (see S1 for details). During the experiments,
the tunnel was maintained at 24+ 1 °C, 70+4% RH,
and the airflow speed was 0.19 m sec™".

An upside down paper cup, covered with yellow
Munix 2” cloth tape (the tape color has values of red,
green and blue [RGB] of 210, 170, 0, respectively;
https://en.wikipedia.org/wiki/RGB_color_model),
served as the trap (Fig. 2 and Photo S2). The sides of
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Fig. 1 The chamber used for the wind tunnel experiment. The
cylinder in the middle of the chamber represents the yellow
trap (see Fig. 2 for details). The two cylinders near the cham-
ber’s floor represent the release cups. On every replicate, thrips
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100 cm

were released from one cup, located either upwind or down-
wind from the yellow trap The arrows indicate the direction of
the airflow
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Fig. 2 The sticky yellow
cup used for studying the
trapping dynamic and the
on-trap distribution of WFT
in the wind tunnel

the yellow cup were covered with a layer of Stikem
insect glue (Seabright Laboratories, USA) forming
a trapping area of 140 cm® The trap was set in the
middle of the assay chamber, 40 cm above the floor
(Fig. 1). Preliminary experiments indicated that when
the distance between the thrips’ release point and the
trap ranged from 35 to 60 cm, there were no signifi-
cant differences in the thrips’ trapping rates and their
distribution on the trap. Similarly, there were no sig-
nificant differences in the thrips’ trapping rates and
distribution if the thrips’ release point was at same
height of the trap, or 25 cm below the trap. Thus,
thrips were released from 15 cm above the floor and
60 cm away from the trap. The thrips’ release posi-
tions, downwind or upwind of the trap, were the two
treatments (Fig. 1).

We used WFT females from a laboratory culture,
maintained at 25 °C and 60-70% relative humidity
(RH) with 16:8 light:dark periods, that was reared on
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potted flowering chrysanthemum (Chrysanthemum
morifolium (syn. Dendranthema grandiflora). WFT
females, of unspecified age and mating status, were
collected with an aspirator shortly before the start of
each replicate. We collected 150-250 WFT females
for each replicate. The collected WFT were briefly
anaesthetized with CO, and transferred to a release
cup made of clear Plexiglas (d=8 cm, h=6 cm).
After the transfer, the mouth of the release cup was
covered with Parafilm M (Bemis, PM-996, USA).
Then, the release cup was placed in the wind tunnel
for one hour to acclimate the thrips. At the onset of
the replicate, the release cup was uncovered and the
thrips were free to fly away. Each replicate lasted six
hours. Thus, during each replicate WFT were starved
for up to 7 h (1 h acclimation plus 6 h per replicate).
At the end of each replicate, the number of WFT
trapped and their distribution on the trap (Fig. 3) were
determined by examination under magnification.
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Trapped on front /
windward surface
Approached downwind

Trapped on back /
leeward surface
Approached upwind

Fig. 3 The categories used for the location of WFT trapped
on the cylindrical cup. The arrows indicate the direction of the
airflow

WFT Flight Model

Using MATLAB software, we developed a simple
model that simulated WFT flight to the yellow cup
under similar conditions to those in our wind tunnel
experiment. For this model, we had to determine the
distance that WFT can visually resolve the attractive
colored cup and start flying toward it (Land 1997).
For insects with compound eyes, a mosaic of small
images, each made by a single ommatidium, forms
the view. Therefore, the number of ommatidia in
the eye also determines its image resolving power.
The number of the ommatidia in an eye determines
the angle between them. Thus, the interommatidial
(I0) angle can be used to estimate visual acuity of an
insect (Land 1997). Using photos of thrips’ eyes from
the web site https://fineartamerica.com/featured/3-
western-flower-thrips-adult-dennis-kunkel-micro
scopyscience-photo-library.html (S3) and information
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from Lewis (1997) we estimated that the IO angle of
WEFT is between 10° to 14°. The distance of resolu-
tion (D) for a visually contrasting object with a size
R by an insect with an IO angle a can be calculated
from the formula D = (R/2) / tan(a/2) (Land 1997). In
our model, R was 6 cm (the mean width of the yellow
cup trap, Fig. 2), WFT IO angle o was either 10° or
14° and the calculated distance of resolution (D) was
either 34.3 cm or 24.4 cm, respectively.

We also had to determine at what speed WFT fly

toward the trap. Thrips flight speeds are estimated to
range between 0.10 and 0.50 m sec™! (Lewis 1997).
In previous wind tunnel studies, WFT could not reach
attractive targets at airflow speed of 0.22 m sec™!
(Teulon et al. 1999; Davidson et al. 2006, 2012). Our
preliminary experiments in the wind tunnel indicated
that at airflow speed of 0.09 and 0.19 m sec™! about
50% of the released WFT females reached the traps.
However, at airflow speed of 0.27 m sec™! only 17%
of them reached the trap. Thus, for this model, we
assumed that the average WFT flying speed is 0.25 m
sec™ L.
At each run of the model, 120 WFT were
“released” every 3° on the perimeter of a horizontal
circle with a radius of 34.3 cm (D). The simulated
WFT are programmed to fly directly towards the
center of the trap and change their flight direction
in response to the displacement from their intended
track by the airflow (termed drift). The instantane-
ous location of the “released” WFT flying toward
the trap was determined every 0.5 msec. Each run
of the model lasted six seconds, equal to the flight
time needed for WFT “released” downwind to reach
the trap, at an airflow speed 0.19 m sec™'. Overall,
the model was run six times at each of three airflow
speeds and two estimated values of the WFT IO
angle. At the end of each run, the number of WFT
that reached the trap and the rate of WFT trapped on
the leeward were determined.

Data Analysis

The categories used to determine the location of the
WFT trapped on the cylindrical trap are illustrated
diagrammatically in Fig. 3. We assumed that thrips
trapped on the leeward approached the traps by flying
upwind.

This experiment was done under controlled condi-
tions and the thrips’ release position, downwind or
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upwind of the trap, was the only variable analyzed.
There were 7 replicates of upwind release and 6 rep-
licates of downwind release (Table 1). Because the
number of trapped thrips varied on each replicate, we
expressed the thrips’ distribution (windward vs. lee-
ward) as a percent of the total number of the trapped
thrips on the cup.

To analyze the effect of the thrips’ release posi-
tion on the thrips’ distribution on the cup, we first
transformed the percentages using arcsine to ‘“stretch
out” the close data points. Then, we used t-test (Excel
Analysis ToolPak, Office 2016) to determine the sig-
nificance of the release position on the distribution of
the trapped thrips on the cup.

Results
Wind Tunnel Study

Most WFT were trapped 4 to 5 h after their release,
with only a few trapped during the first 3 h after
release. Overall, during this experiment 79%+14 of
the WFT females flew away from the release cup and
59%=+15 of those that flew away reached the traps.

Table 1. The effects of airflow direction at a speed 0.19 m sec™
the leeward of a sticky yellow cup in a wind tunnel

Of the WFT females released downwind of the
trap, 93%+3 (N=6) were trapped on the leeward of
the yellow cup (Table 1). Of those released upwind of
the trap, 81%=+8 (N=7) were trapped on the leeward
of the yellow cup (Table 1). The difference in the
rates of WFT trapped on the leeward between thrips
released downwind and upwind from the trap, was
statistically significant (t-test, DF=11, P=0.005)
(Table 1).

WEFT Flight Model

The model predicts that as long as WFT flight speed
is faster than the airflow speed, 100% the “released*
WET will reach the trap and 71-84% of them will be
trapped on the leeward (Table 2). The airflow drift of
the flying thrips (Fig. 4) can explain the bias of the
WEFT toward the leeward of the cylindrical trap. At
an airflow speed of 0.27 m sec™ ! which is faster than
WFT flight speed, the model predicts that only about
19% of the thrips will reach the trap and of them only
24-29% will be trapped on the leeward (Table 2).

At all airflow speeds, the magnitude of the selected
interommatidial angle (10° or 14°) had only minor
effects on the numbers of WFT that are expected

, and the location of WFT release, on the rates of WFT trapped on

Released downwind Released upwind

Experimental No. WFT % trapped on  Experimental No. WFT % trapped on
Date trapped @ leeward b Date trapped @ leeward b
Mar-31-2022 67 88 Mar-25-2022 70 67
Sep-7-2017 77 92 Mar-28-2022 109 76
Mar-23-2022 68 92 Mar-24-2022 92 79
Mar-30-2022 116 95 Mar-29-2022 67 82
Jun-29-2017 73 96 Jun-14-2017 84 87
Apr-4-2022 143 98 Sep-6-2017 108 89
Apr-5-2022 87 90

Mean + SD N=6 9314 Mean + SD N=7 81+8*

2 Out of 150-250 WFT females released
® Out of the WFT trapped

* Numbers followed by a different number of asterisks are significantly different (T-test, DE=11, P=0.005)
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Fig. 4 Simulated 2D of the flight arena and flying paths of
WEFT toward the yellow cup in the wind tunnel. Each line rep-
resents the path of a single WFT flight from its release point
to its landing on the yellow cup. Although 120 WFT were
“released”, only the paths of 60 thrips (every other one) are
presented. WFT were assumed to fly at a speed of 0.25 m
sec™! toward the center (‘+’) of the cylindrical trap (circle).
The axes indicate the distance and location (4 or -) in the arena
relative to the center of the cylindrical trap. The airflow direc-
tion is from left to right (arrows) at a speed of 0.19 m sec™!.
The model parameters and predictions are presented in Table 2

to reach the trap and the rates of WFT that will be
trapped on the leeward (Table 2).

Discussion

Thrips are weak flyers but they are able to fly upwind
toward attractive targets in wind tunnels (e.g. David-
son et al. 2012). Evidence also suggests that thrips
can reach attractive traps in open fields and migrate to
new field crops by flying upwind (Irwin and Yeargan
1980; Hoddle et al. 2002; Nyasani et al. 2017; Pereira
et al. 2020).

In previous wind tunnel studies, WFT could not
reach the traps when airflow speed was 0.22 m sec™!
(Teulon et al. 1999; Davidson et al. 2006, 2012).
However, in this study, some WFT females (17%)
reached the trap even at airflow speed of 0.27 m
sec™!. Thus, it appears that different WFT popula-
tions can have different range of flight speeds.

In previous wind tunnel experiments, starved WFT
were more responsive to attractive targets (Davidson
et al. 2006). In this study, we also noted that starva-
tion, at least up to seven hrs, increased the respon-
siveness of WFT to the yellow trap.

The results of this controlled wind tunnel study
corroborate field observations on the distribu-
tions of trapped thrips during periods of low wind
speed (Ben-Yakir and Chen 2008; Ben-Yakir and
Carvalho 2021). Further, the model output helps to
explain our experimental results and predicts that at

Table 2 Simulated effects of airflow speed and Interommatidial angle on the number of WFT “trapped”, and the rate “trapped” on

the leeward surface of an attractive colored cylindrical trap

Model input Model output

Airflow Trap WEFT flight 10* angle 10° 10* angle 14°
speed (m sec™ ) diameter (cm) speed (m sec™ ) No. WFT % trapped on No. WFT % trapped

trapped ° leeward © trapped ° on leeward
Cc

0.09 120 72 120 71

0.19 6.0 0.25 120 84 120 81

0.27 21 29 25 25

Data in bold font correspond to the simulation graph in Fig. 4
# 1O = Interommatidial

® Out of 120 WFT “released”

¢ Out of the WFT trapped
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airspeed of 0.19 m sec™! 81-84% of the WFT will
be trapped on the leeward of the trap (Table 2). The
model thus provides a mechanistic explanation for
the higher density of WFT in the leeward of traps,
as recorded also in field monitoring with similar
traps. When airflow speed was below the WFT flight
speed, WFT movement was affected by their active
flight toward the traps and their drift caused by the
airflow across their line of flight. The combined
effects of these forces may contribute to the higher
rates of WFT that reach the leeward of traps by fly-
ing upwind. Other factors that may contribute to the
higher rated if WFT trapped on the leeward are air
vortices and a “windshield” effect on the downwind
side of the cylinder. Flying upwind toward attrac-
tive visual targets was also reported for other small
insects like aphids (Reynolds and Reynolds 2009),
whiteflies (Byrne 1999; Isaacs et al. 1999) and para-
sitic wasps (Corbett and Rosenheim 1996).

In the model, we assumed that WFT flew directly
towards the center of the trap. Under this assump-
tion, the model predicts that at airflow speed
0.19 m sec™! 100% of the WFT will reach the trap
(Table 2). However, in preliminary studies, when
we released the WFT at the higher visual distance
of resolution (D=34.3 cm), on the same plane
as the trap, only about 50% of the released WTF
reached the trap. This difference between the pre-
dicted and the observed results was partly because
about 20% of the WFT remained in the release cup
until the end of the replicates. Of the WFT that flew
away from the release cup, only 62.5% reached the
traps. Our flight behavior observations showed that
most thrips did not fly directly from the release cup
to the traps. The flying thrips appeared to hover up
and down around the trap before landing on it. An
Indirect flight path of WFT toward attractive optical
targets has also been noted in other flight behavior
studies conducted in this wind tunnel (Lopez-Reyes
et al. 2023).

The distribution of trapped thrips on cylindrical
colored traps may be used to distinguish between
thrips that approached actively by flying upwind and
those that reached the trap passively. The results of
this study may help the design and operation of moni-
toring traps for thrips and other small weak flying
insects.
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