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Visual modelling can optimise
sticky trap design for simultaneous
monitoring of multiple species of
Insect pests

Natalie S. Roberts%?"*?, Jean Claude Ndayiragije?, Tugce Ozek?*, Tariq M. Butt?,
ismail Karaca3, Farooq Shah> & William L. Allen*™*

Coloured sticky traps are commonly used to monitor insect pests. Colour affects trap performance,
with preferred colours often differing between species, making selection of trap colour for effective
management of multiple pests challenging. Greenhouse whitefly (GWF) Trialeurodes vaporariorum

and Western flower thrips (WFT) Frankliniella occidentalis, are major horticultural pests that often
co-occur. Yellow colours are attractive to GWF, while blue is often used to target WFT, although WFT
are also attracted to yellow colours. The visual mechanisms that make yellow colours attractive to
either species are poorly understood. Previous experiments in WFT find that visual modelling of an
opponent mechanism between short wavelength sensitive (SWS) and long wavelength sensitive (LWS)
photoreceptors optimises the performance of blue sticky traps. In the current study, we assess whether
an opponent response that highly stimulates LWS relative to SWS photoreceptors predicts the
attractiveness of yellow sticky cards to both WFT and GWF. Our results showed that yellow sticky cards
that maximize a predicted SWS:LWS opponent mechanism improves capture for both species. Further,
optimising the SWS:LWS ratio allowed for simultaneous monitoring of both pest species using single
colour cards. We also showed that sticky trap colour and luminance are comparable across different

lab and field contexts, highlighting the broad applicability of visual modelling in pest management
strategies.

Keywords Vision, Integrated pest management, Frankliniella occidentalis, Trialeurodes vaporariorum, Thrips,
Whitefly

Coloured sticky traps are a common method for monitoring and control of insect pests. Hundreds of studies
have assessed the effectiveness of different colours for different types of pests, typically by measuring capture rate
for different colours of sticky trap!. The most attractive colour or colours often differ based on species?. Even
within species, differences in colour attractiveness have been reported based on sex, population, or surrounding
environment®~. This variation between and within species in colour attraction is a challenge for pest monitoring
and control when multiple species are targeted, and environmental conditions vary. Using multiple trap types
with different colours increases the costs of deploying, collecting, and analysing trap capture for effective pest
management. Thus, there is a need for traps that can optimally target multiple pest types.

The greenhouse whitefly (GWF), Trialeurodes vaporariorum, and the Western flower thrips (WFT),
Frankliniella occidentalis, are two common insect pests. GWF and WFT are horticultural pests that are present
worldwide, including in greenhouses and polytunnels. They cause direct damage to plants via feeding and
oviposition damage, and indirect damage via transmission of plant pathogens®®. As they are often active in
similar crops at similar times!®!! growers monitor for both pests simultaneously to assess crop risk and
respond appropriately. Studies of colour preferences for GWF show that yellow-coloured traps are generally
most attractive!>!3. In WFT, blue sticky traps are often found to be most attractive, and yellow colour generally
the next most attractive, however, in some studies yellow seems to be preferred“‘. These differences in colour
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preferences between GWF and WFT means that multiple sticky traps are used to monitor separately for each pest
species. However, the secondary attractiveness of yellow to WFT provides the opportunity for a single colour
sticky trap for monitoring of multiple species. Yellow sticky traps are already used for broadcast monitoring
of arthropods?!5, however it is unclear what factors impact the performance of yellow sticky traps for either
GWE, WFT, or other insects, including beneficial insects. The gap in understanding of why certain colours are
preferred and what qualities of trap colour impact performance limits our ability to effectively employ coloured
traps for pest monitoring. An obvious shortcoming of previous studies on colour preference in pest control are
that they do not consider colour from the perspective of the insect model, with differences between human and
insect visual systems likely reducing our ability to exploit visually guided insect behaviours!'®~1%,

Previous studies have found that accounting for the visual system of target species via visual modelling can
improve design of colour traps'®-?%. Modelling techniques can use information on aspects of visual performance
to predict the visual response of target pests to different colour traps'®. Two key components to predicting visual
response to stimuli are the spectral sensitivity of photoreceptor classes present in the visual system and the
subsequent processing of photoreceptor outputs, such as colour opponent visual processing. Colour opponent
mechanisms involve comparing the relative excitation ratios between combinations of two or more photoreceptor
classes to assess the chromatic properties of the stimulus independent of achromatic properties. Studies in GWF
and WFT suggest opponent processing occurs between photoreceptor classes present in the visual system?%%.
GWF and WFT possess three photoreceptor types, an ultraviolet sensitive (UVS), short-wavelength sensitive
(SWS), and long-wavelength sensitive (LWS) receptor, with maximum sensitivity to the UV, blue, and green part
of the visual spectrum, respectively. Opponent processing between the blue SWS and green LWS receptors affects
wavelength-specific settling responses in both species, albeit in opposite directions, with blue light (A _=467)
being the most attractive to WFT and the most inhibitory to GWF?#?>. In WFT, modelling of the hypothesized
blue-green (BG) opponent mechanism, substantially improved trap performance relative to current commercial
blue traps. Namely, traps that predicted high stimulation of WFT blue-sensitive SWS receptors relative to the
green-sensitive LWS receptor caught significantly more WFT than traps with a lower opponent signal'®. Because
photoreceptor stimulation can be reliably calculated using modelling approaches common in sensory ecology
research!®', this study demonstrates how integration of visual modelling in pest management strategies can
exploit known properties of insect vision to impact pest behaviour.

Visual modelling can also be used to investigate other aspects of trap appearance that may affect performance
such as perceived lightness, which includes achromatic information relating to the intensity or total reflectance
of a stimulus. For example, visual models based on behavioural data from the tsetse fly Glossina fuscipes fuscipes
suggest that both chromatic and achromatic channels impact performance of coloured traps?. Behavioural
studies using LED lights show that increasing the intensity of blue LEDs for WFT and yellow LEDs in GWF
increases stimuli attractiveness?>?’. Further, there appears to be an interactive effect of colour and luminance in
GWE such that increasing the brightness of typically less attractive colours relative to a preferred colour resulted
in a switch in colour preference?’. These potentially interacting effects of chromatic and achromatic information
have not been thoroughly investigated in the context of non-luminous coloured sticky traps, which may lead to
confounding results in tests of colour performance if various visual properties of colour are not considered®.

In the current study, we aim to test whether a BG opponent response and/or luminance impacts attractiveness
of yellow colours and whether accounting for these visual properties can facilitate efficient design of yellow traps
that are more effective for multiple pest capture, or capture targeted to specific species. We use visual modelling
to predict quantal catch for the three WFT and GWF photoreceptor classes to colours spanning yellow-green
to orange-red hues. We estimate the opponent response for the hypothesised BG opponent mehcanism?*?®
and assess trap luminance as perceived by WFT and GWE to determine how BG ratio (chromatic cues) and
luminance (achromatic cues) independently or interactively affect attraction to traps in field trials (experiment
1). Further, we directly test whether visual modelling can maximise simultaneous capture of both target species
by quantifying the effectiveness of traps varying in chromatic and achromatic properties on multi-pest capture
(experiment 2).

Methods

Colour swatch creation and photography

Methods for colour swatch creation and photography generally followed methods described in Dearden et a
Briefly, we generated swatches of potential trap colours that varied in colour in Adobe Photoshop (Adobe Inc.,
USA) by changing RGB values for target colours. Colour swatches were printed on Koala Photo Satin 190 GSM
paper using a Canon Pro 4100S printer. Sticky insect glue (Horsefly Glue, Sticky-trap Ltd., UK) was applied
uniformly over the paper surface prior to photography.

We photographed colour swatches to measure quantal catch for GWF and WFT used for calculation of
BG ratio and trap luminance. Colour swatches were photographed in July 2023 (experiment 1) and August
2023 (experiment 2) at Swansea University (Swansea, UK) in direct sunlight using a Samsung NX 1000 camera
following previously described methods!”. The camera was modified to remove the built-in UV filter, allowing
us to measure UV reflectance from photographs. Because the camera sensors do not inherently differentiate
between UV and visible light, we used a BAADER U-Filter (Baader Planetarium GmbH, Germany), which
transmits wavelengths between 320 and 380 nm, and a BAADER UV/IR-Cut/L, which transmits lights between
400 and 680 nm, to take separate UV and visible spectrum photographs. Each colour swatch was photographed
twice, once with the UV and again with the visible spectrum filter and the resulting RAW UV and visible
photographs were then manually aligned using the micaToolbox plugin for Image] to generate a multispectral
(.mspec) image?*3°.A 2% and 75% reflectance standard (Labsphere Inc., UK) were also included in photographs.

1.1,
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Visual modelling

To generate spectral sensitivity curves, we used a custom MATLAB script to predict photoreceptor sensitivity
following a Govardovskii template®® using previously recorded A values for each species. Behavioural
experiments in GWF suggest the presence of three visual pigments, with A max = 360 M (UVS), 480 nm (SWS),
and 515 nm (LWS)*. Electroretinogram (ERG) and behavioural experlments in WEFT also suggest three visual
pigments, with A =363 nm (UVS), 476 nm (SWS), and 535 nm (LWS)?%. After generating sensitivity curves
for each species, quantal catch of the UVS, SWS, and LWS photoreceptors was measured for each swatch colour
photographed using the micaToolbox and Image].

We calculated the BG ratio and luminance of each colour swatch using quantal catch measurements for
GWF (A, UV=360 nm, SWS=480 nm, LWS=515 nm) and WFT (A UV=363 nm, SWS=476 nm,
LWS=535 nm) BG ratio was calculated using the following formula: BG ratio= (B-G)/(B+G), where B=Dblue
(SWS) photoreceptor excitation and G =green (LWS) photoreceptor excitation!®. Because we focus on colours
in the yellow part of the visual spectrum, BG ratios that are more negative (i.e. further from zero) represent a
stronger opponent response. Luminance was calculated as quantal catch from the LWS photoreceptor normalised
against the reflectance standards 2°32.

We next calculated the chromatic and achromatic perceptual distances between colour swatches using a
receptor noise limited model®®, which gives the number of just noticeable differences (JNDs) between each
colour swatch. JNDs represent the smallest visual difference that can be perceived, with J]NDs<1 being
considered below threshold, although JNDs < 3 are often considered to be poorly discriminable when considering
visual performance in natural lighting conditions**>. Quantal catch estimates for each colour swatch from
micaToolbox were imported into the pavo package®® in R ver. 4.3.0%” and the difference in chromatic (Achrom)
and achromatic (Aachrom) JNDs were calculated using the ‘coldist’ function. We used a Weber fraction of 0.1
and estimated the relative abundance of photoreceptor types as 1 UV: 1 SWS: 6 LWS for both species.

Experiment 1 design and procedure

The goal of experiment 1 was to assess whether BG ratio, luminance, or both affect performance of yellow-
orange sticky traps. We identified a bright yellow colour (Y3) that could be compared to a colour (Y1) with a
higher BG ratio, but similar lightness to Y3, and to a darker colour (Y2), with a similar BG ratio for both the
GWF and WEFT visual system (Supplemental Table S1, Fig. 1). Therefore, if a more negative BG ratio improves
sticky card performance, Y1 should increase capture relative to Y2 and Y3. If increased lightness improves sticky
card performance, Y1 and Y3 should both capture significantly more individuals than Y2. If BG and lightness
have an additive or interactive effect, then we predict capture to be: Y1>Y3>Y2. Selected colours were printed
using the same paper and printer settings as for colour swatch production and cut to 100 x 245 mm. JND values
for Achrom and Aachrom for all comparisons are shown in Supplemental Table S2.

Field trials took place in three commercial polytunnels growing peppers (Capsicum annuum) in Antalya,
Tirkiye (37.041110, 30.853910) on 25 September 2023. Polytunnel 1 and 2 were approximately 40 m x 80 m and
had an area of 0.30 and 0.35 hectares, respectively. Polytunnel 3 was 50 m x 80 m and had an area of 0.4 hectares.
Each polytunnel had a minimum of 10 rows of crops, spaced 2.5 m apart, and was approximately 30 m long.
Five rows in each polytunnel were randomly selected for trials. On each row, two traps per treatment were hung
approximately 10 cm above the crop canopy in a random order with 5 m between traps for a total of N=30/
treatment across all three polytunnels. Traps were taken down after a 24-h period, and the number of GWF and
WEFT on each trap was counted.

After traps were hung, we photographed n=3 cards per polytunnel for each treatment to assess Achrom
and Aachrom between colour swatch photography and measurements taken in the field. Photographs of one
Y2 card was removed from analysis due to problems with image capture, for a total N=9 for Y1 and Y3 and
N =8 for Y2. Photographs of traps included a 2% and 75% grey standard and were taken in the visible and UV
spectra, and then aligned to create a multispectral image using the same methods described above. For each
photo, we calculated the quantal catch for GWF and WFT, allowing us to calculate JNDs between colour swatch
photography conducted in direct sunlight in a different location and measurements taken from photographs
taken in the testing environment.

Experiment 2 design and procedure

The goal of experiment 2 was to determine whether visual modelling approaches could assist design of sticky
trap colour for targeting multiple pest species. For this experiment, we selected five colours ranging from yellow-
green to orange-red that differed in BG ratio and luminance. These included two yellow traps (Y4, Y5), two
yellow-green traps (G1, G2), and one orange-red trap (OR). We also included one blue (B) sticky trap since blue
colours are known to be attractive to WFT (Supplemental Table S3; Fig. 2). All colours were different from those
tested in experiment 1. Colours selected are predicted to be attractive to GWF and WFT based on their BG
ratio, luminance, or a combination of both. If optimising BG ratio is most effective for multi-pest capture, then
we predicted that Y4 and Y5 sicky traps would catch more insects than G1, G2, or OR traps. If optimising trap
luminance if most effective, then G2 should capture more insects, followed by Y4, Y5, and G1, with OR capturing
the least relative to the other colours. Lastly, if there is an effect of both BG ratio and luminance, then the green
colours, particularly G2 should perform better than expected based on BG ratio alone. See Supplemental Table
S4 for JND values between all colour comparisons for experiment 2.

Field trials took place between 28 and 30 September 2023 in the same commercial pepper polytunnels
as in experiment 1. Selected colours were printed using the same paper and printer setting as used in colour
swatch production and cut to 100 x 245 mm. One trap per treatment was hung within the same row of crops,
approximately 10 cm above the crop canopy and with 2.5 m between each trap. Colours were randomized within
rows, and this was repeated in five rows of crops across three polytunnels, for a total of N =30/colour tested.
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Y1 Y2

Fig. 1. Colour treatments used for experiment 1, designed to test the effect of BG ratio and luminance on trap
performance.

One Y2 and two G2 traps were unable to be recovered from the field, giving N =29 and N =28 for these colours,
respectively. To increase insect capture after an initial 24-h period, traps were left for a total of 48 h, after which
the number of GWF and WFT on each trap was counted.

Statistical analysis

All data analysis was done using R ver. 4.3.0%. We used a modelling approach to test the effect of different
components of sticky trap colour on pest capture using the package glmmTMB?*. We compared model AICs
to assess whether the random effects of polytunnel and row number improved model performance and used
the DHARMa package® to select which distribution best modelled pest capture without violating model
assumptions. For models that included more than one fixed effect, we assessed whether the inclusion of each
term or interaction between terms significantly improved model fit using a backward model selection procedure.
After selection of the final model structure, the model was run using restricted maximum likelihood (REML)
estimation and post-hoc analyses were conducted using the emmeans package?’. We used the MuMIN package
to estimate R? values of final models using a trigamma function*!.We assessed normality and uniformity of

Scientific Reports |

(2025) 15:17280 | https://doi.org/10.1038/s41598-025-01954-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

B

Y4 & G1 G2

Fig. 2. Colour treatments used for multi-pest capture experiments for experiment 2.

residuals, dispersion, and heteroscedasticity to ensure final models do not violate standard assumptions using
DHARMass built-in diagnostic plots.

Experiment 1 analysis

We assessed the effect of sticky trap colour (factor with 3 levels: Y1, Y2, Y3) on GWF and WFT catch. For the
GWEFE dataset, we found that a negative binomial distribution best fit the data structure and comparison of model
AICs indicated that the inclusion of polytunnel as a random effect improved fit over a model lacking random
effects (Table S5). For the WFT dataset, a zero-inflated negative binomial distribution was used to model the
effect of trap colour on WFT catch. Comparisons of model AICs indicated that the inclusion of random effects
did not improve model fit so these were removed from the final model for WET (Table S6).

While analysis of JNDs indicated that predicted BG ratios and luminance are comparable between colour
swatches and printed traps in testing conditions (see Results), variation in trap colour due to differences in
printing or due to interactions with light environment may alter the categorical predictions of trap colour.
Therefore, in addition to assessing trap colour as a categorical factor for pest catch, we also analysed trap
performance based on BG ratios and luminance values measured in the field. To achieve this, we first calculated
the BG ratio and luminance for photographs of sticky traps taken in the field using the micaToolbox. We
then averaged BG ratio and luminance values measured from photographs for sticky cards of the same colour
category (Y1, Y2, Y3) within each polytunnel and applied this average to all cards of that colour within the same
polytunnel. To determine the relationship between BG ratio and luminance on trap catch, we began with a full
model that considered measured BG ratio, measured luminance, and their interaction on sticky trap catch. Data
exploration for GWF suggested a non-linear effect of model terms on trap catch; we therefore included squared
components of BG ratio and luminance in the initial model structure. Comparison of model AICs indicated
that the inclusion of random effects did not improve model fit for either GWF or WFT so random terms were
removed from further model selection steps.

For GWE, we found that a negative binomial error distribution best fit the data, and backward model selection
resulted in a final model that included measured BG ratio, its quadratic component, and measured luminance
on sticky trap catch (Table S7). For WFT, data fit a negative binomial model with a zero-inflation component
for categorical trap colour. Backwards model selection indicated no significant effect of measured luminance in
sticky trap performance, resulting in a final model that included only the effect of BG ratio on WFT catch (Table
S8).

Experiment 2 analysis

To determine whether visual modelling can optimise colour for simultaneous monitoring of GWF and WFT,
we assessed the effect of sticky trap colour (factor with 7 levels: B, Y4, Y5, G1, G2, OR), species (factor with 2
levels: GWF, WFT) and their interaction on sticky trap catch. Comparison of model AICs indicated the inclusion
of crop row as a random effect improved model fit, and the data best fit a zero-inflated negative binomial
distribution, with sticky trap colour in the zero-inflation component. Backwards model selection suggested a
significant interaction between sticky trap colour and species on trap catch, so the final model included trap
colour, species, and their interaction as fixed effects (Table S9).
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GWF WEFT
Colour | Achrom Aachrom Achrom Aachrom
Y1 2.327+1.313 | 1.251£1.227 | 2.513+1.401 | 1.087+1.035
Y2 1.735£0.906 | 2.027+1.522 | 2.011+0.998 | 1.634+1.179
Y3 0.718+0.307 | 2.180+1.297 | 0.878£0.356 | 1.946+1.225

Table 1. Mean + standard deviation of the difference in chromatic (Achrom) and achromatic (Aachrom)
just noticeable differences (JNDs) for colour traps photographed in Swansea, UK and Antalya, Tiirkiye for
the greenhouse whitefly (GWF) and Western flower thrips (WFT) visual systems. JNDs < 3 are generally
considered to be poorly discriminable.
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Fig. 3. Trap catch for (a) greenhouse whitefly (GWF) and (b) Western flower thrips (WFT) on yellow sticky
traps differing in predicted blue-green (BG) ratio and luminance. BG ratio represents the intensity of the
opponent response between the blue (SWS) and green (LWS) photoreceptor cells and is greatest for Y1 and
approximately equal for Y2 and Y3 for both species. Predicted luminance is greatest and approximately equal
for Y1 and Y3 relative to Y2 for both species (see Supplemental Table S1). An asterisk (*) indicates a significant
difference between colours following Tukey correction for multiple comparisons.

We next ran separate models for GWF and WFT to determine which visual elements impact trap attractiveness
within species, with BG ratio, luminance, and their interaction as possible fixed effects. Blue (B) sticky traps
were excluded from this modelling given the large difference in BG ratio between this and the other colours
tested. For GWE, we fitted a negative binomial model with crop row as the random effect component. Analysis
of the fixed effect structure indicated an additive effect of BG ratio and luminance on GWF catch (Table S10).
For WFT, comparisons of model AICs suggested the inclusion of random effects did not improve model fit, so
random terms were therefore excluded from the final model. Backwards model selection for WFT resulted in
a final model consisting only of BG ratio on sticky trap performance with a zero-inflation component for trap
colour (S11).

Results

Experiment 1

Comparisons of predicted quantal catch for GWF and WFT from colour swatch photography and from
photographs of sticky traps in field conditions showed that chromatic and achromatic properties of sticky traps
were comparable across environments (i.e. JND < 3; Table 1).

Results showed a significant difference between yellow colours tested for GWF catch (x*=67.340, df=2,
p<0.001; Fig. 3a). Post-hoc tests with a Tukey correction show that the yellow colour with both high BG ratio
and luminance (Y1) caught significantly more GWF (mean + se =10.267 + 1.425) compared to Y2 (2.000 + 0.407),
which has a lower BG ratio and luminance than Y1 (Y1—Y2: Z=6.210, p<0.001). Y1 also caught significantly
more GWF than Y3 (2.067+0.799) (Y1 - Y3: Z=6.672, p<0.001), which has similar luminance but a lower
BG ratio than Y1. There was no significant difference in GWF caught between Y2 and Y3 (Y2 - Y3: Z=-0.858,
Pp=0.666), despite large differences in predicted luminance between these two colours (Supplemental Tables S1,
S2).
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There was also a significant difference in WFT capture between yellow sticky traps (x*=34.081, df=2,
p<0.001; Fig. 3b). Results of post-hoc tests with a Tukey correction showed Y1 (mean + se=2.066 +0.529) caught
significantly more WFT compared to Y2 (0.33+0.138) (Y1 - Y2: Z=3.267, p=0.003), which had both a lower
BG ratio and luminance relative to Y1. Y1 also caught significantly more WFT than Y3 (0.633 £0.140), which
is similar in luminance to Y1 but has a lower BG ratio (Y1-Y3: Z=2.719, p=0.018). There was no significant
difference between Y2 and Y3 (Z=-1.320, p=0.384), which had similar BG ratio, but differed in luminance
(Supplemental Tables S1, S2).

Analysing insect catch using measured BG ratio and luminance resulted in similar outcomes to categorical
comparison of trap colours. For GWE, results showed a significant effect of measured BG ratio (x?=18.194, df=1,
p<0.001) and its quadratic component (x*=16.056, df=1, p<0.001) on insect catch, with more extreme BG
ratios catching more GWF relative to values closer to zero (Fig. 4a). There is also a significant effect of sticky trap
luminance measured in the field on predicted GWF catch, with a positive correlation between trap luminance
and GWF catch (x>=26.239, df=1, p<0.001; Fig. 4b). Conditional R?=0.26 for the final model, including BG
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Fig. 4. Blue-green (BG) ratio and luminance of yellow-orange sticky traps measured in the field and

insect capture. (a) BG ratio and (b) luminance measured from sticky traps in the field showed a significant
relationship to the number of greenhouse whitefly (GWF) captured on yellow sticky traps. Conditional R? for
the final model for GWE, including BG ratio, its squared component, and luminance was 0.26. (c) There is a
significant relationship between measured BG ratio and trap catch for Western flower thrips (WFT), (d) but no
significant relationship was observed between trap luminance and WFT catch. R? for the final model for WFT
was 0.19. Trap colour is depicted in plots via colour and shape, with Y1 shown as circles, Y2 as diamonds, and
Y3 as triangles. (a—c) Plotted trendlines represent a negative binomial regression fit.
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ratio, its quadratic component, and luminance. For WFT, the only term remaining after model reduction was
BG ratio, with a significant decrease in WFT caught as the BG ratio became closer to zero (x>=11.233, df=1,
p<0.001; Fig. 4¢,d). Conditional R?2 of the final model for WET capture was 0.19.

Experiment 2

There was a significant interaction between sticky trap colour and insect species on overall trap catch (x*=12.838,
df=5, p=0.025). Post-hoc comparisons showed that significantly more WFT were caught on B (Z=-4.977,
p<0.001) and OR (Z=-2.596, p=0.009), and significantly fewer on G2 (Z=2.202, p=0.028), relative to GWE.
The G1 sticky trap tended to catch more WFT than GWE, but the difference between species was not significant
(Z=-1.890, p=0.059) (Fig. 5). Within species, there were significant differences in trap performance based on
colour, with B and OR performing significantly worse compared to yellow (Y4, Y5) and yellow-green (G1, G2)
colours for GWF (Table 2, Supplemental Table S12). For WFT, B cards caught similar number of individuals as
both yellows (Y4, Y5) and one yellow-green tested (G1), with low WET catch for OR and intermediate catch for
G2 (Table 2, Supplemental Table S12).

Modelling results for GWF indicate a significant additive effect of BG ratio (x*=20.724, df=1, p<0.001) and
luminance (x>=29.811, df=1, p<0.001) on trap capture (Fig. 6a,b). Conditional R? for this model was 0.33. For
WFT, the final model included a significant effect of BG ratio (x*=3.947, df=1, p=0.047) on trap catch, with a
conditional R? of 0.02 (Fig. 6¢). Model selection suggested no significant effect of luminance on WFT capture

(Fig. 6d).
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Fig. 5. Pest catch on different coloured sticky traps for greenhouse whitefly (GWEF) (filled bars) and Western
flower thrips (WFT) (unfilled bars). Trap colours tested are blue (B), two yellow (Y4, Y5), two yellow-green
(G1, G2), and an orange-red (OR). Bar/outline colour represents sticky trap colour, with data for GWF shown
in filled and WFT shown in outlined bars. An asterisk (*) indicates a significant difference between species.
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20

—_
63

GWEF Count

20

WEFT Count

Colour | GWF WFT

B 0.067£0.067 | (a) | 4.600+0.870 | (a)
Y4 4.233+0.830 | (b) | 4.400£0.607 | (a)
Y5 3.931+0.835 | (b) | 3.862£1.003 | (a)
Gl 2.767+0.488 | (b) | 4.467+1.046 | (a)
G2 4.071£0.705 | (b) | 2.143+0.495 | (ab)
OR 0.267£0.159 | (a) | 1.000+0.267 | (b)

Table 2. Mean + standard error of greenhouse whitefly (GWF) and Western flower thrips (WFT) caught on
different coloured sticky traps after 48 h. Traps include a blue (B), two yellows (Y4, Y5), and yellow-greens (G1,
G2), and an orange-red (OR) colour. Significant differences within species in the number of individuals caught
are indicated by letters. See Supplemental Table S12 for p-values for all pair-wise comparisons.
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Fig. 6. Relationship between blue-green (BG) ratio, luminance, and trap catch for greenhouse whitefly

(GWF) and Western flower thrips (WFT) for yellow-green to orange-red colours. (a, ¢) There is a significant
correlation between BG ratio and pest capture for GWF and WFT, with colours that are more highly
stimulating to the green relative to blue photoreceptor (smaller values) performing better than traps with a
lower opponent response (larger values). (b) There is a positive correlation between trap luminance and GWF
catch, (d) but no significant relationship between luminance and WFT catch. (a-c) Plotted trendline represents
a negative binomial regression fit. Conditional R? for the model showing the effect of BG ratio and luminance
on GWF capture was 0.33 and for the WFT model, which included only BG ratio, was 0.02.
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Discussion

Previous work has shown that using visual modelling to predict the BG opponent response can optimise WFT
catch to blue coloured sticky traps'®. Here, we show that modelling BG ratio can also predict performance of
yellow sticky traps for both WFT and GWE We also find that achromatic luminance cues affect trap catch
for GWF but not WFT. Importantly, modelled chromatic and achromatic trap measures in one environment
(Swansea, UK) translated to modelled chromatic and achromatic measures in the testing environment (Antalya,
Tiirkiye), suggesting that visual modelling approaches are robust and have utility across at least some degree
of variation in testing environment. Overall, our results provide support for the use of visual modelling in the
efficient design of pest traps'® and show that BG opponent responses produced via visual modelling offer a
principled approach for targeting monitoring towards multiple pest species.

While previous studies typically consider preference for blue or yellow colours in GWF and WFT, often
with conflicting results, in the current study we focus on the specific properties of colour (i.e., BG ratio and
luminance) that impact attractiveness to yellow colours. Previous work has found that optimising the BG ratio
based to maximize stimulation of the blue relative to the green photoreceptor increased trap catch for blue
sticky traps in WFT'. Our results show that optimising the BG ratio in the opposite direction, by maximizing
stimulation of the green relative to the blue photoreceptor, also improved trap performance for WFT capture and
that this principal also applies to other pest species (i.e., GWEF).

While preference for blue is generally considered stronger for WFT, yellow sticky traps have been suggested
previously as a potential method for monitoring both GWF and WFT simultaneously'?. However, the specific
visual properties of yellow sticky traps that allow for effective simultaneous monitoring of GWF and WFT
had not been previously evaluated in detail. Our results showed differences in preference for several yellow
colours tested on both WFT and GWF (Fig. 5). Trap performance was related to the BG ratio in both species,
with yellow colours that maximize the opponent response increasing attractiveness compared to other colours
and performing as well as the blue sticky trap in WFT capture (Table 2; Fig. 5). Achromatic luminance cues
also appear to shape trap attractiveness for GWE, in line with previous studies utilising luminous LED traps®.
However, our results suggest that achromatic component of traps does not affect WFT capture, at least over
the range tested. Previous studies in WFT have found an effect of trap brightness for colours in the blue-violet
range, but no effect in the green-yellow range??, in line with our results. Overall, this suggests that while yellow
colours can be effective for monitoring both GWF and WFT, performance of yellow colours is not uniform
across the spectrum and the factors that impact trap success can vary between species. Yellow colours are more
generally attractive across a wide number of insect species, including some species of beneficial insects®!°. For
example, yellow was more successful than blue or white traps at collecting several species of Hymenoptera,
which are beneficial for plant pollination***%. Our results indicate that visual modelling can aid navigation of
the trade-off between attracting target pests while reducing unintended capture of non-target insect species, for
example by determining the BG ratio for target pests and co-occurring beneficials. Future studies following the
methodologies we outline in the current study will be valuable in demonstrating whether visual modelling can
better tailor sticky traps for only intended pest targets.

We also showed that chromatic and achromatic properties of selected colours in experiment 1 are similar
across various environments, specifically between Swansea, UK where initial visual modelling took place and
Antalya, Tiirkiye, where behavioural testing took place. Variation in the location, timing, and weather conditions
during photography are all possible factors that could impact the replicability of visual modelling. Variation
between the thickness, age, or type of material used in polytunnel construction can also have an impact on
light environment, and therefore visual perception®®. Despite this, we found that JNDs between colour swatches
photographed in Swansea, UK and from photographs of printed sticky traps in the field were on average<3
(Table 1), indicating visual differences between stimuli are likely not discriminable under normal viewing
conditions by the target species. While modelling results are likely not generalizable when there are large
differences in transmission properties of certain materials or differences in lighting source (e.g., natural sunlight
compared to artificial lighting), our results suggest that visual modelling can reliably predict performance across
typical conditions used for commercial crop growers. Further, visual modelling can easily incorporate the effect
of different environmental illumination on colour perception®’, meaning that prior knowledge of the light
environment can further improve predications based on modelling results.

Visual modelling can be used to further optimise trap design by aiding design of traps with internal
contesting patterns. Previous studies have shown that adding a highly-contrasting yellow flower pattern to blue
sticky cards significantly increases trap catch relative to solid blue cards for WFT'. Similarly, adding contrasting
black patterns to yellow traps also increased trap catch for GWF, while reducing the level of contrast between
plants and the background reduced settling relative to plants with higher contrast to the background®’. The
increased attraction of GWF and WFT to stimuli with higher internal contrast, paired with our results showing
that optimised yellow colours perform as well as blues for WFT (Table 2) and are simultaneously attractive to
both target species (Fig. 5), suggests that development of contrasting blue-yellow traps could further increase
trap effectiveness for both pest species.

Opverall, our study provides support for the use of visual modelling in the monitoring of multiple pest species.
Accounting for visual properties of coloured sticky cards explains differences in preferences for both GWF and
WEFT, with the opponent response of colours corresponding with trap catch. This may further provide insights
into differences in colour preferences commonly reported between studies in WFT, with differences between
shades of yellow tested varying in their relative attractiveness to one another and to a blue coloured card. We
showed that predicted and measured visual properties of sticky traps are consistent across polytunnels, despite
differences in environments in which colour properties were predicted and in which testing occurred. In all,
these results support the reliability of visual modelling in trap design and its prospect for improving of pest
monitoring and management.
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Data availability
Datasets analysed for the current study are available on the Dryad repository https://doi.org/https://doi.org/10.
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Received: 16 February 2024; Accepted: 9 May 2025
Published online: 19 May 2025

Re
1

2.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

32.

33.

ferences
. Ben-Yakir, D. Optical Manipulation of Arthropod Pests and Beneficials. (CABI, 2020).

Vrdoljak, S. M. & Samways, M. J. Optimising coloured pan traps to survey flower visiting insects. J. Insect Conserv. 16, 345-354
(2012).

. Gillespie, D. R. & Vernon, R. S. Trap catch of western flower thrips (Thysanoptera: Thripidae) as affected by color and height of

sticky traps in mature greenhouse cucumber crops. J. Econ. Entomol. 83, 971-975 (1990).

. Lopez-Reyes, K. et al. Colour response in western flower thrips varies intraspecifically. Insects 13, 538 (2022).
. Ren, X. et al. Behavioral responses of western flower thrips (Frankliniella occidentalis) to visual and olfactory cues at short distances.

Insects 11, 177 (2020).

. He, Z,, Guo, ].-E, Reitz, S. R, Lei, Z.-R. & Wu, S.-Y. A global invasion by the thrip, Frankliniella occidentalis: Current virus vector

status and its management. Insect Sci. 27, 626-645 (2020).

. Jones, D. R. Plant viruses transmitted by whiteflies. Eur. J. Plant Pathol. 109, 195-219 (2003).
. Reitz, S. R. Biology and ecology of the Western flower thrips (Thysanoptera: Thripidae): The making of a pest. Fla. Entomol. 92,

7-13 (2009).

. Suhag, A. et al. Biotechnological interventions for the sustainable management of a global pest, whitefly (Bemisia tabaci). Insect Sci.

28, 1228-1252 (2021).

Bi, J. L., Toscano, N. C. & Ballmer, G. R. Seasonal population dynamics of the greenhouse whitefly Trialeurodes vaporariorum
(Homoptera: Aleyrodidae) on strawberries in Southern California. J. Econ. Entomol. 95, 1179-1184 (2002).

Chellemi, D. O., Funderburk, J. E. & Hall, D. W. Seasonal abundance of flower-inhabiting Frankliniella species (Thysanoptera:
Thripidae) on wild plant species. Environ. Entomol. 23, 337-342 (1994).

Do Bae, S. D. et al. Yellow sticky card offers composite attractiveness to western flower thrips and greenhouse whitefly. J. Entomol.
Zool. Stud. 3, 110-113 (2015).

Pinto-Zevallos, D. M. & Vinninen, I. Yellow sticky traps for decision-making in whitefly management: What has been achieved?.
Crop Prot. 47, 74-84 (2013).

Lopez-Reyes, K., Armstrong, K. E, Van Tol, R. W. H. M., Teulon, D. A. J. & Bok, M. J. Colour vision in thrips (Thysanoptera).
Philos. Trans. R. Soc. B Biol. Sci. 377, 20210282 (2022).

Dimitrova, A., MiloSevi¢, M., Spanos, T., Livieratos, I. & Gkisakis, V. D. Yellow or transparent? Comparison of sticky traps for
monitoring functional arthropod diversity in an olive agroecosystem. Anim. Biodivers. Conserv. 159-167 (2020) https://doi.org/10
.32800/abc.2020.43.0159.

Santer, R. D. & Allen, W. L. Optimising the colour of traps requires an insect’s eye view. Pest Manag. Sci. 80, 931-934 (2023).
Santer, R. D. & Allen, W. L. Insect visual perception and pest control: opportunities and challenges. Curr. Opin. Insect Sci. 68,
101331 (2025).

Caves, E. M., Nowicki, S. & Johnsen, S. V. Uexkiill revisited: addressing human biases in the study of animal perception. Integr.
Comput. Biol. 59, 1451-1462 (2019).

Dearden, A. E., Wood, M. J,, Frend, H. O., Butt, T. M. & Allen, W. L. Visual modelling can optimise the appearance and capture
efficiency of sticky traps used to manage insect pests. J. Pest Sci. https://doi.org/10.1007/s10340-023-01604-w (2023).

Santer, R. D., Vale, G. A., Tsikire, D. & Torr, S. J. Optimising targets for tsetse control: Taking a fly’s-eye-view to improve the colour
of synthetic fabrics. PLoS Negl. Trop. Dis. 13, 0007905 (2019).

Santer, R. D., Okal, M. N, Esterhuizen, J. & Torr, S. J. Evaluation of improved coloured targets to control riverine tsetse in East
Africa: A Bayesian approach. PLoS Negl. Trop. Dis. 15, €0009463 (2021).

Doéring, T. F. & Kirchner, S. M. A model for colour preference behaviour of spring migrant aphids. Philos. Trans. R. Soc. B Biol. Sci.
377,20210283 (2022).

Doring, T. E, Skellern, M., Watts, N. & Cook, S. M. Colour choice behaviour in the pollen beetle Meligethes aeneus (Coleoptera:
Nitidulidae). Physiol. Entomol. 37, 360-378 (2012).

Otani, Y., Wakakuwa, M. & Arikawa, K. Relationship between action spectrum and spectral sensitivity of compound eyes relating
phototactic behavior of the Western flower thrips, Frankliniella occidentalis. Jpn. . Appl. Entomol. Zool. 58, 177-185 (2014).
Stukenberg, N. & Poehling, H.-M. Blue-green opponency and trichromatic vision in the greenhouse whitefly (Trialeurodes
vaporariorum) explored using light emitting diodes. Ann. Appl. Biol. 175, 146-163 (2019).

Santer, R. D. Developing photoreceptor-based models of visual attraction in riverine tsetse, for use in the engineering of more-
attractive polyester fabrics for control devices. PLoS Negl. Trop. Dis. 11, 0005448 (2017).

Otieno, J. A., Stukenberg, N., Weller, ]. & Poehling, H.-M. Efficacy of LED-enhanced blue sticky traps combined with the synthetic
lure Lurem-TR for trapping of Western flower thrips (Frankliniella occidentalis). J. Pest Sci. 91, 1301-1314 (2018).

Kelber, A. & Osorio, D. From spectral information to animal colour vision: experiments and concepts. Proc. Biol. Sci. 277, 1617~
1625 (2010).

Troscianko, J. & Stevens, M. Image calibration and analysis toolbox: a free software suite for objectively measuring reflectance,
colour and pattern. Methods Ecol. Evol. 6, 1320-1331 (2015).

Abramoff, M. D., Magalhies, P. ]. & Ram, S. J. Image processing with Image]J. Biophotonics Int. 11, 36-42 (2004).

Govardovskii, V. I, Fyhrquist, N., Reuter, T., Kuzmin, D. G. & Donner, K. In search of the visual pigment template. Vis. Neurosci.
17, 509-528 (2000).

van der Kooi, C. J. & Kelber, A. Achromatic cues are important for flower visibility to hawkmoths and other insects. Front. Ecol.
Evol. 10, 819436 (2022).

Vorobyev, M. & Osorio, D. Receptor noise as a determinant of colour thresholds. Proc. R. Soc. Lond. B Biol. Sci. 265, 351-358
(1998).

. Maia, R. & White, T. E. Comparing colors using visual models. Behav. Ecol. 29, 649-659 (2018).
. Siddigi, A., Cronin, T. W,, Loew, E. R., Vorobyev, M. & Summers, K. Interspecific and intraspecific views of color signals in the

strawberry poison frog Dendrobates pumilio. J. Exp. Biol. 207, 2471-2485 (2004).

. White, T. et al. pavo: Perceptual Analysis, Visualization and Organization of Spectral Colour Data. (2023).

. R Core Team. R Foundation for Statistical Computing (2023).

. Brooks, M. et al. glmmTMB: Generalized Linear Mixed Models using Template Model Builder. (2023).

. Hartig, F. & Lohse, L. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression Models. (2022).
. Lenth, R. V. emmeans: Estimated Marginal Means, aka Least-Squares Means. R package version 1.8.2. (2022).

. Barton, K. MuMIn: Multi-Model Inference. (2024).

Scientific Reports |

(2025) 15:17280 | https://doi.org/10.1038/s41598-025-01954-8 nature portfolio


https://doi.org/
https://doi.org/10.5061/dryad.h9w0vt4rf
https://doi.org/10.5061/dryad.h9w0vt4rf
https://doi.org/10.32800/abc.2020.43.0159
https://doi.org/10.32800/abc.2020.43.0159
https://doi.org/10.1007/s10340-023-01604-w
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

42. Matteson, N. A. & Terry, L. I. Response to color by male and female Frankliniella occidentalis during swarming and non-swarming
behavior. Entomol. Exp. Appl. 63, 187-201 (1992).

43. Leong, J. M. & Thorp, R. W. Colour-coded sampling: the pan trap colour preferences of oligolectic and nonoligolectic bees
associated with a vernal pool plant. Ecol. Entomol. 24, 329-335 (1999).

44. Saunders, M. E. & Luck, G. W. Pan trap catches of pollinator insects vary with habitat. Aust. J. Entomol. 52, 106-113 (2013).

45. Robson, T. M., Pieristé, M., Durand, M., Kotilainen, T. K. & Aphalo, P. J. The benefits of informed management of sunlight in
production greenhouses and polytunnels. Plants People Planet 4, 314-325 (2022).

46. Sampson, C. et al. Reduced translucency and the addition of black patterns increase the catch of the greenhouse whitefly,
Trialeurodes vaporariorum, on yellow sticky traps. PLoS ONE 13, e0193064 (2018).

47. Niemann, J.-U,, Menssen, M. & Poehling, H.-M. Manipulation of landing behaviour of two whitefly species by reflective foils. J.
Plant Dis. Prot. 128, 97-108 (2021).

Acknowledgements

We would like to thank A. Dearden for helpful discussions with respect to experimental planning, E. Meydan,
E. Metin, and Z. Durmus for providing access to polytunnels for testing, and O. Knight and L. Koning for as-
sistance in the field. We also thank A. Treharne for providing support and services needed for printing stimuli
throughout the project.

Author contributions

N.S.R. contributed to conceptualization, data curation, formal analysis, methodology, project administration,
software, validation, visualisation, original draft preparation, reviewing and editing. J.C.N. and T.O. contributed
to investigation, I.K. contributed to investigation, resources, and project administration. E.S. and T.M.B. contrib-
uted to funding acquisition, resources, methodology, and supervision. W.L.A. contributed to conceptualisation,
funding acquisition, resources, project administration, methodology, reviewing and editing, and supervision.

Funding
This work was supported by the Biotechnology and Biological Sciences Research Council [grant number BB/
X011763/1] and by a 100/2000 CoHE PhD Scholarship awarded to TO.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-01954-8.

Correspondence and requests for materials should be addressed to N.S.R. or W.L.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:17280 | https://doi.org/10.1038/s41598-025-01954-8 nature portfolio


https://doi.org/10.1038/s41598-025-01954-8
https://doi.org/10.1038/s41598-025-01954-8
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Visual modelling can optimise sticky trap design for simultaneous monitoring of multiple species of insect pests
	﻿Methods
	﻿Colour swatch creation and photography
	﻿Visual modelling
	﻿Experiment 1 design and procedure
	﻿Experiment 2 design and procedure
	﻿Statistical analysis
	﻿Experiment 1 analysis
	﻿Experiment 2 analysis


	﻿Results
	﻿Experiment 1
	﻿Experiment 2

	﻿Discussion
	﻿References


