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Abstract

Western flower thrips (Frankliniella occidentalis) are major pests of horticultural crops world-
wide, creating a need for sensitive monitoring tools to support integrated pest management.
Semiochemical lures are widely used to enhance sticky trap capture, but their effective-
ness depends on both attractant composition and dispenser design. In this study, the
plant-derived volatiles p-anisaldehyde (PANI) and S(—)-verbenone were evaluated as in-
dividual and blended attractants, together with the development of practical dispenser
systems, across field trials conducted between 2018 and 2021 in commercial strawberry
production systems. Initial short-term trials in 2018 showed that both compounds in-
creased trap capture relative to controls, with the PANI-verbenone blend providing the
greatest enhancement across repeated 48 h assessments. Follow-on trials in 2019 supported
these findings and introduced ethylene vinyl acetate (EVA) tubing as a controlled-release
dispenser, improving lure practicality and durability without loss of efficacy. Expanded
multi-site trials in 2021, conducted across four farms over four weeks, showed that although
early capture dynamics were similar among treatments, differences emerged over time. By
day 28, blended attractants, particularly when delivered via polymer-based dispensers,
consistently exceeded controls and performed comparably to, or sometimes better than, the
commercial standard Lurem-TR. These findings show that combining plant-derived volatile
blends with optimised controlled-release dispensers can improve monitoring sensitivity
for E. occidentalis under commercial growing conditions.

Keywords: western flower thrips; lures; verbenone; p-anisaldehyde; attractant
blends; dispensers
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1. Introduction

Western flower thrips (WFT), Frankliniella occidentalis, are major pests of horticultural
and agricultural crops that now have a worldwide distribution [1,2]. Economic losses are
large, but with countries such as the Netherlands and the UK alone suffering > $50 million
in damages [3], it is suggested that the true cost of WFT infestations globally exceeds
$1 billion. These costs are accrued directly through feeding-associated damages and
indirectly via disease, especially through tospovirus transmission [4—6]. Compounding
these issues is the behaviour of WFT; they are small, cryptic, and have a very broad host-
plant range [2,7]. Furthermore, their high generation rate means that low population
density can go unrecorded in early parts of the year, leading to a sudden and rapid
population explosion; in the UK, this is known to occur in two peak intervals in later
spring and mid-summer (personal communication with growers). This is compounded by
increasing resistance to several critical chemical insecticides [8], including Spinosad, which
is now often largely ineffective at the recommended dosages [9-11]. As such, management
strategies rely heavily on monitoring programs to identify WFT presence at the earliest
possible stage for effective management, driving the need for the development of high-
sensitivity lures that will work in the early season.

Current monitoring practices generally use coloured sticky traps, often blue or yel-
low, in conjunction with lures that enhance the capability of the traps to capture active
WEFT [12-15]. Research has begun to advance the efficacy of the colouring applied to the
sticky cards to increase innate capture [16,17], with a recent study using ocular data from
thrips to identify the optimal trap colouring for increased capture rates [17]. Although
sticky traps are widely used, their sensitivity and relationship to population density and
crop damage can be limited, particularly at low pest densities [18], necessitating the use
of attractive lures to enhance sensitivity and capture. At present, the primary commercial
attractant used is Lurem-TR (Koppert BV, Berkel en Rodenrijs, The Netherlands), a formu-
lated methyl-isonicotinate product used as an aggregation kairomone [19]. This compound
and the product are highly effective across broad agro-systems; nevertheless, they are still
subject to performance variability due to specific conditions within the different agricultural
and trapping systems at play [12,19]. The fact that WFT oviposit and feed on a wide variety
of plant species suggests they are responding to a diverse range of plant-derived volatiles,
opening the door for the development of multi-component lures that could be suited to
variable conditions. Indeed, several excitatory plant volatiles have been identified, with
some showing considerable promise as lures [20-23]. Among the most promising described
plant-derived thrips attractants are p-anisaldehyde (PANI) and verbenone, both of which
have been identified in silico and in vitro [23,24]. Both are now known to significantly
increase trap capture as singular compounds [23,25-27], making them excellent candidates
for deployment in monitoring and mass trapping programmes as a means to accentuate
and enhance the local chemosphere to direct insect pest behaviours.

Verbenone is a monoterpene found in a wide range of plant species, including Spanish
verbena, rosemary, eucalyptus, magnolia, phlox, and pine pollen [28-30]. Like PANI, it is
a common additive in products as a fragrance or flavouring agent. It is used as a fragrance
and a flavour ingredient [28,31]. Verbenone is also a well-known semiochemical acting on
a range of insect pest species; most notably, it works as an anti-aggregation pheromone in
the bark beetle Dendroctonus ponderosae, synthesised by mutualistic yeasts within the insect
system [32-34]. Meanwhile, PANI, also known as 4-methoxybenzaldehyde, is found in
the essential oils and extracts of vanilla, magnolia, pear, fennel, cranberry, blackcurrant,
cinnamon, basil, and a range of woodland tree species [35-38]. As a result of its floral
odour profile, PANI is widely used in the perfume and food flavouring industries [38]. It is
known to influence the behaviour of several insect species, acting as an attractant for some
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pollinators but a repellent of ants [39]. With regards to thrips, PANI is also known to act
as an effective kairomonal attractant for species, including Frankliniella tenuicornis and F.
intonsa [40], F. occidentalis [22], and Limothrips cerealium [40,41]. Given their commonality as
plant emanations, they are liable to be key signals used by WFT during the early stages
of the year when suitable food sources become available. This facet potentially makes
them useful as a combination application to overcome the issues of habituation that are
known for single-compound applications, and their food source mimicry may facilitate
more sensitive capture rates at early stages of the year when flowering in the crop is at
minimal levels.

The application method for any given semiochemical attractant is also a primary con-
sideration for effective deployment. Release rates, longevity, and environmental stability
determine the concentration and temporal consistency of behaviourally active volatiles [42].
Effective dispensers must maintain emissions, as best as possible, within biologically rele-
vant thresholds over extended periods and within the variability of the natural environment.
In practice, this means avoiding both rapid depletion and sub-threshold release that can re-
duce trap sensitivity [43-45]. Release kinetics are strongly influenced by dispenser material
and design, with systems such as polyethylene vials, rubber septa, and polymer matrices
exhibiting distinct diffusion profiles that must be matched to the volatility and stability
of the active compounds [46,47]. Environmental factors, including temperature, UV expo-
sure, and airflow, further modulate emission rates and plume structure, often leading to
substantial variation in field performance if not accounted for during optimisation [48-50].
In addition, inconsistent or excessive release can contribute to reduced behavioural re-
sponses over time [51,52], albeit these diminished responses are variable and seemingly
system-specific [53]. Taken together, these lines of evidence highlight the importance of
controlled, sustained emission profiles in maintaining lure efficacy under field conditions
and showcase the need for optimised dispenser development and deployment [54].

While both p-anisaldehyde and verbenone have previously been identified as be-
haviourally active semiochemicals in Frankliniella occidentalis [22,23], their combined appli-
cation, temporal performance under field conditions, and integration with practical delivery
systems remain poorly understood. In particular, the potential for blended plant-derived
volatiles to provide sustained enhancement of trap capture, rather than short-term attraction
alone, has not been systematically evaluated. This study, therefore, moves beyond single-
compound assessments to examine (i) the performance of a p-anisaldehyde-verbenone
blend, (ii) the influence of controlled-release dispenser technologies on lure efficacy over
time, and (iii) the consistency of these effects across multiple commercial production sites.
By linking attractant composition with optimised release strategy and field-scale validation,
this work aims to establish a more robust framework for semiochemical-based monitoring
of WFT within integrated pest management systems.

2. Materials and Methods

2.1. Lure and Dispenser Preparations

The putative attractants, p-Anisaldehyde (98%, Sigma Aldrich, Gillingham, UK) and
S-(—)-verbenone (93%, Sigma Aldrich, Gillingham, UK), were prepared for the trials onsite
at Swansea University. Several preparations were made as the trials advanced; firstly, using
basic cellulose-pad lures for the initial developmental trials during 2018 and 2019, before
more advanced polymers were developed for the dispenser trials throughout 2021.

For the initial development trials, two materials were assessed as initial delivery
systems: 30 mm x 30 mm condensed cellulose pads (Agrisense Ltd., Pontypridd, UK) and
10 mm x 85 mm EVA tubing (1 mm thickness, 6 mm external diameter, Rainbow Ltd.,
Hull, UK). Cellulose pads had the attractive compound applied to the cellulose before
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being placed inside a perforated polypropylene sachet. EVA tubes, by contrast, were sealed
at one end using Mac Allister clear glue sticks (Mac Allister, Cambridge, UK) before the
liquid attractants were pipetted into the tube and the opposing ends were sealed. Lures
were prepared as singular or combined preparations: verbenone only, p-anisaldehyde only,
and an equal combination of the two. In all cases, 1 mL total volume of the attractive
compounds was applied within the dispenser. All preparations were then sealed inside
airtight foil packaging materials and refrigerated at 4 & 1 °C until the day of use. Cellulose
pads were featured in both sets of experiments, whereas EVA tubing was featured only
in the 2019 experiment. Negative control lures, without any attractant application, were
prepared in the same manner, whereas commercially prepared Lurem-TR (Koppert BV, The
Netherlands) was obtained directly from the manufacturer as a positive control.

For the follow-on trials during the spring and summer of 2021, ethylene vinyl acetate
(EVA) tube preparations were retained for comparison against a further two dispenser
preparations. A proprietary extruded polymer was provided by Razbio Ltd. (Razbio Ltd.,
Bridgend, UK) that was given the name ‘chewing gum’ for the purpose of analysis. This
was prepared offsite according to Razbio Ltd. commercial procedures, as well as new
versions of the EVA tube dispensers, prepared in the same manner as during the 2019 trials,
which were also provided by Razbio Ltd. Primarily as a result of COVID-19-induced supply
chain issues, EVA tube dispensers were only available for the first three trials, Homefield
Farm, Little Mockbeggar Farm, and Goose Farm, whereas the extruded polymers were
only available for the latter two trials, Goose Farm and the EC Drummond site. In addition
to these EVA tube and ‘chewing gum’ dispensers, commercially available ‘blister pack’
dispensers (Russell IPM, Deeside, UK) were prepared by Russell IPM and obtained for
the project for full comparison; these lures were available for use at all trial sites. All of
these dispensers were prepared using the same chemicals and volumes as per the 2019
field trials, with a total of 1 mL of attractant compound or blend per dispenser. As with the
previous trials, Lurem-TR (Koppert BV, The Netherlands) was used and obtained directly
from Koppert BV for use as a positive control.

2.2. Blend and EVA Tube Dispenser Developmental Trials in 2018 and 2019

Field evaluations were conducted across three phases (2018, 2019, and 2021) within
commercial strawberry (Fragaria x ananassa) production systems under polytunnel cultiva-
tion in the United Kingdom. The first trial, in 2018, was used to evaluate the efficacy of
the blended compounds p-anisaldehyde and verbenone, while the 2019 trial included the
development of EVA tube dispensers for the product. For all trials, blank, blue sticky traps
measuring 100 mm x 245 mm (Agrisense Ltd., UK) were used as the trap cards.

The initial trials (2018-2019) were conducted at N.I. Cockburn Ltd., Kings Caple, Here-
fordshire, UK (51°57'38.6"" N, 2°38/45.6” W). Three polytunnels (8 m x 190 m) were used as
experimental arenas, each containing five parallel elevated crop rows. The two outermost
rows, spaced approximately 6 m apart, were selected for trap deployment to maximise
spatial separation between treatment lines, reduce the likelihood of treatment interference
among baited sticky traps, and maintain consistency and comparability between the trials
and within the confines of the available polytunnels. These designs are consistent with
previous thrips semiochemical field studies that used metre-scale trap spacing to minimise
interaction among lure treatments [18,55]. Within each row, traps were positioned at 6 m
intervals, and treatments were randomly assigned and re-randomised at each assessment
period. These trials were conducted with repeated short-term (48 h) exposure periods used
to evaluate attractant performance and optimise formulation.

Prior to each trial, blank blue sticky traps (100 mm x 245 mm, Agrisense Ltd., UK)
were deployed to assess WFT capture prior to the introduction of lures. After 48 h, blank
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traps were replaced with new traps containing a randomly assigned treatment or control.
Traps containing treatments or controls were replaced and re-randomised every 48 h for
8 days, forming 4 assessment periods. When completed, blank sticky traps were put
out across the 3 tunnels to assess WFT capture post-removal of lures. In 2018, 9 lure
combinations and 3 control treatments were evaluated using condensed cellulose pads
(8 cm x 3 cm) as dispensers. There were five replicates of each treatment per polytunnel
across 3 separate polytunnels. Traps were spaced 6 m apart within and between rows of
strawberry crops.

The study was repeated in 2019 with some modifications. The key differences were the
addition of the newly developed EVA tube dispensers and the use of only neat applications
and blends due to positive results in 2018. The study duration was also reduced to two 48 h
assessments to accommodate agronomic practices during the high-point of the season
while still allowing for effective assessment of the dispenser prototype.

2.3. Dispenser Development Field Trials, 2021

Building on these preliminary trials, four independent field experiments were con-
ducted in 2021 at commercial sites across the United Kingdom, encompassing a broader
range of environmental conditions and population densities. Trials were conducted at
Homefield Farm, Kent, UK, in April (51°24'1.1” N, 0°13/20.8" E), Little Mockbeggar Farm,
Rochester, UK, in May (51°25'13.9” N, 0°29'17.2" E), Goose Farm, Canterbury, UK, in
June (51°18’31.2" N, 1°623.4” E), and EC Drummond, Ross-on-Wye, UK, in August
(51°53'55.1" N, 2°36/53.2" W).

All 2021 trials were conducted within commercial polytunnels under standard grower
management practices. At each site, experimental units consisted of two parallel crop rows
within each polytunnel, with traps deployed 20 cm above crop canopy height. Treatments
were randomly assigned along each row to minimise positional bias, and spacing between
traps was standardised at 6 m between all traps to ensure comparable exposure across
treatments. At Homefield Farm, Little Mockbeggar Farm, and Goose Farm, six polytunnels
were used per site, organised into three technical replicates comprising two polytunnels
per technical replicate. At EC Drummond, three larger polytunnels were used, each
representing a single technical replicate due to increased tunnel size and crop area. This
design enabled replication at the polytunnel level while maintaining compatibility with
commercial production systems.

Traps and lures were deployed simultaneously, with lures attached centrally at the
top of each trap, and they remained in place for a continuous four-week period at each
site. Thrips capture was recorded at regular intervals, daily for the first seven days and
subsequently at days 14, 21, and 28, allowing both short-term accumulation dynamics and
longer-term cumulative capture to be assessed. Data were aggregated as cumulative thrips
counts per trap over the full 28-day period.

No pesticides were used in any of the tunnels for at least 4 weeks prior to experimenta-
tion or during the experimental period. Foliar feed sprays of the crops were conducted once
at each site, during which traps were briefly removed to allow for mechanised spraying
before being replaced within 2 h. Environmental conditions, including temperature and
relative humidity, were not experimentally controlled but reflected typical commercial
polytunnel conditions at each site and time point. The sequential timing of the 2021 trials,
spanning early spring to late summer, enabled assessment of lure performance across
seasonal variation in thrips population dynamics.

A limited subset of the Goose Farm 2021 dataset, comprising the EVA tube preparations
for p-anisaldehyde, verbenone, and empty tube controls, was previously reported as part
of a confirmatory field trial component in Zafar et al. (2025) [24]. The present manuscript is
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the first to present the full multi-year dataset and integrated analysis spanning 2018, 2019,
and all four 2021 commercial field trials, including additional sites, treatments, dispenser
systems, spatial analyses, and long-term comparative evaluation.

2.4. Statistical Analysis and Data Processing

For all trials (2018, 2019, 2021), heatmaps of thrips counts were generated to visualise
spatial distributions within polytunnels. To assess spatial structuring in trap capture,
Moran’s I statistics were calculated using trap coordinate data. Longitude and latitude
coordinates were used to construct a spatial weights matrix based on nearest neighbours
(k = 5) using the spData package [56].

For all trials, hypotheses were tested on the relative efficacies of different attractant,
concentration, and dispenser combinations (specific to the trial) using generalised linear
mixed effects models (GLMMs). Integer thrips catch responses were modelled as negative
binomial distributions, with natural logarithm link functions. Since not all combinations of
attractant and dispenser were used, we fitted realised combinations as a single, categorical
fixed effect, interacting with log(time) where appropriate. We assessed differences between
combinations primarily through 95% confidence intervals (Cls) on parameter estimates.
Where appropriate, the statistical results were interpreted with significance thresholds set at
o < 0.05. The hierarchical trial design was modelled as nested random effects: Farm/Farm
Replicate/Tunnel/Row / Treatment Replicate (specific to the trial). We modelled spatial
autocorrelation at the individual tunnel level using a Matérn function of Easting and
Northing values at the metre scale.

For the 2021 trials, catches were recorded daily up to day seven and then on days
14,21, and 28. We modelled the daily trajectories (1-7) and final catch (28) using separate
models. This allowed us to model temporal autocorrelation over the initial period where
time points were regularly spaced, fitting an AR1 process to per-treatment replicate time
series. On day 28, there was only one time point recorded, so this lowest level of the
experimental hierarchy was not modelled explicitly but rather formed the residual term.

All statistical analyses were undertaken using R version 4.5.1 [57]. GLMMs were fitted
using the glmmTMB package [58]. Additional packages for data wrangling and presentation
were dplyr [59], emmeans [60], flextable [61], ggplot2 [62], officer [63], scales [64], and sf [65].

3. Results
3.1. Blend Development Field Trial, 2018

Across the entire 2018 study, 9872 F. occidentalis were captured on blue sticky traps.
Mean WEFT capture varied across assessment periods. The lowest capture rates were
recorded on unbaited sticky traps during the 0-48 h period prior to (930) and following
(447) semiochemical evaluation. Subtle differences in WFT capture between polytunnels
were observed, with generally higher numbers in PT3, followed by PT2 and then PT1.
Within polytunnels, capture was typically highest at the mouths of each tunnel (Figure 1).

All experimental treatments caught significantly higher numbers of thrips than the
control group (log odds ranged from 0.574 for 1% PANI to 1.16 for 100% PANI-verbenone
blend, p < 0.001 in all cases). On average, PANI-verbenone blends caught more WFT than
any other treatment, particularly at the 100% concentrations (Figure 2A). Thrips capture
using Lurem-TR was significantly higher than the control group (log odds = 0.863, p < 0.001)
but statistically similar to other treatments (Figure 2A, 95% C.Ls). Mineral oil did not attract
significantly more WFT than controls (log odds = 0.215, p = 0.11).
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Figure 1. Spatial-temporal distribution of Frankliniella occidentalis during 2018 field trials. Heatmaps
show adult F. occidentalis captured on blue sticky traps across experimental polytunnels over se-
quential sampling periods: (a) pre-treatment, (b) 048 h, (c) 48-96 h, (d) 96-144 h, and (e) 144-192 h
following lure deployment. The x-axis represents trap position by polytunnel and row (gaps between
tunnels indicated by hatched cells), and the y-axis denotes relative trap position along rows. Cell
colour indicates the number of thrips captured per trap using a discrete scale; 0-10 (yellow), 10-20
(orange), 20-30 (red), >30 (dark red). Hatched cells represent non-sampled positions and gaps be-
tween polytunnels. Spatial patterns show initially low and heterogeneous capture prior to treatment,
followed by increased abundance and the emergence of spatial structure over time, with higher

captures frequently observed near polytunnel edges and variable gradients along tunnel length.
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Figure 2. Mean Frankliniella occidentalis capture per trap. Treatments include blended p-anisaldehyde
+ verbenone (“Blend”); p-anisaldehyde alone (“Pani”); verbenone alone (“Verbenone”); and control
treatments consisting of no application (“None”) or mineral oil (“Mo”). These were also compared
against the industry standard of Lurem-TR. Panel (A) 2018 field trials. Treatments were applied at
three concentrations, 1%, 10%, or 100%, using cellulose pad dispensers. Colour coding indicates
different concentrations. Panel (B) 2019 field trials. Treatments were formulated in cellulose (“Cel-
lulose”) or EVA tubing (“Tube”) dispensers. Colour coding indicates different attractants. Bars
represent mean (+£95% C.I. error bars). Points represent observed trap counts.

3.2. EVA Tube Dispenser Development Field Trial, 2019

Across the entire study, 50,970 Frankliniella occidentalis and 109 Aeolothrips intermedius
adults were captured on blue sticky traps. The lowest WFT capture rate was recorded
during the 0-48 h control period (4982), followed by assessment 1 (18,954) and assessment
2 (27,034). Generally, more WFT were caught in PT1, followed by PT2 and then PT3,
although variation was observed across time points. Within polytunnels, WFT capture was
typically higher at tunnel entrances (Figure 3). As the study progressed, WFT appeared
to shift from west to east, moving from PT3 towards PT2 and PT1. Due to agronomic
requirements, the study was terminated after completion of assessment 2.

On average, attractant treatments resulted in higher WFT capture compared to control
groups, independent of dispenser type (log odds ranged from 0.510 for verbenone from
EVA tube dispensers to 0.889 for blended treatments from tube dispensers, p < 0.001 in
all cases). Although cellulose pad dispensers tended to result in higher capture than EVA
tubes for blended treatments, this difference was not statistically significant (Figure 2B,
95% C.I.s). Lurem-TR also resulted in higher capture than both control groups but was
comparable to all other treatments (Figure 2B, 95% C.Ls).
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Figure 3. Spatial distribution and comparative capture of Frankliniella occidentalis during 2019 field
trials. Heatmaps show adult F. occidentalis captured on blue sticky traps across polytunnels at (a) pre-
treatment, (b) 0—48 h, and (c) 48-96 h following lure deployment. The x-axis represents trap position
by polytunnel and row, with gaps between tunnels indicated by hatched cells, and the y-axis denotes
relative position along rows. Cell colour indicates thrips capture per trap using a discrete scale:
0-100 (yellow), 100-200 (orange), 200-300 (red), >300(dark red), with hatched cells representing
non-sampled positions. Panel (d) shows mean (£SE) thrips capture per polytunnel (PT1-PT3) across
treatments: control (Con), assessment 1 (Al), and assessment 2 (A2). Capture was low prior to
treatment but increased markedly following lure deployment, with clear spatial structuring emerging
over time and consistently higher trap counts observed across treated assessments relative to controls.

3.3. Development Field Trials, 2021

Over the initial seven days of the trials, cumulative thrips catch increased with time
according to a power—law relationship, appearing as a linear trend on a log-log scale
(Figure 4). Model fits from the negative binomial GLMM closely tracked observed values
across all farms and treatments. Towards the latter part of this period (days 4-7), the
rate of increase began to decline in several cases, although cumulative catch continued
to rise. Estimates of the initial rate of accumulation (Table 1) were broadly similar across
realised attractant-dispenser combinations within each site, with extensive overlap in 95%
confidence intervals (CIs). At EC Drummond, slopes ranged from 0.247 to 0.308, while at
Mockbeggar, they ranged from 0.231 to 0.282. Goose Farm exhibited higher accumulation
rates overall (0.388-0.490), whereas Homefield Farm showed lower and more variable
rates (e.g., 0.266 = 0.099 for controls), reflected in wider confidence intervals. Across all
sites, there was no clear separation among attractant-dispenser combinations during the
early phase, with overlapping confidence intervals indicating no detectable differences
between treatments.
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Figure 4. Temporal dynamics of Frankliniella occidentalis capture across treatments and sites during
2021 field trials. Panels show cumulative mean (£95% C.1.) adult F. occidentalis captured per blue
sticky trap over time (days 1-7) for each treatment and dispenser type across four commercial sites (EC
Drummond, Goose Farm, Homefield Farm, and Mockbeggar). Treatments include p-anisaldehyde
(PANI), verbenone (V), and blended PANI + verbenone, deployed using blister packs, chewing
gum matrices, and EVA tube dispensers, alongside control treatments and the commercial lure
Lurem-TR. Points represent observed trap counts, with fitted lines indicating temporal trends in
capture. Differences in slope and magnitude reflect variation in lure performance, dispenser type,
and site-specific conditions over the sampling period.

Table 1. Initial rate of thrips accumulation with realised combinations of attractants and dispersers.

Farm Treatment Slope SE Lwr95%  Upr 95%
None.None 0.258 0.022 0.215 0.302
Pani.Blister Pack 0.307 0.017 0.273 0.342
Verbenone.Blister Pack 0.308 0.019 0.270 0.346
Blend.Blister Pack 0.259 0.017 0.226 0.293
EC Drummond
Pani.Chewing Gum 0.247 0.015 0.218 0.277
Verbenone.Chewing.Gum 0.260 0.018 0.226 0.295
Blend.Chewing.Gum 0.281 0.015 0.253 0.310
Lurem.Lurem 0.283 0.017 0.249 0.317
None.None 0.446 0.018 0411 0.481
Pani.Blister Pack 0.449 0.015 0.420 0.478
Verbenone.Blister Pack 0.448 0.017 0.414 0.482
Blend.Blister Pack 0.412 0.015 0.382 0.442
Pani.Chewing Gum 0.388 0.014 0.360 0.416
Verbenone.Chewing Gum 0.415 0.015 0.385 0.445
Goose Farm Blend.Chewing Gum 0.476 0.014 0.448 0.503
None.Tube 0.458 0.018 0.423 0.493
Pani.Tube 0.429 0.014 0.402 0.456
Verbenone.Tube 0.428 0.017 0.395 0.462
Blend.Tube 0.490 0.014 0.463 0.516
Lurem.Lurem 0.422 0.014 0.396 0.449
None.Empty Tube 0.776 0.361 0.069 1.482
None.None 0.266 0.099 0.073 0.460
Pani.Blister Pack 0.272 0.099 0.077 0.466
Verbenone.Blister Pack 0.288 0.075 0.142 0.435
. Blend.Blister Pack 0.373 0.073 0.231 0.516
Homefield Farm
None.Tube 0.984 0.417 0.166 1.802
Pani.Tube 0.248 0.077 0.098 0.399
Verbenone.Tube 0.276 0.073 0.133 0.418
Blend.Tube 0.272 0.079 0.116 0.427
Lurem.Lurem 0.295 0.091 0.118 0.473
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Table 1. Cont.
Farm Treatment Slope SE Lwr95%  Upr 95%
None.None 0.273 0.028 0.219 0.328
Pani.Blister Pack 0.241 0.026 0.191 0.291
Verbenone.Blister Pack 0.231 0.030 0.171 0.290
Blend.Blister Pack 0.274 0.024 0.228 0.321
Mockbeggar None.Tube 0.258 0.033 0.193 0.323
Pani.Tube 0.247 0.022 0.204 0.290
Verbenone.Tube 0.282 0.026 0.231 0.333
Blend.Tube 0.268 0.023 0.224 0.312
Lurem.Lurem 0.254 0.025 0.205 0.303

By day 28, cumulative thrips catch differed among treatments (Figure 5), with
model-derived estimates presented in Table 2. At E. C. Drummond, the control treat-
ment (log mean = 4.265, 95% C.I.: 4.024-4.506) was lower than all attractant treatments,
with the highest values observed for the blend delivered via chewing gum (5.350,
95% C.I1.: 5.115-5.586) and Lurem-TR (5.221, 95% C.I.: 4.982-5.459), both showing non-
overlapping confidence intervals with the control. At Goose Farm, control catches (4.640,
95% C.1.: 4.442-4.838) were exceeded by several treatments, including blend in tube dis-
pensers (5.558, 95% C.1.: 5.362-5.753) and Lurem-TR (5.439, 95% C.1.: 5.244-5.634), again
with non-overlapping confidence intervals relative to the control. At Mockbeggar, the
control (3.797, 95% C.1.: 3.583-4.012) was lower than treatments, such as blend in tube
dispensers (4.867, 95% C.L: 4.659-5.076), with separation of confidence intervals indicating
differences in catch. In contrast, Homefield Farm exhibited substantially lower overall catch
across all treatments (log means: 1.582-2.785), and only the blended attractant (e.g., in tube:
2.785, 95% C.1.: 2.543-3.027; in blister pack: 2.546, 95% C.1.: 2.291-2.800) and Lurem-TR
(2.379, 95% C.L.: 2.115-2.644) showed non-overlapping confidence intervals relative to the
control (1.582, 95% C.1.: 1.275-1.888), while other treatments overlapped with the control.

Visualisation of data indexed by spatial coordinates and experimental hierarchy
showed consistent patterns of accumulation across rows, tunnels, and replicates within
sites, with no evident systematic spatial bias in treatment performance. Moran'’s I analysis
indicated the presence of spatial structuring in trap capture, with clear site-specific differ-
ences in both magnitude and temporal dynamics. Strong and consistent positive spatial
autocorrelation was observed at Mockbeggar and Goose Farm (I ~ 0.3-0.47), indicating pro-
nounced clustering of trap captures throughout the sampling period. In contrast, a weaker
but dynamic spatial structure was observed at Homefield and EC Drummond. At Home-
field, Moran’s I increased progressively during the first week (peaking at ~0.22 on day 7),
before declining during later assessments, suggesting an initial aggregation phase followed
by a more homogeneous distribution of thrips across the system. At EC Drummond, spatial
structuring was minimal during early sampling points but increased in later weeks (up to
~0.23 by day 28), indicating a delayed emergence of spatial organisation.

These patterns are consistent with the spatial-temporal dynamics observed in
heatmaps (Figures 6-9), where early stochastic capture gave way to increasingly structured
distributions over time. Collectively, these findings demonstrate that both the strength and
timing of spatial clustering vary across commercial production systems, likely reflecting
differences in population density, tunnel configuration, and local dispersal behaviour.

Consistent with these empirical patterns, we found that Matérn spatial correlation
within individual tunnels was a substantially better statistical fit than independent locations:
days 1—7 model, AAICc = 2475; day 28 model, AAICc = 160.2.
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Figure 5. Mean Frankliniella occidentalis capture per trap across treatments and sites during 2021 field
trials. Bars represent mean (£95% C.I.) numbers of adult F. occidentalis captured per blue sticky trap
28 days after the trial began for each treatment across four commercial sites: EC Drummond, Goose
Farm, Homefield Farm, and Mockbeggar. Treatments include p-anisaldehyde (PANI), verbenone,
and blended PANI + verbenone deployed using blister pack, chewing gum, and EVA tube dispensers,
alongside unloaded controls and the commercial lure Lurem-TR. Colour coding indicates different
dispenser types; red (controls, green (blister pack), turquoise (chewing gum), blue (tubes). Points
represent individual trap counts. Differences in capture reflect variation in treatment performance,

dispenser type, and site-specific conditions.
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Figure 6. Spatial-temporal distribution of Frankliniella occidentalis at Homefield Farm, WC Chambers,
Kent, UK. Heatmaps show adult F. occidentalis captured on blue sticky traps at Homefield Farm, Kent,
UK, throughout the four-week trial in April 2021. Subplots (a—j)represent sampling at days 1-7 and
weeks 2—4 following lure deployment. The x-axis indicates trap position by polytunnel and row (gaps
between tunnels hatched), and the y-axis denotes relative position along rows. Cell colour represents
thrips capture per trap using a discrete scale: 0 (blue), 1-5 (yellow), 6-10 (orange), 11-20 (red), and
>21 (dark red). Hatched cells indicate non-sampled positions. Across sites, captures were typically
highest at polytunnel entrances and became more spatially structured over time, with increasing
abundance in later assessments.
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Figure 7. Spatial-temporal distribution of Frankliniella occidentalis at Little Mockbeggar Farm, WC
Chambers, Rochester, UK. Heatmaps show adult F. occidentalis captured on blue sticky traps at Little
Mockbeggar Farm, Rochester, UK. Subplots (a—j) represent sampling at days 1-7 and weeks 2—4
following lure deployment. The x-axis indicates trap position by polytunnel and row (gaps between
tunnels hatched), and the y-axis denotes relative position along rows. Cell colour represents thrips
capture per trap using a discrete scale: 0 (blue), 1-50 (yellow), 51-150 (orange), 151-300 (red), and
>300 (dark red). Hatched cells indicate non-sampled positions. Across sites, captures were typically
highest at polytunnel entrances and became more spatially structured over time, with increasing

abundance in later assessments.
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Figure 8. Spatial-temporal distribution of Frankliniella occidentalis at Goose Farm, WC Chambers,
Canterbury, UK. Heatmaps show adult F. occidentalis captured on blue sticky traps at Goose Farm,
Canterbury, UK. Subplots (a—j) represent sampling at days 1-7 and weeks 2—4 following lure deploy-
ment. The x-axis indicates trap position by polytunnel and row (gaps between tunnels hatched),
and the y-axis denotes relative position along rows. Cell colour represents thrips capture per trap
using a discrete scale: 0 (blue), 1-50 (yellow), 51-150 (orange), 151-300 (red), and >300 (dark red).
Hatched cells indicate non-sampled positions. Across sites, captures were typically highest at poly-
tunnel entrances and became more spatially structured over time, with increasing abundance in

later assessments.
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Figure 9. Spatial-temporal distribution of Frankliniella occidentalis at Homme Farm, EC Drummond,
Ross on Wye, UK. Heatmaps show adult F. occidentalis captured on blue sticky traps at EC Drummond,
Ross on Wye, UK. Subplots (a—j) represent sampling at days 1-7 and weeks 2—4 following lure
deployment. The x-axis indicates trap position by polytunnel and row (gaps between tunnels
hatched), and the y-axis denotes relative position along rows. Cell colour represents thrips capture
per trap using a discrete scale: 0 (blue), 1-50 (yellow), 51-150 (orange), 151-300 (red), and >300 (dark
red). Hatched cells indicate non-sampled positions. Across sites, captures were typically highest at
polytunnel entrances and became more spatially structured over time, with increasing abundance in

later assessments.
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Table 2. Total thrips catch 28 days post-treatment with realised combinations of attractants
and dispersers.

Farm Treatment Log(Mean) SE Lwr95%  Upr 95%
None.None 4.265 0.123 4.024 4.506
Pani.Blister Pack 5.022 0.121 4.785 5.260
Verbenone.Blister Pack 4.585 0.122 4.346 4.824
Blend.Blister Pack 5.061 0.123 4.821 5.301
EC Drummond
Pani.Chewing Gum 5.067 0.121 4.829 5.304
Verbenone.Chewing Gum 4.647 0.123 4.407 4.887
Blend.Chewing Gum 5.350 0.120 5.115 5.586
Lurem.Lurem 5.221 0.122 4.982 5.459
None.None 4.640 0.101 4.442 4.838
Pani.Blister Pack 5.203 0.099 5.009 5.396
Verbenone.Blister Pack 5.010 0.101 4.813 5.207
Blend.Blister Pack 5.247 0.100 5.050 5.443
Pani.Chewing Gum 5.245 0.099 5.051 5.440
Verbenone.Chewing Gum 5113 0.101 4915 5.310
Goose Farm Blend.Chewing Gum 5.482 0.099 5.287 5.676
None.Tube 4.627 0.101 4.429 4.824
Pani.Tube 5.232 0.099 5.039 5.426
Verbenone.Tube 5.026 0.103 4.824 5.228
Blend.Tube 5.558 0.100 5.362 5.753
Lurem.Lurem 5.439 0.099 5.244 5.634
None.Empty Tube 1.600 0.492 0.635 2.565
None.None 1.582 0.156 1.275 1.888
Pani.Blister Pack 2.052 0.142 1.773 2.330
Verbenone.Blister Pack 2.016 0.139 1.744 2.289
Blend.Blister Pack 2.546 0.130 2.291 2.800
Homefield Farm None.Tube 1.611 0.162 1.294 1.928
Pani.Tube 2.124 0.138 1.854 2.394
Verbenone.Tube 1.946 0.145 1.661 2.231
Blend.Tube 2.785 0.123 2.543 3.027
Lurem.Lurem 2.379 0.135 2.115 2.644
None.None 3.797 0.109 3.583 4.012
Pani.Blister Pack 4.292 0.108 4.081 4.503
Verbenone.Blister Pack 4.104 0.109 3.891 4318
Blend.Blister Pack 4.679 0.109 4.465 4.893
Mockbeggar None.Tube 3.641 0.115 3.416 3.866
Pani.Tube 4.516 0.106 4.308 4.724
Verbenone.Tube 4.280 0.107 4.071 4.489
Blend.Tube 4.867 0.106 4.659 5.076
Lurem.Lurem 4.630 0.106 4.422 4.839

4. Discussion

Across the full sequence of experiments (2018-2021), this study demonstrates that
p-anisaldehyde (PANI) and verbenone are effective field-active attractants for Frankliniella
occidentalis, with their blended formulation providing the most consistent enhancement of
sticky trap capture. Importantly, these findings extend beyond confirmation of individual
attractant activity, instead demonstrating that blended plant-derived volatiles can provide
sustained and context-dependent improvements in trap performance when coupled with
appropriate release systems.

Although individual compounds were active across weeks worth of trials, their effects
were less consistent across time, whereas the blend maintained elevated capture throughout
all assessment periods. This supports the interpretation that WFT respond more strongly to
combinations of plant-derived volatiles than to single compounds, consistent with previous
studies showing attraction to a diverse range of floral and host-associated odours, including
PANI, verbenone, linalool, geraniol, and eugenol [22,23]. One potential critique of the
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use of floral odours as attractants relates to the level of competition of the VOCs with
background noise. Although there may be competition between plant-derived attractants
and the crop odour background, both field and behavioural studies have shown that
thrips still respond effectively to these semiochemical cues under such situations [23,24,27].
Additionally, background plant odours have been shown to be modulators of, rather than
eliminators of, thrips responses to semiochemical cues [26,66]. Plant-derived volatile lures
may, therefore, be best viewed as enhancements to the existing local chemosphere rather
than as ecologically novel introduced signals.

From 2019, work focused on enhancing the delivery and application of the blended
compounds through dispenser technologies, with results clearly showing that this dispen-
sation progression is a core requirement for effective trapping in fully commercial settings.
There was clear temporal separation between treatment effects; during the initial seven days,
cumulative thrips capture followed a similar power-law trajectory across all treatments,
with no detectable differences among attractant-dispenser combinations. This suggests
that early capture is either stochastic or dominated by background population dynamics
and initial dispersal behaviour rather than strong discrimination between semiochemical
cues. Over the longer-term trials, the clear differences between treatments, dominated
by the performance of blended components and Lurem-TR over single-compound appli-
cations, show that the advantages of particular lure systems may only become apparent
over longer deployment periods; this should, therefore, be a core consideration for future
trials aiming to validate the applied potential of new compounds. Above all, the improved
performance of blended attractants over time is consistent with the broader understanding
of insect olfactory ecology. WFT encounter complex mixtures of plant volatiles during host
location, and responses to single compounds may, therefore, be weaker or less persistent
than responses to more representative odour blends. Multi-component cues can activate
multiple olfactory pathways simultaneously, enhancing signal strength and potentially
behavioural response [67,68]. In the present study, the blend consistently ranked among
the highest-performing treatments at later time points, despite containing equivalent total
volumes of active ingredients as single-compound treatments. This supports the idea that
odour composition, rather than simply dose, is a key determinant of efficacy.

The importance of dispenser technology in determining realised field performance
was clear throughout the multi-year development. The initial introduction of EVA tube
dispensers represented an important transition from simple cellulose-based carrier systems
to a greater level of control in the VOC release, addressing the practical limitations of
rapidly depleting delivery systems [54,69], while the inclusion of extruded polymers and
blister packs in 2021 further strengthened the conclusion that dispensation must be a core
consideration in the future development and field validation of semiochemical compounds.
While early-phase responses were similar across treatments, divergence at later time points
suggests that sustained emission profiles became increasingly important. Dispenser mate-
rials, such as EVA tubing and polymer matrices, are known to influence release kinetics
and longevity [46,47]. Likewise, the stronger cumulative performance observed for certain
blend-dispenser combinations, particularly in tube and chewing gum formats, indicates
that these systems were able to maintain attractive emission rates over extended periods
compared to basal preparation. This aligns with the general requirement for semiochemical
dispensers to balance release rate and longevity to remain within biologically effective
thresholds [42,45].

Site-specific variation was evident across the 2021 trials and represents an important
component of the overall findings. Homefield Farm consistently exhibited lower thrips
capture than the other sites, primarily due to its inclusion as an early-season trial to
assess for sensitivity. Only the blend and Lurem-TR showed clear separation from the
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control at day 28, showcasing the sensitivity of the blend over singular components at
low pest pressures. Importantly, the relative ranking of treatments, particularly the strong
performance of the blend, was maintained across sites where sufficient population pressure
was present, suggesting that the observed effects are robust to environmental variability and
have a high degree of utility at both low and high population thresholds. This may prove
useful in guiding growers towards more effective targeting of insecticides; by spraying
during early infestation, pest pressure may be dramatically reduced before a population
explosion or high disease abundance occurs [2,70].

Spatial analyses across the study further support the interpretation that lure effects
were not artefacts of trap placement. While earlier trials identified spatial structuring in
trap capture and suggested movement of thrips towards newly introduced odours, the 2021
data showed consistent accumulation patterns across rows, tunnels, and replicates, with no
strong evidence of systematic positional bias. This indicates that the observed treatment
effects are attributable to behavioural responses rather than spatial confounding, although
local airflow and tunnel structure may still contribute to fine-scale variation, particularly
with regard to the initial ingress of the thrips at the beginning of the season and before full
establishment. As a result, agricultural stakeholders can leverage their trapping against
the backdrop of the dynamic movements of WFT. In this instance, placement of trap crops
or sticky traps is clearly best when near the outer extremities of the polytunnel systems
during the early season. In doing so, greater targeting and efficiency may be gained, and
with them a reduction in the investment required for traps and lures on long term bases.
Such advances should not, of course, be limited to the semiochemicals used. It is now
known that the colours of the traps themselves can be optimised [17]. By introducing
commercially standardised traps with optimised colours or patterns, trap capture may be
enhanced again, further increasing the sensitivity of detection thresholds. Ultimately, the
aim of low-pest pressure monitoring would be to detect WFT ingress as early as possible,
using it as a trigger for increased system-wide monitoring and as a mechanism to optimise
the timing for future interventions such as insecticide application.

Overall, these results demonstrate that both attractant composition and dispenser
design are critical determinants of field performance. The PANI-verbenone blend emerged
as the most effective formulation across all stages of the study and demonstrated that
blended floral components can significantly improve performance over single compounds
even when the input is halved. Furthermore, the transition from simple cellulose carriers
to controlled-release polymer systems improved performance over longer deployment
periods, addressing a key concern for application requirements. Importantly, these trials
show that such systems can perform comparably to a commercial standard under realistic
agricultural conditions. Future optimisation should, therefore, focus on enhancing the
blended VOC input to actively compete in the background chemosphere, refining release
kinetics and deployability, extending field longevity, and evaluating performance under
low population densities where improvements in monitoring sensitivity are likely to have
the greatest practical impact.
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