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Abstract

The diamondback moth, Plutella xylostella (L.), is a significant threat to brassica producers
around the globe. Insecticide-resistant P. xylostella populations are increasing across the
United States as frequent insecticide applications remain common. Alternative control
tactics, such as mating disruption, have been developed for P. xylostella and can be useful
for managing populations in brassica systems. To measure the efficacy of mating disruption
for reducing P. xylostella trap captures in the field, two experimental studies were designed
to: (1) evaluate the dispenser density needed to reduce P. xylostella trap captures and
(2) test hand-applied dispensers under commercial field conditions. Results from the
dispenser density study showed P. xylostella trap captures were significantly reduced in
plots treated with 32 dispensers per 0.4 ha. In plots treated with zero dispensers, a total
of 78.1% of plants scouted were damaged by larval feeding. In Experiment 2, P. xylostella
trap captures were significantly reduced in treated plots. Larval abundance and plant
damage ratings did not differ between plots. These studies indicate that hand-applied
pheromone dispensers at 32 dispensers per 0.4 ha can reduce adult P. xylostella trap captures
in commercial broccoli fields.

Keywords: integrated pest management; mating disruption; diamondback moth; sex pheromones

1. Introduction
Brassica producers around the world experience the threat of diamondback moth,

Plutella xylostella (L.) (Lepidoptera: Plutellidae), every year. Globally, control expenses
and losses associated with P. xylostella management can be as high as $4–5 billion and
are increasing with the rise in insecticide-resistant populations [1]. In California alone, a
leading producer of broccoli in the United States, a single outbreak can lead to economic
losses of approximately $6 million in one season [2–4]. On the opposite side of the country,
brassica producers in Virginia are also experiencing significant economic losses due to
the abundance of P. xylostella insecticide-resistant populations. Management costs for
controlling P. xylostella have increased, as producers proactively and routinely treat crops
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with insecticides to manage populations [5–7]. However, this can significantly increase
selection pressure of resistance development [6,8].

Plutella xylostella is known for developing resistance to many different insecticides [4,9–13].
Furthermore, the hot and dry climate in California provides conditions that are known to
be conducive to P. xylostella outbreaks, leading to an abundance of both susceptible and
resistant populations [4,14]. In many regions, significant rainfall and cold temperatures can
be a major mortality factor for P. xylostella larvae [15,16]. However, much of California is
dry and does not experience lethal cold temperatures. These suitable conditions, combined
with uninterrupted crop production and infrequent rotation of non-host crop plants, has
led to increased P. xylostella abundance in California [14,17]. To reduce further development
of insecticide resistance for P. xylostella, alternative tactics for integrated pest management
(IPM) programs, such as mating disruption, are being explored to manage this key pest.

Mating disruption is a control tactic that has been developed for the management of
lepidopteran pests in different cropping systems, such as tree fruit orchards and perennial
systems [18–26]. It utilizes the release of synthetic sex pheromones of target pests at a
high output to disrupt mating behavior [27]. The Plutella xylostella sex pheromone has
been identified as an equal ratio of (Z)-11-hexadecenal and (Z)-11-hexadecenyl acetate [28].
Mating disruption can be implemented in a variety of methods for P. xylostella, including
sprayable liquid formulations, hand-applied dispensers, tablets, and pastes. However,
in the 1990s, management efforts shifted away from the acceptance of mating disruption
potentially due to lack in confidence of technology, along with practicality of insecticide
applications [29,30]. It has not been widely adopted in annual row crops due to high crop
turnover, labor and management costs, and challenges with technology deployment. With
increasing insecticide-resistant populations, implementing an IPM program is now on the
forefront of managing P. xylostella. Researchers have previously experimented with hand-
applied mating disruption dispensers for P. xylostella and have shown efficacy in reducing
pheromone-baited male trap captures [29–32]. In this set of two experiments, our goal
was to determine the density of hand-applied sex pheromone dispensers at which mating
disruption can be a viable option for reducing male P. xylostella trap captures in the field. In
mating disruption studies, a reduction in pheromone-baited trap captures demonstrates
a disruption in male orientation behavior [33]. This differs from actual pest suppression,
which is measured by reduction in egg densities and population growth [33]. In the first
experiment, we focused on evaluating the efficacy of dispenser pheromone densities as
point sources on reducing P. xylostella trap captures. During the second experiment and
using the results from the first experiment, along with findings from other case studies,
mating disruption plots were designed to determine the ability of dispensers to reduce P.
xylostella trap captures in experimental brassica fields.

2. Materials and Methods
2.1. Pheromone Dispenser Setup

Experiments were run in commercial broccoli fields in California during 2020 and in
Virginia during 2021. The hand-applied pheromone dispensers consisted of one polyvinyl
chloride strip (MESO™; 0.5 × 2.5 × 38.5 cm; Trécé Inc., Adair, OK, USA) per dispenser,
attached to a wooden stake with a rubber band (Figure 1). Each strip contained 780 mg
of a 1:1 ratio of synthetic P. xylostella female sex pheromone (Z-11-hexadecenal and Z-11-
hexadecenyl acetate; 1.56% by weight). Dispensers were deployed at least 30.5 cm above
the crop canopy, equidistant from one another inside each experimental plot, and were
not adjusted throughout the duration of the experiment in respect to being at equal height
level to machinery used for crop management. At each site, collaborating producers were
asked to continue their insecticide spray programs for controlling P. xylostella and other
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brassica pests. Three pheromone-baited PHEROCON IC® sticky traps (Trécé Inc., Adair,
OK, USA) were placed equidistant at least 45 m apart, 10 m from edge rows, along the
middle of each experimental plot, and used to monitor male adult moth activity. Traps
were checked weekly (California) or biweekly (Virginia) to identify and record P. xylostella
adult moth captures.

 

Figure 1. Hand-applied dispenser used in both experiments during the study. A PVC strip (MESOTM;
0.5 × 2.5 × 38.5 cm; Trécé Inc., Adair, OK, USA) containing 780 mg of a 1:1 ratio of synthesized P.
xylostella female sex pheromone (Z-11-hexadecenal and Z-11-hexadecenyl acetate; 1.56% by weight)
was attached to a 30.5 cm wooden stake with a rubber band. Hand-applied dispensers were placed
equidistant within each MD treatment plot.

2.2. Experiment 1—Determining Density of Pheromone Dispensers

In Castroville (location 1 and location 2) and Gonzales, California, experimental trials
were conducted in commercial broccoli fields to test the efficacy of three hand-applied
dispenser densities to reduce P. xylostella activity: 0, 16, and 32 dispensers per 0.4 ha. Plots
containing zero dispensers served as the untreated control. Dispensers were deployed
from mid-June to early August in 2020 in three individual 2.4 ha commercial broccoli
fields, which were divided into three 0.4 ha experimental plots for each dispenser density
(Figure 2). Plots were set up in a block design, with the increasing density of dispensers
(0 to 32) placed downwind to minimize the effects of plume drift. Pheromone-baited
PHEROCON IC ® traps were checked weekly, where liners were replaced and adult moth
captures were recorded (Trécé Inc., Adair, OK, USA). Pheromone lures and hand-applied
dispensers were replaced monthly. In each plot, 22 randomly selected plants were also
sampled throughout each plot every 14 days for P. xylostella larval presence and damage.
Damage ratings were conducted by recording the number of old leaves vs. new leaves
with or without one or more holes for each plant. Due to COVID-19 restrictions, larval
presence/damage sampling and harvested head damage recordings were interrupted
after two sampling dates in late-July and early-August. This also resulted in only three
pheromone-baited trap monitoring collection dates: mid-July, late-July, and early August.

2.3. Experiment 2—Testing the Efficacy of Pheromone Dispensers in Field Plots

From September to November 2021, experimental trials using hand-applied mating
disruption dispensers were set up in three commercial broccoli fields in King George,
Virginia. Each field was separated into two 4.04 ha (10 acres) experimental plots, one
control and one mating disruption (MD) plot separated by 76.20 m (250 ft) in a randomized
complete block design (Figure 3). Commercial fields were separated by >3.22 km of distance.
Pheromone-baited PHEROCON IC® trap liners were replaced bi-weekly and pheromone
lures were replaced monthly. Based on the findings of Experiment 1 and previous case
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studies, dispensers were placed equidistant from each other at a density of 32 per 0.4 ha in
the MD treatment plots (Trécé Inc., Adair, OK, USA) and remained in the field for the entire
duration of the experiment. Additionally, 20 randomly selected broccoli heads were scouted
four times during the trial period to assess P. xylostella larval and pupal presence. Damage
ratings were conducted at the end of the growing season by harvesting 20 randomly
selected broccoli heads per experimental plot and 100 florets inside the harvested heads
were assessed for damage presence. Damage presence was recorded if any florets displayed
signs of P. xylostella feeding damage.

Figure 2. Plot map for Experiment 1—the hand-applied dispenser density study, in Castroville
(Locations 1 and 2) and Gonzales, California, in 2020. Three densities of dispensers (number inside
each experimental plot) were suggested for 0.4 ha of treated area. Total number of dispensers per
experimental plot (density × 0.4 ha) were secured on a wood stake and placed equidistant from
one another.

Figure 3. Plot map for Experiment 2—mating disruption field plot study [mating disruption (MD)
treatment vs. control plots with no dispensers] in three commercial broccoli fields in King George,
Virginia, in 2021. A single density of dispensers (32 per 0.4 ha) was suggested for the treated areas.
Dispensers were secured on a wood stake and placed equidistant from one another.

2.4. Statistical Analysis

For both experiments, the number of P. xylostella adult moth captures and larval/pupal
counts were analyzed using a generalized linear mixed model (GLMM) with a negative
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binomial distribution to account for overdispersion. In Experiment 1, larval presence and
damage ratings from the California locations were unable to be statistically analyzed due
to COVID-19 interruptions leading to only two sampling dates. However, the means and
standard error associated with those damage ratings and presence of larvae are presented.
In Experiment 2, broccoli floret proportion damage ratings were subjected to a GLMM
with a binomial distribution, with the number of damaged florets out of the total number
of florets examined (100 per head) as the response variable. GLMMs were run using
the ‘glmmTMB’ package, with pairwise comparisons of the estimated marginal means
calculated with the ‘emmeans’ package with α = 0.05 in R Studio (R Studio Team 2023,
version 2023.12.1+402). Dispenser density (0, 16, 32—in California) or treatment (MD vs.
control plots—in Virginia) were included as the fixed effects, sampling date as repeated
measure, and replicates (n = 3) as the random effect. Model fit and dispersion were
evaluated using the ‘DHARMa’ package (R Studio Team 2023, version 2023.12.1+402).

3. Results
3.1. Experiment 1

In the dispenser density study, results indicate that densities at 16 and 32 per 0.4 ha
significantly reduced P. xylostella trap captures compared to plots treated with zero dis-
pensers. Compared to plots treated with zero dispensers, P. xylostella trap captures were
significantly lower in plots treated with 16 dispensers (z = −4.189, p < 0.001; Figure 4) and
32 dispensers (z = −8.619, p < 0.001; Figure 4). Pairwise comparisons further showed that
captures in 32-dispenser plots were significantly lower than in 16-dispenser plots (p < 0.001).
In total, 1998 P. xylostella were captured with an average of 3.51 moths per trap per day
across collection dates and locations. During the two sampling dates for larval presence
and damage ratings, descriptive observations showed 492 plants were scouted with 66
P. xylostella larvae and 53 P. xylostella pupae recorded. During the first sampling date in
late-July, an average of 0.11 larvae per plant was recorded in plots with 32 dispensers per
0.4 ha. In the plots treated with zero dispensers, an average of 0.33 larvae were recorded.
Moreover, 71% of plants had at least one leaf with feeding damage from all zero dispenser
density plots, displaying holes with the “window” effect. From these damage ratings, a
total of 3.40% of new leaves and 23.07% of old leaves had feeding damage. On the second
sampling date in early-August, an average of 0.16 larvae per plant were found in the
32 dispenser density plots. Plots with zero dispensers showed an average presence of
0.50 larvae with 78.1% of scouted plants showing feeding damage. Out of the damaged
plants scouted, cumulative damage was recorded from 1.54% of new leaves and 25.95%
of old leaves. In plots containing 16 dispensers, an average of 18.53% of plants showed
feeding damage. In 32 dispenser plots, an average of 12.80% of plants were recorded with
feeding damage.

3.2. Experiment 2

Plutella xylostella adult trap captures were significantly reduced in MD treatment plots
compared to control plots (z = −5.16, p < 0.001; Figure 5). Cumulative trap captures were
approximately 78% lower in MD treatment plots than control plots. During the scouting
of broccoli heads, there was no significant difference in P. xylostella larvae (z = −0.382,
p = 0.702; Figure 6A) or pupae (z = −1.44, p = 0.149; Figure 6B) found between treatment
plots. Additionally, proportion damage ratings showed there was no significant difference
in florets damaged by P. xylostella feeding per broccoli head in control plots compared to
MD treatment plots (z = −0.955, p = 0.34; Figure 7).
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Figure 4. Raw mean adult captures ± standard error of P. xylostella per trap per day during each
sampling week (X-axis; Week 1 = mid-July, Week 2 = late-July, Week 3 = early August) by location
(Castroville 1, Castroville 2, Gonzales; vertical panels) and by dispenser density (0, 16, 32; horizontal
panels) for Experiment 1 in California in 2020.

Figure 5. Model-estimated means ± standard error of P. xylostella adult captures per trap per day
across sampling dates (X-axis) during the entire season recorded from Experiment 2 in King George,
Virginia, in 2021. Control plots with no pheromone dispensers are represented by the dashed line
and mating disruption (MD) treatment plots are represented by the solid line. MD treatment plots
had significantly lower P. xylostella adult captures per trap per day.

Figure 6. Cumulative P. xylostella larvae (A) and pupae (B) per plant ± standard error recorded
from treatment plots [control with no pheromone dispensers vs. mating disruption (MD); X-axis]
across the entire season for Experiment 2 in King George, Virginia, 2021. No significance was shown
between treatment plots.
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Figure 7. Cumulative ± standard error of percent florets damaged per broccoli head recorded in
experimental plots [control with no pheromone dispensers vs. mating disruption (MD); X-axis] from
Experiment 2 in King George, Virginia, in 2021. No significance was shown between treatment plots.

4. Discussion
The use of hand-applied dispensers reduced the number of adult P. xylostella moth

trap captures under field conditions. Our results showed that dispenser densities of 32
and 16 dispensers per 0.4 ha significantly reduced adult P. xylostella moth captures in
pheromone-baited traps within experimental plots. Zero captures of adult P. xylostella
were only recorded once from traps located at the 32-dispenser treatment in a California
location during a mid-July sampling week in 2020. Based on visual scouting, the density
of pheromone dispensers did not appear to influence damage ratings or larval presence
recorded from sampling of broccoli plants in Experiment 1 but sampling efforts interrupted
by COVID-19. This limitation reduced the ability to conduct proper sampling methods and
data analysis of larval densities and damage ratings during the study. In the Virginia plots,
larval presence and damage ratings were not significantly different between treatment plots.
This was likely due to high rates of insecticide applications affecting larval populations
in each experimental plot. Growers were encouraged to continue their spray regimens
to manage other brassica pests in the field. These insecticide applications could have
masked the effect of the treatment on larval and pupal densities. Despite this, the higher
pheromone-baited trap captures of P. xylostella in control plots indicated the existence of
pest presence.

Pest activity is an important factor when implementing mating disruption and utilizing
synthetic pheromones. Mating disruption can be highly pest density-dependent and has a
better success rate when applied during windows of low pest abundance [27]. This could
be due to the likelihood of males being able to encounter a high number of females in
the field [27]. Sites were selected based on historical knowledge of being ‘hot spots’ with
known P. xylostella presence and damage. California sites are known to have continuous
growing seasons with overlapping generations of P. xylostella throughout the year, with
the potential for high activity peaks. This causes producers to frequently apply insecticide
applications to effectively target different life stages and protect crop growth as harvest
approaches. Mating disruption can be valuable as a part of broader IPM programs, working
in collaboration with other management tactics, rather than used as a stand-alone tool.

In Virginia, our results documented a significant difference in P. xylostella moth cap-
tures between the control and MD treatment plots across a whole sampling season in
broccoli field plots. However, there could be an influence on the results due to close proxim-
ity of treatment plots. Male P. xylostella adult moths could potentially travel between plots
and interfere with pheromone-baited trap captures. Mated female moths could oviposit
eggs in MD treatment plots, resulting in higher densities. Negative binomial GLMMs were
conducted in the analysis of both experiments to account for the overdispersion of the data
and the potential non-independence of observations [34,35].
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In addition to the experimental design, findings in both experiments could have
been affected by environmental factors interfering with dispenser pheromone output.
Wind direction, overhead irrigation, and significant weather conditions, such as dry hot
climates, can influence pheromone dispersion [36,37]. While dispenser densities were
placed downwind to minimize wind interference, pheromone plumes could have drifted
into control plots with no MD dispensers during high winds directed from experimental
plots treated with pheromone dispensers. Plutella xylostella have also been documented to
travel via wind, and this could have an effect on adult moths, especially mated females,
moving short distances between plots [38–41]. Plant architecture may also play a role in pest
abundance and dispenser efficiency, where broccoli plant canopies may have influenced the
movement of the pheromone plume or adult moths. Canopy architecture could affect male
flight behavior due to limited plume reach and dispenser height. In orchard systems, areas
with dense canopies can influence pheromone plume reach based on spatial distribution
and location of the mating disruption technologies [42,43].

5. Conclusions
Overall, these findings indicate that hand-applied dispensers, particularly at 32 dis-

pensers per 0.4 ha, can reduce adult P. xylostella trap captures under field conditions and
may be useful as one component of IPM programs for brassica crops. The significant
reduction in P. xylostella trap captures from the two experiments indicates a disruption in
male orientation behavior. However, additional studies evaluating the impacts on larval
densities, crop damage, and economic outcomes are needed to assess the effect of hand-
applied dispensers on overall pest suppression. The implications and results of these
studies pave the way for future mating disruption experiments utilizing hand-applied
mating disruption dispensers.
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