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Abstract

Aphids and thrips are problematic pests in lettuce and more tools are needed for their
management. Current management tactics rely heavily on insecticides. Unfortunately, these
insecticides face pressure due to the potential for insecticide resistance to develop and regulatory
action that could respectively, reduce efficacy or remove materials from the system.
Furthermore, new management tools could improve integrated pest management by expanding
the tools available and optimizing use of the ones currently in use. Novel technologies offer
opportunities to advance aphid and thrips management. Growers are increasingly using
automated thinners to thin lettuce, which can also be used to precisely deliver insecticides while
reducing the amount of material needed to achieve efficacy. Advances in drone technology have
also made the release of biological control agents more economical. We tested these novel
technologies in lettuce for aphid and thrips management. First, we compared a broadcast foliar
application of insecticide immediately post thinning to a precision spray using an automated
thinner and compared it to an untreated control. Multiple insecticides were used in two different
experiments. In the first trial, we tested if the precision spray could provide greater residual
effects by modifying the timing of applications. In two additional trials, we tested if there were
benefits to using the precision sprayer by applying a higher insecticide rate on a per plant basis.



In all trials, we assessed the effects on aphid and thrips populations. If efficacy of the precision
sprayer is comparable to the grower standard, it could reduce insecticide costs and reduce the
amount of active ingredient applied on a per-acre basis, reducing the potential for off-target
movement. We also evaluated if laboratory-reared lacewings and predatory mites can provide
predation services and pest suppression following a drone release. We compared populations of
aphids and thrips in organic lettuce fields in plots that received drone-released predators to plots
that were treated with organic-certified insecticides, as well as plots that received no treatment.
Together, these two objectives tested novel technology tools and helped advance integrated pest
management programs for aphids and thrips in lettuce.

Objectives

1. Evaluate applications of insecticides post-thinning using an automated thinner for efficacy
and reduced active ingredient use for aphids and thrips in lettuce.

2. Evaluate the efficacy of drone-released natural enemies for management of aphids and
thrips in lettuce.

Objective 1 — precision sprays of insecticides

Precision sprayers spray can spray 90% less surface area than a traditional, boom broadcast
sprayer when only the plants, rather than the whole field, is sprayed. Alternatively, when using
the same application rate of material at the acre level, the resulting amount applied per plant with
a precision spray could be up to 10x greater than that of a broadcast spray. Use of a precision
sprayer may therefore result in either equal control with less product used or improved control
with higher per plant rates. There may also be a benefit to applying an intermediate rate of
insecticide but would need to be tested. To examine how the increase in rate on a per plant basis
may affect control efficacy, we designed two distinct studies. In the first, we compared single vs
multiple insecticide applications using a precision spray system to examine residual efficacy. In
the second, we compared three application rates for each of the products tested using the
precision spray system.

Methods

Field sites and project overview

All precision spray experiments were conducted in commercial romaine lettuce fields under
conventional management in the Soledad area. Throughout, we worked with Mantis Ag and used
their sprayers in our studies. In all experiments, we made two insecticide applications. The first
application was made when the lettuce reached the automated thinning stage (2 true leaves) after
automatic thinning was completed. The second application was made at the manual thinning
stage, when heads had ~8 true leaves. We tested two insecticides used for thrips, Radiant SC
(spinetoram) and Exirel (cyantraniliprole). Treatments were applied using either the Mantis
precision sprayer or a broadcast sprayer.



Application timing experiment

Experimental design

We conducted one application timing experiment in April of 2021 in a field in the Soledad area.
This trial was started early given the building thrips pressure in the Salinas Valley and concern
about INSV. The field was planted with 40-inch beds with four seed lines per bed. The
experiment was arranged using a randomized complete block design. We used five long linear
blocks of 2 beds. We divided each block into eight 50 ft long plots and used eight different
treatments. For each insecticide, we had treatments that varied the timing of the insecticide
application: either at the automated thinner timing (2 weeks post-planting, Application 1), which
would be when the precision sprayer would be first used, manual thinning timing (4 weeks post-
planting, Application 2), or both (Application 1 and Application 2). The first application was
made April 6, while the second was made April 21. Having only the early spray would enable us
to test for residual efficacy when insecticides are applied with the precision sprayer. The grower
standard broadcast plots were placed around the edges of the experimental grid and treated with
the typical boom broadcast spray application used by the grower at 65 GPA. These were placed
outside of the main experimental area for logistical reasons for using the broadcast sprayer. The
rate on a per acre basis for the insecticides was consistent between the precision sprayer and the
grower standard, but the latter was broadcast on the entire bed, while the precision spray was
direct at only the individual plants. In all treatments except the untreated control plots, an
additional fungicide (Fontelis, penthiopyrad) was added to the application mix to control
Sclerotinia sclerotiorum infection. This was a “standard” rate of Fontelis, with 24 oz/ac in the
broadcast and 2.4 oz/ac with the precision spray (equivalent rates at the per plant level). The
eight treatments applied are given in Table 1.

Table 1. Treatments used in the application timing experiment

Trt# Treatment Active ingredient | Rate | units [ Application timing | Application method | Fungicide
1 |Untreated NA NA INA NA NA No
2 |ExirelAppl Cyantraniliprole | 20.5i0z/ac_|Spray1,2wk | Precisionspray | Yes .
L3 [ExirelApp2 Cyantraniliprole | 20.5/0z/ac_[Spray2, 4wk | Precisionspray | . Yes .
5 |[Exirel App 1+2 Cyantraniliprole 20.5{0z/ac |[Spray 1+2(2+4wk) |Precision spray Yes
.6 |RadiantApp1 Spinetoram | 100z/ac_|Sprayl2wk | Precisionspray | . Yes .
.7 |RadiantApp2 Spinetoram | 100z/ac_|Spray2, 4wk | Precisionspray | . Yes .
8 |Radiant App 1+2 Spinetoram 10ioz/ac |Spray 1+2(2+4wk) |Precision spray Yes
9 |Grower standard Spinetoram 10i0z/ac |Spray 2, 4 wk Broadcast spray Yes

Data collection

We assessed thrips over the course of experiments by sampling heads of lettuce at multiple time
points from the four seed lines at the center of each treatment plot. We sampled three lettuce
plants 2, 7 and 15 days after the first treatment (immediately before second treatment), and 2 and
7 days after the second treatment. We counted the number of thrips and thrips feeding scars
found on each head. Thrips were counted (not scars) on plants sampled immediately before the
first treatment. We assessed INSV and sclerotinia in each plot < 7 days prior to harvest on June 1




with visual assessments of heads and counts of affected plants in the four interior seed lines of
each plot. We also counted thrips and thrips scars at this time point.

Bioassays

To provide an additional assessment of the effect of our different insecticide treatments, we
conducted a laboratory bioassay for this trial. We did this for only two of the trials overall for our
project given that this was an addition to the original scope. For this bioassay, we infested
samples of lettuce from insecticide-treated plots with field-collected thrips. Bioassays were
conducted in Munger cells (Figure 1), an apparatus designed for bioassay with small insects. We
conducted bioassays with leaf material collected at 2 DAT after the first application, 7 DAT after
App 1, 1 hr after App 2, 2 DAT after App 2, and 7 DAT after App 2. For all but the first timing,
the oldest true leaf was added to the Munger cell. For the first timing, the whole plant was added.
We added 10 adult thrips per cell and used two cells per plot. Insects were collected from
naturally occurring populations located on iceplant in field margins in the Salinas area on the
days that bioassays were initiated. Cells were stored in the laboratory and checked at 24 and 72
hrs to assess thrips mortality.

Figure 1. Munger cell used for thrips bioassay.

Data analysis

We did not analyze thrips scars or thrips counts for individual sample dates for this study
because the counts and damage were so low. We did sum across sampling dates (excluding the
pre-treatment) to assess study long effects. Values for scars and thrips counts were still very low.
We used linear models to test for treatment effects for summed scars and summed thrips. For the
bioassay data, we calculated percent mortality combined across the two cells for each plot. We
used linear models for each time point to test for treatment effects, using fixed factors for



treatment. We only present analysis and data for the 72 hr assessment because this time point
was most appropriate.

Results

For the field component, we had very low thrips pressure overall, resulting in low counts and low
damage. We saw no effect of our treatments on summed thrips scars or thrips counts, likely
because pressure was low across the board. These data are not presented. We similarly had very
low incidence of INSV and saw no effect of treatments on INSV incidence in the plots, (Figure
2). Sclerotinia was more abundant, although we saw no effect of treatments on sclerotinia rates
(Figure 3).

For the bioassay component, we did see some notable results. For the first bioassay, we had only
included relevant treatments (not the 2°¢ application plots). At 2 DAT, Exirel did not provide any
level of control (Figure 4). Of note, the 72 hr assessment time may not have been quite long
enough. Radiant provided very good control even with a 2 DAT residual. At 7 DAT after App 1,
one of the Radiant treatments still produced mortality different than the untreated, but not the
other. After App 2 and at 2 DAT, Exirel and the first app only (via precision spray) of Radiant
produced equivalent mortality to the untreated. The standard broadcast spray and the two
precision Radiant apps that had an App 2 provided the best control. By 7 DAT, only the two
precision sprays of Radiant (with App 2) provided mortality significantly different than the
untreated. This included the standard broadcast application of Radiant, suggesting that there may
be some residual efficacy benefits of the higher rate.
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Figure 2. Number of plants affected by INSV in the different treatments in the application timing
experiment. Values are means + SE.
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Figure 3 Number of plants affected by Sclerotinia in the different treatments in the application
timing experiment. Values are means =+ SE.
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Figure 4. Thrips mortality from the bioassay conducted after the first and second application in
the application timing experiment. Only the relevant treatments were included in the first run of

the bioassay. Values are means + SE. Values that share letters are not significantly different
based on posthoc comparisons.



Application rate experiment

Experimental design

Two “application rate” trials were conducted July-August in separate fields, each of which was
planted with 80-inch beds with six seed lines per bed. We used the same insecticides as the prior
experiment but manipulated the application rate and number of sprays. We used five linear
blocks of two beds in each field, with plots and different treatments within the block arranged
along the two beds. We divided each block into 50 ft long plots, each of which was assigned to
one of eight treatments. Plots were arranged using a randomized complete block design (Figure
5).

Rates varied slightly between trials but were approximately the same. The standard rate applied
with the precision sprayer aimed to create the same per plant rate as the standard broadcast
application. The per acre rate was lower (1/10™) because the material is directed at the plant.
From there, we tested the same per acre rate with the precision sprayer, directed at the plant
(high rate), as well as an intermediate (medium) rate. The typical broadcast spray application
used by the grower was tested as the standard and consisted of Radiant SC at 8 or 10 oz applied
at 65 GPA. The broadcast plots were arranged around the edges of the experimental grid again
due to logistical constraints. We again included Fontelis fungicide for sclerotinia, but we did not
adjust rates across treatments for this material to avoid confounding fungicide rates with
insecticide rates. All treatments other than the untreated received a “standard” rate of Fontelis,
with 24 oz/ac in the broadcast and 2.4 oz/ac with the precision spray (equivalent rates at the per
plant level). The eight treatments tested in trial 1 are given in Table 2, while those in trial 2 are in
Table 3.

Two applications were made for each trial, with the same treatments applied for each application
within a trial. For trial 1, the first application was made July 20, while the second was made July
30 (10 DAT App 1). For trial 2, the first application was made Aug 26, while the second was
made Sept 7 (10 DAT App 1).

Table 2. Treatments for Trial 1 of the application rate experiment.

Trt 4 Treatment Application method | Active ingredient| Rate units
1 |Untreated NA NA NA NA
_____ 2 |Exirel (Highrate) |Precisionspray _|Cyantraniliprole |  20loz/ac
_____ 3. |Exirel (Mediumrate)  |Precisionspray _|Cyantraniliprole |  667|oz/ac
5 |Exirel (Standard rate) Precision spray Cyantraniliprole 2|oz/ac
_____ 6 _|Radiant+(Highrate)  [Precisionspray  _|Spinetoram | ~ 8loz/ac
..... 7 |Radiant (Mediumrate) _ _[Precisionspray _|Spinetoram |  267\oz/ac
8 |Radiant (Standard rate) Precision spray Spinetoram 0.8|oz/ac
9 |Radiant - Grower standard Broadcast spray Spinetoram 8|oz/ac




Table 3. Treatments for Trial 2 of the application rate experiment.

Trt # Treatment Application method | Active ingredient| Rate units
1 [Untreated NA NA NA NA
_____ 2 |Exirel(Highrate)  |Precisionspray __|Cyantraniliprole |  20joz/ac
_____ 3. |Exirel (Mediumrate) |Precisionspray _|Cyantraniliprole |  6.67|oz/ac
5 |Exirel (Standard rate) Precision spray Cyantraniliprole 2|oz/ac
_____ 6 _|Radiant+(Highrate) __|Precisionspray ___|Spinetoram | 10joz/ac
_____ 7 _|Radiant (Mediumrate) [Precisionspray _ _|Spinetoram | ~ 3.33|oz/ac
8 [Radiant (Standard rate) Precision spray Spinetoram 1|oz/ac
9 [Radiant - Grower standard Broadcast spray Spinetoram 10|oz/ac




50 ft

Buffer

Block 1
100 ft oc

Block 2

Block 3

Block 4

Block 5

O N WU e W

Untreated
Exirel + Fungicide —Rate 1 = 20.5 oz/ac
Exirel + Fungicide — Rate 2 = 6.83 oz/ac

Exirel + Fungicide — Rate 3 = 2.05 oz/ac
Radiant + Fungicide —Rate 1 -->10 oz/ac

Radiant + Fungicide —Rate 2 --> 3.3 oz/ac
Radiant + Fungicide —Rate 3 -->1 oz/ac

'Conventional grower standard

Color

Figure 5. Precision spray grid design. For all precision spray experiments, plots were arrayed in
a randomized complete block design. Additional broadcast spray plots were arranged around

the perimeter of the treatment grid.

Data collection

We monitored aphid and thrips populations over the course of experiments by sampling heads of
lettuce at multiple time points from the four seed lines at the center of each treatment plot. For




trial 1, we sampled five to ten heads of lettuce (depended on sampling time point) <24 hours
before each application and 3 and 7 days after treatment. For trial 2, we sampled ten heads of
lettuce from all plots <24 hrs before each application and at 4, 7, and 10 days after treatment. We
counted the number of thrips, thrips feeding scars and also the number of aphids found on each
head. For both trials we evaluated the incidence of INSV and sclerotinia in each plot <7 days
prior to harvest with visual assessments of heads in the four interior seed lines of each plot.

Bioassay

We again conducted a laboratory bioassay to complement the field trial. This was conducted for
trial 1 but not trial 2. In this bioassay, the same methods as in the prior bioassay were used to
obtain field-collected thrips. Two 9 dram glass vials with vented plastic lids were used per plot
for the bioassays, and mortality was calculated across vials. Outer leaves were collected 3 DAT
App. 2 and added to the vials, followed by the thrips (10/vial). This all occurred the same day.
Mortality was assessed by counting dead and alive thrips at 48 hr after the trial was started.

Data analysis

We used linear models to assess treatment effects on insect counts (total aphids and total thrips)
and thrips scars for each sampling time point. Any means found to differ in the previous analysis
were separated by using post-hoc Tukey comparisons.

We similarly used a linear model to assess effects of treatments on thrips mortality in the
bioassay.

Results
Trial 1

In the first trial, thrips and aphids were present in our trials, although levels were fairly low on a
per plant basis (see Figure 6, Figure 7, and Figure 8). We saw no significant effects of treatments
across the board for these variables. The only exception was for thrips damage at 3 DAT,
although this was driven largely by the higher number of scars in the broadcast treatment. This
may have been due to the plot layout though and did not carry through the rest of the trial.

For the bioassay, there was no significant effect of treatment on thrips mortality (Figure 9). That
said, the overall (nonsignificant) numeric trend among treatments suggested that a trial with
lower variability may show a rate response for each insecticide.
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Figure 6. Thrips counts in trial 1 of the application rate trial. Values are means. There were no
significant differences for any of the sampling time points.
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Figure 7. Thrips damage scars in trial 1 of the application rate trial. Values are means. There
were no significant differences for any of the sampling time points.
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Figure 9. Thrips mortality at 48 hr for a bioassay run using leaves collected 3 DAT-2 for trial 1
of the application rate experiment.

Trial 2

In the second trial, we had very low thrips populations, which also resulted in fairly minimal
damage. There was one date (7 DAT) on which there was an overall effect of treatment on thrips
counts, although there were no differences between individual treatments (Figure 10). This effect
also appeared driven by somewhat higher populations in the standard broadcast treatment,
although the numbers were still extremely low (~0.15 thrips per plant), making this effect not
meaningful. Similarly, there was an effect at 10 DAT after Appl of treatment on scar counts
(Figure 11). Still, the scar counts were very minimal so this doesn’t appear to be a meaningful
effect. It was also largely due to the broadcast standard, which could have been because of the
plot placement for this treatment.

There were effects on aphids, although this was not the target pest of this trial (Figure 12). Most
of these were lettuce aphid. There were significant effects of treatment 4 and 7 DAT App 1 when
the aphid counts were the highest. Radiant (as expected) had no effect on aphids, but Exirel did.
There also was a trend at least towards a rate effect, which appears worth following up on or at
least supporting that the precision spray may provide opportunities for greater control.

For the final plant assessment, we saw no effect of treatments on INSV rates among plants in the
plot (Figure 13), although INSV was present at low levels in the plots. Sclerotinia values mainly
consisted of zeros so they were not analyzed or presented here.
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Figure 11. Thrips scar counts (damage) in trial 2 of the application rate trial. Values are means.
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Figure 12. Aphid counts in trial 2 of the application rate trial. Values are means. Posthoc
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do not share a letter are significantly different.



Untrt

Rad Std+
Rad M+
Rad High
Rad Brdcst
Ex Std

Ex Med-

Ex High-

4 6
Plants with INSV

(=]
M

Figure 13. Number of plants affected by INSV at the final assessment pre-harvest in trial 2 for
the application rate experiment. Values are means = SE. There was no effect of treatment.



Objective 2 — drone released natural enemies

Unmanned aerial vehicle (i.e., drone) technology has made mass releases of biological control
agents economically feasible for vegetable crops, currently in organic systems. In these
treatments drones are fitted with cylinders (Figure 14) which are filled with the beneficial species
to be released. During flight, drones are flown over beds as the cylinders rotate and disperse their
contents at a consistent rate over the lettuce. We conducted an experiment evaluating the efficacy
of various drone-released predators for aphid and thrips management in comparison to a
broadcast spray of organic-approved insecticidal products.

Figure 14. Drone technology used in the study. This set up is one designed and used by Parabug.
Unmanned aerial vehicles (drones) can be used to disperse natural enemies. To release insects,
drones are fitted with cylinders (inset image bottom right), which are filled with the beneficial
species. During flight, the cylinders rotate and distribute insect material at a consistent rate.

Sites

We conducted two inundative release experiments in August of 2021 in two separate commercial
romaine fields under organic management in the Soledad area. Both fields were planted with 80-
inch beds with six seed lines to each bed. Both sites employed biological control strategies to
suppress aphid and thrips populations in the crop. Drone releases began when the fields were
approximately midway through their growing cycle, ~4 weeks post transplanting.



Insects

Insect were obtained from Beneficial Insectary. This was a supplier already used by our drone
collaborator, Parabug. Insects were shipped via overnight shipping in coolers and then held
before release the day they arrived in the Salinas area.

Experimental design

We established four long linear blocks of five beds in each field, each representing a replication
of the experiment. We divided each block into five 100 ft long experimental plots, each of which
was received one of five experimental treatments. Each experimental replication/block was

arranged in a randomized complete block design. The treatments we applied are given in Table
4.

We conducted drone releases of natural enemies in the morning during times of low wind speed
and moderate temperature. During the evening following the drone releases, we applied a
combination of Pyganic and Entrust (active ingredients spinosad and pyrethrin respectively) at
maximum label rate to those plots using a standard boom sprayer. Each trial only received one
treatment. Trials were started and the applications were made for both trials on Sept. 1.

Table 4. Treatments used for the drone biological control trials.

Trt# Treatment Application method "Active ingredient" Rate units
1 [Untreated NA NA NA NA
|2 |lacewingeggs Parabugdrone |Chrysoperia rufilabris | 20kjinsects/ac
3. |Predatory mites Parabugdrone  [Neoseiulus cucumeris | 125k|insects/ac
4 |Lacewingeggs + mites |Parabugdrone C. rufilabris + N. cucumeris | 30k + 125k |insects/ac
5 |Pyganic + Entrust Broadcast spray pyrethrins + spinosad 8 +10|fl oz/ac

Data collection

We sampled lettuce from all plots <24 hrs prior to treatment and 2, 6, 10, and 13 days after the
treatments were applied. For each plot, we sampled 10 heads of lettuce from the center of each
plot and then bagged and transported them to the UCD Entomology laboratory in Davis for
processing. We removed and processed insects from each sample by washing the lettuce in a
custom washing apparatus (Figure 15). Some sample dates were stored in the cooler only, while
some were frozen before being processed. This appeared to only (possibly) affect thrips counts,
with it appearing that more thrips were captured in sampling dates that had been frozen. Lettuce
was submerged in soapy water, and repeatedly agitated to dislodge any insects into the wash
water. We then drained the wash water over a sieve to collect any insects contained in the rinse
water. We stored collected insects in ethanol until they could be identified and counted. We
examined all stored samples and recorded the number of nymph, adult, and alate (winged)
aphids, number of nymph and adult thrips, and number of natural enemies (Syrphidae,
Coccinelidae, parasitoids, minute pirate bug and others) found in each one. Only syrphids were
detected to any appreciable degree.




Figure 15. Lettuce washing station used for the drone trials.

Data analysis

All insect counts were divided by ten to generate an average count per plant for each plot at each
sampling point. We focused on combined life stages for each pest. These data were then
compared using linear models for each sampling time. Comparisons were not made between data
from different sampling dates. Any means found to differ in the previous analyses were
separated by generating post-hoc Tukey intervals.

Results
Trial 1

In the first trial, we saw no effect of any of our treatments on thrips (Figure 16). For aphids, the
number of aphids increased overall over the course of the trial (Figure 17). There was a
significant effect of treatment on aphids on the final sampling date (13 DAT), although the
pattern among the treatments was not necessarily easily explainable. The treatment with the
fewest aphids was LW-+mites, while the insecticide treatment had the most. All other treatments
were intermediate. It is possible that only the combined treatment provided suppression of
aphids, although we did not expect the mites to provide aphid control. The insecticide treatment
likely had the most aphids because of disrupted biological control, although our natural enemy
data (not shown) did not appear to demonstrate this.
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Figure 16. Thrips counts in the first drone natural enemy trial. Values are means + SE. There
was no effect of treatment.
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Figure 17. Aphid counts in the first drone natural enemy trial. Values are means + SE. Sampling
dates marked with letters had a significant effect of treatment. Points not sharing a letter are
significantly different based on posthoc comparisons.



Trial 2

In the second trial, there was again no effect of our treatments on thrips populations and there
was lots of variability in thrips counts (Figure 18). For aphids, aphid populations decreased over
the course of the trial to nearly zero in all but the insecticide treatment (Figure 19). This made it
difficult to demonstrate benefits of releases of natural enemies since the untreated (background)
levels of aphids was nearly none. This appeared to be due to high activity of syrphid larvae in
this field (Figure 20). Furthermore, the syrphids in the field, and disruption of them by the
insecticide, was likely why we saw treatment effects at 10 and 13 DAT since both of those
treatment effects were driven by the insecticide plots having more aphids.

For both trials, it is possible that the background levels of biological control made it difficult to
detect benefits of releasing natural enemies. Furthermore, the single release of natural enemies
may have not been sufficient to suppress the pests, as compared to a “systems” approach wherein
multiple applications of natural enemies are made over the course of the season.
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Figure 18.Thrips counts in the second drone natural enemy trial. Values are means + SE. There
was no effect of treatment.
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Figure 19. Aphid counts in the second drone natural enemy trial. Values are means + SE.
Sampling dates marked with letters had a significant effect of treatment. Points not sharing a
letter are significantly different based on posthoc comparisons.
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Figure 20. Syrphid larvae counts in the second drone natural enemy trial. Values are means +

SE.



