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Abstract

Ornamental plant producers often rely on chemical control to manage insect pests. However, cultural practices, such as pruning, can
influence plant architecture which may, in turn, affect pesticide penetration. Spray penetration was studied to determine the effect of
canopy density on beneficial insect survival following insecticide application and to better understand the implications of canopy
density on pest management. Regardless of canopy density or plant species, the interior position of the canopy received less than 8%
spray coverage. The middle position of sparse canopies received 288 to 513% more coverage than the middle position of dense
canopies. The middle and interior position of dense canopies protected greater than 50% of the convergent lady beetle (Hippodamia
convergens (Guérin-Méneville) population while only the interior position of dense canopies protected greater than 50% of green
lacewing (Chrysoperla rufilabris Burmeister) populations.

Index words: beneficial insect, nursery crop, pesticide, plant architecture, woody ornamental.

Species used in this study: China Girl® holly (Ilex Xmeserveae ‘Mesog’); ‘Alice’ Oakleaf hydrangea (Hydrangea quercifolia Bartr.
‘Alice’); convergent lady beetle [Hippodamia convergens (Guérin-Méneville)]; green lacewing [Chrysoperla rufilabris

(Burmeister)].

Chemicals used in this study: carbaryl (1-naphthyl N-methylcarbamate, Sevin” SL, Bayer CropScience, Durham, NC).

Significance to the Horticulture Industry

Growers are subject to market pressure to produce plants
with dense canopies. Canopy density may affect the
efficacy of contact insecticides and the ability to use
insecticides and natural enemies simultaneously. Insecti-
cide applications are generally considered more effective
on plants with a sparse canopy. In this study, spray
coverage within the canopy interior was low regardless of
canopy density, indicating that the interior of a plant could
serve as a refugium for pest insects but also naturally-
occurring biological control organisms during an insecti-
cide application. The canopy interior may also provide a
safe place to release natural enemies as part of an
augmentative biological control program. The use of
natural enemies may be critical to controlling pests, such
as scales, that infest the trunk and other interior positions of
dense plant canopies, where spray coverage was minimal
and in regions or markets implementing insecticide
restrictions for pollinator protection.
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Introduction

Market forces, cultural practices, and pest management
are inextricably linked during production of ornamental
crops. Consumers of woody landscape plants prefer
densely-branched plants over ones that are sparse (Glasgow
1999, Jeffers et al. 2009). Therefore, growers endeavor to
produce plants with dense canopies through the use of
architecture-altering practices such as pruning and plant
growth regulators (Cochran and Fulcher 2013, Currey and
Erwin 2012, Gilman 2012). However, increasing canopy
density can affect pest management. A dense plant canopy
can hinder penetration of foliar-applied insecticides to the
interior of the canopy (Zhu et al. 2006, 2008). Poor
pesticide penetration can lead to problems controlling pests
within the plant canopy or directly on the branches, such as
scale insects (Hanks and Denno 1993).

Ornamental plants are valued primarily for their
aesthetic qualities (Bethke and Cloyd 2009, Sadof and
Raupp 1996). Therefore, the economic threshold for an
ornamental insect pest is often zero (Klingeman et al. 2000,
van de Vrie 1995). For example, a single female bagworm
(Thyridopteryx ephemeraeformis Haworth) can produce
enough offspring to render a plant unmarketable (Horn and
Sheppard 1979, Raupp et al. 1989). Conventional chem-
icals are often the first and only control used in nursery
crop production, in part, because they work quickly and
can maintain pest populations at acceptable levels with
minimal effort from the grower (Bethke and Cloyd 2009,
LeBude et al. 2012). Consumer’s low tolerance for pest
damage often motivates growers to apply pesticides as a
preventative with the mindset that they are protecting their
crops from pest damage (Briggs et al. 2002, Cho and Ki
1999). If pest populations persist, growers may increase
application frequency or the rate of pesticide that they
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apply (Zhu et al. 2006). However, with adverse public
perception of pesticide use, their effects on pollinators and
other beneficial insects, and links to secondary pest
outbreaks, growers may need to reevaluate their practices
(Colin et al. 2004, Falconer 1998, Frank and Sadof 2011,
Kher et al. 2013, Montella et al. 2012, Szczepaniec et al.
2011).

It is well documented that natural enemies such as
spiders and other predators prefer dense canopies to sparse
canopies because dense canopies provide more shelter
from heavy rain, other predators, and abundant and diverse
food sources (Halaj et al. 2000a, 2000b, Langellotto and
Denno 2004). The more complex the plant canopy, the
more connectors are available for a predator to move to its
prey. Canopy complexity also increases the likelihood that
some predators will continue to search for food on a
particular plant (Leite et al. 2017, Skirvin 2004).
Integrating natural enemies with pesticide application
may increase the effectiveness of pest management in
dense canopies.

Research on pesticide application to field-grown nursery
crops has been conducted, but little information is available
on comparing spray penetration into dense and sparse
canopies in a container nursery and how natural enemies
may be protected from pesticide application in dense
canopies (Bache and Johnstone 1992, LeBude et al. 2012,
Pan et al. 2016, Sanchez-Hermosilla et al. 2011, Zhu et al.
2006, Zhu et al. 2017a). The objectives of this study were
to 1) characterize spray penetration in dense and sparse
canopies of select woody ornamental crops and 2)
determine if denser canopies protect natural enemies from
a foliar-applied contact insecticide.

Materials and Methods

Spray Penetration. Eighteen China Girl® hollies in 11 L
(size #3) containers were purchased (SiteOne Landscape
Supply, Knoxville, TN) on January 23, 2013 and placed in
the North Greenhouse at the University of Tennessee in
Knoxville, TN (35°56’46"N 83°56'18”W). On February 18,
2013, branches were counted. To create dense or sparse
canopy densities, nine plants were pruned to 35 branches
and the other nine were pruned to 75 branches, a 53%
disparity, and eight of the most uniform from each
treatment group were selected for the experiment.

Twelve ‘Alice’ oakleaf hydrangeas were grown from
10.2 to 15.2 cm (4.0 to 6.0 in) cuttings taken spring 2012.
Plants were potted into size #3 containers filled with 85%
pine bark and 15% peat. One week after transplanting,
plants were top dressed with 53 g (1.87 0z) of 19N-1.7P-
6.6K, 5- to 6-month controlled release fertilizer with
micronutrients (Polyon®, Harrell’s Inc., Lakeland, FL). In
October 2012, plants were placed in a plastic-covered
overwintering house until February 4, 2013 when they
were placed in a walk-in cooler [~7 C (44 F), intermittent
light]. They were watered periodically to prevent desicca-
tion. On March 5, 2013 plants were moved to the North
Greenhouse at which time they were pruned to 25.4 cm (10
in) from the substrate surface and again top dressed with
19N—1.7P—6.6K, 5- to 6-month controlled release fertilizer.
By March 27, 2013, plants had leafed out and branches
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Fig. 1. Water sensitive card placement at exterior canopy position
(lateral view).

were counted. On April 17, 2013, six of the plants were
pruned to 11 branches and six were pruned to 19 branches,
a 42% disparity, creating sparse and dense canopy
densities, respectively. To establish that the disparity in
branch number created a disparity in density, hydrangea
plant height was measured and then plants were destruc-
tively harvested following the experiments. All plant tissue
above the substrate surface was oven dried at 61 C (141 F)
for 72 hours. Once dry, mass was recorded. Density was
calculated as shoot dry mass per unit of height. Hydrangea
canopy measurements comparing shoot dry mass to height
established that density between dense and sparse plants
was different at 1.96:1 and 1.29:1, respectfully (P-value =
0.0001), supporting that branch differences and density are
correlated (data not shown). For both the holly and the
hydrangea, while the disparity in branch number between
dense and sparse canopies was near 50%, both represented
plant architecture available in the marketplace.

For each species, the experiment was conducted a total
of four times, twice on each date. Spray penetration
experiments for holly were conducted on April 19 and
April 30, 2013 and for hydrangea were conducted May 17
and May 24, 2013. The same set of plants was used for
each experiment.

Plants were placed on the ground in a row to simulate a
nursery setting and spaced so that there was no contact
between plants. Three 5.1 by 7.6 cm (2.0 by 3.0 in) cards of
water sensitive paper (WSP) (Syngenta Crop Protection
AG, Basel, Switzerland) were placed on each plant, one per
canopy position, with the water sensitive surface perpen-
dicular to the ground. The canopy positions were the
exterior, middle and interior of the canopy. The exterior
cards were attached in front of each plant with 5.1 cm (2.0
in) alligator clips (Grand Rapids Industrial Products,
Wayland, MI) on a wire attached to wooden poles to keep
the cards at the same height, 46 cm (18.1 in) above the
ground (Fig. 1). A 15.2 cm (6.0 in) long wire with an
alligator clip attached to each end was wrapped around the
most central stem and held the interior card flush against
the stem inside the canopy at 46 cm (18.1 in) above the
ground and the middle card half-way between the interior
and exterior card within the plant canopy, 46 cm (18.1 in)
above the ground (Fig. 2). The exterior position served as
the control as spray applied to cards in this position was
unimpeded by leaves or branches.

Water was applied to the foliage simulating a pesticide
application using a hand held CO, sprayer coupled with a
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Fig. 2. Water sensitive card placement positions inside the plant canopy from top view.

Teejet® even flat spray tip TP80O02E (Spraying Systems
Company, Springfield, IL). The sprayer was operated at 30
PSI delivering a 0.64 L-min~' (0.17 GPM) flow rate. Many
growers use handheld sprayers due to their ease of use in
tight areas such as a greenhouse, and their ability to
monitor where they have sprayed in real-time (Derksen et
al. 2010). The nozzle was kept 46 cm (18.1 in) above the
ground and 0.61 m (2 ft) from the exterior cards and moved
at a speed of 1.30 m-s! (4.7 KPH) [4.25 ft-s' (2.9 MPH)].

Cards dried on the plants and were immediately
collected, labeled, and scanned with a business card
scanner (WorldCard Office, Penpower Technology LTD.,
Fremont, CA). Spray penetration was analyzed using
DepositScan scanning software (Zhu et al. 2011). Spray
penetration was characterized by coverage (the percentage
of WSP surface area that was covered by spray deposits)
and droplet density (the number of droplets deposited on
the cards per cm?).

The experiment was arranged as a completely random-
ized design with eight replications for holly and six
replications for hydrangea. Data were analyzed using the
GLIMMIX procedure of SAS (Version 9.3S, SAS Institute,
Cary, NC). Means were separated using Tukey’s HSD at a
significance level of 5% (o= 0.05). Data for the two plant
species were analyzed separately. Data were pooled for
each plant species as results were not different in repeated
experiments.

Natural Enemy Survival. To determine how spray
penetration affected natural enemy survival within dense
and sparse plants, adult green lacewing (AGL) and adult
convergent lady beetle (ACLB) (Beneficial Insectaries,
Redding, CA) were confined to arenas containing hydran-
gea leaves from the interior, middle, or exterior of either a
dense or a sparse plant that was sprayed with water or
carbaryl (1-naphthyl N-methylcarbamate, Sevin" soluble
liquid, Bayer CropScience, Durham, NC) at 0.95 L per 0.38
kL (1 gt per 100 gal). Each arena contained 10 insects each
of either AGL or ACLB. Carbaryl was chosen because it
was shown in previous research to be highly toxic to both
AGL and ACLB populations (Yeary et al. 2015).

Arenas were built from 90 mm (3.54 in) petri dishes
(Fisher Scientific, Pittsburgh, PA) by removing a 7.6 cm (3
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in) diameter opening in the lid and replacing it with
organdy fabric. A single 90 mm filter paper was placed in
each arena to absorb excess moisture. For each arena, a
hole was drilled in the lids of a 0.7 ml (3.0 oz)
microcentrifuge tube (Costar®, Corning, Corning, NY),
plugged with cotton, and filled with a honey water solution
(5% v/v) to serve as a food source. Once prepared and
provisioned, arenas were held in a walk-in cooler [~7 C
(44 F), intermittent light] until spray applications were
made, approximately 3 hours.

Oakleaf hydrangea was selected for this objective
because the insects would not be able to avoid contact
with the large leaf surface and any associated water or
insecticide residue. To determine if the hydrangea leaves or
the arena environment affected natural enemy survival, 12
oakleaf hydrangeas pruned to create dense and sparse
treatments as described above (six with dense and six with
sparse canopies) were sprayed using the same method as
described in the spray penetration experiment.

On June 7, 2013, water and carbaryl were applied to
their respective plants. First, water was applied to the six
dense and six sparse plants, and leaves were collected as
described below. The back half of each plant was bagged to
protect leaves intended for the repeat of this experiment
from pesticide residue. Carbaryl was then applied to the six
dense and six sparse plants.

After each application, leaves were allowed to dry on the
plant and then were collected from the exterior, middle,
and interior of each plant canopy and placed in separate
plastic bags prior to transfer to an arena. Each petiole was
placed in a water pick and placed in its respective arena,
one leaf per arena. While leaves were added, arenas
remained in the cooler to prevent insects from warming and
becoming active. Arenas were then moved to an insect
rearing room with daytime temperatures maintained at 21
C (69.8 F). Insect survival and presence or absence of
twitching were recorded 24, 48, 72, 96 and 120 hours of
exposure (HOE). Insects were counted as twitching if lying
on their side (AGL) or back (ACLB) with legs sporadically
jerking. On June 8, 2013, plants were rotated 180 degrees
and water and carbaryl applications described above were
applied to the previously untreated side of each plant in
order to repeat the experiment.
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Table 1. Coverage and droplet density = standard error in the
exterior, middle, and interior of China Girl® holly with
dense or sparse branch architecture.

Table 2. Coverage and droplet density = standard error in the
exterior, middle, and interior of oakleaf hydrangea ‘Alice’
with dense or sparse branch architecture.

Canopy Canopy Droplet Density Canopy Canopy Droplet Density
Density Position Coverage (%) (Deposits/cmz) Density Position Coverage (%) (Deposits/cmz)
Dense Exterior 283 + 1.9%a" 32+2a Dense Exterior 335 +45a° 62 +6a
Middle 33£19¢ 8*x2d Middle 0.8 £ 4.7 cd 2*+6d
Interior 27+ 18¢ 6+x2d Interior 05*+47d I1+6d
Sparse Exterior 339 x20a 33£2a Sparse Exterior 453 *47a 49 = 6a
Middle 128 = 1.8 b 17*+2b Middle 49 =47b 15+=6b
Interior 72 £20b 11£2¢ Interior 1.8 £ 4.5 be 8 £ 6bc
Num DF 2 2 Num DF 2 2
Den DF 54.12 52.36 Den DF 54.12 52.36
Significance X ok Significance il ok
P-value 0.0008 0.0003 P-value 0.0008 0.0003
F Statistic 8.16 9.43 F Statistic 8.16 9.43

*Significance at P=0.01 (*), P=0.001 (**), P=0.0001(***)

YMeans followed by the same letter within a column were not significantly
different (Tukey o = 0.05)

“Means are followed by standard errors

Each spray product (water and carbaryl) and each insect
(AGL or ACLB) were a separate experiment. Experiments
were arranged in a randomized complete block design
(blocked on experiment) in a 3 (canopy positions) by 2
(canopy densities) factorial arrangement with six arenas
per treatment combination and analyzed with repeated
measures over time using the GLIMMIX procedure of
SAS. Means were separated using Tukey’s LSD, o= 0.05.
Data were pooled for each insect species and treatment as
results were not different in repeated experiments.

Results and Discussion

Spray Penetration. Hydrangea density measurements
demonstrated that different levels of plant density were
achieved. Densely branched hydrangea plants were 52%
denser than those pruned to create the sparsely branched
plants (data not shown). Spray coverage was not different
for the exterior positions of dense and sparse holly or
hydrangea plants, indicating that spray applications were
made consistently (Tables 1 and 2). As in related studies,
penetration was reduced in the middle and interior
compared to the exterior canopy of each species (Derksen
et al. 2001, 2008, Zhu et al. 1997). Within the dense holly
canopy, as spray penetrated, spray coverage was reduced
88% at the middle position and 90% at the interior position
when compared with the coverage on the exterior of the
plant (Table 1). Within the sparse holly canopy, coverage
was decreased by 62% and 79%, at the middle and interior
positions respectively, when compared with the exterior
position. Within the dense hydrangeas, a large-leaved
species, almost all spray penetrating the canopy was
obstructed by foliage and branches; the middle and interior
had less than 1% coverage (Table 2). Even within the
sparse hydrangea canopy, coverage was decreased by 89%
and 96%, at the middle and interior positions respectively,
compared with the exterior position. Regardless of plant
density, the interior canopy of holly plants had less than
8% coverage and hydrangea canopies had less than 2%
coverage (Tables 1 and 2). The sparse holly plants received
288% and the hydrangea 513% more coverage in the
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“Means followed by the same letter within a column were not significantly
different (Tukey o = 0.05)

YSignificance at P=0.01 (*), P=0.001 (**), P=0.0001(***)

middle of the canopy than their dense counterparts,
indicating that some pest insects may be easier to control
within sparse canopies due to greater insecticide penetra-
tion and coverage. Contact insecticides with 36 to 62%
coverage were sufficient dependent upon insecticide used
to manage all stages of California red scale [Aonidiella
aurantii (Maskell)] (Garcera et al. 2011). With the interior
coverage in both holly and hydrangea at less than 8%, the
application may not be sufficient for a contact insecticide
to effectively control scales, borers and certain other
insects in the interior of the plant canopy.

Droplet density results were similar to coverage for both
plant species (Tables 1 and 2). Droplet density on the
exterior card was not different among the dense and sparse
plants for both holly and hydrangea. In both species,
deposits were lower in the middle and interior position than
the exterior position regardless of plant architecture.
Within the dense canopy, droplet density was reduced
from 32 deposits'cm ~ in the exterior position to 8 deposits/
cm? in the middle and 6 depositscm ™ in the interior
position, a 75% and 81% reduction, respectively, in holly
and from 62 depositscm > on the exterior position to 2
depositsem 2 in the middle position and 1 depositcm 2 in
the interior position, a 97% and 98% reduction, respec-
tively, in hydrangea (Tables 1 and 2). Similar decreases in
penetration have been documented in hardy hydrangea
(Hydrangea paniculata ‘DVPpinky’ Siebold) where only
5% of the deposits found on the exterior of the canopy
reached the interior (Derksen et al. 2012). Because of small
droplet size, 2 deposits’cm > may not be enough to achieve
adequate control of many insect species. The manufacturer
of WSP recommends 20 to 30 depositscm > for contact
insecticides [Syngenta Crop Protection Ag (https:/www.
syngenta.com.au/awri)]. However, this recommendation
may be pest and pesticide dependent. Within the sparse
canopy, droplet density decreased by more than 65% from
the exterior to the interior for both species (67% for holly
and 84% for hydrangea). Regardless of density, the interior
of holly and hydrangea canopies had 11 or fewer
depositscm ™ ; the middle of sparse plants received a
greater droplet density than the middle of dense plants.
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Table 3. Adult green lacewing survival at exterior, middle and interior positions of dense and sparse oakleaf hydrangea ‘Alice’ canopies sprayed

with water.

Survival (% alive) Functional (% not twitching)

Hours of exposure Hours of exposure
Canopy position and density 24 48 72 926 120 24 48 72 96 120
Exterior 98 98 96 91 84 98 98 95 90 83
Middle 98 96 89 86 80 98 96 89 86 80
Interior 99 97 93 90 84 98 95 92 90 84
Dense 98 97 91 87 82 98 96 90 87 82
Sparse 99 98 95 91 83 98 96 94 91 83

DF Significance P-value F Statistic DF Significance ~ P-value F Statistic

Position x T 260.2 NS* 0.7809 0.60 260.4 NS 0.6477 0.75
Density x T 257.5 NS 0.4852 0.87 257.5 NS 0.1282 1.81
Position x Density x T 260.2 NS 0.2473 1.29 260.4 NS 0.2256 1.34

“Means were not significantly different, & = 0.05.

Spray penetration may be greater in sparse canopies, yet
still does not meet the 20 to 30 depositscm > recommend-
ed for contact insecticides. Particularly for pests that are
living within the interior of plant canopies, such as scale
insects, pruning to create a sparse canopy may not be
enough to ensure adequate coverage.

The differences in canopy coverage between holly and
hydrangea could be due to size or leaf morphology. China
Girl® holly leaves are waxy, smooth, and convex (Dirr
2009). The waxy surface repels droplets, allowing for more
spray to deflect either away from the plant or further into
the canopy (Kirkwood 1999). The hydrangea leaves have
trichomes, which are also water repellant, but spray
droplets are more likely to fall off the leaf rather than
deflect (Xu et al. 2011). Hydrangea leaves are also much
larger than holly leaves, 2.5 by 3.2 cm (1 by 1.3 in) versus
7.6 to 20.3 cm (3 to 8 in) long and wide, allowing them to
shield the interior more effectively. The disparity in branch
number between dense and sparse holly (53%) and
hydrangea (42%) was due to leaf size as well as leaf
spacing; fewer branches were removed in hydrangea
because removing one branch removed substantial canopy
surface area, whereas with holly, several branches had to
be removed to achieve a reduction in canopy surface area.

Foliage and branches inhibited the spray from penetrat-
ing into the canopy. To achieve better spray penetration,
many landscape pesticide applicators place the wand
within the canopy; however this is not feasible in a large
nursery where thousands of plants are sprayed. Other
studies found that spraying plants from the bottom of the
canopy at a 45° angle upwards towards the plant’s crown
increased spray penetration (Lee et al. 2000, Tunstall et al.
1965). In this study, the effects of an angled application
method were not tested. Other improvements to spray
penetration have been made by changing the sprayer
design. Using an air-assisted sprayer helped increase
droplet density within hardy hydrangea ‘DVPpinky’
canopies and increasing the spray volume (from 187
L-ha™' to 374 L-ha™') improved canopy penetration
(Derksen et al. 2012). However, other studies have shown
that for trees with a dense canopy, as spray volume
increases, penetration decreases (Miranda-Fuentes et al.

J. Environ. Hort. 36(1):21-29. March 2018

2015). Several studies have reported the ability of air-
assisted sprayers to increase deflection of spray droplets off
leaf surfaces, allowing spray to better penetrate the canopy
when compared with other sprayers (Derksen et al. 2008,
Derksen and Sanderson 1996, Ozkan et al. 2006, Piché et
al. 2000, Womac et al. 1992). An air-assisted sprayer with
a novel five-port nozzle design improved spray penetration
and droplet density uniformity within yew (ZTaxus sp.)
canopies (Zhu et al. 2008). Other improvements on spray
technology include an intelligent sprayer that uses a laser to
detect plant presence and density in real time. The laser-
guided sprayer can acheive greater spray penetration with
reduced spray volume and still effectively control pests
(Chen et al. 2012, Jeon and Zhu 2012, Zhu et al. 2017b).
Applications that can be applied to deciduous trees in
winter or before plants have leafed out in the spring would
not have the same penetration issues and consequently,
products like dormant oils will achieve better coverage and
provide efficacy for managing difficult to control pests, like
scale insects, within the canopy interior.

Natural Enemy Survival. No interaction between posi-
tion and density on survival during the water control
experiments for either AGL or ACLB was documented.
Survival remained high (> 80% in AGL and >60% for
ACLB) over the 120 hours of observance, indicating that
the experimental environment had limited effect on AGL
and ACLB survivability (Tables 3 and 4). Twitching was
observed in both species, but was rare and mainly occurred
toward the end of the experiment. Therefore, the
experimental conditions were considered acceptable and
unlikely to influence the outcome of the experiments in
which carbaryl was sprayed.

When carbaryl was applied, an interaction between
position and density on survival of both insect species
occurred (Tables 5 and 6). For both insect species, plant
architecture influenced survival potential. AGL confined
with treated leaves taken from the middle of dense plants
had greater survival than those exposed to leaves taken
from the middle of sparse plants (Table 5), and leaves from
the interior of dense plants yielded higher survival than
when taken from the interior of sparse plants for both
species (with the exception of ACLB at 24 HOE) by as
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Table 4. Adult convergent lady beetle survival at exterior, middle and interior positions of dense and sparse oakleaf hydrangea ‘Alice’ canopies

sprayed with water.

Survival (% alive)

Functional (% not twitching)

Hours of exposure

Hours of exposure

Canopy position and density 24 48 72 96 120 24 48 72 96 120
Exterior 89 83 80 77 70 89 82 79 76 69
Middle 93 83 77 71 63 92 83 77 71 63
Interior 94 85 80 77 72 93 85 80 76 71
Dense 93 84 78 74 68 93 84 78 74 68
Sparse 91 83 79 75 69 91 83 79 75 68
DF Significance  P-value F Statistic DF Significance ~ P-value  F statistic
Position x T 265.8 NS* 0.6231 0.78 266 NS 0.7501 0.63
Density x T 264.5 NS 0.9143 0.24 264.6 NS 0.8431 0.35
Position x Density x T 265.8 NS 0.7894 0.59 266 NS 0.8233 0.54

“Means were not significantly different, & = 0.05.

much as 533% and 613% for AGL and ACLB, respectively
(Tables 5 and 6).

AGL on treated leaves from the middle position of dense
plants had a higher survival than those caged with leaves
from the middle position of sparse plants by 141%, 760%,
1,233% and 1,700%, at 24, 48, 72 and 96 HOE,
respectively (Table 5). The middle position offered no
protection to ACLB populations regardless of plant density
(Table 6). When predator species were confined with
leaves taken from the interior position of dense plants,
AGL had higher survival than when exposed to leaves
taken from the interior position of sparse plants by 163%,
361%, 367%, 408%, and 533% at 24, 48, 72, 96, and 120
HOE, respectively, and 100%, 319%, 377%, and 613% at
48, 72, 96, and 120 HOE, respectively, in ACLB (Tables 5
and 6). Additionally, survival of both species confined with
carbaryl-treated leaves taken from the dense interior
position never dropped below 50%, which is consistent
with survival in the water application experiments.

AGL and ACLB survivors were rated for either
twitching behavior (incapable of normal mobility or
activity) or functionally normal behavior (Tables 3, 4, 5
and 6). Although some twitching insects appeared to
eventually regain functionality, the insects would probably
not be able to function as predators while immobilized and
twitching. In carbaryl experiments, not all surviving insects
exhibited functionally normal behavior; their behavior
generally followed the same pattern as survival (Tables 5
and 6). AGL and ACLB confined to carbaryl-treated leaves
from the interior and middle of dense canopies remained
significantly more functional than those confined to leaves
from sparse plants (P<<0.0001 and P=0.006, respectively)
(Tables 5 and 6). At 72 HOE, only 13% of AGL with
exposure to leaves from the interior were functional and
just 3% were functional on leaves from the middle position
of sparse plants; 9% of ACLB on leaves from the interior
were functional and 17% of those exposed to leaves from
the middle positions were functional. However, greater
than 50% of both AGL and ACLB were still functional on
leaves from the interior and 40% or more were functional
on leaves from the middle of the dense canopy at 72 HOE.
While not recorded in the study, we also observed carbaryl-
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exposed ACLB walking in circles and walking into arena
walls; neither behavior was observed in the water control
ACLB.

The interior and middle positions of both dense and
sparse hydrangea plants received less than 5% insecticide
coverage (Table 2), but only the interior position of dense
plants protected greater than 55% of AGL and ACLB from
both debilitating behavior and death over the course of the
study. The low survivability and lower functionality even
in areas with limited penetration indicates that just a small
amount of carbaryl can harm some natural enemies, but
may also be effective against pest insects. Using a less
toxic, more targeted insecticide may have led to a different
outcome, possibly with greater survival in the interior of
the canopy.

This study was conducted in an unnatural environment
where insects were confined to arenas with treated leaves. In
a natural setting, insects move around the canopy searching
for prey, making them more likely to come into contact with
residue from other canopy positions. It is also possible that
in a natural setting, natural enemies may avoid insecticide
residue. Tomato leafminers [Tuta absoluta (Meyrick)]
avoided laying eggs where the insecticide azadirachtin
(Azamax®, DVA Brasil, Campinas, SP, Brasil) was present
(Tomé et al. 2013). Tawny mole cricket (Scapteriscus
vicinus Scudder) avoided tunneling in areas where bifenthrin
[Talstar EZ” (FMC, Philadelphia, PA)], chlorantraniliprole,
Acelepryn” (DuPont, Wilmington, DE), and fipronil (Chipco
Choice, Bayer Environmental Science, Montvale, NJ) had
been applied (Silcox et al. 2012). However, Ranos et al.
(2018) found that the parasitoid wasp Copidosoma trunca-
tellum (Dalman) remained longer in areas treated with
insecticides (acephate and chlorfenapyr) than in areas that
were untreated. Moreover, a field study conducted on cotton
found that pests were effectively controlled by insecticides,
yet lacewings and ladybeetles remained equally abundant in
both sprayed and unsprayed fields (Sarwar and Sattar 2016).

Understanding the nexus of plant architecture and pest
management in nursery production is important for both
traditional and integrated pest management. Intra-canopy
pesticide penetration as well as residue levels and
degradation rates are critical facets of both conservation
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and augmentative biological control. In future studies,
additional insecticides should be tested to determine how
different insecticide modes of action affect natural enemy
survival within dense canopies. Also, residue persistence at
different canopy positions should be investigated to
determine natural enemy survival when release follows a
pesticide application. Additionally, research conducted in a
natural environment is needed to ascertain the distribution
and movement of natural enemy species within the plant
canopy in order to further evaluate the significance of
canopy density on conservative and augmentative biolog-
ical control. By better understanding the role of plant
canopy on spray penetration and survival of both
destructive and beneficial insects, nursery managers can
improve pest management practices and advance sustain-
ability in the Green Industry.
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