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SUMMARY. To optimize pesticide applications to the canopies of deciduous perennial
crops, spray volume should be adjusted throughout the year to match the changes
in canopy volume and density. Machine-vision, computer-controlled, variable-rate
sprayers are now commercially available and claim to provide adequate coverage
with decreased spray volumes compared with constant-rate sprayers. However, there
is little research comparing variable- and constant-rate spray applications as crop
characteristics change throughout a growing season. This study evaluated spray
volume, spray quality (e.g., coverage and deposit density), and off-target spray losses
of variable- and constant-rate sprayers across multiple phenophases in an apple
(Malus domestica) orchard and a grape (Vitis vinifera) vineyard. The variable-rate
sprayer mode applied 67% to 74% less volume in the orchard and 61% to 80% less
volume in the vineyard. Spray coverage (percent), measured by water-sensitive cards
(WSC), was consistently greater in the constant-rate mode compared with the
variable-rate mode, but in many cases, excessive coverage (i.e., over-spray) was
recorded. The variable-rate sprayer reduced off-target losses, measured by WSC
coverage, up to 40% in the orchard and up to 33% in the vineyard. Spray application
deposit densities (droplets per square centimeter) on target canopies were typically
greater in variable-rate mode. However, the deposit densities were confounded in
over-spray conditions because droplets coalesced on the WSC resulting in artificially
low values (i.e., few, very large droplets). Spray efficiencies were most improved
early in the growing season, when canopy density was lowest, demonstrating the
importance of tailoring spray volume to plant canopy characteristics.

Pesticide spray applications must
adapt to seasonal plant growth
to minimize off-target losses of

agricultural chemicals and reduce en-
vironmental and human health haz-
ards. The canopies of perennial crops
change over the season as buds burst,
branches develop, fruit form, and
crops are harvested. Each phenophase
has variable intra and interseasonal
canopy development that requires var-
iable-rate pesticide applications for
maximal application efficiency (Chen
et al., 2013a; Gil and Escol�a, 2009;
Llorens et al., 2010). In addition to
natural growth changes, the structure
and density of a crop canopy are often
highly altered by horticultural practi-
ces. For example, producers common-
ly reduce the canopy density to
improve light and air infiltration, pro-
mote fruit ripening, and reduce disease
pressure (Austin et al., 2011). While
tree row volume is an established
method for adjusting the volume of

pesticide to match plant canopy
growth (Gil and Escol�a, 2009; R€uegg
and Viret, 1999; da Silva Scapin et al.,
2015), in practice, pesticide volumes
are usually based on the two-dimen-
sional field area (e.g., gallons per acre)
and predicated on historical use pat-
terns, as opposed to being modified
based on three-dimensional changes in
the plant canopy. A spray rate that
does not adapt to match the canopy

volume and density increases the likeli-
hood of overspraying when the canopy
is sparsely developed and underspray-
ing when the canopy is at its fullest.

Most specialty crop producers
rely on frequent applications of pesti-
cides due to intense pressure from
pests and diseases and to meet the
stringent aesthetic requirements for
marketable fruits and vegetables. In
apple (Malus domestica) orchard and
grape (Vitis vinifera) vineyards, up to
weekly pesticide applications are ap-
plied during the growing season
(Chen et al., 2020; Thiessen et al.,
2017). Costs associated with pesticide
applications (e.g., chemicals, equip-
ment, labor) can account for 30% or
more of the annual operating costs for
an orchard (Bechtel et al., 1995) or a
vineyard (Sambucci et al., 2014). Air-
assisted sprayers are used throughout
the world to apply insecticides and
fungicides to orchards, vineyards, and
other specialty crop production sys-
tems (Warneke et al., 2020). Air-assis-
ted sprayers deliver pesticides by
atomizing droplets of an aqueous
chemical mixture into a high-velocity
air stream. The blast of air is designed
to displace the air in the crop canopy
with a stream of pesticide droplets.
Air-assisted sprayers were originally
designed to apply pesticides to large
fruit trees, often 20 ft or more in
height at maturity, but modern fruit
orchards often produce on trees 6 to
12 ft tall (Fox et al., 2008; Warneke
et al., 2020). Therefore, standard air-
assisted sprayers are often overpow-
ered for modern crops and eject drop-
lets above and beyond the canopy,
whereby some droplets escape into
the atmosphere (Grella et al., 2019).
Research has demonstrated that when
air-assisted sprayers apply a constant
spray rate without considering the
plant size, shape, or pest location that

Units
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To convert SI to U.S.,
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1.0444 fl oz/ft3 L·m�3 0.9575
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0.4470 mph m·s�1 2.2369
6.8948 psi kPa 0.1450
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plants are often undersprayed or over-
sprayed (Fessler et al., 2020).

Optimizing spray applications is
necessary to address increasing pesti-
cide expenses, limited labor availabili-
ty, stricter regulations, and increased
public awareness of pesticide use
(Giles et al., 2011). A sensor-guided
sprayer can apply a variable-rate spray
that adapts to the changing canopy
volume and density thereby reducing
waste and off-target deposition com-
pared with standard constant-rate
sprayers (Chen et al., 2013b; Giles
et al., 2011; Tona et al., 2018). A pre-
vious comparison between a constant-
rate sprayer and a laser-guided, vari-
able-rate sprayer at an apple orchard
in Ohio demonstrated reduced off-
target losses from 70% to 90% and re-
duced the spray volume by 50% to
70% (Chen et al., 2013b). However,
research comparing standard air-blast
sprayers and laser-guided, variable-
rate sprayers has not been conducted
in many other crop systems in many
other locations, which is important
because orchards and vineyards are
known for their variability because
many are located on uneven terrain,
managed by hand labor, and owned

by small, private companies. There-
fore, the objective of this study was to
evaluate the effect of variable- and
constant-rate spray applications and
phenological stage on spray volume,
coverage, and deposit density in two
perennial specialty crop systems: an
apple orchard and a grape vineyard.

Materials and methods
Field tests were conducted at an

apple orchard in Tennessee and a
grape vineyard in Oregon. The or-
chard experiment was carried out at a
commercial apple orchard in Pikeville,
TN (lat. 25�32053.858400N, long.
85�9010.130400W) on ‘Red Rome’ ap-
ple trees on Malling 26 (M26) dwarf-
ing rootstock planted in 2011 with 6
ft between trees within the row and
23 ft between rows (Fig. 1). Trees
were trained to a central leader sys-
tem. They were primarily pruned in
the dormant season with light prun-
ing in the summer. Chemical thinners
were used as the initial and primary
practice to reduce crop load begin-
ning with petal fall. Hand thinning
was used secondarily to break up fruit
clusters and to refine the crop load
through 1.5 inches fruit diameter. A
weather station consisting of an ane-
mometer (034A-L Wind Set; Met
One, Grants Pass, OR) and an air tem-
perature and relative humidity sensor
(HMP60-10-PT; Vaisala Corp., Hel-
sinki, Finland) was located within the
orchard �120 m from the test plot
(Table 1). Sensors were connected to a
data logger (CR1000; Campbell Sci-
entific, Logan, UT), and the station
was powered by a solar panel.

The vineyard experiment was car-
ried out at the Oregon State University
Botany and Plant Pathology vineyard
in Corvallis, OR (lat. 44�33056.700N,
long. 123�14042.700W) on ‘Pinot noir’
planted in 1998 on Vitis rupestris � V.
riparia 101-14 rootstock with 7 ft be-
tween vines within the row and 8 ft be-
tween rows. Grapevines were trained
to a guyot (vertical shoot position) sys-
tem and pruned by 15 Mar. 2019.
Shoot thinning by hand occurred from
1 to 10 May 2019, and sucker removal
by hand was continuous throughout
the season. Shoots were cut above the
top training wire on 20 June 2019 and
maintained at this height throughout
the growing season.

A weather station consisting of a
temperature probe (107, Campbell

Scientific), temperature and relative
humidity probe (HC2S3; Rotronic,
Hauppauge,NY),wind speed, andwind
direction sensors (014A and 024A,Met
One) was located �450 m northeast of
the vineyard site. The weather station
was powered by a solar panel.

Spray events were recorded as cal-
endar dates with the corresponding
stage on the Biologische Bundesan-
talt, Bundessortenamt, and Chemi-
sche (BBCH) plant development scale
(Meier, 2018).

Sprayers
Pesticides were applied with con-

ventional air-assisted sprayers that
were retrofitted with an intelligent
spray system developed by the U.S.
Department of Agriculture, which en-
ables a variable-rate spray mode
(Chen et al., 2012). The technology
includes a high-speed scanning light
detection and ranging (LiDAR) sen-
sor (UTM-30LX; Hokuyo Automatic
Co., Osaka, Japan), Doppler radar
ground speed sensor (RVSIII radar
velocity sensor; Dickey-John Corp.,
Auburn, IL), and embedded comput-
er with a touchscreen interface. The
LiDAR sensor scans the crop and uses
plant presence and canopy density to
determine the pesticide application
volume, essentially automating the
tree row volume calculation. The
Doppler radar sensor independently
measures the ground speed of the
sprayer and times the release of spray
onto the crop. LiDAR and ground
speed data are processed (Liu and
Zhu, 2016) and then relayed to an au-
tomatic flow control box that controls
individual nozzles. A pulse width
modulated solenoid valve (55295-1-
12; TeeJet Technologies, Wheaton,
IL) is fitted to each nozzle to operate
each nozzle independently. The
touch screen allows the spray opera-
tor to select the spray rate (fluid oun-
ces of prepared spray solution per
cubic foot of crop) and the switch
box allows the operator to activate
each side independently in intelli-
gent, variable-rate mode, or manual,
constant-rate mode.

ORCHARD. The orchard sprays
were applied by a retrofitted air-assisted
sprayer (1000 CS; AgTEC Superb
Horticulture Co., Plymouth, IN) with
a 1000-gal spray tank previously de-
scribed by Fessler et al., (2020). Sprays
were discharged through 14 nozzles, 7
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nozzles on each side. Each nozzle had
a specialized two-hole air-shear tip and
was operated at 35 psi. The upper
spray-head had two nozzles that were
adjusted to discharge spray downward
and a lower spray-head had five nozzles
that discharged spray radially upwards.
The variable-rate sprayer was operated
at the default rate of 0.07 fl oz/ft3 per
crop canopy volume. The tractor was
operated at 3.0 to 3.5mph.

VINEYARD. The vineyard sprays
were applied by a retrofitted radial fan
air-assisted sprayer (Pak Blast; Rears
Manufacturing, Coburg, OR) with a
50-gal tank. The sprayer had 14 noz-
zles (D3 ceramic discs and DC25 core,
TeeJet Technologies), 7 on each side.
However, for this study the top and
bottom nozzles were permanently
closed since they would have been con-
tinuously aimed off-target and re-
mained open in constant-rate mode.
The nozzles were operated at 80 psi us-
ing only one side of the sprayer during
the study because the experimental de-
sign sprayed alternate rows (Fig. 2).
The variable-rate sprayer mode was set
to 0.06 fl oz/ft3 of crop volume. The
sprayer was pulled and powered by a
tractor driven at 2mph.

Spray quality monitoring
ORCHARD. Target trees were se-

lected from a pair of 302-ft rows sepa-
rated by a primary driveway. The rows
of trees adjacent to each target tree
row and distal to the primary driveway
were selected as drift-tree rows. Sec-
ondary driveways separated the target-
tree rows and drift-tree rows. Ten pairs
of trees were selected for monitoring
spray characteristics in the target-tree
rows. In each of the target trees, four
pairs of 3 � 2-inch water-sensitive
cards [WSC (TeeJet Technologies)]
were attached, with clips, within the
canopy. The target-tree WSC were po-
sitioned at 5.5 to 5.9 ft high and were
placed at equidistant locations within
the canopy from east to west. Card po-
sitions were numbered 1 through 4
with position 1 being the closest to the
primary driveway and position 4 being
the closest to the secondary driveway
(Fig. 1). The paired cards in positions
1 through 4 were clipped back-to-back
so that one card faced the primary
driveway (P) and the other card faced
the secondary driveway (S). Proximal
card positions were the four closest
cards facing the sprayer (1P, 2P, 3S,

Fig. 1. Plot map of the commercial apple orchard in Pikeville, TN (lat.
25�32053.858400N, long. 85�9010.130400W). Target trees were selected from a pair
of 302 ft (92.0 m) rows separated by a primary driveway. The rows of trees
adjacent to each row of target trees were selected as drift-tree rows. Secondary
driveways separated the target-tree rows and drift-tree rows. Ten pairs of trees
were selected for monitoring spray characteristics in the target-tree rows using
water-sensitive cards.
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4S). Distal card positions were the four
cards further away from the sprayer as
it passed down the respective driveway
(1S, 2S, 3P, 4P). A board with a single
WSC attached face-up was placed on
the ground at each target tree (posi-
tion 5) to assess off-target ground
spray. Ten trees in each drift-tree row
were selected to correspond to each
target tree. In each drift tree, a single
WSC was placed in the same relative
location of card position 1 facing the
primary driveway (position 6).

Spray trials were conducted when
trees reached full bloom [24 Apr. 2019
(BBCH 65–66)], fruit fall [29 May
2019 (BBCH 70–73)], and advanced
ripening [20 Aug. 2019 (BBCH
83–85) (Fig. 3)]. On each spray day,
the primary driveway was sprayed first.

After the first pass, theWSC in the drift
trees (position 6) were allowed to dry
and then collected. Next, the secondary
driveways were each sprayed. After this
second pass, the WSC in the target
trees and on the ground were allowed
to dry and then collected. Cards were
collected in labeled envelopes and
stored with desiccant. This spray proce-
dure was first conducted in variable-
rate mode and then replicated in the
same area in constant-rate mode. There
were two areas of missing trees in this
orchard block, and the nozzles were
manually closed during the constant-
rate sprayer mode while the tractor was
passing through these open stretches,
as was the orchardist’s normal practice.
Spray volume data were collected at
each growth stage using the embedded

computer that calculates sprayer output
based on nozzle parameters previously
entered into the user interface.

At each growth stage, canopy vol-
ume was recorded by measuring tree
height, tree width across the row, and
row length. Measurements from a line
quantum sensor (LQS706; Apogee In-
struments, Logan, UT) connected to a
quantum meter (QMSS, Apogee In-
struments) were taken as an indicator
of canopy density. Within 24 h of each
spray date, a leveled line quantum sen-
sor was held in full sun and an initial
measurement was taken. Immediately
after this measurement, the sensor was
held �1 ft from the base of a target
tree, parallel to the row and centered
on the trunk, and another measure-
ment was taken. This process was
repeated for each target tree. All meas-
urements were taken from the west
side of the trees where the shadow was
being cast.

VINEYARD. Four rows of ‘Pinot
noir’ in a multicultivar block were cho-
sen for spraying. Between each row of
target vines was a buffer row of grape-
vines planted to minimize interrow in-
terference. A plot within each of the
four target rows was designated either
for the variable-rate or the constant-
rate spraying, creating four replicate
plots of each sprayer mode (Fig. 2).
Groups of WSC were placed in differ-
ent positions within the vines to evalu-
ate sprayer-mode application quality.
Two 1.5 � 2-inch WSC were placed
back-to-back in the cluster zone of the
grape canopy so that the water-sensi-
tive side was facing out. The back-to-
back cards were clipped vertically so
that one of the cards faced east and
one faced west (positions CE and CW,
respectively). Three of these cluster

Table 1. Weather conditions during spray applications. Data represent the average of the weather data points from the
hour each application was made to each crop.

Crop Growth stage Sprayer mode
Wind speed
(m·s21)z

Wind
direction

Air temp
(�C)y

Relative
humidity (%)

Orchard Full bloom Variable rate 0 NW 24.8 29.0
Constant rate 0.02 SSW 21.2 44.1

Fruit fall Variable rate 2.5 SSW 27.2 44.8
Constant rate 2.6 S 28.6 39.8

Advanced ripening Variable rate 0.02 S 29.0 56.9
Constant rate 0 WNW 29.5 56.3

Vineyard Prebloom — 1.1 E 18.6 66.6
Bloom — 3.0 NE 20.5 61.0
Full canopy — 1.3 SE 25.0 48.0

zWind speed at 2 m (6.56 ft) above the ground; 1 m·s�1 = 2.2369 mph.
y(1.8 � �C 1 32) = �F.

Fig. 2. Plot map of the grape vineyard at the Oregon State University Botany and
Plant Pathology research farm in Corvallis, OR (lat. 44�33056.700N, long.
123�14042.700W) with 7 ft (2.13 m) between vines within the row and 8 ft (2.43
m) between rows. Four rows of ‘Pinot noir’ in a multicultivar block were chosen
for spraying. Between each row of target vines was a row of rootstock vines
planted to minimize interrow interference. A plot within each of the four target
rows was designated either for the variable-rate or the constant-rate spraying,
creating four replicate plots of each sprayer mode. Groups of water-sensitive cards
were placed in different positions within the vines to evaluate sprayer-mode
application quality.
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zone card pairs were evenly distributed
along each grape plot. At �5 ft off the
ground near the middle of the grape
canopy, three WSC were stapled to the
adaxial leaf surface (AD), and another
three WSC were stapled to the abaxial
leaf surface (AB). Additionally, two
WSC were oriented vertically and
placed �4 ft off the ground in the ad-
jacent buffer row (position D) to de-
tect any nontarget spray.

Spray treatments were applied
when the vines reached prebloom [30
May 2019 (BBCH 57)], full bloom
[18 June 2019 (BBCH 65)], and mid-
season when plants had developed a
full canopy [26 July 2019 (BBCH 79)
(Fig. 4)]. During each spray event, the
sprayer first traveled up one side of the
target row, spraying plots, then down
the other side of the row, spraying the
same plots from the opposite side.

After�15 to 30min of drying time, the
WSC were collected from all positions
and placed into individual coin enve-
lopes, then into zip-top plastic bags
until analysis. Spray volume data were
collected at each growth stage using the
embedded computer. Canopy sizemea-
surements, (e.g., length and width)
were collected manually, at each spray
interval, using a measuring tape. Cano-
py density was measured automatically
by the LiDAR sensor mounted on the
sprayer, as part of the computer control
spray calculations. The LiDAR density
measurements are a unitless proportion
(cubic foot per cubic foot).

Statistical analyses
The WSC were scanned at 600

dpi, saved as .jpg files, and analyzed
using DepositScan software (Zhu
et al., 2011). The DepositScan pro-
gram was used to analyze the cards for
spray coverage (percent) and deposit
density (droplets per square centime-
ter). The effects of sprayer mode, card
position, and growth stage on spray
volume, coverage, and deposit density
were analyzed using mixed model
analysis for split-plot design with re-
peated measures, with the sprayer
mode as the whole-plot effect, card
position as the split-plot effect, and
growth stage as the repeated factor.
Crop measurements (vineyard: cano-
py density and volume, shoot length;
orchard: canopy density and volume,
tree height and width) and spray vol-
ume data were analyzed using repeat-
ed-measures analysis of variance, with
sprayer mode as the between-subject
effect while the plant growth stage
was the within-subject effect. For all
analyses, residuals were examined for
model assumptions of normality and
equal variance. Post hoc contrasts and
multiple comparisons were performed
with Tukey’s adjustment. Statistical
significance was identified at the level
of 0.05. Analyses were conducted in
SAS (version 9.4 TS1M4 for Win-
dows 64x; SAS Institute, Cary, NC).

Results
Environmental conditions

ORCHARD. Wind speed ranged
from 0 to 2.6 m·s–1 during the experi-
ment and was generally from a south-
west direction although it was from the
northwest and west–northwest on two
dates during the experiment (Table 1).
Air temperature ranged from 21.2 to

Fig. 4. Growth stages when the spray applications were made on grapes based on
the Biologische Bundesantalt, Bundessortenamt, and Chemische (BBCH) scale:
(A) prebloom [30 May 2019 (BBCH 57)], (B) full bloom [18 June 2019 (BBCH
65)], and (C) full canopy [26 July 2019 (BBCH 79)]. Experimental vineyard at
located at Oregon State University in Corvallis (lat. 44�33056.700N, long.
123�14042.700W).

Fig. 3. Growth stages when the spray applications were made on apples based on the
Biologische Bundesantalt, Bundessortenamt, and Chemische (BBCH) scale: (A) full
bloom [24 Apr. 2019 (BBCH 65–66)], (B) fruit fall [29 May 2019 (BBCH
70–73)], and (C) advanced ripening [20 Aug. 2019 (BBCH 83–85)]. This orchard
plot was located in Pikeville, TN (lat. 25�32053.858400N, long. 85�9010.130400W).
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29.5 �C and humidity ranged from
29.0% to 56.9% during the experiment.

VINEYARD. Wind speed ranged
from 1.1 to 3.0 m·s–1 in the vineyard
and was from the east (Table 1). Air
temperature and humidity ranged
from 18.6 to 25.0 �C and 48.0% to
66.6%, respectively.

Spray volume
ORCHARD. The application rate

at full bloom, fruit fall, and advanced
ripening was 81.9, 81.6, and 75.9
gal/acre in the constant-rate mode,
respectively, and 21.6, 24.5, and 25.1
gal/acre in the variable-rate mode, re-
spectively [P = 0.03 (Table 2)].

VINEYARD. The application rate
at prebloom, full bloom, and full cano-
py was 111, 110, and 110 gal/acre in
the constant-rate mode, respectively,
and 23, 42, and 43 gal/acre in the var-
iable-rate mode, respectively [P <
0.05 (Table 3)].

Spray coverage and deposit
density

ORCHARD. For coverage, there
were main effects from the sprayer
mode (P < 0.0001), the card posi-
tions (P < 0.0001), and the growth
stage (P < 0.0001). There were also
interactions between the sprayer
mode � card position � growth stage
(P < 0.0001), card position � growth
stage (P < 0.0001), and sprayer
mode � card position interaction (P <
0.0001), but not the sprayer mode �
growth stage (P = 0.5040). At each
growth stage for all target card posi-
tions, WSC coverage was greater in
the constant-rate mode (22% to 97%)
compared with WSC coverage re-
corded during the variable-rate mode
[6% to 69% (Fig. 5)]. WSC coverage
was also greater on the ground and
aerial drift cards when the sprayer was
operated in constant-rate mode (6%
to 74%) compared with drift card
coverage during the variable-rate
mode (1% to 30%).

For deposit density (droplets per
square centimeter), there were main
effects of sprayer mode (P < 0.0001),
card position (P < 0.0001), and
growth stage (P < 0.0001), as well as
interactions between sprayer mode �
card position � growth stage (P <
0.0001), card position � growth
stage (P < 0.0001), sprayer mode �
card position (P < 0.0001), and
sprayer mode � growth stage (P <
0.0001). For nearly all of the proximal
and distal cards, the variable-rate
sprayer had greater deposit densities
(72 to 242 droplets/cm2) than the
deposit densities during constant-rate
sprayer mode (2 to 217 droplets/
cm2) during full bloom and fruit fall
(Fig. 5A and B). The one exception,
where deposit density was greater dur-
ing constant-rate mode, was a distal
card (4P) collected during fruit fall
(Fig. 5B). However, during the ad-
vanced ripening stage, the proximal
cards (1P, 2P, 3S, 4S) sprayed in the
variable-rate mode resulted in greater

Table 2. ‘Red Rome’ apple tree measurements and spray volume discharged when spraying three growth stages in variable-
rate and constant-rate modes.

Growth stage Sprayer mode

Spray applied
(gal/acre)z

Canopy density
(% sun blocked)y

Tree
ht (cm)z

Tree width,
along row (cm)

Tree width,
across row (cm)

Canopy
vol. (m3)x

mean (±SE)

Full bloom Constant-rate 81.9 49 (±1) bw 240 (±6) 263 (±8) 281 (±6) b 619
Variable-rate 21.6

Fruit fall Constant-rate 81.6 75 (±1) a 263 (±7) 280 (±12) 313 (±6) a 757
Variable-rate 24.5

Advanced ripening Constant-rate 75.9 69 (±1) a 243 (±8) 281 (±9) 307 (±5) a 686
Variable-rate 25.1

P <0.001 0.06 0.35 0.001
z1 gal/acre = 9.3540 L·ha�1, 1 cm = 0.3937 inch.
yCanopy density was estimated using a quantum line sensor to determine the percent of sunlight blocked by the canopy on the orchard floor.
xCanopy volume calculated as: tree width (across row) � tree height � plot length; 1 m3 = 35.3147 ft3.
wMeans within a column followed by the same letter are not significantly different, P < 0.05, Tukey’s honestly significant difference.

Table 3. ‘Pinot noir’ grape vine measurements and spray volume discharged when spraying three growth stages in variable-
rate and constant-rate modes.

Growth stage Sprayer mode

Spray applied
(gal/acre)z Canopy densityy

Shoot length
(inches)z

Leaves (no./
shoot)

Canopy vol.
(ft3)x

mean (± SE)

Prebloom Constant-rate 111 (±2) cw 0.33 (±0.03) a 25.3 (±1.2) a 9 (±0.3) a 62 (±7) a
Variable-rate 23 (±1) a 0.35 (±0.02) a 25.8 (±2.0) a 9 (±0.4) a 61 (±14) a

Full bloom Constant-rate 110 (±0.4) c 0.60 (±0.02) b 54.6 (±1.2) b 14 (±0.1) b 164 (±21) b
Variable-rate 42 (±2) b 0.61 (±0.01) b 55.9 (±2.9) b 14 (±0.4) b 171 (±22) b

Full canopy Constant-rate 110 (±1) c 0.66 (±0.02) b 54.0 (±1.4) b 15 (±1.6) b 172 (±17) b
Variable-rate 43 (±2) b 0.64 (±0.01) b 54.3 (±1.4) b 14 (±0.8) b 194 (±21) b

P value <0.001 <0.001 <0.001 <0.001 <0.001
z1 gal/acre = 9.3540 L·ha�1, 1 inch = 2.54 cm.
yCanopy density as measured with the light detection and ranging laser sensor. Values are a unitless proportion (e.g., cubic foot per cubic foot).
xCanopy volume calculated as canopy width � canopy height � plot length; 1 ft3 = 0.0283 m3.
wMeans within a column followed by the same letter are not significantly different, P < 0.05, Tukey’s honestly significant difference.
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deposits density than those sprayed in
the constant-rate mode, whereas the
distal cards sprayed in the constant-
rate mode had a deposit density that
was either not different (3P) or great-
er (1S, 2S, 4P) than those sprayed in
the variable-rate mode (Fig. 5C). Un-
like most of the other card positions,
the deposit density on aerial drift cards
(6P) was consistently less in the vari-
able-rate mode than in the constant-
rate mode.

VINEYARD. For coverage, the
main effects of sprayer mode (P =
0.0009) and card position (P <
0.0001) were significant, but not
growth stage (P = 0.0648). The inter-
actions between sprayer mode � card
position (P = 0.1125) and sprayer
mode � card position � growth stage
interaction (P = 0.4360) were not sig-
nificant. Yet there was an interaction
between card position � growth stage
(P < 0.0001). At each growth stage,
the spray coverage of WSC (60% to
70%) was greater in the cluster zone
(positions CE and CW) when the
sprayer was operated in the constant-
rate spray mode, compared with cov-
erage of WSC (25% to 45%) when the
sprayer was operated in the variable-
rate sprayer mode (Fig. 6). In both
target leaf positions, the constant-rate
sprayer mode resulted in greater mean
WSC coverage (AB 51% and AD
32%) than the variable-rate spray
mode (AB 26% and AD 7%) at pre-
bloom. Mean WSC coverage between
sprayer modes was not different be-
tween AB and AD at full-bloom or
full-canopy growth stages (Fig. 6B
and C). Drift coverage (position D)
was greater in the constant-rate mode
(46%) compared with the variable-rate
mode (13%) at prebloom (Fig. 6A).

For deposit density, the main ef-
fects of sprayer mode (P = 0.0049),
card position (P = 0.0032), and growth
stage (P < 0.0001) were all significant.
There were also significant interactions
between sprayer mode � card posi-
tion� growth stage (P = 0.0106), card
position� growth stage (P< 0.0001),
and sprayer mode � card position (P =
0.0003), but not sprayer mode �
growth stage (P = 0.1330). Mean de-
posit densities collected from cards
placed in the canopy sprayed by the
variable-rate mode ranged from �70
to 120 droplets/cm2, whereas those
for the constant-rate mode ranged
from �20 to 120 droplets/cm2 (Fig.

Fig. 5. Mean percent coverage and deposit density on water-sensitive cards (WSC)
in ‘Red Rome’ apple trees sprayed at three growth stages [(A) full bloom, (B)
fruit fall, (C) advanced ripening] in variable-rate and constant-rate modes.
Proximal WSC positions 1P and 2P face the primary driveway, proximal WSC
positions 3S and 4S face the secondary driveway, distal WSC positions 1S and 2S
face the secondary driveway, and distal WSC positions 3P and 4P face the primary
driveway. WSC position 5P is the ground WSC, and WSC position 6P is the aerial
drift card. Uncertainty intervals are standard error, the asterisk indicates a
significant difference between variable-rate and constant-rate spray modes at that
WSC position and growth stage. The horizontal bar denotes a 30% overspray
threshold.
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6). On leaves in the canopy (positions
AD and AB), the only significant differ-
ence occurred on the upper leaf surface
at full canopy with the variable-rate re-
sulting in 76 droplets/cm2 and the
constant-rate mode resulting in 45
droplets/cm2 (Fig. 6C). There was no
difference in deposit density due to
sprayer mode in the drift position at
pre-bloom or full canopy (Fig. 6A and
C); however, when the sprayer was op-
erated in the constant-rate mode at full
bloom, it resulted in greater deposit
density than the variable-rate mode
(Fig. 6B).

Discussion
The greatest differences in the vol-

ume of pesticide application between
constant- and variable-rate sprayer mo-
des occurred early in the season when
the canopy was sparse (Figs. 3 and 4).
At full bloom, the ‘Red Rome’ apple
trees had little foliage and no shoot
growth. At pre-bloom, the ‘Pinot noir’
grapevines had variable shoot growth
with much of the trellis lacking vegeta-
tion. In the orchard, spray volume was
reduced by 74%, 70%, and 67% in the
variable-rate mode compared with the
constant-rate mode at full bloom, fruit
fall, and advanced ripening, respectively
(Table 2). In the vineyard, spray vol-
ume was reduced by 80%, 62%, and
61% in the variable-rate mode com-
pared with the constant-rate mode at
pre-bloom, full bloom, and full canopy,
respectively (Table 3). Reduced spray
volumes by the variable-rate sprayer
mode support previous research in
which variable-rate spraying also greatly
reduced the volume of pesticide applied
in orchards (Fessler et al., 2020), vine-
yards (Llorens et al., 2010), and tree
nursery production systems (Zhu et al.,
2017). Previous studies positively cor-
related spray volume with spray cover-
age up to the point of leaf saturation
(Miranda-Fuentes et al., 2015; Wise
et al., 2010).

Spray coverage was typically great-
er in the constant-rate mode compared
with using the variable-rate mode. In
the orchard, all cards across all three
growth stages had greater coverage
when sprayed in the constant-rate spray
mode (Fig. 5). In the vineyard, during
the full-bloom and full-canopy pheno-
phases, the constant-rate mode applied
more than two and a half times the vol-
ume of the variable-rate mode (Table
3). However, coverage was only greater

Fig. 6. Mean percent coverage and deposit density on water-sensitive cards
(WSC) in ‘Pinot noir’ vines sprayed at three growth stages [(A) pre-bloom, (B)
full bloom, (C) full canopy] in variable-rate and constant-rate modes. The WSC
positions are from left to right: cluster WSC facing east (CE), cluster WSC
facing west, (CW) abaxial leaf surface (AB), adaxial leaf surface (AD), and drift
WSC (D). Uncertainty intervals are standard error, the asterisk indicates a
significant difference between variable-rate and constant-rate spray modes at that
WSC position and growth stage. The horizontal bar denotes a 30% overspray
threshold.
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in the cluster zone (Fig. 6). This inter-
action of coverage and spray card posi-
tion may be explained by the intelligent
sprayer technology. The control system
triggers each nozzle to apply the calcu-
lated amount of spray volume based on
its target’s characteristics (Chen et al.,
2012) and underscores how the sens-
ing technology can eliminate overappli-
cation of pesticides, which is typical of
conventional air-blast sprayers. Con-
ventional sprayers are normally operat-
ed to sufficiently cover the densest
foliage. During the full-bloom and full-
canopy phenophases, leaves were the
densest part of the grapevine and where
the laser would have signaled the com-
puter to apply more pesticides than
other areas. There were no differences
in coverage between the constant-rate
and the variable-rate spray modes when
the vines were their densest because the
constant-spray was not excessive in
these locations at these stages. Howev-
er, in the grape cluster zone where fo-
liage density naturally remains low
throughout the season, the intelligent
technology recognized the lighter densi-
ty and reduced pesticide output accord-
ingly. The sensing technology reduced
coverage in the cluster zone in the vine-
yard and all canopy positions in the or-
chard throughout the season. These
results suggest that apple orchard foliage
density was never as dense as the cons-
tant-rate spray mode was designed to
cover. Excessive spray has previously
been attributed to the fact that cons-
tant-rate spray systems were designed
for historical orchard systems in which
the trees were much larger and denser
(Warneke et al., 2020). Greater spray
volumes can decrease application effi-
ciency, spray penetration, droplet uni-
formity, and create runoff that is
transferred to the ground (Miranda-Fu-
entes et al., 2015).

The constant-rate spray mode dis-
charged a constant volume regardless
of the canopy characteristics causing
pesticide spray to drift through the
open canopies beyond the desired tar-
get. In both production systems, the
variable-rate spray mode reduced pesti-
cide drift from the first spray applica-
tion, which was during full bloom for
the ‘Red Rome’ apple trees and pre-
bloom for the ‘Pinot noir’ grapevines.
Drift is a concern for adjacent areas
considering that nontarget deposition
has been detectable up to 100 ft in or-
chards and vineyards when applied

with air-blast sprayers (Grella et al.,
2017). Reducing nontarget deposition
is critical because aerial drift, ground
spray, and runoff can contaminate sur-
face and groundwater and have toxic
effects on nontarget species (Grella
et al., 2017; Kasner et al., 2020; Pi-
mentel and Burgess, 2012; Toccalino
et al., 2014). Spray applications to
sparse canopies increase drift and non-
target ground deposition, which can
lead to deleterious human and environ-
mental health effects (Kasner et al.,
2018; Kim et al., 2017) and economic
waste in terms of pesticide costs (Chen
et al., 2013b; Manandhar et al., 2020).
Although drift can be decreased thr-
ough best management practices in-
cluding using a well-maintained sprayer
and calibrating to match the crop cano-
py volume (Gil and Escol�a, 2009;
R€uegg and Viret, 1999), many opera-
tors neglect to perform these tasks.
Even when replicated tree measure-
ments are carefully made, constant-rate
applications based on tree row volume
can still apply 6-fold more pesticide
than variable-rate technology without
an improvement in spray application
characteristics (Fessler et al., 2020).
Unlike the constant-rate spray mode,
themachine-vision variable-rate sprayer
mode made real-time adjustments, de-
creasing the application volume when
vegetation was absent (Tables 2 and 3),
which resulted in a more targeted spray
and decreased drift and off-target
ground spray (Figs. 5 and 6). Increasing
spray efficiency is critically important be-
cause spray losses to the ground and ae-
rial drift by constant-rate, air-assist
sprayers can be 40% to 60% of total ap-
plied spray in orchards (Cross et al.,
2001a, 2001b; Holownicki et al.,
2000), and 10% to 50% the total applied
spray volume in vineyards (Pergher
et al., 1997). The results from the pre-
sent study demonstrate that air-assisted
sprayers retrofitted with a laser-guided
computer-controlled variable-rate spray
mode can be considered drift reduction
technologies (DRT) according to the
U.S. Environmental Protection Agency
(USEPA) guidelines. This is an impor-
tant finding because air-assisted sprayers
need scientific verification for inclusion
in the USEPA DRT program, which
specifically aims to “expand … to in-
clude technologies for orchard and vine-
yard crops” (USEPA, 2020).

Excessive spray applications can
also confound the accuracy of spray

quality metrics, especially deposit den-
sity. Deposit density is a measure of
the number of droplets per square
centimeter of WSC area. When the
number of droplets on a leaf increases,
at some point the drops coalesce and
overlapping droplets appear as a single
large droplet causing the deposit den-
sity to be artificially low. This situation
was demonstrated in results from the
orchard where all four proximal cards
(1P, 2P, 3S, and 4S) had very high
coverage (>75%) in the constant-rate
mode at full bloom and fruit fall (Fig.
5A and B). These cards were heavily
coated by sprays with many overlap-
ping deposits, which was recorded by
DepositScan as very low deposit den-
sities (<20 droplets/cm2). Therefore,
the 10 times smaller deposit density in
constant-rate mode than in the vari-
able-rate mode at full bloom and fruit
fall was an artifact of the saturating
coverage. Previously, Chen et al.
(2013a) established an overspray (i.e.,
excessive spray) index by normalizing
spray coverage with the following
equation: IO ¼ C�30

100�30 where IO is the
overspray index and C is the spray cov-
erage (percent) on WSC. By applying
this standard, the constant-rate spray
mode created overspray conditions
(i.e., >30% coverage) at both the or-
chard and the vineyard at all growth
stages and all proximal target spray
card positions. Moreover, coverage ex-
ceeded 50% when using the constant-
rate mode on all proximal cards at all
growth stages in the orchard (Fig. 5).
In the vineyard, the constant-rate ap-
plications to the cluster zone and half
of the leaf zones also exceeded 50%
coverage at all growth stages; however,
in the variable-rate mode spray cover-
age was closer to 30% (Fig. 6). Al-
though the variable-rate mode resulted
in lower coverage in the orchard, the
WSC data reveal that even in this
mode that most proximal cards were
oversprayed at full-bloom and fruit fall
stages. WSC may behave differently
than plant leaves. Generally, WSC are
more rigid than leaves and therefore
may respond differently to blasts of air
generated by the sprayers. Additionally,
different spray formulations (e.g., sur-
factants) and leaf canopies may affect
the physical interaction of the spray liq-
uid with the leaf surface. This study
used a high number of WSC replica-
tions and repeated sampling, which has
been shown as a valid method to
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effectively detect spray trends (Salyani
et al., 2013).

It is difficult to generalize the in-
teraction between spray coverage and
deposit density on pest management
because within each pesticide class
there is a wide degree of variability in
the chemical activity of individual active
ingredients and pesticide formulations
(Gossen et al., 2008). For instance,
contact-type pesticides are only active
on target organisms that touch pesti-
cide deposits, unlike systemic pesticides
that translocate through plant tissue.
When a contact pesticide is used, spray
coverage may be a better metric than
deposit density because even with a
high density of droplets, some leaf area
remains untreated upon which an arth-
ropod could land and cause damage or
a spore from a pathogenmay invade the
plant tissue. The inverse response could
be true for a systemic pesticide that
could redistribute through a plant,
where a large number of evenly spaced
droplets per square centimeter would
be ideal to allow the pesticide to evenly
diffuse through the plant. Variable-rate
sprayers have effectively controlled ar-
thropods and diseases in limited other
studies (Chen et al., 2019, 2020).
Recent research using variable-rate pes-
ticide application technology on estab-
lished, dense ‘Golden Delicious’ apple
trees suggests that even a rate as low as
0.03 fl oz/ft3, which is less than half of
the intelligent sprayer’s default rate
used in this study, supplies sufficient
deposit density (Fessler et al., 2020).
Collectively, these findings highlight
the need to reexamine the dose re-
sponses of pesticides applied with great-
er precision in orchard systems and the
potential for large reductions in pesti-
cide volume simply by lowering the per
acre rate applied by conventional
sprayers.

The results of this study demon-
strate how variable-rate spray systems
are more efficient than constant-rate
spraying, especially when canopies are
sparse. If disease and arthropod control
are not diminished, reducing the pesti-
cide volume applied on a farm has
multifaceted benefits. The most direct
benefit, and usually the one that moti-
vates the adoption of variable-rate sys-
tems, comes from a reduction in
pesticide costs due to lower application
volumes. Manandhar et al. (2020)
found variable-rate technology can re-
duce pesticide costs by as much as

67%. Reducing the amount of active
ingredient per application also causes a
concomitant decrease in environmen-
tal impact and worker exposure. More-
over, when the quantity of pesticide
required to treat an area is decreased,
additional efficiencies are realized from
the reduced need to refill, such as low-
er fuel and labor costs, and improved
ability to complete applications in win-
dows of good weather. Additionally,
requiring less water as in the case of
lower spray volumes is beneficial for
orchards and vineyards that have limit-
ed access to water. Research opportu-
nities for variable-rate spray systems
include different production systems,
demonstrating interactions between
coverage and efficacy, and expanded
inquiry into how plant phenological
stages affect spray quality metrics.
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