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a b s t r a c t

Seven orchard spray application techniques were compared in terms of within-tree deposition quality
and off-target losses to the ground and behind the target trees. The studied spray techniques included
different sprayer types, fan speeds and air deflector settings. An artificial pear canopy was realized for
this purpose. Filter papers and a multiple tracer methodology were used to evaluate deposition. All
measurements were conducted indoor and will be used as an input and to validate a CFD orchard spray
model.

Results showed that spray application technique has an effect on spray deposition. Sprayer design
caused major differences in spray distribution and off-target losses. A sprayer with individual spouts gave
the highest deposits on the tree (0.15 L), followed by an axial sprayer (0.10e0.12 L). Changing settings on
the axial sprayer only caused minor differences, although the high fan gear performed significantly better
than the low gear. Lowest tree depositions were found for a cross-flow sprayer (0.08e0.09 L). A signif-
icant portion of the spray liquid was lost to the ground and directly behind the trees with all spray
techniques. The axial fan sprayer and the sprayer with individual spouts caused higher ground deposits
than the cross-flow sprayer. The cross-flow sprayer on the other hand gave higher losses behind the
trees, especially when a high fan speed was applied.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The main goal in all spray applications is to obtain an adequate
coverage and uniform pesticide deposition on the target in order to
provide sufficient efficacy against the target pest (Gil et al., 2011).
Large pesticide losses and unsatisfactory uniformity of distribution
may reduce the effectiveness of spraying and increase environ-
mental pollution (Vercruysse et al., 1999). The final amount of
pesticide that deposits inside a target tree canopy is influenced by
spray physical properties, sprayer design and settings, spray
application parameters, tree and orchard characteristics, and
weather conditions (Larbi and Salyani, 2012).

The importance of the application technique has been high-
lighted in several studies. Sprayer design, in general related to the
air discharge system, was studied by different authors (Baldoin
et al., 2001; Cunningham and Harden, 1999; De Moor et al., 2000;
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Derksen and Gray, 1995; Holownicki et al., 2000; Pergher et al.,
1997; Salyani et al., 2007). Also sprayer operational settings, such
as fan speed and air flow rate (Cross et al., 2003; Derksen and Gray,
1995; Pergher and Gubiani, 1995; Pergher and Petris, 2008a; Pezzi
and Rondelli, 2000), spray application rate (Balsari et al., 2002;
Cross et al., 2001a; Marucco et al., 2008; Pergher and Gubiani,
1995), nozzle positioning and orientation (Derksen and Gray,
1995; Farooq and Landers, 2004; Jaeken et al., 2001), nozzle type
and size (Cross et al., 2001b; Derksen et al., 2007; Zhu et al., 2006)
and driving speed (Celen et al., 2008; Marucco et al., 2008) are
important factors influencing sprayer performance.

Numerous researchers have attempted to understand the
complex spray application process via field experiments. These
studies are limited by weather conditions, varying crop structures
and are time consuming. Moreover, field experiments with
different spraying systems cannot be made under directly compa-
rable and repeatable conditions (Nuyttens et al., 2010).

To overcome some of these limitations, some researchers have
used artificial canopies as a valuable alternative. Van de Zande et al.
(2002) reported research on fan capacity and air outlet settings on
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leaf walls with a defined density composed of artificial leaves and
on an artificial apple tree in the laboratory. Jeon et al. (2011) used
artificial plants instead of real plants for testing ultrasonic sensors
in variable-rate spray applications, because these simulated plants
have constant canopy structures during the long duration of the
tests. An artificial vineyard was built by Gil et al. (2007) from shade
nettings with similar entrapment properties as vines to assess at-
mospheric loss of pesticides. Codis et al. (2013) developed an arti-
ficial vineyard structure for agro-environmental characterization of
sprayers and application practices. The structure was composed of
collection rows to assess spray deposition on the canopy at
different growth stages, and edge rows for reproducing the general
characteristics of the canopy and to limit edge effects. Also Catania
et al. (2011) constructed an artificial vineyard to investigate the
effect of wind on the efficiency of an air-assisted sprayer, because of
the constant vegetative characteristics.

The use of an artificial canopy allows researchers to conduct
spray experiments in a defined uniform canopy, allowing a sub-
stantial reduction of experimental area and the possibility to
perform the test indoors under controlled climate conditions.
Additionally, for our purposes, the architecture of these trees is
easier to characterise and to be used in CFD modelling (Endalew
et al., 2010).

The objective of this study was to investigate the effects of spray
application technique on spray deposition and distribution on
artificial trees, ground deposition and spray losses behind the tree.
Results of this research will be used to further develop and validate
a CFD orchard spray model (Dekeyser et al., 2013).
2. Materials and methods

2.1. Spray application techniques

Three trailed, air-assisted orchard sprayers with PTO driven fans
were considered in this work: a single axial fan sprayer (Condor V,
Hardi, Taastrup, Denmark), a two axial fan cross-flow sprayer
(DuoProp, BAB Bamps, Sint-Truiden, Belgium) and a single fan
sprayer with individual spouts (Tango, Hardi, Taastrup, Denmark).

The axial fan sprayer and the cross-flow sprayer have the option
of changing the fan speed in a high or low setting. Both settings
were evaluated as separate application techniques. Additionally for
the axial fan sprayer, the angle of the top deflector could be
adjusted to the tree height. Two settings were evaluated during the
experiments: the optimal deflector setting for a tree height of 3.5 m
and a tree row spacing of 3.25 m and the extreme deflector setting
in which the top deflector was vertically positioned. The individual
spouts of the Tango sprayer were positioned to the best of our
ability to cover a tree height of 3.5 m.
Table 1
Overview of the operational settings of the 7 spray application techniques and average s
technique (average ± SD).

No Sprayer Nozzle type Spray
pressure
(bar)

No. of
nozzles

Actual speed
(km h�1)

Actual application
rate (L ha�1)

Fa

1 Axial ATR orange 6.0 16 5.70 ± 0.02 279.9 ± 0.9 Lo
2 Axial ATR orange 6.0 16 5.68 ± 0.09 281.2 ± 4.6 Lo
3 Axial ATR orange 6.0 16 5.67 ± 0.04 281.4 ± 1.8 H
4 Axial ATR orange 6.0 16 5.71 ± 0.14 279.6 ± 6.6 H
5 Cross-flow ATR orange 6.0 16 5.61 ± 0.05 284.4 ± 2.5 Lo
6 Cross-flow ATR orange 6.0 16 5.72 ± 0.08 278.9 ± 4.1 H
7 Individual

spouts
ATR red 8.0 10 5.70 ± 0.06 280.2 ± 2.9 N

a Dekeyser et al. (2013).
In total 7 different spray application techniques were evaluated
as given in Table 1. A full description and machine characterization
of the 7 spray application techniques, including droplet size dis-
tribution, spray liquid and air flow distribution patterns was re-
ported in Dekeyser et al. (2013). Average outlet air velocities and
airflow rates ranged from 24.7 m s�1 (cross-flow, low fan speed) up
to 23.8 m s�1 (individual spouts) and from 12,603.9 m3 h�1 (indi-
vidual spouts) up to 50,223.0 m3 h�1 (cross-flow, high fan speed).

The sprayers were fitted with Albuz ATR hollow cone nozzles
(Saint-Gobain Solcera, �Evreux, France). Nozzle size and spray
pressure varied depending on the number of nozzles to give a
theoretical field application rate of 532 L ha�1 of ground surface for
an orchard with a tree row spacing of 3.25 m and a two-sided
spraying. The sprayer with individual spouts was equipped with
10 Albuz ATR red nozzles at a pressure of 8.0 bar producing a spray
with a volume median diameter (VMD) of 177 mm. All other
sprayers were equipped with 12 Albuz ATR orange nozzles at
6.0 bar with a VMD of 156 mm (Dekeyser et al., 2013).

Tractor ground speed was set at 6.0 km h�1 and PTO speed at
540 rev min�1 for all sprayers. Only the right side of the sprayers
was examined as the velocity and liquid distributionmeasurements
reported in Dekeyser et al. (2013) only showed minor differences
between left and right side. The trees were sprayed one-sided, so
only half of the theoretical field application ratewas applied. Actual
driving speed was calculated for each experiment based on the
measured time to spray the track and averaged 5.7 km h�1, slightly
lower than expected (Table 1). As a consequence, the application
rate from the one-sided treatment was increased to 281.0 L ha�1

(Table 1). Sprayings were conducted in an experimental hall with
dimensions of 36 m in length, 20 m in width and 7 m in height and
in the absence of wind. Temperature and relative humidity were
recorded during spraying and subsequent drying periods at heights
of 1.2 and 2.0 m (Campbell Scientific, Utah, USA) (Table 1). The
average values for the three replicates of each spray technique
show that all techniques were tested under comparable conditions.

2.2. Artificial trees

Five identical artificial, leafed trees (n� 1e5) were used with an
inter-row spacing of 3.25 m and an inter-plant spacing of 1.50 m
(Fig. 1). The wooden main structure of these trees consisted of a
conical trunk with a height of 2.8 m. On the stem, four main
branches of 1.0 m length were placed at a height of 0.45m. Artificial
Ficus benjamina branches (JPC Import Export, Mont St. Guibert,
Belgium) were placed on the main structure to represent a fully
leafed classical pear tree (bush-spindle training system) with an
average height of 3.25 m resulting in a leaf wall area of about
20,000 m2 ha�1 (Pergher and Petris, 2008b). On each tree, 81
branches were distributed containing in total 4455 leaves.
peed, application rate and climatological conditions for the three replicates of each

n speed Deflector
setting

Average outlet
air velocity
(m s�1)a

Airflow
rate (m3 h�1)a

Temperature
(�C)

Relative
humidity (%)

w Optimal 29.0 38,615.1 21.8 ± 0.2 58.4 ± 8.5
w Extreme 28.9 38,478.4 21.7 ± 1.5 49.7 ± 8.1
igh Optimal 36.2 48,218.6 20.9 ± 1.4 63.7 ± 7.7
igh Extreme 35.9 47,834.6 22.1 ± 0.6 56.9 ± 12.4
w N/a 24.7 39,698.1 23.3 ± 0.9 53.8 ± 11.8
igh N/a 31.2 50,223.0 23.0 ± 0.2 51.6 ± 13.4
/a N/a 36.8 12,603.9 22.5 ± 0.5 59.2 ± 3.9



Fig. 1. Artificial trees used in the experiments.
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Due to the training system, the foliage of the tree was particu-
larly dense in the region from 0.50 m to 1.50 m height, contrary to
the relative lighter and open foliage at the top levels. The total leaf
area of the 4455 leaves in the tree was 1.06 m2. This total area was
divided over the 7 sampling heights of 0.50 m based on a leaf area
profile that was determined using the photographic gap fraction
method as described by Endalew et al. (2009). The resulting vertical
leaf area profile of the artificial trees is presented in Fig. 2. Based on
their dimensions, total surface area of the branches and trunk of
one tree were, respectively, 0.62 m2 and 1.02 m2.

2.3. Sampling strategy

As concluded by Foqu�e et al. (2014), the mineral chelate tracer
method allowed us to use the same samplers for multiple treat-
ments with minimal risk of leaching, interference and relocation of
tracers as has been done before by many others (Foqu�e and
Nuyttens, 2010; Murray et al., 2000; Nuyttens et al., 2004). For
each spray application technique, a different mineral chelate
(Chelal®, BMS Micro-Nutrients NV, Bornem, Belgium) was used as
spray liquid. B, Co, Cu, Fe, Mn, Mo and Zn chelates were used at a
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Fig. 2. Vertical leaf area profile of the artificial trees, showing total leaf area per
sampling height of 0.50 m.
targeted concentration of 1.0 g L�1. The sprayers were cleaned
thoroughly between two experiments. A set of 7 techniques was
repeated 3 times in a randomised order.

Artificial targets were used to obtain information about the
quality of the spray distribution on the canopy and the amount of
off-target losses. Spray deposition was measured using filter paper
collectors (FPCs, 7.5 cm � 2.6 cm, Schleicher & Schuell, type 751,
Filter Service NV, Eupen, Belgium) on two trees (n� 2 & 4). The
advantage of using FPCs is their uniformity in size, absorbing
properties and non-waxy surface. The latter two properties make
them less susceptible to bouncing of droplets. Therefore, they give a
better indication of the ability of a spray application technique to
reach a certain location in a plant (Foqu�e et al., 2014).

Measurements were conducted using a zone sampling strategy
in accordance to the ISO standard (ISO 22522, 2007). The trees (n� 2
& 4) were divided in 7 horizontal zones of 0.50 m height and 2
vertical zones (A and B) of 0.75 mwidth. Zone A was located at the
trunk while zone B was situated in between two consecutive trees.
Each zone was divided in left (L), middle (M) and right (R) with a
depth of 0.50 m. Only the zones which contained foliage were
sampled. This resulted in a total of 18 zones per tree. Sampling
zones for leaf deposit assessment are shown in Fig. 3 (a).

Two collectors were randomly distributed per zone. Collectors
were placed around the leaf and attached with paperclips.

Similarly, the trunk was divided in 7 zones of 0.50 m. In each
zone, 4 collectors were attached on the 4 sides (front and back side,
left and right). In the middle of each of the 4 main branches, 4
collectors were attached (front and back side, upper and lower).

To measure off-target spray deposition behind the trees, two
vertical wooden poles with filter paper collectors were placed at
1.625 m behind the trees. Collector heights varied from 0.25 up to
3.25mwith a vertical interval of 0.50m. The setup is shown in Fig. 3
(b). Pole A was placed behind the trunk, pole B was used to
determine possible excess spray losses due to gaps between two
adjacent trees.

In addition, two lines of FPCs were placed at ground level in
front and behind the tree row at distances of �0.60, �0.30, 0, 0.30,
0.60, 0.90, 1.20, 1.50 m relative to the tree row to assess spray losses
to the ground. Filter papers were positioned rigidly on metal target
holders, using a plastic cover between the holder and the paper to
avoid contamination with metals.

To address the possible background contamination of metals in
water and filter paper, 200 mL of water was pipetted on three filter
papers as blank samples. A tank sample was taken immediately
before spraying to determine the exact concentration of the tracer



Fig. 3. Sampling strategy for deposition assessment on a) trees and b) off-target. c) Some pictures of the sampling method.

Table 2
Sampling positions and corresponding number of filter paper collectors.

Sampling positions Number of FPC

Leaves 18 zones � 2 collectors per zone � 2 trees 72
Branches 4 sides � 4 branches � 2 trees 32
Trunk 7 heights � 4 sides � 2 trees 56
Ground line A 7

line B 8
Poles 7 heights � 2 poles 14
Blank samples 3 repetitions 3
Tank samples 3 per technique � 7 techniques 21

Total for 1 repetition of 7 techniques 213
Total for 3 repetitions of 7 techniques 639

D. Dekeyser et al. / Crop Protection 64 (2014) 187e197190
in the spray tank. From this sample, 200 mL was pipetted on a filter
paper in three repetitions. The resulting samples were subse-
quently collected and analysed in the same manner as the corre-
sponding experimental samples. In this way, tank concentration
and recovery were measured.

The same FPCs were used for every set of 7 different application
techniques using a different mineral chelate. After each set of 7
applications, the trees were thoroughly washed with water. The
crop and collectors were allowed to dry completely between two
successive sprayings. Laboratory gloveswere used during collection
to prevent accidental contamination. FPCs were stored at room
temperature in coded and sealed bags and kept dry for further
processing.

In total 639 FPCs (Table 2) were used during the experiments
corresponding with 4473 deposition measurements. FPCs were
analysed using inductively coupled plasma (ICP) analysis (VISTA-
PRO; Varian, Palo Alto, CA). The spray deposition (L ha�1) on every
collector was calculated, with the quantity of 0.16M nitric acid used
for extraction and the analysis of the blank samples taken into
account. Depositions were normalized for actual tracer concen-
tration, recovery and calculated application rate.

2.4. Statistical analysis

All statistical analysis were done in Statistica 11.0 (Statsoft Inc.,
Tulsa, Oklahoma, USA). A p-value <0.05 was considered to be sta-
tistically significant.
The outcome of a ShapiroeWilk's normality test proved that the
deposition dataset was not normally distributed (W ¼ 0.85;
p < 0.05). Because the histogram of the dataset showed a distinct
right skewness, it was transformed using a natural (base e) loga-
rithm and base square root. The transformed datasets were again
checked for normality as described above.

The base square root transformation resulted in the highest W-
value (W¼ 0.98, p < 0.05) and was selected for all further statistical
analysis. However, because the transformed dataset was not
perfectly normally distributed (p < 0.05), the residuals of the sta-
tistical models were examined as well.
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Factorial ANOVAs and subsequent Tukey post-hoc tests were
used to check if there were significant differences between the
different sampling locations (leaf, branch, trunk, off-target) and the
three repetitions. The outcome of the ANOVA showed no significant
effect of repetition (F(2, 3957) ¼ 1.88, p ¼ 0.15), nor was the
interaction sampling location * repetition found significant (F(6,
3957) ¼ 1.30, p ¼ 0.25).

The analysis also showed that leaf, branch and trunk should be
considered separately in subsequent statistical analysis. These an-
alyses were done with factorial ANOVAs and subsequent Tukey
post-hoc tests and the effects of spray technique and collector
positionwere considered. In a similar way, the deposition values on
the off-target collectors mounted to the vertical poles and those
placed at ground level were examined separately to allow for
assessment of the effect of spray technique and collector position.

3. Results

3.1. Tree deposition

Fig. 4 presents the absolute deposition (L) on leaves, branches,
trunk and the total tree for the 7 spray application techniques.
Absolute deposition was calculated by multiplying deposition
values (L ha�1) with their corresponding crop surface area. For
leaves, average deposition values were calculated in each of the 7
height zones and multiplied with the corresponding two-sided leaf
surface area. In a similar way, trunk deposition was calculated per
height zone and summarized for total tree. Total branch deposition
was calculated based on average deposition values on the branches
and the corresponding surface areas.

In general, most spray depositing on the tree ended up on the
leaves (85e92% of total deposition). Absolute branch and trunk
deposition was respectively 5e9% and 4e6% of total tree deposi-
tion, depending on the spray application technique. The sprayer
with individual spouts gave the highest deposits on the tree
(0.15 L), followed by the axial sprayer (0.10e0.12 L). Changing set-
tings on the axial sprayer only caused minor differences, although
the high fan gear performed significantly better than the low gear.
Lowest tree depositions were found for the cross-flow sprayer
(0.08e0.09 L). The same trend was observed on the leaf collectors.
Depositions on branches and trunk were comparable for all spray
application techniques.

3.1.1. Leaves
The average depositions averaged over all spray application

techniques on the different leaf collector positions are presented in
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Fig. 5. In general, foliar deposition decreased with canopy depth for
all treatments. Comparing zones at the same height showed that
deposition values at the right region were about one third of the
values in the left region, closest to the sprayer. It can be assumed
that in case of a two sided spraying, as usually done in practice,
differences between left and right regionwill decrease significantly.

Comparable results were found for the collectors placed at the
central tree zones (A) and the ones in the zones between two
adjacent trees (B), except for zone B3 in the middle, which was
significant lower than the corresponding zone A3.

In the left region, deposition increased significantly with height.
This trendwas also noticed in the right region. In the middle, a peak
in deposition occurred at zone A4 which can be explained by the
fact that this zone is directly sprayed due to the training system
where the top is much smaller in width. Depositions further
declined to the top of the tree. In the middle zone, there was a
factor of 1.8 difference between the highest (A4) and the lowest
(A2) deposition values.

Fig. 6 presents the deposition values for the 7 spray application
techniques on the leaf collectors in zone A and B for the left, middle
and right region.

Differences between spray application techniques only occurred
in the leaf zones which were directly sprayed, meaning the left
region and the upper part of the middle region. The lower middle
part and the right region of the trees did not show significant ef-
fects of spray application technique. Differences were observed in
the left region in zone A1 where the cross-flow sprayer deposited
significantly less than the axial sprayer, in zones A2 and B2 where
the sprayer with individual spouts showed higher deposition than
the cross-flow sprayer. In zone A2, this technique also performed
better than most axial spray applications and this technique pro-
duced a peak in zone A4 in the middle region. In the top of the tree
(A7), deposition from the cross-flow sprayer was significantly
lower compared with the axial sprayer.

Effects of technique were limited to sprayer type as fan speed
gear or deflector settings on the cross-flow and the axial sprayer
gave no significant differences. The effect of deflector setting would
probably have been more pronounced when spraying a lower
canopy. For the conventional axial sprayer, the high fan speed
showed a trend towards higher depositions at the back of the tree.

A relatively constant and high spray deposition was found in the
right and the middle of the tree for the axial fan sprayer, even at the
highest collectorpositions. Thesprayerwith the individual spoutsgave
a spray deposition peak in the left (A2) as well as in the middle (A4).
Although this sprayer produced the lowest air speeds, the deposition
results are high at the back of the tree, compared with the other
Leaves
Branches
Trunk
Total tree

5 6 7
ue

plication techniques (1: axial, low speed, optimal deflector; 2: axial, low speed, extreme
ross-flow, low speed; 6: cross-flow, high speed; 7: individual spouts). Average of three



cde
fg h gh

gh

cd def

gh

fg
ef def

cd

bc a ab
bc

ab ab

0

20

40

60

80

100

120

A1 A2 A3 B2 B3 A2 A3 A4 A5 A6 A7 B2 B3 A1 A2 A3 B2 B3

de
po

si
tio

n 
(L

 h
a-

1 )

collector position

thgirelddimtfel

Fig. 5. Average deposition (L ha�1 ± SD) averaged over the different spray application techniques on the leaf collector positions. Bars with the same label are not statistically
different.

D. Dekeyser et al. / Crop Protection 64 (2014) 187e197192
techniques. For the cross-flow sprayer, low deposition results were
found in the lowest collector zones as well as in the top of the tree.

3.1.2. Branches
Spray deposition averaged over the 7 techniques on the 4 main

branches is shown in Fig. 7. Values ranged from 8.2 L ha�1 to
221.0 L ha�1.

No significant interactions were found between spray applica-
tion techniques and collector positions on the main branches.
Trends between collector positions were consistent over the tech-
niques. A shielding effect of the treewas observedwhich resulted in
lower spray depositions on the branches at the back (B & C)
Fig. 6. Average deposition (L ha�1 ± SD) on leaves in a) zone A and b) zone B for the left, mid
deflector; 2: axial, low speed, extreme deflector; 3: axial, high speed, optimal deflector; 4: ax
individual spouts). Labels 1e2 denote statistical differences between spray techniques per
compared with the front of the tree (A & D). Note that the trees
were only sprayed from one side. Remarkably, depositions on
branch B were significantly lower than on branch C, which could
suggest an effect of driving direction.

Spray deposition was measured on the 4 sides of the main
branches. Front side received the highest deposition, followed by
lower and upper side. The lowest values were found at the back of
the branches.

3.1.3. Trunk
Spray deposition was also measured on the 4 sides of the trunk

at 7 heights and ranged from 8.5 (A2, back side) to 199.7 (A2, front
dle and right region for the 7 spray application techniques (1: axial, low speed, optimal
ial, high speed, extreme deflector; 5: cross-flow, low speed; 6: cross-flow, high speed; 7:
collector position, labels aeh between collector positions for the same technique.
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side) L ha�1 averaged over the different application techniques, as
shown in Fig. 8. Depositions were highest in the front side, followed
by right and left, and the back part. Depositions on the right side
were significantly higher than on the left for sampling heights A2,
A3 and A4 probably caused by the effect of driving direction. The
opposite was found at the bottom of the tree (A1). With an
increasing height, deposition at the back increased, depositions at
the front decreased and depositions at left and right side remained
relatively constant. As a result in the top zone of the tree, no sig-
nificant difference was found between the front and the back of the
tree (A7) and between the front and the right of the tree (A6).

Concerning the effect of spray application technique per zone,
which is shown in Fig. 9, differences in spray deposition were
mainly observed in the front part and the top levels of the other
sides of the trunk.

In the central part of the front side of the trunk, highest de-
positions were found for the cross-flow sprayer, although the dif-
ference with the axial sprayer was not always significant. This
sprayer type had a more uniform deposition along the height and
gave the highest depositions in the top zone, where the cross-flow
sprayer showed a decrease in deposition at the top levels which is
in agreement with the leaf deposition results. For the sprayer with
the individual spouts, two peaks occurred in the deposition pattern.

For the axial sprayer type, the results on the back of the trunk
were surprisingly high and deposition increased with increasing
heights. In the top of the trunk, spray depositions were in the same
order of magnitude on the front as on the back. For the other
sprayers, deposition values were much lower at the back of the
trunk.
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statistical differences.
Significant difference between left and right side only occurred
at zones A2 and A3 where the sprayer with individual spouts gave
higher depositions at the right side.

There was no significant effect of fan speed or deflector setting
at any of the trunk collector positions.

3.2. Off-target losses to the ground and behind the trees

In most spray applications, not all of the spray liquid is reaching
the intended target and some of the droplets end up in off-target
areas below or behind the trees. Spray losses of the 7 techniques
are presented in Fig. 10. This graph shows the average ground
losses, calculated as the average of all depositions measured on all
ground collectors, as well as the average losses behind the tree,
calculated as the average depositionsmeasured on the collectors on
both vertical poles.

The average loss to the ground was 56.6 L ha�1 or 20.1% of the
sprayed volume. The average loss behind the treewas 55.1 L ha�1 or
19.6% of the sprayed volume. For the axial sprayer and the sprayer
with individual spouts, the ground deposition values were higher
than the ones on the vertical poles. For the cross-flow sprayer, the
opposite was found.

In general, the lowest spray losses to the ground were found for
the cross-flow sprayer compared to the other techniques, especially
with the high fan speed setting. No significant effect of fan speed or
deflector setting was found for the axial sprayer.

Opposite results were found on the vertical poles behind the
trees. The cross-flow sprayer gave the highest losses in comparison
to the other sprayers. The high fan speed setting causedmore losses
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Fig. 9. Deposition (L ha�1, mean ± SD) on the 4 sides (front, back, left and right) of the trunk for the 7 sampling heights (A1eA7). Labels 1e3: statistical differences between spray
application techniques per sampling zone, labels ael: statistical differences between sampling positions for the same technique. (1: axial, low speed, optimal deflector; 2: axial, low
speed, extreme deflector; 3: axial, high speed, optimal deflector; 4: axial, high speed, extreme deflector; 5: cross-flow, low speed; 6: cross-flow, high speed; 7: individual spouts).
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to the poles for the cross-flow as well as for the axial sprayer
compared with the low fan speed. The average losses of the sprayer
with individual spouts were comparable to the axial sprayer with
low fan speed.

Spray losses to the ground were measured on two collector
lines: line A at the trunk and line B in the middle of two adjacent
trees. The effect of the collector position on spray loss to the ground
averaged over the different techniques is shown in Fig. 11. No sig-
nificant differences in depositions were observed between collector
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Fig. 12. Ground deposition (L ha�1) measured a) behind the trunk (Line A) and b) between
extreme deflector; 3: axial, high speed, optimal deflector; 4: axial, high speed, extreme defl
positions on the same line. Because the leaf density was similar
above lines A and B, no significant differences were observed be-
tween both lines for the same distance, except for the collector at
0.30 m on line A. This collector received lower amounts of spray
liquid compared with line B as it was positioned directly behind the
stem of the tree.

In Fig. 12, the ground deposition curves are presented for the
different spray application techniques and for the two collector
lines. On line A, the axial fan sprayer and the sprayer with
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Fig. 13. Off-target deposition (L ha�1, mean ± SD) averaged over the 7 techniques for
the 2 poles behind the trees. Bars with the same label are not statistically different.
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individual spouts produced much higher ground losses in front as
well as behind the trees. For the axial fan sprayer, opposite to the
cross-flow sprayer, higher losses were measured with the high fan
speed. The optimal deflector setting gave slightly higher losses than
the extreme position of the top deflector.

On line B, deposition values were comparable. Machine settings
did not cause major differences in the case of the axial sprayer. For
the sprayer with individual spouts, depositions behind the tree on
line B were higher than on line A.

In both cases, the lowest spray losses to the ground were found
for the cross-flow sprayer. With the low fan speed, depositions
increased with distance behind the tree for this sprayer.

Average spray depositions of the 7 techniques at different
heights for the 2 poles behind the trees are shown in Fig. 13. There
was a general trend for higher depositions on pole B compared with
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Fig. 14. Off-target deposition (L ha�1) behind the trees, measured a) behind the trunk (pole
axial, low speed, extreme deflector; 3: axial, high speed, optimal deflector; 4: axial, high spe
spouts).
pole A, although only significant at the lowest collector position. At
1.25 m height, the deposition at pole A was higher than on pole B.
Looking at the individual curves of the 7 techniques, which are
presented in Fig. 14, the cross-flow sprayer gave much higher de-
positions on pole B than on pole A, especially at heights above
1.50 m. This may be due to the gaps between the trees and the
typical spray and airflow pattern of the cross-flow sprayer
(Dekeyser et al., 2013). The axial sprayer gave comparable deposi-
tion values on both poles. In the case of the sprayer with individual
spouts, a peak was recorded at a height of 2e2.5 m which is in
agreement with the leaf deposition results.

4. Discussion

Different zones in and around the tree were sampled in order to
obtain as complete information as possible about spray distribution
in the canopy and losses of spray liquid.

Derksen and Gray (1995) stated that the air and spray delivery
systems on application equipment used to treat vertical profiles
such as trees should be adjusted to match spray delivery with the
canopy profile. The particular canopy profile of the training system
applied on the artificial trees, including a dense lower half in
contrast with an open foliage at the top, was a challenge for the
sprayers in terms of uniformity of deposition. The results demon-
strated the effects of sprayer design and the risk of off-target
contamination by spray losses to the ground and through the trees.

The conventional axial sprayer design was best suited for this
type of training system, resulting in a more uniform distribution of
the spray liquid in the canopy. The cross-flow sprayer was not able
to reach the top of the tree, due to the limited height and the
horizontal airflow and spray pattern (Dekeyser et al., 2013). This
resulted in a lower average deposition on the total tree compared to
the other sprayers. Moreover, this sprayer gave high off-target
losses behind the trees, especially when high air volumes were
applied. In the case of the sprayer with individual spouts, peaks in
deposition were observed along the height of the tree. However,
proper adjustment of the spouts angle and height could improve
the distribution.
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The experiments did not demonstrate that fan speed gear or the
angle of the top deflector could provide a significant advantage by
increasingmean depositions on the total tree. It must bementioned
that the trials were conducted indoor and therefore were done
under no wind conditions. It was shown in literature that a large
reduction in air volumetric flow in combination with high wind
speed conditions can make the spray plume more vulnerable to
cross-winds which can reduce spray penetration and deposition
(Cross et al., 2003).

The use of an artificial canopy allowed us to perform experi-
mental tests on constant vegetative structures and under controlled
climate conditions. Nevertheless, caution needs to be exercised in
interpreting these results. One of the main goals was to gather data
which will be used as an input and to validate a CFD orchard spray
model. The design of the artificial trees included therefore a
simplification of the bush-spindle training system of a pear tree. It
was also noticed that the artificial branches were less rigid than a
real branchwould be. Especiallywith the use of air assisted sprayers,
this resulted in excessive bending of the branches, which altered the
leaf structure largely when passing by with the sprayer. The results
may therefore be less representative for real orchard spray appli-
cations or for trees with other training systems.

In conclusion, laboratory evaluation of the performance of the 7
spray application techniques on artificial trees showed that type of
orchard sprayer affected spray deposition and distribution more
than changing fan speed gear or adjustment of air deflectors. The
conventional axial fan sprayer seemed to be best suited for this type
of orchard training system as it gave a more uniform distribution.

A significant portion of the spray liquid was lost to the ground
and directly behind the trees with all spray techniques. The axial
fan sprayer and sprayer with individual spouts caused higher
ground deposits, where the cross-flow sprayer gave higher losses
behind the trees, especially when a high fan speed was applied.
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