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COMPARISON OF SPRAY CONFIGURATIONS IN A SPRAY CABIN  
DESIGN FOR ORNAMENTAL POTTED PLANTS:  

A PROOF-OF-CONCEPT STUDY 

I. Zwertvaegher,  D. Foqué,  D. Dekeyser,  S. Van Weyenberg,  D. Nuyttens 

ABSTRACT. With the implementation of integrated pest management in the European Union, growers are obliged to manage 
pests in a manner that minimizes health and environmental risks due to the use of plant protection products. Among other 
approaches, this goal can be achieved by optimizing spray application techniques. As an alternative to the predominantly 
used handheld equipment, such as spray guns, spray boom systems might substantially improve spray application, and thus 
crop protection management, in greenhouses. The aim of this proof-of-concept study was to compare different spray con-
figurations in a spray cabin designed to spray ornamental potted plants that are moving on a conveyor belt. Seven different 
spray configurations were examined for optimal spray deposition in two crops (azalea and ivy) using mineral chelate tracers. The 
deposition tests showed that the presented prototype can satisfactorily spray potted plants up to a height of 25 cm including 
the pot height. The best spray deposition was found with two flat-fan nozzles oriented 35° upward, spraying at 1.0 bar and 
an application rate of 1047 L ha-1. This configuration increased deposition on the underside of the leaves and at the middle 
foliage layer compared to the other configurations that were evaluated. The spray cabin with a band spray setting has 
potential to mitigate the use of plant protection products and achieve a more efficient spray application compared to tradi-
tional handheld techniques and broadcast spray boom techniques. 

Keywords. Crop protection, Integrated pest management, Nozzle type, Spray deposition. 

ince January 2014, European countries have been 
obliged to implement the principles of integrated 
pest management (IPM) (EC, 2009). Integrated pest 
management is a holistic approach that combines bi-

ological, cultural, physical, and chemical techniques to man-
age all classes of pests (insects, pathogens, vertebrates, and 
weeds) in a way that minimizes economic, health, and envi-
ronmental risks (Bajwa and Kogan, 2002). According to 
IPM, plant protection products (PPP) should only be used 
when economic thresholds or epidemiologically relevant in-
festation levels are exceeded. However, in recent decades, 
plant production systems, including the production of orna-
mentals, have become heavily reliant on the application of 
PPPs to control pests (Mattoo and Teasdale, 2010). 

Due to the aesthetic value of ornamentals, the overall tol-
erance for plant damage is low. Consequently, PPP use re-
mains the most important plant protection strategy in this 
sector (Bethke and Cloyd, 2009). Nevertheless, the focus 
should be on judicious use of PPPs. One way to achieve this 

goal is by optimizing spray application techniques. The need 
for optimized techniques is also supported by the trend to-
ward less toxic PPPs, which require highly uniform spray 
distributions to be effective (Gan-Mor et al., 1996). 

In Belgium as well as in other regions of the world, most 
greenhouse growers still use traditional low-technology 
handheld equipment, such as spray guns and lances, to apply 
PPPs at high application rates and spray pressures (Balsari 
et al., 2010; Foqué et al., 2012a; Sánchez-Hermosilla et al., 
2012; van os et al., 2005), usually until runoff occurs (Braek-
man et al., 2009; Zhu et al., 2011). Given that the dose of 
PPPs authorized for the treatment of greenhouse ornamental 
plants in Belgium is generally expressed as a concentration 
(e.g., 50 g per 100 L of spray volume) (Fytoweb, 2014), 
these high application rates also result in excessive use of 
PPPs. In addition, different spray volumes used by growers 
result in different amounts of PPPs applied to a similar crop, 
which could increase the development of PPP resistance in 
pest populations. Although the traditional spray application 
techniques are low cost, flexible, simple to maintain, and ad-
equate in controlling localized problems (Sánchez-Hermo-
silla et al., 2012), these techniques are also known for their 
heavy workload, inferior spray distribution, high operator 
exposure risks (Nuyttens et al., 2009, 2004a), and large off-
target depositions and losses to the ground (Sánchez-Hermo-
silla et al., 2012). 

In contrast, several studies have demonstrated that spray 
booms can improve coverage on the undersides of leaves, as 
well as spray distribution in general, and can also reduce la-
bor costs and operator exposure compared to traditional 
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techniques (Balloni et al., 2008; Langenakens et al., 2002; 
Nuyttens et al., 2009; Sánchez-Hermosilla et al., 2012). 

During the cultivation of azalea [genus Rhododendron, 
subgenus Hymenanthes, section Pentanthera, and subgenus 
Azaleastrum, section Tsutsusi (Goetsch et al., 2005)] and 
other potted ornamentals, conveyor belts are often used to 
move plants from one area of the greenhouse to another and 
to facilitate plant manipulations like pruning. Spraying the 
potted plants while they are moving on a conveyor belt could 
drastically reduce labor costs and improve spray results be-
cause the plants are singled out, and spray can be applied in 
different directions to individual plants. In addition, an en-
closed spray cabin would allow collection and recirculation 
of spray losses and reduce spray drift, thereby minimizing 
off-target deposition and exposure of workers, bystanders, 
and non-target organisms and could therefore be a potential 
PPP mitigation strategy. 

The aim of this proof-of-concept study was to compare 
different configurations for optimal spray application to two 
different crops, azalea (Rhododendron simsii Planch.) and 
ivy (Hedera algeriensis Hibberd), in a spray cabin designed 
to spray ornamental potted plants that are moving on a con-
veyor belt. 

MATERIALS AND METHODS 
SPRAY CABIN 

A spray cabin prototype (fig. 1) was built as a proof of 
concept around a conveyor belt and consisted of a three-noz-
zle band spray set (TeeJet 23770) mounted in a plexiglass 
tunnel (0.69 m wide × 1.60 m high × 1.40 m long) to prevent 
spray leaving the treatment area. Spray was generated using 
a standard trolley sprayer with an electrical pump system 
(Agrodrip, Viersel, Belgium) that was equipped with a sep-
arate pressure gauge for accurate pressure setting. The con-
veyor belt (0.156 m wide × 6 m long, Wevab Excellent-pro, 
Willems Engineering, Destelbergen, Belgium) used in this 
proof-of-concept study consisted of a single driver unit, 
equipped with an electrical propulsion system. 

SPRAY APPLICATION TECHNIQUES 
The spray depositions from seven different spray config-

urations, with either one top nozzle, two lateral nozzles, or 
three nozzles mounted on the band spray set of the spray 
cabin and spraying at pressures of 1.0 or 4.0 bar, were stud-
ied to evaluate the effect of nozzle configuration, spray pres-
sure, and application rate. An overview of the different con-
figurations and spray application settings is given in table 1. 
Two nozzle types were used: a TeeJet TP flat-fan nozzle and 
a TeeJet XR extended-range flat-fan nozzle. The latter noz-
zle is commonly used in practice. However, due to the large 
nozzle size, this configuration (configuration 7) resulted in 
rather high spray volumes even at low spray pressures. 
Therefore, TeeJet TP flat-fan nozzles with smaller sizes 
were selected as well. The tested spray pressures were se-
lected based on the pressure range of the extended-range 
flat-fan nozzle (TeeJet Technologies, Wheaton, Ill.). 

Following visual assessment of the spray swath contours 
plotted on plant target structures and some preliminary tests 

with water-sensitive papers under different nozzle orienta-
tions and spray angles, a three-nozzle band spray configura-
tion was used for the deposition tests. This band spray con-
figuration included a top nozzle with a spray angle of 80° at 
38 cm above the conveyor belt and two lateral nozzles with 
spray angles of 110° and upward orientations of 35° at 11 cm 
above the conveyor belt (fig. 1b). Visual assessment of the 
spray swath contours focused on maximum interception of 
the swath by the plants and good approach to the undersides 
of leaves. Prior to the deposition tests, nozzle flow rates were 
determined at 1.0 and 4.0 bar by the ISO 17025 accredited 
Spray Technology Lab of the Institute for Agricultural and 
Fisheries Research (ILVO, Merelbeke, Belgium) according to 
ISO 5682-1 (table 1). The conveyor belt moved at a forward 
speed of 0.39 km h-1. For a spray width of 35 cm, the forward 
speed and nozzle flow rates resulted in band spray application 
rates ranging from 517 to 3048 L ha-1, corresponding to 2.4 to 
14.3 mL of liquid per plant (table 1). The low travel speed 
was determined by the time needed for workers to load and 
unload the conveyor belt with potted plants, using manual 
tools only. A total of 2900 plants can be sprayed per hour at 
a forward speed of 0.39 km h-1 and a density of 7.5 plants m-

1. The high application rates were similar to those achieved 
with handheld spray applications (Foqué et al., 2014b). 

EXPERIMENTAL SETUP 
Deposition tests were performed on azalea (R. simsii) and 

ivy (H. algeriensis var. Montgomery) potted plants. A sche-
matic of the experimental setup for the deposition tests is 
given in figure 1a. For each crop type, eight potted plants 
were sprayed as they passed through the spray cabin at a den-
sity of 7.5 plants m-1. Plants of each crop type were compa-
rable in size and shape. They were on average 25 and 15 cm 
in height including and excluding the pot height, respec-
tively, and had an average plant diameter of about 20 cm. 
The spray distance from the top nozzle to the canopy was 
about 13 cm (fig. 1b). Spray deposition was measured using 
filter paper collectors (FPC; 5.6 cm × 2.6 cm, Schleicher and 
Schuell, type 751, Filter Service NV, Eupen, Belgium) at-
tached to the plants with small paper clips, as described by 
Foqué et al. (2014b). On each plant, six collectors were 
equally distributed in three zones, i.e., the upper foliage 
layer, the middle foliage layer, and the soil area (fig. 2). In 
the upper and middle foliage layers, one collector was placed 
on the upper side of a leaf and one was placed on the under-
side of a different leaf. In azalea, these leaves were artifi-
cially enlarged by attaching plastic slightly larger than the 
FPC (5.8 cm × 3.3 cm) between the FPC and the leaf to allow 
the use of FPC of the same size as in the ivy plants and to 
limit the effect of runoff along the edges on the underside of 
the leaf. The two remaining collectors were placed at the bot-
tom of the plants. One collector was attached to the plant’s 
stem, perpendicular to the soil but without touching it, and 
the other was placed in a small Petri dish, parallel to the soil. 
These ground-level collectors were used to assess runoff. In 
addition, three FPC were placed on the conveyor belt be-
tween pots to measure off-target spray deposition and runoff. 
These off-target collectors were attached to small stainless 
steel supports with a plexiglass cover to avoid cross-contam-
ination. 
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Figure 1. Schematics of (a) deposition test setup and (b) nozzle configuration, and (c) photo of spray cabin and conveyor belt. 
 
 

Table 1. Overview of tested spray configurations. 

Configuration 

Mineral 
Chelate 
Tracer 

Nozzle 
Position Nozzle Type[a] 

Pressure 
(bar) 

Flow Rate 
(L min-1) 

Band Spray 
Application Rate 

(L ha-1) 

Application 
Volume 

(mL plant-1) 
1 Fe Top TP 80 0050 1.0 0.12 517 2.41 
  Left - - -   
  Right - - -   

2 Zn Top - - - 1047 4.88 
  Left TP 110 0050 1.0 0.12   
  Right TP 110 0050 1.0 0.12   

3 Co Top TP 80 0050 1.0 0.12 1563 7.30 
  Left TP 110 0050 1.0 0.12   
  Right TP 110 0050 1.0 0.12   

4 Mo Top TP 80 0050 4.0 0.23 1015 4.74 
  Left - - -   
  Right - - -   

5 Mn Top - - - 2034 9.49 
  Left TP 110 0050 4.0 0.23   
  Right TP 110 0050 4.0 0.23   

6 B Top TP 80 0050 4.0 0.23 3048 14.27 
  Left TP 110 0050 4.0 0.23   
  Right TP 110 0050 4.0 0.23   

7 Cu Top - - - 2048 9.56 
  Left XR 110 01 1.0 0.23   
  Right XR 110 01 1.0 0.23   

[a] TP indicates TeeJet VisiFlo flat spray tip (Catalog No. 50A-M); XR indicates TeeJet extended-range standard flat spray tip (Catalog No. 50A-M). 
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(a) (b) (c) 

Figure 2. (a) Schematic showing different collector positions (1 = upper 
layer, upper side of leaf; 2 = upper layer, under side of leaf; 3 = middle 
layer, upper side of leaf; 4 = middle layer, under side of leaf; 5 = ground 
level, attached to stem; and 6 = ground level, horizontal to soil),
(b) azalea plants with collectors, and (c) ivy plants with collectors. 

 

SPRAY DEPOSITION MEASUREMENTS 
For each crop type, the same FPC were used at the same 

locations for the seven different spray configurations, but a 
different mineral chelate (Fe, Zn, Co, Mo, Mn, B, or Cu; 
Chelal, BMS Micro-Nutrients NV, Bornem, Belgium) was 
applied for each configuration. Applying all spray applica-
tions to the same plot with different chelate tracers for each 
configuration avoided the errors that could arise from plot-
to-plot variations due to differences in plant density, crop 
height, growth stage, leaf angles of individual plants, and 
collector positions. These chelates are commercially availa-
ble as horticultural leaf fertilizers. They perform similarly as 
PPPs under the same conditions (Braekman et al., 2009). The 
multiple mineral chelate tracer method was used success-
fully in previous comparative studies (Braekman et al., 2009, 
2010; Foqué et al., 2014b; Nuyttens et al., 2004a, 2004b, 
2017), and its accuracy was evaluated by Foqué et al. 
(2014a). The plants and collectors were allowed to dry com-
pletely between successive applications. The targeted con-
centration of each chelate solution in the tank was 1.0 g L-1. 
The tank concentration and recovery were taken into account 
by taking tank samples at the nozzles after each spraying and 
by pipetting 200 μL onto four FPC, each in a separate Petri 
dish. Similarly, 200 μL of tap water was added to four FPC 
to correct for possible background concentrations, such as in 
the tap water used to prepare the spray solutions. 

After spraying once with all seven spray configurations, 
all FPC were gathered and analyzed using inductively cou-
pled plasma optical emission spectrometry (ICP-OES; 
Vista-PRO, Varian, Palo Alto, Cal.) after extraction in 
20 mL of 0.16 M nitric acid (HNO3) (+66%, p.a., Acros Or-
ganics, Geel, Belgium). The ICP-OES technique uses 
plasma to produce excited atoms and ions, which emit pho-
tons when returning to the ground state. The wavelengths of 
the photons are characteristic of particular elements, and the 
number of photons is directly proportional to the concentra-
tion of the originating element. Using a spectrometer, the 
concentrations of the elements are thus determined (Hou and 
Jones, 2000). 

The spray deposition (L ha-1) on every collector was calcu-
lated taking into account the actual tank concentration, the 
quantity of 0.16 M nitric acid (HNO3) used for extraction, and 

the analysis of the blank samples with a detection limit of 
about 1.0 L ha-1, as described by Foqué et al. (2014a). Because 
different band spray application rates were used, as shown in 
table 1, the spray deposition results were also recalculated as 
relative spray depositions, which better illustrates the spray ef-
ficiency of different configurations independent of the differ-
ent application rates. Relative spray depositions were calcu-
lated as a percentage of the band spray application rate using 
following equation: 

 100% ×









=

appV

Depostion
Deposition  (1) 

where 
Deposition% = relative spray deposition (%) 
Deposition = absolute spray deposition (L ha-1) 
Vapp = spray volume (L ha-1). 
In total, 714 deposition measurements were performed, 

corresponding to 102 collectors (two crop types × eight col-
lector plants × six crop collectors + two crop types × three off-
target collectors). Data were checked for unlikely values, and 
no deposition measurements were excluded. All data are re-
ported as median values and as means with standard devia-
tions. 

COMPARISON WITH SPRAY BOOM TECHNIQUES IN IVY 
In order to compare the spray cabin performance with 

other application techniques, configuration 2 (table 1) was 
compared with different spray boom techniques applying 
similar broadcast spray volumes of about 1000 L ha-1, i.e., a 
TeeJet TXA 80 03 hollow-cone nozzle and a TeeJet XR 80 
03 extended-range flat-fan nozzle without air assistance, 
with air assistance, and with air assistance and a forward 
spray angle (30°), all spraying at 3.0 bar (Foqué and Nuyt-
tens, 2011a, 2011b; Foqué et al., 2014b). The air support sys-
tem copied the Hardi Twin system, as described by Nuyttens 
et al. (2007b). To allow comparison between band spraying 
with the spray cabin and broadcast spraying with the spray 
boom techniques, the band application rate of the spray cabin 
of 1047 L ha-1 with configuration 2 was converted to a field 
application rate corresponding to an ivy plant density of 
32.6 plants m-2 (Foqué et al., 2014b) by multiplying the vol-
ume received per plant by the number of plants ha-1, result-
ing in a broadcast application rate of 1592 L ha-1. Because of 
the different application rates, the results were again ex-
pressed as relative spray deposition (%) in relation to the 
broadcast application rate used and are reported as median 
values and as means with standard deviations. 

RESULTS  
SPRAY DEPOSITION IN AZALEA 

For azalea, the spray depositions for the different spray 
configurations at the different collector positions are pre-
sented in figures 3 and 4. The absolute and relative deposi-
tions were generally greatest at the stem and smallest at the 
soil and off-target (mean values ranging from 762 to 1693 L 
ha-1, from 7 to 305 L ha-1, and from 0 to 246 L ha-1, respec-
tively). Within spray configurations, on average more spray 
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was deposited on the upper sides of leaves than on the un-
dersides at both the upper and middle layers, except for con-
figurations with two nozzles (configurations 2, 5, and 7) in 
the upper layer. In general, the upper layer received more 

spray than the middle layer, apart from the two-nozzle con-
figurations. The two-nozzle configurations deposited more 
on the upper side of leaves in the middle layer compared to 
the upper layer. 

Figure 3. Spray deposition (L ha-1) at different collector positions (mean ±SD, median, n = 8) for the different spray configurations in azalea. 
 

Figure 4. Spray deposition relative to the band application rate (%) at different collector positions (mean ±SD, median, n = 8) for the different 
spray configurations in azalea.  
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Configurations with two lateral nozzles resulted in higher 
absolute spray depositions on the crop collectors compared 
to configurations with one central nozzle of the same type 

and size at the same spray pressure (configuration 2 vs. 1, 
 

and configuration 5 vs. 4), except on the upper sides of 
leaves in the upper layer. Apart from the upper sides of 

Figure 5. Spray deposition (L ha-1) at different collector positions (mean ±SD, median, n = 8) for the different spray configurations in ivy. 

Figure 6. Spray deposition relative to the band application rate (%) at different collector positions (mean ±SD, median, n = 8) for the different 
spray configurations in ivy.  
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leaves in the upper layer, an increase from two to three noz-
zles slightly decreased the absolute depositions at 1.0 bar 
(configuration 2 vs. 3). A similar increase in the number of 
nozzles improved the absolute deposition at 4.0 bar (config-
uration 5 vs. 6). The relative depositions were generally 
lower at 4.0 bar than at 1.0 bar (configuration 5 vs. 2, and 
configuration 6 vs. 3). 

SPRAY DEPOSITION IN IVY 
For ivy, the absolute and relative spray depositions are 

shown in figures 5 and 6, respectively. Within spray config-
urations, depositions were greater on the upper sides of 
leaves than on the undersides and greater in the upper layer 
than in the middle layer, except for the two-nozzle configu-
rations and the three-nozzle configuration at 1.0 bar. 

Except on the upper sides of leaves in the upper layer, 
both absolute and relative depositions were greater on the 
crop collectors for the configurations with two nozzles com-
pared to those with one nozzle at 1.0 bar (configuration 2 vs. 
1), whereas at 4.0 bar, the relative depositions were some-
times lower (configuration 5 vs. 4). 

COMPARISON WITH SPRAY BOOM TECHNIQUES IN IVY 
Figure 7 presents the relative spray depositions for con-

figuration 2 (corresponding to a broadcast application rate of 
1592 L ha-1) and different spray boom techniques (i.e., TXA 
80 03 hollow-cone nozzle and XR 80 03 extended-range flat-
fan nozzle with or without air assistance and a forward spray 
angle of 30°), all spraying at 3.0 bar at about 1000 L ha-1 

broadcast application rate) at the different collector positions 
in ivy. In general, configuration 2 with two lateral flat spray 
nozzles spraying at 1.0 bar resulted in greater relative depo-
sitions compared to the broadcast spray boom techniques, 
except on the upper sides of leaves in the upper layer. The 
depositions on collectors 1 to 4 for configuration 2 ranged 
from 14% to 39%, with an average relative deposition of 
29%. For the four broadcast spray boom techniques, the av-
erage relative depositions on the four crop collectors ranged 
from 10% (XR at 3.0 bar) to 13% (XR at 30° with air assis-
tance at 3.0 bar). 

DISCUSSION 
EFFECT OF COLLECTOR POSITION AND CROP TYPE 

In general, large variations in deposition within collector 
positions within configurations were found in both crops, 
which is not unusual for this type of test due to the natural 
variation in plant architecture and collector locations. 

Within azalea, the large absolute (fig. 3) and relative 
(fig. 4) depositions at the stem indicated that runoff was ra-
ther high for all configurations. Low resistance of the small 
azalea leaves against the spray swath may explain these high 
depositions. However, high runoff along the stem did not re-
sult in high soil depositions because the collectors were 
placed in Petri dishes. In ivy, depositions at the stem were 
considerably lower compared to azalea for all spray config-
urations, while depositions at the soil and off-target were 

Figure 7. Spray deposition relative to application rate (%) at different collector positions (mean ±SD, median, n = 8 to 120 depending on application 
technique) for configuration 2 (converted to a broadcast application rate of 1592 L ha-1 for an ivy plant density of 32.6 plants m-2) and different 
optimized spray boom techniques (all at a broadcast application rate of about 1000 L ha-1) in ivy. The results for the hollow-cone nozzle (TXA 80 
03) and flat-fan nozzle (XR 80 03, with or without air assistance and a forward spray angle of 30°) were obtained in earlier experiments (Foqué
and Nuyttens, 2011a, 2011b; Foqué et al., 2014b). 
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considerably larger, with differences in mean relative depo-
sition ranging from -27% to -127%, from 2% to 29%, and 
from 2% to 44%, respectively (figs. 5 and 6). The high dep-
ositions at the soil and off-target may be the result of direct 
losses due to runoff when a leaf or runner passed close to a 
nozzle or due to some direct spray deposition. The difference 
in deposition compared with azalea was most likely due to 
the different plant architecture and the lower density of 
leaves at the bottom layer of ivy. However, the depositions 
within ivy at the soil and off-target were often comparable 
to each other, or to the depositions at the crop collectors, es-
pecially when taking into account the standard deviations, 
suggesting high losses, low spray efficiency, large variation 
in spray depositions as in azalea, or a combination of these 
factors. In general, average spray depositions over the crop 
collectors were more similar than in azalea. This shows that 
a relatively uniform spray distribution was achieved in the 
ivy canopy with the different spray configurations. 

In both crops, comparable trends were observed, i.e., 
higher depositions at the upper sides of leaves and in the up-
per layer, except for the two-nozzle configurations and the 
three-nozzle configuration at 1.0 bar. 

EFFECT OF SPRAY CONFIGURATION 
In azalea, the depositions on the crop collectors for con-

figurations with two lateral nozzles compared to configura-
tions with one top nozzle of the same type and size at the 
same spray pressure (configuration 2 vs. 1, and configuration 
5 vs. 4) were considerably higher than what would be ex-
pected based on merely doubling the spray application rate, 
which is reflected in the higher relative depositions (fig. 4). 
This is also illustrated when comparing configuration 2 (2 × 
TP 110 0050 at 1.0 bar) and configuration 4 (1 × TP 80 0050 
at 4.0 bar). At similar application rates (±1000 L ha-1), the 
two-nozzle configuration resulted in higher depositions. 
Those higher depositions are most likely due to a distinc-
tively better spray penetration capacity of the upward-ori-
ented, lateral nozzles, leading to higher depositions at the 
undersides of leaves and in the middle layer. However, the 
shielding effect of the leaves did not allow the upward-di-
rected spray to reach the upper sides of leaves in the upper 
layer. The top nozzle easily achieved high levels of spray at 
this position, but shielding effects prevented it from reaching 
other positions. In ivy, the trends were largely similar as in 
azalea. The slight decrease in absolute depositions in azalea 
at 1.0 bar with an increase from two to three nozzles (con-
figuration 2 vs. 3), and consequent increase in application 
rate, was probably due to saturation and subsequent runoff. 
The spray from the top nozzle in the three-nozzle configura-
tion may also have collided with and counteracted the sprays 
from the lateral nozzles, thus contributing to decreased depo-
sitions. The trends were less straightforward in ivy. Surpris-
ingly, a similar increase in the number of nozzles improved 
the absolute deposition in both crops at 4.0 bar (configuration 
5 vs. 6), although the application rates at that spray pres-sure 
were even larger, and thus runoff was more likely. In addition, 
the counteracting forces would have been higher, indicating 
that the collision effects were limited or even helped to im-
prove deposition, as suggested by Foqué et al. (2012a, 2012c). 

In both crops, the deposition efficiency was generally 
lower at 4.0 bar than at 1.0 bar (configuration 5 vs. 2, and 
configuration 6 vs. 3). This may be due to the lower velocity, 
momentum, and penetration capacity of the smaller droplets 
that resulted from the higher spray pressure (Braekman et al., 
2010; Nuyttens et al., 2007a), as well as saturation and run-
off because of the almost doubled application rate. 

These findings demonstrate that higher spray pressures 
and application rates do not necessarily lead to better spray 
deposition. Instead, the configuration of the nozzles mainly 
determines spray deposition. This is also illustrated by com-
paring configuration 2 (2 × TP 110 0050 at 1.0 bar) and con-
figuration 7 (2 × XR 110 01 at 1.0 bar). Although both are 
two-nozzle configurations, their absolute depositions were 
mostly similar despite the difference in application rate, 
whereas the higher application rates with configuration 7 re-
sulted in generally poor relative depositions in both crops, 
most likely due to runoff. 

COMPARISON WITH OTHER TECHNIQUES 
Comparing the relative depositions obtained with the spray 

cabin with two lateral flat-fan nozzles spraying at 1.0 bar with 
those of the broadcast spray boom techniques (fig. 7) shows 
that the spray cabin generally resulted in much higher deposi-
tions. On the upper sides of leaves in the upper layer, the rel-
ative deposition with the spray cabin was lower than with two 
broadcast spray boom techniques without air assistance, but 
the deposition was potentially high enough for adequate pest 
control, as concluded by Foqué and Nuyttens (2011a, 2011b). 
Better deposition in the inner canopy zones and on the under-
sides of leaves with the spray cabin is a big step forward, even 
compared with traditional spray techniques such as spray guns 
(Foqué et al., 2012b). However, the relatively high runoff and 
losses (collectors 5 and 6) suggest that the spray cabin settings 
can be further optimized. 

OVERALL EVALUATION AND FUTURE PERSPECTIVES 
The configuration with lateral nozzles is most promising, 

with proven advantages compared to the other techniques. 
Future studies should therefore focus on this configuration. 
Larger plants or plants with long runners might require dif-
ferent spray cabin dimensions or nozzle configurations, e.g., 
more lateral nozzles on vertical spray booms. The number of 
active nozzles could be automated and adapted to changes in 
canopy architecture using sensors and electronically trig-
gered valves, as is done in orchards and nurseries with vari-
able-rate sprayers developed by other authors (Chen et al., 
2012, 2013; Jeon et al., 2011). Deposition in the plants could 
potentially be increased even more by gently turning the 
plants while they pass through the spray. 

In this section, improvements for spray application are dis-
cussed relative to the configuration with two lateral nozzles 
spraying at 1.0 bar and a band spray application rate of 1047 
L ha-1 (configuration 2). An increase or decrease in the spray 
application rate seemed detrimental for spray deposition. 
However, these findings could not be confirmed in this proof-
of-concept study because different application rates imply dif-
ferent spray pressures or nozzle configurations. To determine 
the most appropriate spray application rate, only the speed of 
the conveyor belt should vary. An application rate of about 
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1000 L ha-1 already represents a substantial reduction com-
pared to the rates usually applied by growers, i.e., >2000 L ha-1 
for azalea (K. Van Laere, personal communication) and up to 
8500 L ha-1 for ivy (Braekman et al., 2009). Nevertheless, the 
high runoff and losses suggest that lower application rates 
might further improve spray deposition efficiency. 

Similarly, other nozzle types, nozzle sizes, and spray 
pressures might also improve spray deposition. The low-vol-
ume nozzles used in this study were selected to adjust for the 
low travel speed of the conveyor belt without causing exces-
sively high spray volume. However, they produce a very fine 
spray (Nuyttens et al., 2007b). Small droplets were reported 
to improve bio-efficacy, but the droplets should not be too 
small (Matthews, 2000). Nozzles with small droplet spectra 
have been shown to produce better coverage (Wolf et al., 
2009) but are suspected to have lower penetration capacity 
as well (Braekman et al., 2010). Furthermore, small droplets 
are more prone to evaporation (Matthews, 2000) and drift 
(Nuyttens et al., 2010; Zabkiewicz, 2007). For these reasons, 
it seems important to focus on coarser spray in combination 
with increased conveyor belt speed. 

Air assistance might also contribute to higher spray pen-
etration and deposition within the canopy, as suggested by 
several authors (Foqué and Nuyttens, 2011a; Panneton and 
Piché, 2005; van de Zande et al., 2008). Of course, the air 
assistance should be adjusted to overcome the resistance of 
the foliage without blowing droplets past the canopy or out 
of the spray cabin. Due to the additional cost of air assis-
tance, the added value of this technique should be exten-
sively tested before implementing it. Deposition might also 
be improved by using angled lateral nozzles, set in different 
positions to avoid interfering with each other, and by using 
nozzles with a smaller spray angle that generate droplets 
with higher kinetic energy. Future studies should also in-
clude repetitions and biological efficacy trials. In this proof-
of-concept study, no repetitions were performed, and there-
fore the reported differences between spray configurations 
could not be supported statistically. In order to do so, an ex-
perimental design including multiple sprayings per spray 
configuration could be used, taking into account repeated 
measures in the analysis. These multiple sprayings might be 
performed in rounds in which each round comprises the 
same collector-plant combination, but the plants and collec-
tors are replaced between rounds. Furthermore, over the dif-
ferent rounds, each of the tracers could be applied once per 
spray configuration if a tracer effect is suspected. 

The spray cabin has the advantage that spraying occurs in 
a semi-shielded area. Operator exposure is therefore presumed 
to be low, but some spray drift was still observed, especially 
at high spray pressures. Future studies should investigate these 
factors in more detail in order to reveal potential risks and to 
improve the operation and handling of the spray cabin with 
regard to operator safety. For example, air curtains at the en-
trance and outlet of the spray cabin could be used to reduce 
the risk of spray drift. In addition, by mounting a collection 
device under the spray cabin, runoff could be collected, fil-
tered, and recycled, thus avoiding spray losses to the ground, 
reducing costs, and further increasing spray efficiency. 

The spray cabin obviously implies the use of a conveyor 
belt to move potted plants around at various times during 

production. With some operational changes, such a system 
would not be restricted to greenhouses with adequate mech-
anization but might be implemented in any greenhouse. Im-
plementing the spray cabin would not require extensive costs 
for installation, as would pipe-rail sprayers, for example. 
However, to decrease the workload associated with loading 
the plants on and off the conveyor belt, additional automa-
tion might be desirable, thus increasing the costs. Neverthe-
less, due to the improved efficacy of the system, the invest-
ment could be recovered in the long term. 

CONCLUSIONS 
A new PPP mitigation strategy for ornamental potted plant 

production has been presented in this proof-of-concept study. 
Using a spray cabin prototype equipped with a band spray set 
with two upward-oriented, low-volume flat-fan nozzles at 1.0 
bar resulted in good deposition on the undersides of leaves, 
good crop penetration, and uniform spray distribution, all fac-
tors that are important to growers for biological efficacy. Fur-
thermore, comparison with other techniques suggested that 
the spray cabin might perform better than traditional handheld 
techniques and broadcast spray boom techniques. The spray 
cabin might reduce the use of PPPs due to more efficient spray 
application, although more extensive studies with multiple 
repetitions should be done and more settings should be tested 
to further improve spray application. In addition, bio-efficacy 
trials are needed to verify the optimal settings compared to 
traditional spray techniques. 
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