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Abstract 8 

Only a portion of the water volume sprayed is deposited on the target when applying plant 9 

protection products with air-assisted axial-fan airblast sprayers in high growing crops. A fraction 10 

of the off-target losses deposits on the ground, but droplets also drift away from the site. This 11 

work aimed at assessing the spray distribution to different compartments (tree canopy, ground 12 

and air) during pesticide applications in a Mediterranean citrus orchard. Standard cone nozzles 13 

(Teejet D3 DC35) and venturi drift reducing nozzles (Albuz TVI 80 03) were compared. 14 

Applications were performed with a conventional air-assisted sprayer, with a spray volume of 15 

around 3000 L ha
-1

 in a Navel orange orchard. Brilliant Sulfoflavine (BSF) was used as a tracer. 16 

Results showed that only around 46% of the applied spray was deposited on the target trees and 17 

around 4% of the spray was deposited on adjacent trees from adjoining rows independently of the 18 

nozzle type. Applications with standard nozzles produced more potential airborne spray drift 19 

(23%) than those with the drift reducing nozzles (17%) but fewer direct losses to the ground 20 

(22% vs. 27%). Indirect losses (sedimenting spray drift) to the ground of adjacent paths were 21 

around 7-9% in both cases. The important data set of spray distribution in the different 22 

compartments around sprayed orchard (air, ground, vegetation) generated in this work is highly 23 

useful as input source of exposure to take into account for the risk assessment in Mediterranean 24 

citrus scenario. 25 

 26 
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Nomenclature 

Vspray Total volume sprayed in the 20 m of the test area, ml 

Ʃ Nozzle volume Total flow rate of nozzles per unit of time, ml min-1  

tspray Time that it took to go through the 20 m of the test area, min 

f Transformation factor to account for BSF UV degradation (0.93) and BSF recovery 

(0.93 for blotting papers collectors and 0.75 for nylon threads). 

Vwashing Volume of washing water used to extract the deposits of BSF of collectors (200 ml 

for threads which captured the potential airborne drift and 100 ml for the rest) 

[washing] Concentration of BSF in the resulting washing water of collectors obtained with the 

fluorimeter, µg L-1 

[tank] Concentration of BSF in the tank, µg L-1 

C Spray deposited on each collector, µL collector-1 

LADk Leaf area density in the quadrant k, m2 leaf m-3 canopy 

Vcanopy Canopy volume. It was calculated considering the canopy as an ellipsoid whose axes 

are its height, width and length, m3 

S collectorsk Surface of the eight blotting paper collectors used to capture the deposition in the 

quadrant k of target trees (8*0.05*0.05= 0.02 m2) 

Distancej-j+1 Distance between two adjacent atmospheric threads (2 m between threads over the 

same path, 4 m between threads over adjacent paths) 

l Length of the test area (20 m) 

l’ Length of the test area corresponding to tree canopies (18 m) 

l’’ Length of the test area corresponding to gaps between trees (2 m) 

dthread Diameter of the thread used as collector (2 mm) 

L Real length of the threads used and of each of the pieces in which the threads that 



 

 

 

 

captured the drift deposited on the tree tops were divided, m 

  

a Width of the ground plane considered to be represented by each of the collectors 

placed on the ground of adjacent paths (0.5 m)  

a’ Height of the planes which are considered to represent the collectors which are in 

front and back rows 1, 2 and 3 (3 m) 

a” Width of the ground plane considered to be represented by each of the collectors 

placed on the ground of the central path (0.6 m) 

Øtree across the row Width of the ground plane considered to be represented by each of the collectors 

placed underneath row 1 (3.8 m) 

Scollector Surface of blotting paper collectors used to collect deposition on the ground 

(0.05*0.515= 257.5·10-04 m2) 

Sy Coefficient of symmetry between both sides of the sprayer 

righti  Percentage deposited in the position i of each evaluated compartment on the right side 

of the sprayer, % 

lefti Percentage deposited in the analogous position i of each evaluated compartment on 

the left side of the sprayer, % 
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1. Introduction 31 

During spray applications in high growing crops with conventional sprayers only a fraction of the 32 

total amount of plant protection products (PPP) is deposited on the intended target. A fraction of 33 

the applied PPP can be transported outside the treated area by the action of air currents during the 34 

application process as spray drift (ISO 22866, 2005). Part of spray drift is deposited on the 35 

ground or water that surrounds the orchard (sedimenting spray drift) and a part also travels to 36 

further distances through the lower air layers of the atmosphere (airborne spray drift) and higher 37 

air layers of the atmosphere that can deposit at larger distances e. g. more than 100 km 38 

(atmospheric spray drift). Another fraction could end up as spray deposition on the ground, 39 

directly in the tractor path and underneath target tree rows or indirectly in the adjacent paths. All 40 

these losses contaminate the environment (air, ground, water, other crops, nearby buildings, etc.) 41 

affecting fauna, flora, and people (sprayer operators, bystanders and residents).  42 

The European Regulation 1107/2009 (EU, 2009a), concerning the placing of PPP on the market, 43 

established that the objective of protecting human and animal health and the environment should 44 

take priority over the objective of improving plant production. Besides, the European Directive 45 

2009/128/CE (EU, 2009b), establishing a framework for Community action to achieve the 46 

sustainable use of pesticides, introduced that the impact of pesticide use on human health and 47 

environment should be assessed by conducting an environmental risk assessment (ERA). The 48 

European procedure considers that pollution from pesticides generally occurs via three main 49 

pathways: soil pollution by direct application, surface water pollution mostly associated with 50 

spray drift, and groundwater pollution associated with the leaching of the chemicals and its 51 

metabolites through the soil column. The assessing of the amount of spray that reaches each 52 

compartment in and around the orchard (vegetation, ground and air) is a source of real pesticide 53 

exposure data that is highly useful to assess pesticide exposure, develop exposure models and 54 

evaluate risks arising from pesticide applications in the different compartments (EU, 2009a; 55 

EFSA, 2014; Damalas, 2015; EPA, 2016).  56 

The procedures to conduct ERA are mostly based on worst-case scenarios developed for central 57 

and northern European conditions. For example, exposure and risk assessment of surface water, 58 

aquatic organisms, non-target soil organisms, etc use drift data values predicted by German 59 

models (Ganzelmeier et al., 1995; Rautmann et al., 2001). However, spray distribution to 60 

different orchard compartments of pesticide applications primarily depends on the vegetation 61 



 

 

 

 

(SDTF, 1997; Praat et al., 2000), equipment design (Holownicki et al., 2000), operational 62 

parameters (Bouse, 1994), weather conditions (Nuyttens et al., 2005), and spray mix properties 63 

(Schampheleire et al., 2009). Therefore, from the point of view of Mediterranean conditions 64 

(weather, crops and farm characteristics, soil properties and surface and groundwater 65 

characteristics) these assessment procedures are not always appropriate, and therefore the 66 

development of specific scenarios are required (Ramos et al., 2000).  67 

Citrus trees are the first fruit tree in the EU covering around 470.000 ha and the production is 68 

located in the South of Europe mainly in Spain (290.000 ha), Italy (125.000 ha), Greece (36.000) 69 

and Portugal (14.000) (Eurostat, 2017). However, there are few studies about exposure and drift 70 

in citrus in Southern Europe. First drift data in citrus were presented by Meli et al. (2003), who 71 

developed a drift model, following a methodology similar to the used to develop the German 72 

models. These authors measured sedimenting drift up to 7.5 m distance from the citrus orchard in 73 

Catania plain (Sicily, Italy), and they found that at the tested distances German models 74 

overestimated drift. . Garcerá et al. (2012) measured sedimenting drift up to 45 m distance from a 75 

citrus orchard in Valencia citrus area (Spain) following ISO 22866 (2005). The authors also 76 

found that German models overestimated drift in the distances closest to the citrus orchard, but, 77 

for longer distances, they measured little higher drift values than the predicted by these models. 78 

Recently, new drift data in citrus in Spanish conditions had been obtained (Torrent et al., 2017). 79 

Besides, Cunha et al. (2012) carried out a risk assessment of pesticide spray drift from citrus 80 

applications with air-blast sprayers in Spanish conditions, comparing the results obtained when 81 

using Meli, German and IMAG models to calculate drift loadings As expected, Meli model 82 

resulted in lower risk indicators for water organisms and earthworms at 3 m distance from the 83 

citrus orchard. At landscape-level, Padovani et al. (2004) assessed the aquatic exposure via spray 84 

drift in citrus Catania area, considering drift loadings in the study area based on Meli drift model 85 

to tailor the results to the specific exposure scenario of interest. The authors demonstrated the 86 

importance of using drift values under actual conditions of the study area and of integrating 87 

landscape analysis for a more realistic exposure assessment. On the other hand, Meli et al. (2007) 88 

and Padovani and Capri (2005) measured the drift that reached a ditch which bordered a citrus 89 

orchard in Catania plain, as cases of study of real applications not representing the worst case 90 

scenario. In both cases, driving direction of the sprayer was perpendicular to the ditch, and 91 

weather conditions during the spray were the typical for the area. Both studies found that in these 92 



 

 

 

 

conditions German models overestimated the exposure of the surface water body. On the other 93 

hand, the assessment of spray distribution to the different compartments in the orchard allows  94 

also studying the efficiency of sprayers and/or sprayer configurations based on their target 95 

deposition and their potential for off-target loss generation (drift and/or ground losses). It could 96 

also be used to evaluate the effect of any technique employed to reduce spray losses, such as drift 97 

reducing nozzles, air deflectors, etc. All this information could be useful to develop a 98 

classification system of spraying equipment and/or technology according to their environmental 99 

risk to be taken into account for the registration of PPP, similar to the ones developed in the 100 

Netherlands (Zande et al., 2012a) and in Germany (Herbst and Ganzelmeier, 2000) for drift 101 

reduction technology for arable and fruits crops. 102 

To date, few studies have examined all fractions in a spray mass balance, and typical 103 

measurements have been focused on deposition on vegetation and ground inside the treated area 104 

(Jensen and Olesen, 2014). Nevertheless, diverse approaches to the assessment of mass balance 105 

can be found in the scientific literature. Balsari et al. (2005) assessed the spray mass balance in 106 

pear orchards and vineyards in Italy using a device specially designed for their work. They 107 

measured off-target losses but did not measure deposition on trees, which is a very important 108 

fraction of mass balance. Salyani et al. (2007) quantified spray deposition on canopies and off-109 

target losses in citrus orchards grown under Florida conditions of five airblast sprayers 110 

commonly used that area.  111 

Drift reducing nozzles are highly recommended to reduce the amount of drifted PPP and are easy 112 

to be implemented by operators. Standard cone nozzles, usually fitted in air-assisted sprayers for 113 

orchard applications, generate a cone of very fine droplets. These droplets are prone to drift and 114 

evaporate fast (Fox et al., 1985). In contrast, venturi drift reducing nozzles generate large droplets 115 

and limit the production of smaller, drift-prone droplets. Therefore they have a lower tendency to 116 

drift. Drift reduction potential of these nozzles have been evaluated both in wind tunnel tests 117 

(Guler et al., 2006) and through analysis of their droplet size spectrum (Zande et al., 2008), and in 118 

fruit spraying their drift reduction capacity has been verified (Zande et al., 2012b; Torrent et al., 119 

2017). Moreover, it has been shown that both the amount of spray deposited on the target tree 120 

and the pattern of distribution in the canopy achieved when using drift reducing nozzles are 121 

similar to those obtained when using standard cone nozzles in apple trees (Zhu et al., 2006; 122 

Derksen et al., 2007; Panneton et al., 2015; Wenneker et al., 2016). However, as far as authors’ 123 



 

 

 

 

knowledge, there is a lack of information on the effect of drift reducing nozzles on spray 124 

distribution in different compartments in the orchard, in any 3D crop.  125 

For all these reasons, the main objective of the present work was to assess the spray distribution 126 

to different compartments during conventional pesticide applications in citrus orchards grown 127 

under Mediterranean conditions. The compartments considered were: target rows (trees and 128 

gaps), adjacent rows (tress and gaps), ground of sprayed path, ground of adjacent paths, and 129 

potential airbone spray drift. Furthermore, the work was aimed at studying the effect of using 130 

drift reducing venturi nozzles on the spray distribution in comparable applications.  131 

2. Materials and methods 132 

2.1. Experimental site 133 

Field trials were conducted on a commercial 22-years-old Navel orange (Citrus sinensis L.) 134 

orchard, located in El Puig (Valencia, Spain) (39º37’16.37”N / 0º22’13.42”W). Trees were 135 

planted in a 6- by 4-m row and tree spacing. Tree rows were planted over raised beds, 200 mm 136 

high, 2 m wide in the top and 3 m wide in the base. Lowest branches almost touched the ground. 137 

Trees were 2.65 m tall, 3.60 m wide along the row and 3.83 m wide across the row, with a 138 

canopy volume of 19.23 m
3
 tree

-1
, considering the canopy with an ellipsoidal shape, and a mean 139 

leaf area density of 4.03 m
2
 leaf m

-3
 canopy, experimentally assessed.   140 

2.2. Spray application and experimental set up 141 

Applications were performed with a conventional airblast sprayer (model Futur 1500, Fede 142 

Pulverizadores S.L., Cheste, Spain) working at a power take-off speed of 480 r min
-1

, following 143 

the manufacturer recommendation, with a working pressure of 1 Mpa, and a forward speed of 144 

0.46 m s
-1

. Applications consisted in one-tree side spraying at the two middle-rows in the middle 145 

of the orchard, operating both sides of the sprayer (single pass). The spray was applied along 20 146 

m of one path, coinciding with a sampling structure specially designed to capture the spray 147 

reaching the different compartments. The time spent running the 20 m was measured. The 148 

nozzles were opened and the fan was turned on 5 m before reaching the sampling structure, and 149 

the nozzles were closed and the fan turned off 5 m after the end of the sampling structure. This 150 

way, nozzles were opened and fan operated along 30 m. At this point the tractor was stopped to 151 

avoid the interference of its movement on the dynamics of the spray. 152 



 

 

 

 

2.2.1. Nozzles 153 

Two different nozzle models were tested: the standard one (STN), which was a full cone nozzle 154 

commonly employed by Spanish citrus growers (stainless steel, disc-core nozzle model D3-DC35 155 

(TeeJet, Spraying Systems Co., Wheaton, Illinois)), and a venturi drift reducing nozzle (DRN) 156 

(conic, turbulence venturi nozzle, model TVI 80 03 (Albuz - Saint-Gobain Solcera, Évreux, 157 

France)). The nozzle manifold of the sprayer was fitted with the same nozzle model in each 158 

application. STN and DRN nozzles were selected to provide similar spray application volume 159 

rates, approximately 3000 L ha
-1

. Table 1 shows their characteristics and the operative conditions 160 

of the applications. Four repetitions with each nozzle were performed, conducting one repetition 161 

with each nozzle in the same week. The resulting eight applications were carried out from April 162 

to July 2010. Citrus canopy scarcely changed along the season because it is a perennial crop and 163 

fruits growth stage changed from BBCH 61 to 76. 164 

Table 1. Nozzle characteristics and operative conditions 165 

Nozzle 

Manufacturer 

- 

Model 

Cone 

Spray 

angle 

(º) 

Working 

pressure 

(bar) 

Nominal 

flow 

rate 

(L min-

1) 

DV10
a
 

(μm) 

DV50
 

a
 

(μm) 

DV90
 

a 

(μm) 

Nominal 

spray 

volume 

(L ha-1) 

Real 

spray 

volume 

(L ha-

1) b 

STN 

TeeJet 

D3-DC35 

Full 48 10 2 - 350 - 2930 3069 

DRN 

Albuz 

TVI 80 03 

Hollow 80 10 2.19 347 646 1122 3206 3028 

a Spray spectrum characteristics reported by the manufacturers (personal communication) 

bAfter measuring the real flow of each nozzle to identify and eliminate deviations in nozzle flow rates greater 

than 10% related to nominal flow 

 166 

Twenty-four of the nozzle holders of the sprayer (12 on each side) were kept operative during the 167 

trials, the highest ones were closed and the rest of nozzles were oriented (Table 3). Total flow 168 

rate was calculated as the sum of real flow rate of each nozzle for both STN and DRN nozzles. In 169 



 

 

 

 

both cases, the flow rate was slightly higher in the right side of the sprayer than in the left side 170 

(47% vs 53% for the STN and 48% vs 52% for the DRN). 171 

Table 2. Operating nozzles (Y= Yes/N= No) and angle to the horizontal (°) of each nozzle holder 172 

during the applications with each type of nozzle. 173 

Nozzle
a
 STN DRN 

1 Y, 30 Y, 20 

2 Y, 30 Y, 30 

3 Y, 30 Y, 30 

4 Y, 10 Y, 10 

5 Y, 0 Y, 0 

6 Y, 5 Y, 0 

7 N N 

8 Y, 30 Y, 20 

9 Y, 30 Y, 30 

10 Y, 30 Y, 30 

11 Y, 10 Y, 10 

12 Y, 0 Y, 0 

13 Y, 0 Y, 0 
a
See Fig. 1  

 174 

Fig. 1. Nozzle manifold diagram (left side of the sprayer, at the rear of the machine, right side 175 

was symmetrical). Nozzles are positioned in the air outlet of the fan. 176 

2.2.2. Air output and spray profile of the sprayer 177 

The sprayer had a 910 mm diameter fan inlet and three air outlet channels, with a total width of 178 

295 mm and a perimeter of 2.54 m. The fan had 10 metal blades, with an inclination angle of 30º. 179 

It turned anticlockwise as viewed from the rear of the machine. The total air volume rate was 180 

estimated by a series of point measurements of air speed with a hot-wire anemometer (model 181 

VelociCalc Plus 8386A-M-GB, TSI Incorporated, Minnesota, USA) on a 3-point (evenly spaced 182 

across the width of each channel) by 14-point (evenly spaced along the perimeter of the channels) 183 

grid covering the whole air outlet. The estimated air volume rate was 24.4 m
3
s

-1
. 47% 184 

corresponded to the right side of the fan, viewed from the rear of the machine, with a mean air 185 

speed of 31 m s
-1

, and 53% to the left side, with a mean air speed of 37 m s
-1

.  186 



 

 

 

 

The profile of air speed and direction was assessed according to ISO 9898 (2000). Airflow speed 187 

and direction (vector speed (x, y, z)) was measured in open air, using a 3D ultrasonic anemometer 188 

(WindMaster 1590-PK-020, Gill Instruments Ltd., Hampshire, UK) in two vertical posts (A and 189 

B), at the right and the left of the fan respectively, and in a horizontal post over the fan (C), all of 190 

them at 50 cm apart from the closest point of the fan (Fig. 2.1). The posts were located in 3 191 

planes (one in the centre of the fan outlet (plane 0) and the other two at 30 cm at each side of the 192 

centre-plane (+30; -30) (Fig. 2.2). In each post, measurements were taken every 20 cm. In the 193 

vertical posts measurements were taken from 35 cm to 350 cm height. Data was recorded at 1 Hz 194 

frequency for 60 s at each measuring point.  195 

 196 

 197 

Fig. 2. 1) Location of measuring posts on the left of the fan (post A), on the right of the fan (post 198 

B) and above the fan (post C); and 2) Location of measuring planes (-30; 0; +30) respect to the 199 

fan. 200 

The average of each component of the air vector for each measuring point was calculated during 201 

the acquisition time (60s). Afterwards, the average of the three planes of each measuring point 202 

was calculated. The profile of air speed (Fig. 3Fig. 3) represents the projection of the average 203 

vector (x, y, z) in the plane (YZ). 204 

The vertical spray liquid distribution of the sprayer with both sets of nozzles was assessed by 205 

means of a vertical patternator (AAMS-Salvarani, Maldegem, Belgium). The patternator was 206 

equipped with double bended horizontal lamellae, and it was 350 cm tall. The sprayer was 207 

configured in the same way used for field applications and measurements were performed at a 208 



 

 

 

 

distance of 75 cm from the sprayer, while the sprayer advanced at the same speed used in the 209 

field. In each case, only the side facing the patternator of the sprayer was used. Vertical 210 

distribution was measured from 35 to 345 cm, with a precision of 10 cm. The time of sampling 211 

was recorded. Three repetitions with each side of the sprayer and each set of nozzles were carried 212 

out. The volume collected at each height of the patternator was expressed as a percentage respect 213 

to the total volume collected by the whole patternator. The average of the percentage of the three 214 

repetitions is shown in Fig. 3Fig. 3. 215 

 216 

Fig. 3. Airflow profile of the fan of the airblast sprayer used in the tests (Left side of the fan on 217 

the left and right side of the fan on the right, viewed from the rear of the machine) and spray 218 

profile of the airblast sprayer used in the tests with each set of nozzles (Left side of the nozzle 219 

manifold on the left of the diagram, and right side of the manifold on the right, viewed from the 220 

rear of the machine). The grey bars indicate the magnitude of the air speed (m s
-1

) and the arrows 221 

the direction of the airflow projected from the vector speed (x, y, z) in the YZ plane in the 222 

different positions.  223 

2.2.3. Spray solution 224 

Spray solution consisted of a mixture of water and a fluorescent tracer, brilliant sulphoflavine 225 

(BSF. Biovalley, Marne La Vallee, France), at a concentration of around 1 g L
-1

. It has been 226 

reported as the most stable fluorescent dye (Cai and Stark, 1997; Pergher, 2001) and does not 227 

significantly alter formulations properties and droplet spectrum. Furthermore, it does not affect 228 



 

 

 

 

the movement of droplet in the environment (Schleier III et al., 2010). It can be degraded by UV 247 

radiation (Salyani and Cromwell, 1992; Pergher and Gubiani, 1995; Pergher, 2001; Herbst, 2006; 248 

Stallinga et al., 2012) therefore UV degradation was assessed. Laboratory tests were carried out 249 

to determine the degradation between 30 min and 180 min (time required to pick up all the 250 

collectors) and the results showed an average degradation of 7%. Similar degradation levels were 251 

found by Cai and Stark (1997) when exposing BSF to sunlight.  252 

2.2.4. Weather conditions 253 

Weather data, including wind speed magnitude and direction in the UV plane (Horizontal plane), 254 

wind speed magnitude in the W direction (vertical direction), air temperature and relative 255 

humidity were recorded during the applications. Sensors were placed in a mast at 7 m high (4 m 256 

above the vegetation), and about 54 m right from the spray path. Sensors included one 3D 257 

ultrasonic anemometer (WindMaster 1590-PK-020, Gill Instruments Ltd., Hampshire, UK) and 258 

three wireless temperature and humidity radio data loggers (T&D type RTR-53, T&D 259 

Corporation, Nagano, Japan). All climatic variables were recorded at 1 Hz frequency during a 5-260 

min measurement window, starting with the spraying, whose duration was about 60 s. Table 3 261 

shows mean values for weather parameters for each repetition with each nozzle. 262 

Table 3. Weather parameters (mean (standard error, SE)) during the four repetitions with each 263 

nozzle. 264 

Nozzle Repetition Date 
Temperature 

(°C) 

Relative 

humidity (%) 

Horizontal 

wind speed 

magnitude 

(m s
-1

) 

Horizontal 

wind direction 

(°)
a
 

Vertical wind 

speed 

magnitude 

(m s
-1

)
b
 

STN 

1 29/04/2010 20.3 (0.002) 59.2 (0.022) 0.93 (0.021) -89 (7.110) 0.07 (0.014) 

2 01/06/2010 25.8 (0.004) 46.5 (0.041) 1.33 (0.030) -156 (1.170) -0.01 (0.011) 

3 22/06/2010 19.1 (0.007) 60.7 (0.011) 2.75 (0.030) 154 (1.110) 0.05 (0.014) 

4 20/07/2010 24.1 (0.005) 78.0 (0.020) 2.13 (0.028) 144 (0.770) 0.14 (0.011) 

DRN 

1 28/04/2010 18.1 (0.017) 80.7 (0.027) 0.82 (0.019) -19 (8.430) 0.17 (0.017) 

2 26/05/2010 20.9 (0.006) 57.0 (0.026) 1.37 (0.041) -147 (3.000) 0.04 (0.015) 

3 24/06/2010 20.9 (0.004) 75.6 (0.011) 0.46 (0.014) 133 (6.780) 0.14 (0.013) 

4 
22/07/2010 24.7 

(0.002) 
75.5 (0.017) 1.21 (0.019) 109 (0.970) 0.04 (0.009) 

 a
 Wind direction referred to the spray track, following the criterion shown in Fig. 4Fig. 4 

b
 Vertical wind velocity >0 directed upwards and <0 directed downwards 

Con formato: Fuente: 8 pto



 

 

 

 

 285 

Fig. 4. Wind direction criterion 286 

2.2.5. Collectors arrangement 287 

Blotting paper pieces (73 g m
-2

 filters. ANOIA S.A., Barcelona, Spain) and nylon threads (2 mm 288 

diameter. Model Star. Golden fish fishing lines. Efectos Navales OCAÑA S.L., Pontevedra, 289 

Spain) were used as collectors to gather the deposits reaching the considered compartments in the 290 

orchard (Fig. 5Fig. 5): 291 

a) Deposition in target row (row 1) consisted of:   292 

a.1. Deposition in target trees. 50 x 50 mm pieces of blotting paper were placed in 36 quadrants 293 

of the canopy after dividing it into three heights (Fig. 6Fig. 6A) and 12 locations per height, 294 

six on each side of the tree, one side that faced the sprayer and received directly the spray 295 

(faces Right 1 and Left 1) and the other at 180° spray angle (faces Right 2 and Left 2) (Fig. 296 

6Fig. 6B). On each quadrant, eight collectors were stapled to eight randomly selected leaves, 297 

four on the front side of the leaves and four on the backside. Two trees on each side of the 298 

central path were used for this assessment (A and B trees in Fig. 5A). 299 

a.2. Losses in the gap between target trees. One vertical thread on each side of the target rows 300 

matching with the center of the gap was placed, as the “spray input” and “spray output” of 301 

the row (Fig. 5C), in reference to the advance of the spray cloud through the orchard. This 302 

sampling was performed in two gaps from each target rows, right and left. 303 

 304 

Con formato: Inglés (Estados Unidos)

Con formato: Inglés (Estados Unidos)



 

 

 

 

 305 
Fig. 5. A)Top view of the citrus orchard with the location of air, ground and vegetation 306 

collectors. B) Side view of the citrus orchard. C) Detail of vertical collectors to assess spray 307 

deposition in adjacent rows. D) Detail of ground collectors to assess direct ground losses, and E) 308 

Detail of ground collectors to assess indirect ground losses. 309 

 310 



 

 

 

 

 311 
 312 

Fig. 6. A) Side view of target trees. Distribution of quadrants in height. B) Top view of target 313 

trees. Distribution of quadrants at each height. 314 

b) Deposition in adjacent rows (rows 2 and 3). It was assumed that there were no run off 315 

losses on the ground under these trees of the second and third rows. It was assessed by 316 

means of nylon threads and consisted of:  317 

b.1. Deposition in adjacent trees. The deposition on these trees was considered as the addition 318 

of the spray that reached the tree tops and the spray that crossed horizontally the canopies.  319 

b.1.1. For tree top, two horizontal threads were placed over the tree 320 

perpendicularly to the driving direction of the sprayer, 3.5 m above the ground 321 

(≈0.5 m above the tree top) (Fig 5A).  322 



 

 

 

 

b.1.2. For spray crossing the canopy, three vertical threads were placed on each 323 

side of the canopy, one coincident with the trunk and one more on each side, 0.5 m 324 

apart, as the “spray input” and “spray output” of the tree, in reference to the 325 

theoretical advance of the spray cloud through the orchard (Fig 5C).  326 

b.2. Losses in the gap between trees in adjacent rows. The deposition on these gaps was 327 

considered as the addition of the spray that reached the gap top and the spray that crossed 328 

horizontally the gap. The same collectors located to assess the spray that reached the tree top 329 

were used to assess gap top. The spray that crossed horizontally the gap was measured in the 330 

same way used for losses in the gap in the target row. 331 

c) Ground losses was sampled by means of a series of 515 x 50 mm blotting paper pieces 332 

attached to PVC clapboards made on purpose (600 x 50 x 10 mm) were considered: 333 

c.1. Direct ground losses, as the spray deposited on the ground of the path by which the sprayer 334 

advanced, and it was accounted for: 335 

c.1.1. Ground losses in the central path (Fig. 5D): Six groups of boards were 336 

placed in the central path, perpendicularly to the driving direction, with a separation 337 

between each group of boards along the path of 4 m and positioned in between 338 

individual trees . Each group consisted of five boards, one in the centre and two 339 

pairs on each side of it. Paired boards were kept together and separated 600 mm 340 

from the central board, to allow passage of the tractor wheels. 341 

c.1.2. Ground losses underneath target row (Fig. 5D): eleven boards were placed 342 

2 m apart along the row perpendicularly to the driving direction, under target tree 343 

row at both sides of the sprayer. 344 

c.2. Indirect ground losses, as the spray deposited on the ground of adjacent paths (Fig 5E). It 345 

was assessed by placing two groups of five boards, on each path on 5 paths at both sides of 346 

the central path. One group was placed just behind one canopy coincident with the trunk, 347 

and the other group was placed matching the gap between trees. On each group boards were 348 

separated 500 mm from each other and located in parallel to the driving direction Thus, the 349 

farthest boards were at 31 m from the centre of the sprayer 350 

d) Potential airborne spray drift (Fig. 5A, Fig. 5B). It was assessed by 20 m-long threads 351 

forming a horizontal plane 5 m above the ground (approximately 2 m above the canopies). 352 



 

 

 

 

Threads were parallel to the driving direction. Two threads were placed over the central path 353 

and two more on the two adjacent paths (paths 1 and 2) both left and right. In every path, 354 

threads were at a distance of 1 m from the centre of the path. 355 

 356 

2.3. Measurements and calculations after the applications 357 

To assess the spray distribution to different compartments, the percentage of total volume applied 358 

during the spray (Vspray) that reached each compartment was calculated and represents the relation 359 

of the total volume applied (Vspray) versus the volume deposited on the corresponding 360 

compartment. 361 

 362 

2.3.1. Spray deposition on the collectors 363 

First of all, in order to assess the actual BSF concentration in the tank, three samples of spray mix 364 

were collected immediately after each application.  365 

After each sprayer pass and in order to minimize UV degradation, collectors were picked up 366 

immediately after drying, placed in sealable plastic bags, and stored in a dark bag inside a 367 

polystyrene container situated in a shadowed area. Due to the complex arrangement of collectors, 368 

complete collection lasted for around 3 hours. The pickup of the collectors was made as follows: 369 

- The eight blotting-paper collectors from each quadrant of target trees (trees from row 1) 370 

were kept together in one bag to analyze them as one sample.  371 

- Nylon threads over the tree tops in the adjacent trees (rows 2 and 3) were cut in ≈1 m long 372 

segments, putting each segment in an individual bag.  373 

- Each vertical nylon thread (gaps from rows 1, 2 and 3, and trees from rows 2 and 3) was put 374 

in an individual bag. 375 

- Each blotting-paper collector from the ground was put in an individual bag.   376 

- Each horizontal nylon thread at 5 m height (potential airborne drift) was put in an individual 377 

bag. 378 

Once in the laboratory, collectors were kept refrigerated and the day after the application, they 379 

were washed with de-ionized water to extract the BSF deposits. To maximize extraction, bags 380 

were shaken with a mechanical stirrer during 30 min at 75 rpm (model 4628-1, Lab-Line 381 



 

 

 

 

Instruments Inc., Melrose Park, Illinois). Ground collectors, collectors from target trees, vertical 382 

threads and segments of threads over trees from rows 2 and 3 were washed with 100 ml of water. 383 

Each potential airborne drift collector was washed with 200 ml. Precise length of each nylon 384 

thread (L) was assessed after washing. A sample of 50 ml of each resulting washing water was 385 

put in a topaz bottle and kept under refrigeration for later quantification of the BSF concentration 386 

by fluorometry (fluorometer Perkin Elmer model LS30, Waltham, MA, USA).  387 

The amount of spray deposited per collector (μl collector
-1

) (Eq. 1) was calculated from the 388 

reading of the fluorometer ([washing]), taking into account the volume of washing water 389 

(Vwashing)and the BSF concentration in the tank ([tank]). The results were corrected by the 390 

percentage of UV degradation (7%) and by the percentage of recovery of BSF for each type of 391 

collector (f). The percentage of recovery was determined in laboratory tests and resulted in an 392 

average of 93% for blotting paper and 75% for nylon threads.  393 
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 395 

These data divided by the projected surface of each collector were used to calculate the 396 

deposition per unit surface of collector (μl cm
-2

) (Eq. 2).  397 

collector of  surfaceprojected

C
collector of  surfaceunit per depositedSpray   Eq. 2 398 

2.3.2. Spray profile distribution in different compartments in the orchard.  399 

The projected surface of each collector was scaled to be representative of the surface of the 400 

corresponding compartment (tree canopy, ground and air), and the total deposit of spray on each 401 

compartment was calculated (ml) taking into account the deposition per unit surface of collector. 402 

Total volume sprayed (Vspray) in the 20 m of the test area (ml) was calculated from the flow rate 403 

of the sprayer (ml min
-1

) and the time that it took to go through the 20 m of the test area (min) 404 

(tspray) (Eq. 3). Finally, based on this volume, the percentage of deposited spray on each 405 

compartment was calculated. The general equation is shown in Eq. 4. 406 

sprayspray tvolumeNozzleV   Eq. 3 407 
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 410 

The considerations to assess the total deposit of spray on each compartment (tree canopy, ground 411 

and air) from the deposition on the collectors were the following:  412 

a) Deposition in target row (row 1): 413 

a.1.  Deposition in target trees (Eq. 5): Deposition in each quadrant was calculated as the 414 

average between the corresponding quadrant in trees A and B for both Right row 1 and Left 415 

row 1 (Fig. 5A). Surface of collectors was scaled to be representative of the leaf surface of 416 

the corresponding quadrant, calculated taking into account the volume of the quadrant (m
3
) 417 

(Vcanopy/36 quadrants) and its leaf area density (LADk, m
2
 leaves m

-3
 canopy).  418 

LAD of citrus is not uniform through the canopy (Farooq and Salyani, 2004), therefore LAD 419 

of each quadrant was assessed. For that, on one hand, in each quadrant, leaves inside a 420 

known volume (343 dm
3
, corresponding to a cube of 700x700x700 mm) were picked and 421 

weighed. From each leave sample per section, a subsample of 10 leaves were digitised and 422 

analyzed with image analysis software (Matrox Inspector v. 2.2, Matrox Electronic Systems 423 

Ltd.) to determine the leave surface (cm
2
) and were weighted with an analytical balance 424 

(model XR 205 SM-DR, Precisa Gravimetrics AG, Dietikon, Switzerland). Next, with these 425 

data the leaf area per unit weight (cm
2
 g

-1
) in each quadrant was calculated. Finally, the LAD 426 

of the corresponding quadrant was calculated based on the weight of total leaves in each 427 

quadrant and the data of leaf area per unit weight (cm
2
 g

-1
). 428 
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 430 

a.2.  Losses in the gap between target trees (Eq. 6). The average of deposition (µL cm
-2

) of the 431 

2 vertical threads located to measure spray input (Caverage 2 input gap threads) and the average of 432 

the 2 vertical threads located to measure spray output (Caverage 2 output gap threads) were calculated 433 

for each row (right and left). The projected surface of a vertical thread was scaled to be 434 

representative of a vertical plane parallel to the driving direction corresponding to the 435 

addition of the gaps in the test area (3 m high (a’) and 2 m long (l”), considering that each 436 

gap was 0.4 m long between trees in the row). The losses in the gap were calculated by 437 



 

 

 

 

subtracting the spray that left the row (spray output) from the spray that entered into the row 438 

(spray input).  439 
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 441 

b) Deposition in adjacent rows (rows 2 and 3). 442 

b.1. Deposition in adjacent trees (Eq. 7). It was calculated by adding the spray that reached 443 

the tree tops and the spray that crossed horizontally the trees. 444 

trees adjacent crossing%Spray   tops tree adjacent%Spray  tree adjacent%Spray    Eq. 7 445 

b.1.1. Spray that reached the tree tops (Eq. 8): each thread over the canopy was divided into two 446 

segments (segment 1 and segment 2 (Fig. 5B)) (approximately 1 m long) and the deposition on 447 

each segment was assessed. The average of the segments located in analogous positions (Rep 1 448 

and Rep 2 in Fig. 5Fig. 5) was calculated. The projected surface of each segment was scaled to be 449 

representative of a plane over trees, 1.9 m wide (Øtree across the row/2) and 18 m long (l’), considering 450 

that each tree was 3.6 m long in the row. The total spray that reached the tree top was calculated 451 

as the addition of the deposition on the two planes corresponding to the two segments. 452 
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b.1.2. Spray crossing the tree (Eq. 9):the average of deposition (µL cm
-2

) of the 3 454 

vertical threads located to measure spray input (Caverage 3 input canopy threads) and the 455 

average of the 3 vertical threads located to measure spray output (Caverage 3 output canopy 456 

threads) were calculated for each row (right 2, 3 and left 2, 3). The projected surface 457 

of a vertical thread was scaled to be representative of a vertical plane parallel to the 458 

driving direction corresponding to the addition of the canopies in the test area (3 m 459 

high (a’) and 18 m long (l’), considering that each canopy was 3.6 m long in the 460 

row). The deposition in the canopies was calculated by subtracting the spray that 461 

left the canopies (spray output) from the spray that entered into the canopies (spray 462 

input).  463 
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b.2. Losses in the gap between adjacent trees (Eq. 10). It was calculated by adding the spray 465 

that reached the gaps’ top and the spray that crossed horizontally the gaps in adjacent rows. 466 

row adjacent gaps crossing%Spray   row adjacent top gap%Spray  trees adjacent gaps %Losses    Eq. 10 467 

b.2.1. Spray that reached the gaps’ top in adjacent rows (Eq. 11): It was 468 

calculated in the same way used to calculate spray that reached the tree tops. In this 469 

case, the projected surface of each segment was scaled to be representative of a 470 

plane over gaps, 1.9 m wide (Øtree across the row/2) and 2 m long (l”), considering that 471 

each gap was 0.4 m long in the row. 472 
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b.2.2. Spray crossing the gaps in adjacent rows: It was calculated in the same way 474 

used to calculate spray crossing gaps in target rows (Eq. 6). 475 

c) Ground losses:  476 

c.1. Direct ground losses: 477 

c.1.1. Ground losses in the central path (Eq. 12): the average deposition of the six 478 

collectors in the same position relative to the central axis of the path, one of each 479 

group of boards, was calculated. Additionally, the space without collectors to allow 480 

the passage of the wheels was considered to receive the mean deposition between 481 

the collectors at each side of the space. The surface of each collector and each 482 

space (Scollector) was scaled to be representative of a plane 60 cm wide (a”) and 20 m 483 

long (l) at the corresponding position. This resulted in 7 planes, 5 corresponding to 484 

the 5 boards and 2 to the 2 spaces (Fig. 5D). Total central path losses were the 485 

result of adding up the spray deposition in each of the resulting planes. 486 
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c.1.2. Ground losses underneath target row (Eq. 13): the average deposition of 488 

the eleven collectors located underneath target row was calculated for right row 1 489 

and left row 1. The surface of the collectors was scaled to be representative of a 490 

plane 3.8 m wide (Øtree across the row) and 20 m long (l) under each tree row. 491 
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d) Indirect ground losses (Eq. 14): Surface of each collector behind the canopy (Scollector) was 493 

scaled to be representative of a plane 50 cm wide (a) and 18 m long (l’). Surface of each 494 

collector facing a gap (Scollector) was scaled to be representative of a plane 50 cm wide (a) 495 

and 2 m long (l”). This way, the spray deposited on the ground behind the canopies and 496 

behind the gaps was assessed. The total amount deposited on the path was calculated as the 497 

addition of the spray deposited on the ground behind the canopies and the spray deposited 498 

on the ground behind the gaps. 499 
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e) Potential airborne spray drift: The average deposition between each pair of contiguous 501 

threads was calculated. The projected surface of each thread was scaled to be representative 502 

of a plane 20 m long and a width equal to the distance between the two contiguous threads 503 

used to calculate the average (Eq.15). This resulted in 9 planes, 5 over the paths and 4 over 504 

the ree rows (Fig. 5A). The total amount of potential airborne spray drift was calculated as 505 

the addition of the spray crossing each plane (Eq. 16). 506 
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In order to know if the profile of spray distribution in the orchard is symmetrical respect to the 510 

center of the sprayer and to assess if the type of nozzle affect the symmetry the coefficient of 511 

symmetry (Sy) (Eq. 17) of the spray application was calculated. Sy would range from 0%, when 512 

the deposition profile at both sides of the sprayer was totally asymmetrical, to 100%, when the 513 

deposition profile at both sides of the sprayer was totally symmetrical. 514 
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Coefficient Sy was calculated for each compartment: deposition profile on target and adjacent 516 

trees, distribution of deposition in target trees, direct ground losses, both for central path losses 517 

and underneath target row losses, indirect ground losses, and potential airborne drift. 518 

2.3.3. Total spray distribution to different compartments in the orchard. 519 

The total spray distribution of the application to different compartment was assessed by 520 

adding up deposition or losses, depending on the compartment, at both sides of the central 521 

path (left and right values). The compartments considered were: Deposition in target trees, 522 

losses in the gap between target trees, deposition in adjacent trees, losses in the gap between 523 

adjacent trees, ground losses in the central path, ground losses underneath target row, indirect 524 

ground losses and potential airborne spray drift. 525 

2.4. Statistical analysis 526 

Statistical analyses were performed to study if the results were affected by the nozzle type. On 527 

the one hand, the influence of the factor Nozzle (N) on the coefficient Sy for the different 528 

compartments was analyzed using one-way analysis of variance (ANOVA). 529 

In order to study if the total spray distribution was affected by the nozzle type, a one-way 530 

ANOVA was conducted comparing the percentage of deposition on each compartment using 531 

Nozzle (N) as factor. In all analyses a confidence level of 95% was considered. 532 

3. Results and Discussion 533 

3.1. Spray profile distribution in different compartments in the orchard. 534 

3.1.1. Direct ground losses, indirect ground losses and potential airborne drift.  535 

The profile distribution of direct and indirect ground losses, and potential airborne drift for each 536 

application repetition with STN and DRN, and the average for each nozzle type are shown in Fig. 537 

7Fig. 7, Fig. 8Fig. 8 and Fig. 9Fig. 9 respectively. The data of percentage of sprayed (Mean (SE) 538 



 

 

 

 

for potential airborne drift is shown in Table A.1, for indirect losses in Table A.2 and for direct 539 

ground in Table A.3 (central path losses) and Table A.4 (Underneath target trees). In all figures 540 

there were peaks of losses coincident with target trees both over the trees and under the trees. 541 

This could be because these collectors directly captured the spray coming out of the sprayer.  542 

In the case of STN applications (Fig. 7), potential airborne drift on the right side was higher than 543 

on the left side because, as it was observed in the wind profile of the sprayer (Fig. 3Fig. 3), 544 

airflow on the right side had a higher vertical component than the left side. Furthermore, this 545 

phenomenon could have a greater magnitude when the sprayer faced the centre of the canopy, 546 

which makes the air move vertically (Salcedo et al., 2015).  547 



 

 

 

 

 548 
Fig. 7. Spray profile distribution of STN in the ground (direct and indirect losses) and air 549 

(potential airborne drift) . Wind rings portray the magnitude (m s
-1

) and direction of prevailing 550 

horizontal wind during each repetition. 551 

In the first repetition potential airborne drift was more balanced between both sides of the sprayer 552 

(Sy of repetition 1 was higher than in the rest of repetitions (Table 5)) because wind was directed 553 

from right to left. However, first repetition still had higher drift on the right side, which may be 554 

due to the fact that wind speed was lower than 1 m s
-1

, and the sprayer airflow could have a 555 

stronger influence on airborne drift. The second repetition showed a singular behaviour. Wind 556 



 

 

 

 

was directed from right to left, which is consistent with the fact that there was higher drift on the 557 

left side, but the values of potential drift were much higher and more asymmetric (Table 5) than 558 

in any other repetition. This could be explained by the fact that this was the only application that 559 

showed negative vertical wind (Table 1), typical in thermal inversion conditions. Therefore, it 560 

could have caused that spray cloud moved almost horizontally towards the left side of the sprayer 561 

around 5 m height where the potential drift was measured, or even returned to the orchard. Direct 562 

ground losses in the central path were higher on the left side of the sprayer (Mean Sy=64.58%), 563 

probably due to the anticlockwise turning of the fan. Direct ground losses underneath the target 564 

row were almost symmetrical between both sides of the sprayer with a value of mean Sy=93.98% 565 

(Table 4Table 4).  566 

Table 4. Value of the coefficient Sy in each compartment for each repetition and the average 567 

value (mean (SE)) for each nozzle. Results of the ANOVA analyses conducted for the studies of 568 

the effect of Nozzle (N). Different letters following average values in each compartment indicate 569 

significant differences between nozzles. 570 

Nozzle Repetition 

Compartment 

Average 

Distribution 

in target 
trees 

Deposition 

in target 

and 

adjacent 
trees 

Direct ground losses 

Indirect 

ground 
losses 

Potential 

airborne 
spray drift 

Central 

path 
losses 

Underneath 

target row 
losses 

STN 

R1 94.959 90.530 51.838 96.698 88.922 85.750 84.840 

R2 94.739 95.009 73.390 91.469 85.360 66.960 84.486 

R3 93.062 88.673 62.796 99.943 73.107 70.860 81.328 

R4 95.442 89.241 70.295 87.821 82.419 63.350 81.270 

Average 

94.551 

(0.517) a 

90.863 

(1.435) a 

64.580 

(4.794) b 

93.983 

(2.695) a 

82.452 

(3.387) a 

71.730 

(4.918) a - 

DRN 

R1 93.743 92.066 87.372 86.771 83.271 87.070 88.490 

R2 93.700 90.172 89.255 82.983 84.314 87.460 87.838 

R3 95.488 92.233 77.945 77.062 77.685 96.880 86.218 

R4 94.607 88.342 90.729 92.255 69.746 62.460 82.837 

Average 

94.384 

(0.423) a 

90.703 

(0.915) a 

86.325 

(2.877) a 

84.768 

(3.197) a 

78.754 

(3.337) a 

83.468 

(7.361) a - 

F 0.06 0.01 15.13 4.85 0.61 1.76 

 d.f. 1, 7 1, 7 1, 7 1, 7 1, 7 1, 7 

 P 0.8135 0.9282 0.0081 0.0698 0.4659 0.2331 

  571 

In DRN applications (Fig. 8) potential airborne drift was more symmetrical than in STN 572 

applications (Table 4), which indicates that they were less influenced by ambient wind and 573 

sprayer airflow, due to the higher droplet size and weight. However, drift was slightly higher on 574 



 

 

 

 

the right side as it happened in STN probably because the right side of the sprayer produced 575 

higher vertical airflow. This can be observed in the first repetition, in which prevailing wind was 576 

almost parallel to the tree rows and in favour of the advance of the sprayer. The component of the 577 

wind perpendicular to the row was close to zero. 578 

 579 
Fig. 8. Spray profile distribution of DRN in the ground (direct and indirect losses) and air 580 

(potential airborne drift). Wind rings portray the magnitude (m s
-1

) and direction of prevailing 581 

horizontal wind during each repetition. 582 



 

 

 

 

In the fourth repetition, the wind was almost across the rows from the left to the right side and 583 

with a mean magnitude of 1.2 ms
-1

 producing much higher drift on the right and therefore a more 584 

asymmetric drift profile (Table 4).  585 

In general, direct ground losses in the central path were higher on the left side of the sprayer, as it 586 

happened with the STN, but the profile was significantly more symmetrical than for STN (Sy 587 

86.33% vs 64.58%) (Table 4Table 4) because coarser droplets have a ballistic behaviour (Heijne 588 

et al., 2002). Nevertheless, direct ground losses underneath target row were in all repetitions 589 

much higher in the right side than in the left side. This is probably due to the combination of 590 

three reasons (coarser droplets, the anticlockwise turning of the fan and the fact that the boards 591 

were located over the raised beds) that affect the trajectory of the droplets and lead them 592 

underneath right row 1, producing lower symmetry respect to STN.    593 

Indirect ground losses showed higher values on the right adjacent paths than on the left ones that 594 

it is in accordance with the values of potential airborne drift. 595 

DRN applications showed less potential airborne drift almost in the whole profile and higher 596 

losses to the ground in the immediate surroundings of the sprayer, which means higher direct 597 

ground losses and higher indirect ground losses up to half the first left adjacent path and half the 598 

second right adjacent path (Fig. 9). From these points onwards, STN showed higher indirect 599 

ground losses, indicating that STN spray cloud arrived farther than DRN spray cloud. These 600 

findings agree with the results of other authors (Heijne et al., 2002; Derksen et al., 2007; Sesah, 601 

2007; Lešnik et al., 2015), who also found that coarser spraying resulted in higher ground 602 

deposits close to the sprayer when compared to spraying with fine sprays. 603 



 

 

 

 

 604 
Fig. 9. STN vs DRN mean deposition in the ground (direct and indirect losses) and air (potential 605 

airborne drift).  606 

3.1.2. Target and adjacent trees. 607 

Regarding spray deposition on target and adjacent trees, as a general comment, the first thing to 608 

highlight was that ambient wind mainly affected the spray deposition on adjacent trees (Fig. 10 to 609 

Fig. 12; Table A.5.). In fact, for STN applications (Fig. 10), in repetitions 1 and 2, with a 610 

prevailing wind coming from the right, higher deposition was observed both in the second and 611 

third adjacent rows on the left of the sprayer. In repetitions 3 and 4, with a prevailing wind 612 



 

 

 

 

coming to the left, higher depositions were observed both in the second and third adjacent rows 613 

on the right of the sprayer. 614 

Target trees showed lower deposition on right row 1 in almost all the repetitions, which may be 615 

due to the vertical movement of the airflow and thus, of the spray cloud.  616 

 617 

Fig. 10. STN deposition in the canopy of target trees (distance to central path= 3/-3 m) and 618 

adjacent trees (distance to central path= 9/15/-9/-15 m). Wind rings portray the magnitude (m s
-1

) 619 

and direction of prevailing horizontal wind during each repetition. 620 

In the case of DRN applications (Fig. 11), in general right target trees also showed lower 621 

deposition. Regarding adjacent trees, in repetition 4 with the wind coming from left to right and 622 

magnitude higher than 1 ms
-1

, it was observed higher deposition both in the second and third 623 

adjacent rows on the right of the sprayer whereas in repetition 2, with the wind coming from right 624 

to left and magnitude higher than 1 ms
-1

, the opposite was observed. In the case of repetition 1 625 

and 3, which had a perpendicular wind component close to zero, they showed a tree deposition 626 



 

 

 

 

profile affected by the spray profile of the sprayer, which produced a little higher deposition on 627 

the right adjacent trees. For these reasons, symmetry was higher for repetitions 1 and 3 in 628 

comparison with repetition 2 and 4 (Table 4).  629 

When comparing both nozzles (Fig. 12), slightly higher deposition was obtained in DRN trees, 630 

both in target and first adjacent trees, at both sides of the sprayer. However, STN showed higher 631 

deposition in the second adjacent trees at both sides of the sprayer, which also supports the fact 632 

that STN spray cloud arrived farther than DRN spray cloud. There were no significant differences 633 

on Sy values between nozzles (Table 4). 634 

 635 

Fig. 11. DRN deposition in the canopy of target trees (distance to central path= 3/-3 m) and 636 

adjacent trees (distance to central path= 9/15/-9/-15 m). Wind rings portray the magnitude (m s
-1

) 637 

and direction of prevailing horizontal wind during each repetition. 638 



 

 

 

 

 639 
Fig. 12. STN vs DRN deposition in the canopy of target trees (distance to central path= 3/-3 m) 640 

and adjacent trees (distance to central path= 9/15/-9/-15 m).  641 

3.1.3. Distribution of deposition in the canopy of target trees 642 

The deposition in the canopy of target trees, as expected, decreased as depth increased both at the 643 

right and the left of the sprayer, regardless of the nozzle and the height of the tree, because the 644 

spray was only applied in one path (Fig. 13 to Fig. 15; Table A.7). As it is shown, the distribution 645 

was very similar between repetitions, respectively for STN (Fig. 13) and DRN (Fig. 14) 646 

applications. However, it is observed that in general the repetitions 3 and 4 showed higher 647 

deposits than repetitions 1 and 2, independently of the type of nozzle. Repetition 1 was carried 648 

out when citrus trees were in the flowering stage (BBCH 61), repetition 2 at the beginning of the 649 

development of the fruit (BBCH72) and repetitions 3 and 4 when fruits were around 40 % 650 

(BBCH 74) and 50 % (BBCH 76) of final size respectively. Differences in fruit size between 651 

repetitions could affect the movements of the branches and leaves when the sprayer faced them 652 

and this could affect the deposition pattern. No trends were observed due to weather conditions 653 



 

 

 

 

similar to the findings of Hoffmann and Salyani (1996). The difference of deposition between both 654 

types of nozzle was that in general the variability of deposition (Standard Error) between 655 

repetitions was higher with DRN than with STN. In all the repetitions, deposition at both sides of 656 

the sprayer was almost symmetrical, with values of Sy ranging between 93.06% and 95.49%, 657 

without significant differences between nozzles (Table 4). Moreover, despite droplet size 658 

differences between both nozzles, the distribution pattern of the spray in the canopy showed a 659 

similar trend for STN and DRN (Fig. 15), which indicates that the sprayer-induced differences in 660 

the tree zones were more important than the ones induced by the nozzles (Jaeken et al., 2003).  661 

The tree deposition pattern considering that the sprayer go up and down every path would result 662 

in adding up left-left and right-right distributions and it is shown in Fig. 16. In this case, in the 663 

left target tree, around 69% of the total deposit would be found in the outer part of the canopy 664 

(considering the outer part of both sides of the trees) and around 31% in the inner part; and in the 665 

right target tree, around 72% of the total deposit would be found in the outer part and around 666 

28% in the inner part, regardless of the nozzle (Fig. 16). Regarding the distribution in height, in 667 

0-1 m depth similar depositions were reached in the top and bottom heights and much higher in 668 

the middle height, independently of the nozzle. However, for the rest of depths (1-2 m, 2-3 m and 669 

3-4 m) the depositions were similar in the middle and bottom heights and slightly higher in the 670 

top (Fig. 13 to Fig 15). This resulted in that the top of the canopy received 34% of the total 671 

deposition, the middle zone received 36% and the bottom 30%, regardless of the nozzle and that 672 

the differences of deposition between the external and the internal part of the canopy were bigger 673 

in the middle height (Fig. 16). These differences in deposition between the outside and the inside 674 

of the canopy and between heights are due to the high leaf density leaf of citrus and its globular 675 

shape, and also, the radial spraying of axial air-blaster sprayers (Derksen et al., 2007; Jamar et al., 676 

2010). This fact highlights the importance of improving the design of these sprayers, and the 677 

need to properly configure them before the applications.  678 



 

 

 

 

 679 

Fig. 13. STN distribution of the deposition in the canopy of target trees (distance to central path= 680 

3/-3 m). Wind rings protray the magnitude (m s
-1

) and direction of prevailing horizontal wind 681 

during each repetition. 682 

 683 
Fig. 14. DRN distribution of the deposition in the canopy of target trees (distance to central path= 684 

3/-3 m). Wind rings portray the magnitude (m s
-1

) and direction of prevailing horizontal wind 685 

during each repetition. 686 

 687 



 

 

 

 

 688 
Fig. 15. STN vs DRN distribution of the deposition in the canopy of target trees (distance to 689 

central path= 3/-3 m). 690 

 691 
Fig. 16 STN vs DRN distribution of the deposition in the canopy of target trees (distance to 692 

central path= 3/-3 m) considering the sprayer go up and down every path (left-left and right-right 693 

spray distributions). 694 



 

 

 

 

3.2. Total spray distribution to different compartments in the orchard.  695 

Spray distribution to different compartments produced by both nozzles were not significantly 696 

different for all compartments except for the percentage of losses in the gap between adjacent 697 

trees where the values were significantly lower for DRN (0%) applications in comparison with 698 

STN (2%) (Table 5). Only around 46% of spray was deposited on the target trees, with a 699 

distribution of the spray in the canopy essentially the same for both nozzles. The percentage of 700 

losses in the gap between target trees was also similar between nozzles and was around 4%. 701 

Around 4% of the spray was deposited on trees in adjacent rows. The STN produced more 702 

potential airborne drift (23%) than the DRN (17%). However, STN produced fewer indirect 703 

losses to the ground (7% vs. 9%) and fewer direct losses to the ground (22% vs. 27%), where the 704 

main difference lied on the difference in losses underneath target row (16% vs. 20%); difference 705 

on central path losses were lighter (5% vs. 6%). For both nozzles the total spray recovered was 706 

108%. The 8% of the sprayed volume overestimated was probably due to the following reasons: 707 

(1) part of potential airborne drift could go down and be again quantified in other compartment as 708 

indirect ground losses or as deposition on the row top. (2) Mean values for UV degradation and 709 

collectors recovery were considered for all the collectors. 710 

Table 5. Percentage of deposition in each compartment for each repetition and each nozzle and 711 

the average value (mean (SE)) for each nozzle. Results of the ANOVA analyses conducted for 712 

the studies of the effect of Nozzle (N). Different letters following average values in each 713 

compartment indicate significant differences between nozzles. 714 

 715 

Nozzle Repetition 

Compartment 

% Deposition in target 

rows (Right + Left row 
1) 

% Deposition in 

adjacent rows (Right + 
Left rows 2&3) 

%Direct ground 
losses 

% 

Indirect 

ground 
losses 

(Right 

+ Left 

paths 1-

5) 

% 

Potential 

airborne 

spray 

drift 

%Deposition 

in target 

trees 

%Losses 
in the 

gap 

between 

target 

trees 

%Deposition 

in adjacent 

trees 

%Losses 
in the 

gap 

between 

adjacent 

trees 

% 

Central 

path 

losses 

% 

Underneath 

target row 

losses 

STN 

R1 39.612 3.720 4.989 1.359 4.930 13.552 7.081 15.766 

R2 44.682 9.062 4.032 1.867 6.430 16.666 7.778 37.770 

R3 42.622 4.233 4.265 1.410 5.744 19.693 5.556 21.399 

R4 52.403 2.028 4.683 1.829 4.705 16.053 6.230 18.172 

Average 

44.830 

(2.731) a 

4.761 

(1.509) a 

4.492 (0.213) 

a 

1.616 

(0.135) a 

5.452 

(0.395) 

a 

16.491 

(1.262) a 

6.661 

(0.486) 

a 

23.277 

(4.967) a 



 

 

 

 

DRN 

R1 32.157 5.047 6.730 0.089 4.659 14.646 7.423 16.272 

R2 36.348 8.072 3.226 0.232 7.854 20.344 4.374 18.621 

R3 61.417 1.634 2.295 0.058 7.392 25.776 13.178 20.630 

R4 57.652 1.517 4.264 0.129 5.994 20.002 9.182 11.902 

Average 

46.894 

(7.388) a 

4.067 

(1.566) a 

4.129 (0.956) 

a 

0.127 

(0.038) b 

6.475 
(0.723) 

a 

20.192 

(2.273) a 

8.539 
(1.838) 

a 

16.856 

(1.876) a 

F 0.07 0.1 0.14 113.65 1.54 2.03 0.98 1.46 

d.f. 1, 7 1, 7 1, 7 1, 7 1, 7 1, 7 1, 7 1, 7 

p-value 0.8021 0.7607 0.7232 <0.0001 0.2608 0.2044 0.3613 0.2721 

 716 

 717 

Tree deposition measured in the present work was in accordance with the findings of other 718 

authors who measured deposition on citrus trees (Cunningham and Harden, 1998a,b). Despite 719 

this fact, losses underneath target trees were higher than those measured by these authors. When 720 

comparing spray distribution results with Salyani et al. (2007), who made the applications with 721 

standard nozzles, it stands out the large difference on deposition in target trees, taking a value of 722 

75% of the applied tracer in their studies compared to the 45% of the applied volume obtained in 723 

this work. Ground losses on Salyani et al. (2007) accounted for 13%, while in the present work 724 

they accounted for 30% for STN (22% in direct ground losses + 8% in indirect ground losses) 725 

and 36% for DRN (27% in direct ground losses + 9% in indirect ground losses), and potential 726 

airborne drift accounted for 6.1-12.4% in Salyani et al. (2007) vs. 23% for STN and 17% for 727 

DRN in the present work. This could be due to differences in test conditions. For example, trees 728 

in the Florida study were much higher and were grown as a hedge. Weather conditions were also 729 

different, since in general in the present study higher wind speeds, lower relative humidity and 730 

lower temperatures were registered. Moreover, Salyani et al. (2007) did not give information on 731 

weather conditions during each repetition, and on the direction of tree rows. In addition, mean 732 

droplet size was very different, as well as the air flow of the sprayer, which in the work of 733 

Salyani et al. (2007) it was of 15.2-16 m
3
 s

-1
 and in our work it was of 24.4 m

3 
s

-1
. Furthermore, 734 

calculation method is very different between both works. In the work performed in Florida, 735 

instead of measuring spray drift, it was calculated as the difference between the total amount of 736 

tracer applied and the addition of the amount of tracer deposited 1) on three consecutive tree rows 737 

(target row and two adjacent rows, at both sides of the sprayer); and 2) on the ground of the 738 

central path and two consecutive adjacent paths at both sides of the sprayer.  739 

The important data set of spray distribution in the different compartments of the sprayed orchard 740 

(air, ground, vegetation) generated in this work is highly useful as input source of exposure to 741 



 

 

 

 

take into account for the risk assessment in Mediterranean citrus scenario, and it complements the 742 

regular assessment of spray drift on adjacent surroundings of citrus orchards (Meli et al., 2003, 743 

2007; Padovani and Capri, 2005; Garcerá et al., 2012; Torrent et al., 2017) by giving a 744 

comprehensive picture of what happens during spray applications in these conditions. These data 745 

set could be exploited in different ways, for example, data ground losses could be used as input in 746 

pesticide leaching models to know the pesticide charge in groundwater (Francaviglia et al., 747 

2000), spray deposited in the canopy and in the soil could be used for assessing pesticide risk for 748 

non-target arthropods (EPPO, 2003), etc.   749 

Other example, these data could be used to quantify the potential losses that would contaminate 750 

the surroundings of the treated orchard (surface water bodies, residential areas, etc) if the central 751 

path of the experimental setup is considered as the outer path of the orchard, and could be the 752 

input data to study the ERA. In this case, almost 20% of the total volume applied would be lost to 753 

the environment if this was the outermost path on the right of the orchard, regardless the nozzle 754 

used. On the other hand, if this was the outermost path on the left of the orchard, 16% of the total 755 

volume would be lost if STN were used, and 12% in the case of DRN. Furthermore, these data 756 

integrated with landscape analysis and maps of dominant wind directions in the study area will 757 

lead towards more realistic assessment in a wide spread area (Padovani et al., 2004; Holterman et 758 

al., 2016).  759 

On the other hand, the data of spray distribution allows determining the efficiency of the 760 

application technique based on target deposition and their potential for off-target loss generation 761 

(drift and/or ground losses) and all this information could be used to develop a classification 762 

system of spray technology according to their environmental risk that is useful in the process of 763 

PPP authorisation. Based on the results of this work and considering the combination of the used 764 

sprayer + STN as a reference, the combination of sprayer + DRN could be classified as: 5% of 765 

increment of deposition in target trees, 26% of reduction of losses to the air (including losses in 766 

gaps between target and adjacent trees, deposition in adjacent trees and potential airborne drift) 767 

and 22% of increment in losses to the ground (including direct and indirect).   768 

4. Conclusions 769 

This work demonstrated that during spray applications in Mediterranean citrus crops with axial-770 

fan airblast sprayers under good agricultural practices only around 45% of the sprayed volume 771 



 

 

 

 

was deposited in target trees and the remaining was lost to the environment and may contaminate 772 

adjacent areas to treatments (water surfaces, groundwater, ground and/or air), posing a risk to 773 

living organisms (nearby residents, bystanders, fauna and flora). The important data set generated 774 

under field scale allows the exposure assessment of pesticides on the environment in agriculture 775 

citrus areas and these data integrated with wide area analysis (i.e. landscape and dominant wind 776 

directions) will lead to a more accurate ERA in the exposure scenario of interest.  777 

Furthermore, this work generated knowledge about the behaviour of spray cloud during PPP 778 

applications in citrus orchards that gives an overall view of what happens during these 779 

applications that may complement regular assessment of spray drift. Weather conditions affected 780 

mainly off-target losses but not deposition in target trees which seemed to be influenced by the 781 

fruit growth stage. Off target losses resulted also highly dependent on airflow profile of the 782 

sprayer, increasing this dependency with decreasing wind speed. This work also revealed that 783 

DRN reduced potential airborne drift but increased ground deposits with respect to STN, without 784 

affecting the amount of tree deposition and spray distribution in the target trees. Besides, results 785 

clearly highlighted that the spray cloud travelled farther distances when STN were used. 786 

Moreover, DRN showed a more symmetrical potential spray drift profile, which involves lower 787 

dependency on wind direction. These results highlight the necessity of increasing the efficiency 788 

of these spray applications through the incorporation of new technology and the improvement of 789 

sprayers design.  790 

Appendix A  791 

Table A.1. Potential airborne drift data (Mean of percentage of sprayed volume (SE) between 792 

samples and repetitions) 793 

   

% SPRAYED VOL. 

NOZZLE SIDE ROW/PATH MEAN SE 

STN RIGHT ROW 1 5.676 (0.481) 

PATH 1 3.154 (0.721) 

ROW 2 2.305 (0.854) 

PATH 2 0.299 (0.157) 

CENTRAL PATH   1.399 (0.440) 

LEFT ROW 1 4.754 (1.851) 

PATH 1 2.560 (1.523) 

ROW 2 2.495 (2.059) 

PATH 2 0.635 (0.548) 



 

 

 

 

DRN RIGHT ROW 1 4.211 (0.307) 

PATH 1 2.684 (0.135) 

ROW 2 2.100 (0.406) 

PATH 2 0.163 (0.076) 

CENTRAL PATH   0.768 (0.046) 

LEFT ROW 1 3.141 (0.582) 

PATH 1 1.978 (0.642) 

ROW 2 1.711 (0.739) 

PATH 2 0.100 (0.063) 

 794 

Table A.2. Indirect ground losses (Mean of percentage of sprayed volume (SE) between samples 795 

and repetitions) 796 

   

% SPRAYED VOL. 

NOZZLE PATH DISTANCE TO THE CENTRE (m) RIGHT LEFT 

   

MEAN SE MEAN SE 

STN PATH 1 5.00 0.834 (0.075) 0.539 (0.111) 

5.50 0.874 (0.205) 0.557 (0.166) 

6.00 0.638 (0.097) 0.557 (0.282) 

6.50 0.646 (0.113) 0.329 (0.102) 

7.00 0.355 (0.059) 0.226 (0.099) 

PATH 2 11.00 0.059 (0.016) 0.068 (0.042) 

11.50 0.074 (0.032) 0.053 (0.021) 

12.00 0.084 (0.051) 0.068 (0.038) 

12.50 0.076 (0.040) 0.053 (0.034) 

13.00 0.188 (0.093) 0.052 (0.019) 

PATH 3 17.00 0.009 (0.002) 0.016 (0.009) 

17.50 0.016 (0.010) 0.020 (0.009) 

18.00 0.024 (0.017) 0.024 (0.012) 

18.50 0.006 (0.001) 0.023 (0.013) 

19.00 0.022 (0.015) 0.012 (0.004) 

PATH 4 23.00 0.006 (0.000) 0.019 (0.007) 

23.50 0.005 (0.002) 0.012 (0.005) 

24.00 0.003 (0.001) 0.012 (0.007) 

24.50 0.006 (0.001) 0.013 (0.008) 

25.00 0.005 (0.000) 0.011 (0.006) 

PATH 5 29.00 0.005 (0.001) 0.007 (0.002) 

29.50 0.006 (0.001) 0.007 (0.003) 

30.00 0.006 (0.001) 0.008 (0.003) 

30.50 0.006 (0.001) 0.008 (0.003) 

31.00 0.005 (0.000) 0.008 (0.003) 

 797 

Table A.3. Central path losses (Mean of percentage of sprayed volume (SE) between samples and 798 

repetitions) 799 



 

 

 

 

   

% SPRAYED VOL. 

NOZZLE SIDE DISTANCE TO THE CENTRE (m) MEAN SE 

STN RIGHT 0.6 0.266 (0.073) 

1.2 0.271 (0.082) 

1.8 0.896 (0.076) 

CENTRE  0 0.261 (0.078) 

LEFT 0.6 0.473 (0.128) 

1.2 0.685 (0.194) 

1.8 2.599 (0.272) 

DRN RIGHT 0.6 0.241 (0.082) 

1.2 0.283 (0.092) 

1.8 1.957 (0.111) 

CENTRE  0 0.199 (0.077) 

LEFT 0.6 0.572 (0.115) 

1.2 0.944 (0.235) 

1.8 2.279 (0.215) 

 800 

Table A.4. Underneath target trees (Mean of percentage of sprayed volume (SE) between samples 801 

and repetitions) 802 

  

% SPRAYED VOL. 

NOZZLE SIDE MEAN SE 

STN RIGHT 8.722 (0.606) 

LEFT 7.769 (0.728) 

DRN RIGHT 11.704 (1.573) 

LEFT 8.488 (0.774) 

 803 

Table A.5. Deposition in target and adjacent trees (Mean of percentage of sprayed volume (SE) 804 

between samples and repetitions) 805 

   

% SPRAYED VOL. 

NOZZLE SIDE ROW MEAN SE 

STN RIGHT 1 21.765 (1.012) 

2 3.423 (0.934) 

3 0.951 (0.569) 

LEFT 1 23.065 (2.126) 

2 1.943 (0.750) 

3 0.418 (0.158) 

DRN RIGHT 1 22.192 (3.113) 

2 3.503 (1.565) 

3 0.255 (0.088) 

LEFT 1 24.702 (4.326) 

2 2.274 (0.733) 

3 0.363 (0.273) 

 806 



 

 

 

 

Table A.6. Losses in the gaps between trees (Mean of percentage of sprayed volume (SE) 807 

between samples and repetitions) 808 

   

% SPRAYED VOL. 

NOZZLE SIDE ROW MEAN SE 

STN RIGHT 1 0.883 (0.319) 

2 0.398 (0.116) 

3 0.115 (0.058) 

LEFT 1 1.094 (0.253) 

2 0.214 (0.078) 

3 0.046 (0.023) 

DRN RIGHT 1 0.941 (0.458) 

2 0.444 (0.177) 

3 0.030 (0.009) 

LEFT 1 0.691 (0.191) 

2 0.233 (0.105) 

3 0.045 (0.034) 

 809 

Table A.7. Distribution of deposition inside target tree (Mean of percentage of sprayed volume 810 

(SE) between samples and repetitions) 811 

   

% SPRAYED VOL. 

NOZZLE HEIGHT DEPTH RIGHT ROW 1 LEFT ROW 1 

   

MEAN SE MEAN SE 

STN TOP 0-1 4.266 (0.412) 3.378 (0.674) 

1-2 1.382 (0.383) 1.588 (0.424) 

2-3 0.849 (0.037) 1.304 (0.290) 

3-4 0.871 (0.021) 0.972 (0.105) 

MIDDLE 0-1 5.857 (0.437) 6.937 (0.402) 

1-2 0.974 (0.117) 1.525 (0.266) 

2-3 0.541 (0.066) 0.450 (0.036) 

3-4 0.499 (0.059) 0.413 (0.068) 

BOTTOM 0-1 3.591 (0.352) 3.767 (0.378) 

1-2 1.608 (0.199) 1.675 (0.146) 

2-3 0.784 (0.187) 0.590 (0.105) 

3-4 0.551 (0.086) 0.453 (0.058) 

DRN TOP 0-1 4.398 (0.513) 3.885 (1.075) 

1-2 1.327 (0.181) 2.010 (0.488) 

2-3 1.083 (0.252) 1.577 (0.419) 

3-4 1.212 (0.270) 1.325 (0.309) 

MIDDLE 0-1 5.126 (0.998) 5.990 (1.160) 

1-2 1.134 (0.329) 1.532 (0.243) 

2-3 0.562 (0.188) 0.483 (0.142) 

3-4 0.518 (0.137) 0.673 (0.137) 

BOTTOM 0-1 4.192 (0.306) 4.527 (0.547) 



 

 

 

 

1-2 1.357 (0.232) 1.406 (0.248) 

2-3 0.684 (0.173) 0.761 (0.159) 

3-4 0.588 (0.121) 0.506 (0.112) 

 812 
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