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41 ABSTRACT

42 Background: Leaf wall area (LWA) has been proposed as an appropriate dose expression for 

43 field testing of plant protection products (PPPs) applied via foliar spray in trellised grapes. 

44 But its efficiency could change depending on the characteristics of the crop or the pesticide 

45 application equipment (PAE). Herein, three spray technologies were evaluated. A traditional 

46 air-assisted tractor-mounted sprayer was compared with two portable knapsack sprayers: 

47 a backpack mistblower and a backpack hydraulic sprayer. Trials were conducted in trellised 

48 wine grapes at three selected crop stages (BBCH 55, 65, 75) covering the main period of 

49 canopy development. In each canopy stage, leaf deposition and coverage were sampled for 

50 each technology. The tractor-mounted sprayer was working at 200 L ha-1 of LWA spray 

51 volume for the earliest stage and 370 L ha-1 for the other two. Three higher volume rates 

52 were used for backpack sprayers up to 800 and 1250 L ha-1 for the mistblower and the 

53 hydraulic system, respectively. 

54

55 Results: Optimal LWA spray volumes differed among application devices in terms of 

56 efficiency and uniformity of deposition on the canopy,. The efficiency of each spray 

57 application was not only conditioned by the spray volume but also by the presence of gaps 

58 in the canopy or the air assistance. 

59 Conclusion: LWA is useful for defining optimal spray volumes in trellised grapes. However, 

60 both canopy density and spray technology should be considered to assist this process. Field 

61 testing of PPPs and subsequent label recommendations should take into account the 

62 relative efficiencies of corresponding experimental and conventional spray technologies. 
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63 Keywords: Plant protection, dose expression; LWA; foliar spray volume; wine grapes; leaf 

64 deposit.

65

66 1. INTRODUCTION

67 Dose expression for plant protection products (PPPs) applied via foliar spray on orchards, 

68 vineyards and other high growing crops (often referred to as three-dimensional or 3D crops) 

69 has generated extensive and controversial discussions. 1-10 Given the obvious structural 

70 differences between 3D crops and field (row) crops, 11, 12 there is ample consensus in 

71 recognizing that kg (or L) ha-1, a dose expression well suited for field crops, is not 

72 appropriate for 3D crops and that Leaf Wall Area (LWA) is an appropriate dose expression 

73 for plant protection products applied via foliar spray on pome fruit, grapes, and high-

74 growing vegetables. 7 Traditionally, use recommendations for PPPs in 3D crops have been 

75 mostly based on product concentration in the spray water (g or cm3 hL-1).  This approach 

76 generates a direct relationship between PPP dose rate and spray volume and thus requires 

77 thorough scrutiny of water rates and spray quality, in order to limit human and 

78 environmental risks. 13 Improving spray efficiency allows limiting unintended risks by 

79 diminishing losses to non-target compartments and consequently reducing the absolute 

80 amounts of PPPs applied per ground area. 14-16 In turn, investigating and subsequently 

81 communicating the appropriate amount to be applied in a given 3D crop scenario, i.e. 

82 clearly stating the amount of PPP per unit canopy in corresponding labels, requires the use 

83 of an unambiguous and practicable dose expression. 3, 8 Different dose expressions have 

84 been proposed for development of PPPs in 3D crops and for their eventual insertion in 
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85 corresponding labels. These methods make various claims regarding improved efficiency of 

86 PPP use, linked to the consideration of one or several canopy characteristics. 1, 17-22 

87 Attempts to identify appropriate dose expressions have included recommendations based 

88 on either two- or three-dimensional factors related to the canopy structure. 22-25 However, 

89 the lack of a harmonized approach in Europe has resulted in remarkable differences in dose 

90 expressions, as reveals the comparison of label instructions for PPPs authorized in different 

91 European countries. 21

92 The process of harmonization of the information contained in European labels, especially 

93 for uses in three-dimensional (3D) crops, is still in progress. 10, 26 Concerning the southern 

94 regulatory zone (including Bulgaria, Cyprus, France, Greece, Italy, Malta, Portugal, and 

95 Spain), in most cases label recommendations are based on PPP concentration in the sprayed 

96 volume (%; rate hL-1), accompanied by the maximum amount of product per unit of ground 

97 surface, and a range of recommended water volumes. 13, 27, 28 It is widely accepted that both 

98 the amount of PPP and the spray volume should be adapted to canopy structure and 

99 dimension. 9, 29-33 Therefore, several research groups have developed models for adequately 

100 adjusting the spray volumes to the canopy characteristics 13, 23. In practice, these models 

101 allow converting the traditional dosing system, based on PPP concentration, into an 

102 appropriate dosing system for 3D crops, via adjustment of the spray volume to the treated 

103 canopy. This is because provided the optimum amounts of both PPP and spray water refer 

104 to the same canopy unit, a constant concentration will invariably arise. 21

105 The practical information available in many PPP labels in southern Europe, in particular that 

106 concerning uses in grapes, has traditionally referred to a standard spray volume of 1000 L 
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107 ha-1. This should be considered a remnant from past times, when high spray volumes were 

108 required at full vegetation, to compensate for the low efficiencies achieved at that time by 

109 field sprayers. After years of continuous improvement of application technologies, at 

110 present growers of wine grapes in southern Europe seldom apply such a high water-volume, 

111 except when dealing with very large and dense canopies. In recent years, the value of 

112 significantly reduced spray volumes, in terms of quality of distribution and reduction of 

113 losses, has been widely demonstrated. 34-37 Nevertheless, the extent to which such 

114 reductions in spray volumes can be attained, without compromising spray efficiency, is 

115 clearly linked to spray technology. 38

116 The current regulatory frame for authorization of PPPs in Europe requires the previous 

117 conduct of numerous and diverse field trials which, for practical reasons, are executed using 

118 portable experimental spraying equipment. Small-plot field trials involving several 

119 replicated treatments, as required by corresponding European guidelines, can’t be 

120 conducted using conventional tractor-mounted sprayers. Therefore, backpack spraying 

121 devices (typically, motorized hand-held mistblower and hydraulic sprayers) are commonly 

122 accepted as surrogate spraying devices in field experimentation. In order to appropriately 

123 reproduce commercial-scale, conventional spraying of PPPs, the use of hand-held devices 

124 in field trials should result in deposition rates reasonably comparable to that provided by 

125 conventional field sprayers. 39, 40

126  The objective of this research was to define the optimal spray volumes in trellised grapes, 

127 based on the leaf wall area (LWA) dose expression, for conventional and experimental 
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128 spraying devices, as well as quantifying the corresponding efficiencies of each spray 

129 application technique. 

130

131 2. MATERIAL AND METHODS 

132 2.1 Spray application equipment. 

133 For representing devices used in field experimentation, two different hand-held sprayers 

134 were selected, respectively based on two key technical characteristics: height of the spray 

135 band and air assistance. These hand-held sprayers were compared with a tractor-mounted 

136 mistblower, representative of conventional field spray technology (Fig. 1). The main 

137 technical characteristics of the three selected sprayers were as follows:

138 a) Tractor-mounted sprayer (TMS): An air-assisted sprayer fitted with a 400-L lifted 

139 tank, a centrifugal turbine fan, and 5 individual orientable spouts per side, was used 

140 as a reference sprayer (Hardi SPV, Ilemo-Hardi, S.A.U., Lleida, Spain). 38 

141 b) Hydraulic backpack sprayer (HBS): A manually activated, continuous-pressure 

142 sprayer, with a 16-L tank (MATABI Evolu 16, Goizper group, Anzuola, Spain), 

143 connected to a vertical boom fitted with 2, 3 and 4 nozzles spaced 0.5 m. This 

144 experimental device was included to ascertain the influence of spray swath on spray 

145 efficiency.

146 c) Pneumatic backpack sprayer (PBS): A motorized mistblower with a 12-L tank fitted 

147 with a centrifugal fan and a single air-assisted output (Solo Port 423, Solo 

148 Kleinmotoren GmbH, Sindelfingen, Germany), adjusted out of specification (4.0 - 4.5 
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149 L/min), to attain delivery of high-volume rates. This experimental device was 

150 included to provide insights into the influence of air assistance and high-volume 

151 rates on spray efficiency.

152 2.2 Arrangement of the field tests

153 Tests were performed on a vineyard parcel located at the UPC research facilities of 

154 Agropolis Research Campus at Viladecans (Barcelona, Spain) (41°17′18.44″N/2°2′43.39″W). 

155 The vineyard had a surface of 1500 m2 (30 m × 50 m) planted with 15 rows of Cabernet 

156 Sauvignon variety of wine grape (Vitis vinifera L.) with a planting scheme of 3.0 m × 1.2 m. 

157 and trellised following a Double Royat, with two wires in each row. 

158 Three different tests were conducted along the crop season, covering the most 

159 representative canopy stages: BBCH 55, 65, and 75 (Table 2) 41 Previous to each spray event 

160 at the chosen crop stages, a complete canopy characterization of the whole experimental 

161 area was carried out, by taking a total of 35 individual measurements of canopy height 

162 equally distributed among plots, to obtain the corresponding LWA values per each plot (m2 

163 canopy ha-1).

164 Based on the actual LWA values measured, estimated volume rates i-LWA (L ha-1 LWA or L 

165 10000 m-2 canopy) were calculated for each plot and timing (Table 3). Accordingly, the main 

166 working parameters (total volume rate, forward speed, pressure, and nozzles) for every 

167 sprayer were defined, to convert the previously obtained i-LWA values into nominal volume 

168 rates per ground ha VT (L ha-1). For each sprayer, the time needed for the operator to spray 

169 the corresponding plot was measured, to calculate the actual forward speed and actual 

170 volume rates per ground ha VR (L ha-1). For each backpack sprayer, HBS, and PBS, three 
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171 different volume rates i-LWA (low, intermediate and high) were initially established. Based 

172 on previous research work on vineyard crops, 25, 42 for HBS the low i-LWA rates matched the 

173 single rate selected for the conventional sprayer TMS, i.e. 200 L ha-1 LWA for the first spray 

174 timing and 370 L ha-1 LWA for the second and third timings. Two higher volume rates were 

175 used, increasing 200 L ha-1 LWA approximately every time until 800 L ha-1 LWA. Because of 

176 the specific characteristics of the manually activated HBS, a comfortable forward speed 

177 from 3.5 to 4.5 km h-1 was chosen, constantly maintaining the working pressure. 

178 Consequently, increases in volume rates were achieved by changing the spray nozzles. 

179 Conventional hollow cone and flat fan nozzles following ISO codes were utilized for TMS 

180 and HBS, respectively, 43 except for the first spray timing, in which TMS was fitted with 

181 hollow cone ATR nozzles (Albuz Saint-Gobain Solcera, Evreux, France). Finally, for PBS the 

182 low volume rate was set at 750 L ha-1 LWA, representing a rate commonly used in field 

183 experimentation with PPPs. This reference rate was increased stepwise in 250 L ha-1, making 

184 the high-volume rate 1250 L ha-1 LWA. Since PBS was powered by an engine, larger volume 

185 rates could be tested, maintaining comfortable forward speeds for the operator. The 

186 selected nozzle in this case was a conical diffuser integrated into the pneumatic sprayer. 

187 2.3 Experimental setup

188 Individual experimental plots were distributed over the 15 rows of the parcel (Figure 2). 

189 One entire row line was assigned for each spray device. For HBS and PBS, each row was 

190 divided into three segments of identical length, corresponding to each of the three volume 

191 rates tested. Buffer areas within- and between rows were established, to avoid cross 

192 contamination between experimental plots. 
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193 Leaf deposit d (µg cm-2) was measured for each plot and spray timing, using leaves as natural 

194 collectors, following the protocol established in previous research work. 38, 44, 45 To evaluate 

195 the spray distribution uniformity, the canopy was divided into several sampling sections. 

196 Treated canopy height was divided into two equal parts (bottom and top) for BBCH 55 and 

197 65, and in three parts (bottom, central, and top) for BBCH 75. In turn, canopy width was 

198 divided into three zones (external left, center, and external right). From each sampling zone, 

199 a variable number of leaves (between 2 and 4, depending on size) were carefully collected 

200 randomly after each application, placed into tagged plastic bags, and stored in a dark 

201 recipient. For HBS and PBS, fifteen leaf samples were collected from the corresponding rows 

202 at each timing, i.e. five samples per each of the three volume rates tested per sprayer. For 

203 TMS, five samples were taken along the corresponding row. Yellow tartrazine (E-102 yellow) 

204 at a concentration of 2.0 g L-1 was selected to determine deposition on leaves, due to its 

205 high recovery rate, non-toxic properties, and reasonable stability. 46

206 In addition, following the same division of the canopy used to determine deposition on 

207 leaves, a total of six (BBCH 55 and 65) or nine (BBCH 75) water-sensitive papers (WSP) were 

208 placed to determine the spray coverage. For HBS and PBS, nine WSP strips were placed in 

209 each corresponding row, i.e. three per each volume rate. After spraying, each WPS strip was 

210 collected, placed on a template sheet of paper, allowed to dry completely, and stored in a 

211 closed plastic bag. Data on coverage (%) and average impacts cm-2 were obtained after 

212 analyzing WSP strips using a specific macro developed 46 for Image J free software (LOCI, 

213 University of Wisconsin, USA).
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214 Before and after each spray event, samples of spray liquid were collected from the 

215 corresponding outputs of each spraying device, to determine the actual tracer 

216 concentrations.

217 At each spray timing, applications were initiated with the conventional TMS, followed by 

218 HBS and finally by PBS. All applications were conducted following the recommendations for 

219 Best Management Practices to Reduce Spray Drift. 47 This involved wind speed values below 

220 3.0 m s-1 during spraying. 48 An automatic weather station (WatchDog Weather Station 

221 Model 2550, Spectrum Technologies, Inc., USA) was used to register wind speed during 

222 applications. The weather station was located at a 25-m distance downwind from the 

223 experimental area, at a height of 2 m, and without any obstacles in-between. Across all 

224 spray events, wind speeds ranged from 0.9 m s-1 to 2.9 m s-1, with directions of 65 - 134°, 

225 considering 0° when wind flows from West to East.

226

227 2.4 Data analysis

228 Tracer concentrations Tcl (mg L-1) in the liquid samples, obtained after rinsing the leaves, 

229 were calculated based on the methodology proposed by Gil et al. 42 For dislodging the dye, 

230 a volume w of 20 mL of deionized water was poured into each plastic containing the leaf 

231 samples and, after 60 s of shaking, a liquid sample was collected and subsequently analyzed 

232 using a spectrophotometer (Thermo Scientific Genesys 20, Thermo Fisher Scientific Inc., 

233 Waltham, USA) at a wavelength of 427 nm. The individual leaf area for all leaf samples (cm2) 

234 was calculated considering the area: weight ratio determined previously, 42, 44,50 after 

235 measuring the weight and surface area of 50 samples collected from the bottom, middle, 
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236 and top parts of the vine. Leaf surface area was measured with a LI-COR LI 3100C electronic 

237 planimeter (LI-COR Inc., Lincoln, USA). Leaf deposition per unit leaf area d (µg cm-2) was 

238 determined according to Equation 1:

239 d = (Tcl × w)/Sa, (1)

240 where d is the absolute deposit on leaves (µg cm-2 leaf), Tcl is the tracer concentration in the 

241 liquid sample (mg L-1), w is the volume of washing water (mL), and Sa is the sample leaf area 

242 (cm2).

243 Subsequently, three different normalized indexes were calculated: normalized deposit (dN), 

244 normalized deposit per amount of tracer applied per unit surface (dG), and normalized 

245 deposit per 100 L water (d100).

246

247 a) Normalized deposit (dN)

248 The normalized deposit dN (µg cm-2 leaf) was calculated (Equation 2) by considering the 

249 values of tracer concentration for each timing, sprayer, and volume rate (Table 4). This 

250 methodology has been successfully applied in previous studies to directly compare different 

251 spray technologies and working conditions for PPP applications. 39, 44, 45, 50, 51:  

252 dN = d × fTc × fVR,  (2)

253 where dN is the normalized tracer deposit (µg cm-2 leaf), fTc is a factor that compensates for 

254 fluctuations in actual spray concentrations, and fVR is a factor that compensates for the 

255 different spray volumes applied.

256

257 b) Normalized deposit per amount of tracer applied per unit of ground surface (dG)
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258 An additional normalization process was performed to obtain the normalized deposit per 

259 kg of tracer applied per hectare (µg cm-2/kg tracer ha-1). This new parameter dG represents 

260 the relative deposition on leaves considering the same amount of tracer per unit of ground 

261 area, and was determined using Equation 3:

262

263 dG = (dN × 106)/(Tcs × VR),     (3)

264 where dG is the deposit per unit of tracer applied per hectare (µg cm-2/kg tracer ha-1), dN is 

265 the normalized tracer deposit (µg cm-2), Tcs is the actual tracer concentration in the tank 

266 (mg L-1), and VR is the actual volume rate (L ha-1) calculated after each treatment using the 

267 actual forward speed. 

268

269 c) Normalized deposit per 100 L of water

270 This normalization process was adapted to consider the effect of the volume rate on the 

271 results. Following previous research, 52 it was determined using equation 4:

272 d100 = (dN × 100)/VR (4)

273 where d100 is the deposit per 100 L applied per hectare (µg cm-2/100 L ha-1), dN is the 

274 normalized tracer deposit (µg cm-2 leaf), and VR is the actual volume rate (L ha-1).

275

276 Additionally, the deposit efficiency factor F (dimensionless) was defined with the purpose 

277 of quantifying the efficiency of each spray event 53. F compares the actual deposition value 

278 with that expected based on the adjusted i-LWA rate, considering the leaf density, i.e. gaps 

279 in the canopy wall. Leaf density is not considered in the LWA dose expression, despite it can 
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280 certainly influence the catchment efficiency (foliar interception) of the canopy wall. F 

281 establishes the relationship between the actual deposits on leaves and those expected 

282 theoretically. F was compared with values obtained assuming no gaps in the canopy wall 

283 (Lfd =1) (F1). The F values were calculated according to Equation 5:

284 F = (dN × Lfd × 105) / (i-LWA × Tcs), (5)

285  where F is the efficiency value (dimensionless), dN is the normalized tracer deposit (µg cm-

286 2 leaf), Lfd is the ratio of canopy gaps (m2 leaf m-2 canopy wall), i-LWA is the volume rate (L 

287 104 m-2 canopy), and Tcs is the actual tracer concentration in the tank (mg L-1).

288

289 Statistical analyses were performed using R software (R Development Core Team, Vienna, 

290 Austria, 2012). Differences between spray technology and volume rates were analyzed 

291 using an ANOVA (P ≤ 0.05) test and a Student–Neuman–Keuls Test post-hoc test. Before 

292 statistical analysis, the data were transformed to follow a normal distribution. The 

293 normalized deposit dN was adjusted to a square root transformation following the same 

294 procedure as that used in previous works. 42, 44 

295

296 3. RESULTS AND DISCUSSION

297 3.1 Overview of general deposits on leaves and coverage

298 3.1.1 Comparison between coverage and leaf deposit 

299 Figure 3A presents the relationship between the average coverage measured in WSP and 

300 the average values of normalized deposits on leaves dN. Even if the regression is not very 
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301 high (R2 = 0.59), these results are aligned with previous studies in vineyards comparing 

302 water sensitive paper, filter paper, and real leaves as collectors. 25 In general, we observed 

303 that the greater the deposition of the product on the leaves, the greater the coverage. For 

304 dN values higher than 3.5 µg cm-2 leaf, the coverage on the WSP samples presented values 

305 above 40%, which is considered to exceed the optimal coverage value for pest and disease 

306 control. 54,55 Therefore, this could suggest that in some cases leaves were over sprayed, 

307 resulting in a loss of efficiency.

308 3.1.2  Relationship between deposition and volume rate

309 Figure 3B indicates the relationship between the average dN and i-LWA volume rates for all 

310 the sprayers tested. Results revealed a positive effect in terms of leaf deposition with 

311 increasing values of i-LWA. For volume rates greater than 750 L ha-1, dN exceeded 3.5 µg 

312 cm-2 leaf, suggesting that this could be the highest volume rate, above which a loss of 

313 efficiency becomes evident. Detailed analysis suggested a power trend between 

314 parameters for i-LWA values ranging from 400 to 800. This relationship, thus, became 

315 unpredictable for lowest and highest i-LWA values.

316 3.1.3 Analysis of uniformity of distribution

317  Absolute values of deposition on leaves are useful to assess distribution over the canopy. 

318 To evaluate the uniformity of distribution, Figure 3C presents the relationship between the 

319 average deposit and the standard deviation measured at the nine sampling points 

320 distributed over the canopy in each experimental plot. Interestingly, for higher deposition 

321 values standard deviation tends to increase, with a concomitant reduction of deposition 
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322 uniformity. This tendency could be explained by the increased heterogeneity of spray 

323 deposition observed at large volume rates, where very high deposition values were 

324 observed in the external canopy zones, while the lowest values were obtained in the 

325 internal part of the canopy. 

326 A detailed analysis of the heterogeneity of deposits and its relationship with volume rates 

327 can be observed in Figure 4, which presents the normalized depositions in each of the three 

328 growth stages evaluated (Table 1). Specifically, at the first crop stage, for all tested spray 

329 technologies (PB and HB) the largest heterogeneity was obtained with the largest applied 

330 volume. For the other two crop stages, this tendency has not been observed. 

331 At the early canopy stage (BBCH 55; Fig. 4A), the optimum results in terms of uniformity 

332 were achieved with the lowest volume rates, 200 L ha-1 LWA with the reference sprayer 

333 TMS and with HBS. Conversely, the largest heterogeneity was obtained with the largest 

334 volume rate, either with HBS or with PBS. 

335 At the intermediate stage of canopy development (BBCH 65; Fig. 4B), the heterogenicity of 

336 spray deposition tended to increase for TMS and PBS. On the contrary, the uniformity 

337 provided by HBS, fitted with a vertical boom adapted to the canopy height, was greater than 

338 that obtained with either TMS or with PBS. Furthermore, for HBS normalized deposition was 

339 significantly uniform across the three volume rates. 

340 Finally, at the full vegetation stage (BBCH 75; Fig. 4C), the use of PBS resulted in highly 

341 heterogeneous deposits at all volume rates tested. Furthermore, for PBS average values 

342 around the optimum could be roughly attained only with the 1000 l ha-1 volume rate. On 

343 the other hand, TMS and HBS showed comparable variabilities in spray deposits. The spray 
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344 distribution obtained with the HBS at 800 L ha-1 LWA was the least heterogeneous, followed 

345 by the 370 L ha-1 LWA volume rate with both HBS and TMS. 

346

347 3.2 Detailed analysis of results at the three different canopy growth stages

348 3.2.1 BBCH 55 - Inflorescences swelling, flowers closely pressed together

349 An evaluation of normalized deposit on leaves (dN) at BBCH 55 (Fig. 4A) revealed significant 

350 differences among all the spraying technologies and volume rates, with the following three 

351 groups: a) the highest deposition group, obtained with HBS at 600 L ha-1 LWA and with PBS 

352 at 1250 L ha-1 LWA; b) an intermediate group, with no significant differences between HBS 

353 and PBS, for corresponding intermediate volume rates; and c) the lowest deposition was 

354 observed for TMS at the lowest volume rate (200 L ha-1 LWA). In terms of optimum average 

355 deposition, i.e. around 3.5 µg cm-2, these were attained with HBS at 200 and 400 L ha-1 and 

356 with PBS at 750 and 1000 L ha-1.

357 Figure 5 presents the percentage of coverage obtained after the analysis of WSP strips. In 

358 this case, two main groups were identified. The first group includes excess coverage values 

359 (even over 50-60%) obtained with high volume rates (600 L ha-1 LWA with HBS and 1000-

360 1250 L ha-1with PBS). The second group corresponds to tractor mounted sprayer (TMS) and 

361 both portable devices (HBS and PBS) with low and intermediate volume rates, with average 

362 values of coverage around what should be considered the optimum, i.e. of 30-40%. 54, 55 

363 Figure 6A depicts corresponding coverages at BBCH 55 and their distribution across the 

364 canopy. The image of the six samples of WSP allocated to the selected zones of the canopy 
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365 suggests greater uniformity in deposition across the canopy sections for TMS and the lower 

366 volume rates of HBS (200 and 400 L ha-1 LWA) and PBS (750 L ha-1). On the contrary, the 

367 highest volume rates (600 L ha-1 LWA for HBS and 1000 and 1250 L ha-1 LWA for PBS) 

368 resulted in excess, non-uniform deposits in some parts of the canopy. 

369 Results on the relative deposition, based on the amount of tracer applied per hectare dG at 

370 BBCH 55 (Figure 7A), reveal the higher efficiency of HBS, at all volume rates. Both PBS at 

371 750 L ha-1 and TMS achieved an intermediate level of relative efficiency. Finally, PBS at 1000 

372 and 1250 L ha-1 showed the least efficiency relative to the amount of tracer applied per 

373 hectare.

374 As shown in Figure 8A, HBS at all volume rates tested showed as well the highest efficiencies 

375 in the deposition, relative to the amount applied per 100 L of spray water (dG). The average 

376 relative efficiencies dG of PBS and TMS were 50% lower than those provided by HBS.

377

378 3.2.2 BBCH 65 – Full flowering

379 The data on absolute normalized deposition dN obtained at BBCH 65, as shown in Figure 4B, 

380 suggests that TMS at 370 L ha-1 LWA, HBS at 370 and 600 L ha-1 LWA, and PBS at 750 L ha-1 

381 LWA, all achieved the theoretical optimal deposition on leaves (3.1-3.5 µg cm-2 leaf). On the 

382 contrary, HBS at 800 L ha-1 LWA and PBS at 1000-1250 L ha-1 LWA provided either too low 

383 or too high deposition rates, respectively. 

384 At BBCH 65 the influence of a wider canopy, as compared to the previous stage, becomes 

385 evident when observing the corresponding WSP strips (Fig. 6B), which reveal reduced 

386 deposition in the internal parts of the canopy for both TMS and HBS (in this last case, 
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387 probably owing to the lack of air assistance). In contrast, PBS showed good penetration 

388 inside the canopy, although combined with excess coverage, thus increasing the risk of run-

389 off.

390 Analysis of data on average coverage at BBCH 65 (Fig. 5B) revealed no statistical differences 

391 between HBS and PBS at any of the volume rates tested. On the other hand, TMS provided 

392 and average coverage significantly lower, probably due to the smaller droplet size produced 

393 when combining hollow cone nozzles with high working pressure. 

394 Data on average normalized deposits dG for BBCH 65 (Fig. 7B), relative to the amount of 

395 tracer applied per ground hectare, shows that the most efficient treatment corresponded 

396 to the lowest volume rate for HBS (370 L ha-1 LWA), probably linked to an optimum 

397 adaptation of the vertical spray boom to the treated canopy height. Conversely, HBS at the 

398 highest volume rate (800 L ha-1) provided the lowest efficiency, whereas TMS and PBS (at 

399 all volume rates tested) fell in an intermediate efficiency level.

400 For BBCH 65, efficiency data based on the amount of tracer per 100 L (d100 ), is shown in Fig. 

401 8B. The highest efficiency value was obtained with TMS and HBS (both at a volume rate of 

402 370 L ha-1 LWA), while HBS (at 400 and 800 ha-1 LWA) and PBS (at 1000 and 1250 ha-1 LWA) 

403 provided intermediate efficiencies. The lowest efficiencies corresponded to HBS at the 

404 highest volume rate (800 L ha-1 LWA). The conventional sprayer TMS displayed variabilities 

405 notably larger than the manual devices. 

406
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407 3.2.3 BBCH 75 – Berries pea-sized, bunches hanging.

408  Results on normalized deposition (dN) are displayed in Figure 4C. For all volume rates 

409 tested, PBS provided excess deposition rates, whereas for HBS at all volume rates and TMS 

410 normalized deposits on leaves were in the range of the optimal values. 

411 A detailed view of the penetration capacity of the different sprayers is presented in figure 

412 8C. Similarly to the outcome at BBCH 65, at BBCH 75 the need for air assistance became 

413 conspicuous for HBS at any volume rate: the limited deposition in the central part of the 

414 canopy points out to the need for air assistance for this manual device.

415 Results of coverage at BBCH 75 are shown in Figure 5C. Average values around the optimum 

416 range (30-40%) could only be attained with TMS and with HBS at 370 and 800 L ha-1 LWA. 

417 The remaining treatments produced excess coverage, with extreme values over 80% with 

418 PBS at 1250 L ha-1 LWA. 

419 Figure 6C, which shows the aspect of WSP strips at BBCH 75, indicates the excess deposition 

420 provided with PBS at high volume rates. On the contrary, sprays with both TMS and HBS 

421 resulted in good coverage and uniformity over the entire canopy.

422 Figure 7C presents the relative values of deposition considering the total tracer applied per 

423 unit area dG obtained at BBCH 75. The highest relative values of deposition were attained 

424 with TMS and with HBS and PBS at low volume rates (370 and 750 L ha-1 LWA, respectively). 

425 Therefore, even at the full vegetation stage, low volume rates resulted in the highest 

426 relative efficiencies. This trend was corroborated by the results of the normalized deposit 

427 relative to the volume applied d100 (Fig. 8C): the highest efficiencies were attained with TMS 

428 and with HBS and PBS at low volume rates (370 and 750 L ha-1 LWA, respectively).
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429

430 3.3 Estimation of efficiency and difficulties of the LWA method

431  The LWA method is based on the total wall area, and the amount of spray liquid is 

432 determined considering the canopy height as a basic measurement 56. However, the canopy 

433 density (i.e. percentage of gaps in the canopy wall) can have an important influence on the 

434 efficiency of spray deposition on leaves. Assuming Lfd as the relative value of wall canopy 

435 uniformity (considering the presence of canopy gaps) ranging from 0.3 at BBCH 55, 0.6 at 

436 BBCH 65, and 1.0 m2 leaf m-2 canopy wall at BBCH 75 57, an estimation of the leaf deposit 

437 efficiency (F and F1) was calculated (Fig. 9). The obtained F values were compared to the 

438 theoretical efficiency achieved assuming the canopy wall as a uniform area (F1) (Lfd = 1.0 m2 

439 leaf m-2 canopy wall), as proposed by the LWA method. As shown in Fig. 9, efficiency values 

440 decreased when canopy density was considered. The presence of gaps in the canopy wall 

441 has an important effect on spray efficiency and, consequently, on the determination of the 

442 optimal volume rate. This parameter has already been included in the recently developed 

443 Dosaviña DSS to adjust the volume rate for spraying PPPs in vineyards. 57 

444

445 3.4 Effect of sprayer type and canopy development on efficiency

446 Efficiency factors (F and F1) were used to evaluate the influence of the type of sprayer and 

447 canopy development. Figure 10 illustrates the average values obtained for each sprayer and 

448 crop stage, either considering the percentage of gaps in the canopy or assuming the canopy 

449 wall as a uniform area. For the experimental devices HBS and PBS, the highest efficiency 
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450 values were obtained when using low volume rates (370-600 and 750 L ha-1 LWA, 

451 respectively). These efficiency levels were reasonably comparable to those achieved with 

452 TMS, across the three growth stages evaluated. 

453 Concerning the effect of spray technology on efficiency, two key factors should be 

454 considered: spray swath and air assistance. HBS provided high F values in early growth 

455 stages, with limited canopy development, owing to an optimum distribution along with the 

456 treated canopy height. This fact could be explained by the use of a vertical boom with 

457 multiple nozzles. Efficiency results for HBS changed abruptly at full vegetation, when the 

458 absence of air assistance results in heterogeneous deposits, with conspicuous differences 

459 between inner and outer portions of the canopy. The number of active nozzles could also 

460 be considered an important factor affecting the efficiency values obtained with PBS. In this 

461 case, using a single output limits the achievement of a uniform spray deposit, and adoption 

462 large volume rates doesn’t improve its performance. As shown in Fig. 10, distinct LWA 

463 volume rates should be chosen for each sprayer type, to attain spray efficiencies 

464 comparable to those provided by conventional orchard sprayers. Nevertheless, despite the 

465 limitations shown by the experimental equipment used in this research, namely lack of air 

466 assistance for HBS and reduced spray swath for PBS, we could identify LWA volume rates 

467 providing spray efficiencies close to those determined for TMS.

468 Considering conventional tractor mounted orchard sprayers as the reference technology 

469 for spraying PPPs, the relative efficiency parameter (RF) has been defined according to 

470 equation 6:

471 RF = F Sprayer x / FTMS (6)
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472 Where RF is the relative efficiency (dimensionless); F Sprayer x is the efficiency value obtained 

473 for the spray “x”; and FTMS the efficiency obtained with the tractor mounted sprayer.

474

475 The purpose of this relative efficiency factor (RF) is to compare the efficiency values (F) 

476 obtained with alternative technologies, with those obtained with the conventional orchard 

477 sprayer, assuming that the selected i-LWA value for the conventional sprayer has been 

478 demonstrated as the optimal value for vineyard spray applications. 23,24,38,42

479 Results of relative comparisons among the technologies evaluated in this research are 

480 presented in Fig. 11.  Assigning a constant value of 1 (RF = 1) to conventional orchard sprayer 

481 TMS, RF values for both HBS and PBS show a negative trend with increasing volume rates. 

482 Across BBCH stages, the line intersections of HBS and PBS with the reference efficiency level 

483 point to optimum volume rates between 400 and 600 L ha-1 LWA. In light of these results 

484 and considering the overall performance of each device as summarized in Table 5, for the 

485 future development of experimental devices aimed at closely reproducing the spray 

486 characteristics of conventional field sprayers, we suggest combining adaptable spray swath 

487 with air assistance.

488

489 4. Conclusions

490  For vineyards conducted as a uniform vertical wall, canopy characterization based 

491 on LWA expression provided a good basis for adjustment of water volumes. 

492 However, the important effect of canopy density (percentage of gaps in the canopy 
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493 wall) shouldn’t be neglected for the determination of the most efficient spray 

494 volume rates.

495  The spray efficiencies of two manual devices, suited for field experimentation with 

496 PPPs, were compared with those provided by a conventional orchard sprayer in a 

497 trellised vineyard. Spray technology had a decisive effect on the efficiency and 

498 uniformity of deposition, which were in turn dependent on canopy development 

499 and corresponding LWA volume rates.

500  HBS, a hydraulic backpack sprayer fitted with a vertical spray boom with 3-4 nozzles, 

501 attained high efficiency values and uniformity of distribution at early growth stages 

502 when using volume rates between 200 and 600 L ha-1 LWA. Nevertheless, at full 

503 vegetation HBS achieved limited penetration into the canopy, pointing to the need 

504 of air assistance when confronted with dense canopies.

505  PBS, a motorized pneumatic backpack sprayer with a single nozzle, and adapted out 

506 of specification to achieve high-volume rates, achieved good penetration into the 

507 canopy at all growth stages, owing to the air assistance. For PBS, the best results in 

508 terms of spray efficiency and uniformity of deposits were obtained at the lowest 

509 volume rate tested of 750 L h-1 LWA, indicating that spray quality could be improved 

510 when using even lower volume rates.

511  To achieve spray efficiency values close to those provided by TMS, the tested 

512 experimental sprayers HBS and PBS should have used volume rates between 400 

513 and 600 L ha-1 LWA.
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514  Reliability of field trials conducted to ascertain optimal PPP doses and spray volume 

515 rates could be improved with the adoption of portable spray technologies resulting 

516 in efficiencies closer to those provided by conventional field sprayers. In order to 

517 closely reproduce the spray efficiencies provided by conventional field sprayers, 

518 devices used in experimentation should combine adaptable spray swath with air 

519 assistance.

520
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700

701 7. TABLES

702 Table 1. Main factors and definitions

Symbol Concept

i-LWAA Actual volume rate (L ha-1
canopy) 

VR Actual volume rate (L ha-1) 

w Amount of deionized water (ml) 

TA Amount of tracer per hectare

La Area of sample leaf (cm2)

Lfd Canopy wall gaps ratio (m2
leaf m-2 canopy wall) 

fVR Correction factor for spray volume

fTC Correction factor for tracer concentration

C Coverage (%)

BBCH Crop stage

d Deposit per unit leaf area (g·cm-2) 

F Efficiency considering canopy gaps

F1 Efficiency not considering canopy gaps

i-LWAE Estimated volume rate (L ha-1
canopy) 

VT Intended volume rate (L ha-1) 

Sa Leaf sample area (cm 2)

dN Normalized leaf deposit (g cm-2 leaf) 

dG Normalized leaf deposit per unit of applied tracer (g cm-2/kg tracer ha-1) 

d100 Normalized leaf deposit per 100 L applied (g cm-2/100 L ha-1)

RF Relative efficiency (Sprayer X / FTMS)

Tcl Tracer concentration in washing solution (g·L-1) 

T Tracer concentration in the sprayer’s tank (mg L-1) 

WSP Water Sensitive Paper

703
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705

706 Table 2. Arrangement of every field tests at the three different crop stages

BBCH-scaleTrial Date
Code Growth stage

Row 
distance 

(m)

Mean 
canopy 

height (m)

Mean LWA 
(m2 canopy 

ha-1)
1 May 

18th 55 Inflorescences swelling, flowers 
closely pressed together 3.0 0.59 4143

2 June 
1st 65 Full flowering: 50% of flower 

hoods fallen 3.0 0.86 5731

3 June 
22nd 75 Berries pea-sized, bunches hang 3.0 1.14 7613

707
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708

709 Table 3. Estimated application parameters (i-LWAE and VT) and values selected or spray process 

BBCH 
scale

LWA
(m2 canopy ha-1)

Sprayer i-LWAE
(L ha-1 LWA)

VT
(L ha-1)

Pressure 
(MPa)

# 
nozzles

Nozzle 
type

Nozzle 
manufactur

er

Spray 
pattern 

a

Spray 
quality b

Forward 
speed
(km h-1)

4133 TMS 200 83 1.00 4 ATR Brown Albuz HC VF 6.5

3800 HBS 200 76 0.15 2 ISO 110 
015

Teejet FF F 4.4

3933 HBS 400 157 0.15 2 ISO 110 03 Teejet FF M 4.3
4600 HBS 600 276 0.15 2 ISO 110 04 Teejet FF M 3.3
4067 PBS 750 305 - 1 Diffusor Solo HC - 5.8
4000 PBS 1000 400 - 1 Diffusor Solo HC - 4.4

55

4467 PBS 1250 558 - 1 Diffusor Solo HC - 3.8
6440 TMS 370 246 0.80 6 ISO 80 015 Lechler HC VF 4.8

4907 HBS 370 182 0.15 3 ISO 110 
025

Teejet FF M 4.7

5013 HBS 600 301 0.15 3 ISO 110 04 Teejet FF M 4.5
5693 HBS 800 455 0.15 3 ISO 110 06 Teejet FF C 4.5
6227 PBS 750 467 - 1 Diffusor Solo HC - 4.2
6373 PBS 1000 637 - 1 Diffusor Solo HC - 3.1

65

5467 PBS 1250 683 - 1 Diffusor Solo HC - 2.5
7360 TMS 370 272 0.80 8 ISO 80 015 Lechler HC VF 5.7

8213 HBS 370 303 0.15 4 ISO 110 
025

Teejet FF M 3.8

8333 HBS 600 500 0.15 4 ISO 110 04 Teejet FF M 3.6
75

7120 HBS 800 609 0.15 4 ISO 110 06 Teejet FF C 4.5
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6893 PBS 750 517 - 1 Diffusor Solo HC - 2.8
7133 PBS 1000 713 - 1 Diffusor Solo HC - 2.1
8240 PBS 1250 1030 - 1 Diffusor Solo HC - 1.7

710 a HC: hollow cone; FF: flat fan; b Following the BCPC droplet size classification. VF: very fine; F: fine; M: medium; C: coarse

711

712

713

714 Table 4. Actual application values (i-LWAA and VR) and main results obtained with the different spray technologies

BBCH Sprayer 
& i-LWA i-LWAA

1 VR 
2 TA 

3 fVR 
4 fTC 

5 dN 
6 dG 

7 d100 
8 F 9 F1 

10 C 11

TMS 200 200 99 0.16 1.54 1.21 1.18 7.19 1.19 0.12 0.30 20.72
HBS 200 200 81 0.15 1.73 1.10 2.22 15.42 2.78 0.23 0.58 28.54
HBS 400 400 158 0.30 1.48 1.04 3.85 12.69 2.43 0.20 0.50 29.12
HBS 600 600 220 0.50 1.68 0.88 5.87 11.84 2.66 0.22 0.55 49.34
PBS 750 750 305 0.60 1.00 1.03 3.83 6.49 1.25 0.11 0.26 40.77
PBS 1000 1000 396 0.80 1.00 0.98 3.36 4.16 0.85 0.07 0.16 59.61

55

PBS 1250 1250 554 1.12 1.00 0.98 5.24 4.64 0.94 0.08 0.21 49.22
TMS 370 332 214 0.14 1.11 4.03 2.84 6.70 1.33 0.30 0.43 32.40
HBS 370 423 208 0.38 0.85 1.97 2.91 7.52 1.40 0.25 0.36 55.90
HBS 600 685 347 0.66 0.87 1.04 3.74 5.63 1.08 0.20 0.29 49.04
HBS 800 858 485 0.93 0.93 1.03 2.31 2.47 0.48 0.10 0.14 55.12
PBS 750 768 478 1.03 0.97 1.03 4.02 4.34 0.84 0.19 0.27 70.97
PBS 1000 979 632 1.01 1.02 1.02 5.44 4.35 0.86 0.20 0.28 70.18

65

PBS 1250 1253 688 1.35 0.99 1.01 6.68 4.92 0.97 0.19 0.27 67.59
TMS 370 387 285 0.54 0.95 1.05 3.57 6.62 1.25 0.34 0.49 42.9075 HBS 370 346 189 0.32 1.06 1.16 3.12 9.60 1.65 0.37 0.53 42.13
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HBS 600 542 440 0.76 1.10 1.16 2.98 3.92 0.67 0.22 0.32 51.58
HBS 800 955 647 1.11 0.83 1.16 3.29 2.95 0.51 0.14 0.20 35.02
PBS 750 711 524 1.11 1.05 0.94 7.91 6.33 1.34 0.33 0.47 78.87
PBS 1000 1066 723 1.82 0.93 0.79 4.92 2.71 0.68 0.13 0.18 53.45
PBS 1250 1088 1054 2.67 1.14 0.79 6.85 2.57 0.65 0.17 0.25 83.35

715
716 1 i-LWAA (L ha-1 LWA); 2 VR (L ha-1); 3 TA (Kg ha-1); 4 fVR (dimensionless); 5 fTC (dimensionless); 6 dN (g cm-2); 7 dG (g cm-2/kg tracer ha-1); 8 d100 (g cm-2/100 L ha-1);
717  9 F (dimensionless); 10 F1 (dimensionless); 11 C (%)
718
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719 Table 5. Global evaluation of tested technologies based on the obtained results

i-LWA dN dG d100 C (%) F F1

L - +++ +++ +++ ++ +++
M + ++ +++ +++ ++ ++HBS
H ++ ++ ++ ++ + ++
L + + + + + +
M ++ - - - - -PBS
H +++ - - - - -

TMS ++ + ++ ++ ++ +++
720
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721 FIGURE CAPTIONS

722 Figure 1. Spraying equipment tested: a) tractor-mounted air-assisted sprayer (TMS); b) 

723 Hydraulic backpack sprayer (HBS); and c) Pneumatic backpack sprayer (PBS).

724 Figure 2. Layout scheme and distribution of trials in the parcel

725 Figure 3. A) Relationship between normalized deposit on leaves dN and coverage measured 

726 using water-sensitive paper; B) Relationship between normalized deposit on leaves dN and 

727 volume rate i-LWA; C) Relationship between normalized deposit on leaves and uniformity 

728 of deposition on the entire canopy, measured by the standard deviation.

729 Figure 4. Average normalized deposit (dN) and dispersion of measurements for all 

730 combinations of the sprayer-volume rate tested. A) Results for BBCH 55; B) results for BBCH 

731 65; C) results for BBCH 75. 

732 Figure 5. Average values of coverage and dispersion of measurements for all combinations 

733 of the sprayer-volume rate tested. A) Results for BBCH 55; B) results for BBCH 65; C) results 

734 for BBCH 75.

735 Figure 6. Evaluation of coverage on water-sensitive paper placed in the whole canopy. A) 

736 coverage for BBCH 55; B) coverage for BBCH 65; C) coverage for BBCH 75.

737 Figure 7. Average normalized deposit per amount of tracer (dG) and dispersion of 

738 measurements for all combinations of sprayer-volume rate tested. A) Results for BBCH 55; 

739 B) results for BBCH 65; C) results for BBCH 75. 
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740 Figure 8. Average normalized deposit per volume rate (d100) and dispersion of 

741 measurements for all combinations of sprayer-volume rate tested. A) Results for BBCH 55; 

742 B) results for BBCH 65; C) results for BBCH 75.

743 Figure 9. Evolution of efficiency value (F and F1) depending on the spray volume rate (L ha-

744 1 LWA).

745 Figure 10. Effect of spray technology on efficiency values observed

746 Figure 11. Efficiencies of the hydraulic backpack sprayer (HBS) and the pneumatic backpack 

747 sprayer (PBS), relative to the tractor-mounted air-assisted sprayer (TMS), at corresponding 

748 BBCH growth stages.
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Figure 1. Spraying equipment tested: a) tractor-mounted air-assisted sprayer (TMS); b) Hydraulic backpack 
sprayer (HBS); and c) Pneumatic backpack sprayer (PBS). 
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Figure 2. Layout scheme and distribution of trials in the parcel 
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Figure 3. A) Relationship between normalized deposit on leaves dN and coverage measured using water-
sensitive paper; B) Relationship between normalized deposit on leaves dN and volume rate i-LWA; C) 
Relationship between normalized deposit on leaves and uniformity of deposition on the entire canopy, 

measured by the standard deviation. 
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Figure 4. Average normalized deposit (dN) and dispersion of measurements for all combinations of the 
sprayer-volume rate tested. A) Results for BBCH 55; B) results for BBCH 65; C) results for BBCH 75. 
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Figure 5. Average values of coverage and dispersion of measurements for all combinations of the sprayer-
volume rate tested. A) Results for BBCH 55; B) results for BBCH 65; C) results for BBCH 75. 
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Figure 6. Evaluation of coverage on water-sensitive paper placed in the whole canopy. A) coverage for BBCH 
55; B) coverage for BBCH 65; C) coverage for BBCH 75. 
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Figure 7. Average normalized deposit per amount of tracer (dG) and dispersion of measurements for all 
combinations of sprayer-volume rate tested. A) Results for BBCH 55; B) results for BBCH 65; C) results for 

BBCH 75. 
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Figure 8. Average normalized deposit per volume rate (d100) and dispersion of measurements for all 
combinations of sprayer-volume rate tested. A) Results for BBCH 55; B) results for BBCH 65; C) results for 

BBCH 75. 
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Figure 9. Evolution of efficiency value (F and F1) depending on the spray volume rate (L ha-1 LWA). 
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Figure 10. Effect of spray technology on efficiency values observed 
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Figure 11. Efficiencies of the hydraulic backpack sprayer (HBS) and the pneumatic backpack sprayer (PBS), 
relative to the tractor-mounted air-assisted sprayer (TMS), at corresponding BBCH growth stages. 
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