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ABSTRACT 10 

This review outlines the background and current status of different dose expressions of 11 

plant protection products (PPP) applied in three-dimensional (3D) crops that are grown 12 

in orchards, groves, berry plantations, vineyards or greenhouses. It describes the 13 

course of dose expression harmonization process, and gives an overview of dose 14 

adjustment tools. In some EU countries there are used dose expressions that link the 15 

recommended amount of PPP with canopy height (CH), leaf wall area (LWA), tree row 16 

volume (TRV), or plant row distance (PRD). In the Mediterranean countries, a common 17 

way of PPP dosing recommendation is concentration of spray liquid. The advantages 18 

and disadvantages of each dose expression are discussed. Harmonization of dose 19 

expressions has for long been of great importance for the PPP authorisation 20 

procedure, which in the EU is performed on a zonal basis. In the Central Zone it was 21 

agreed that the LWA model would be a common dose expression that must be used 22 

during efficacy trials in pome fruits, vines and high growing vegetables, and then in the 23 

subsequent zonal evaluation process. For the crops with wide canopies, such as 24 

citruses, olives or nuts, which are grown in the Southern Zone, the TRV model might 25 

be a more appropriate dose expression to be agreed for a common use. However, any 26 

dose expression method should be corrected based on leaf area density. The crop-27 

specific decision support tools, assisting growers to adjust effective PPP dose in 28 
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specific circumstances, cover pome and stone fruits, citruses, olives, vines and 29 

greenhouse tomatoes. 30 

Keywords: Canopy height; Leaf wall area; Tree row volume; Unit canopy row; 31 

Pesticide authorization; Decision support tools 32 

1 THE IMPORTANCE OF 3D CROPS 33 

High growing three-dimensional (3D) crops, in orchards and groves (e.g. pome and 34 

stone fruits, olives, citruses, nuts, etc.), bush plantations (berries other than 35 

strawberries), vineyards, and high growing vegetables (e.g. tomatoes, cucumbers, 36 

peppers, hops, etc.) are mainly crops that grow tall in rows, and therefore plant 37 

protection products (PPPs) are usually applied on them vertically (sidewards). In 38 

contrast the field crops, such as cereals, legumes, tubers, etc., that are mainly annual 39 

plants, growing low and covering the ground, are normally treated horizontally 40 

(downwards).  41 

The importance of 3D crops lies both in the economic and nutritional values of the 42 

produce. The 3D fruit and vine crops are grown worldwide on 55 million hectares (ha), 43 

which accounts for 3.1% of the total utilized agricultural area, and their global annual 44 

production is 442 million tonnes. The European annual production of these crops is 68 45 

million tonnes, and they are grown on 11 million ha, representing only 6.6% of the 46 

European utilized agricultural area (Eurostat, 2019) (Table 1). However, the production 47 

of the 3D crops is attributed not to the planted surface of the plantation of plantation but 48 

to the volume or the outer surface of the plant canopies, and it is noteworthy that it may 49 

be two or three times greater than the surface area of the ground occupied by the 50 

plants. If the total productive plant surface is considered the difference may be five-fold 51 

or more.  52 

Nowadays the large-scale crop production in the EU without chemical protection 53 

against pests, pathogens and weed competition is not realistic (Keulemans et al., 54 

2019). Especially production of 3D crops being subject to particular pest or pathogen 55 

pressure, is associated with need for intensive use of PPPs (Simon et al., 2010). In 56 



fact, of the total use of PPPs in Europe, which is over 480 thousand tonnes (FAOSTAT, 57 

2019), these crops get the highest pesticide share. This implies that representing only 58 

6% of the total European agricultural area, the 3D crops receive 44% of the total 59 

amount of applied active ingredients (Eurostat, 2007).  60 

In order to be in line with the requirements of the European Directive on Sustainable 61 

Use of Pesticides (EC, 2009a), and most of all to supply the demanding market with 62 

high quality products, produced with a minimum pesticide input, and hence with 63 

minimum pesticide residues and environmental impact, the PPPs must be used 64 

efficiently and rationally. This means that the amount of the PPPs used in each 65 

individual application should correspond with the actual need of the crop to be 66 

protected, and therefore it should be related to the actual target on which the product is 67 

to be deposited. Thus, the PPP dose expression and dose adjustment are key tools to 68 

implement rational, and hence precise and sustainable use of these products, and by 69 

this to comply with requirements of the Best Management Practice. 70 

2  DOSE EXPRESSION IN 3D CROPS 71 

Dose of PPP is defined as a mass or volume [kg or L] of PPP linked to a certain 72 

reference unit, characterising the target of spray application, and dose expression is 73 

the unit in which such dose is indicated. The dose is related with the concentration of 74 

the PPP and the spray volume rate as shown in the Equation 1. 75 

SCD  )100/(  Equation 1 

where: 76 

D – dose of PPP [kg or L of PPP per unit characterising the target, e.g. hectare] 77 

C - concentration of PPP [% or kg or L of PPP per hL of spray liquid] 78 

S - spray volume rate [L per unit characterising the target, e.g. hectare] 79 

The concentration does not comply with the definition of the dose as it does not relate a 80 

quantity of product to a target unit. For appropriate use of PPPs the applicator should 81 

know at least two of the parameters in Equation 1, however, the product label often 82 

gives only recommendation on one of them.  83 



Furthermore, a dose expression is not the same as a dose adjustment, although they 84 

are intimately linked. Dose adjustment is about adaptation of spray application 85 

parameters, mainly the spray volume rate and the PPP dose rate, to the specific 86 

situation, determined primarily by the crop characteristics (e.g. size, density, growth 87 

stage), and possibly also by the application technique, weather conditions, pest or 88 

pathogen pressure, type of PPP applied, etc. Dose adjustment is performed by 89 

decision support tools that provide guidance on how to use the products effectively 90 

taking into account the above mentioned factors. If the PPP dose is expressed in 91 

relation to the unit characterising the crop, it may be regarded as an initial step of a 92 

generic dose adjustment based on the results of efficacy trials within the PPP 93 

authorization process, and made for the purpose of the product label recommendation.  94 

As mentioned, the PPP applications in field crops are usually performed downwards, 95 

so the dose and volume rate are expressed per ground surface area. For years, dose 96 

and volume rates in 3D crops have followed the same scheme, although the PPPs are 97 

applied on these crops sidewards, and the target surface area differs from the ground 98 

surface area. Meanwhile, in the last decades, cultivation methods of 3D crops have 99 

changed. Low-density unstructured orchards have been transformed into high-density 100 

structured orchard systems, to facilitate pruning, fruit harvest and mechanized 101 

operations on the trees (Xu, 2016). This has led to 3D crops with different types of 102 

trees and orchard architectures, falling into one of three main categories: narrow wall 103 

forming or narrow wall crops, wide wall crops, and globular crops. The wall forming 104 

crops grow in rows and have a linear ground projected area without significant gaps 105 

along the row. They include narrow wall crops with the canopy width less than 1 m (e.g. 106 

super intensive apples, pears, olives, grapevines, etc.) and wide wall crops with 107 

canopies wider than 1 m (e.g. intensive stone fruit orchards or citrus groves). The 108 

globular crops have large canopies of vegetation, shaped in the ellipsoidal or triangular 109 

form, with gaps in the row between the plants, and with elliptical or round ground 110 



projected areas (e.g. intensive and traditional plantations of pome and stone fruits, 111 

citruses, olives, nuts, persimmons, pomegranates, etc.). 112 

2.1 Background of existing dose expressions 113 

Concentration of product 114 

The oldest product label recommendation on the amount of product to be applied has 115 

been the concentration, which literally is not a dose expression. In the past the PPPs 116 

were applied with hand operated sprayers, to the “point of run-off”, i.e. until the plants 117 

were thoroughly wet, in order to uniformly deposit the products within the crop canopies 118 

and guarantee satisfactory efficacy of treatments. Variations in the crop size, foliage 119 

density, planting distance, and other differences in the crop structure, were thought to 120 

be compensated by spray volume applied to the point of run-off, and therefore were not 121 

taken into account when dosing the products. In such applications, the spray volume, 122 

and hence the amount of applied PPP were unpredictable and variable (Koch and 123 

Weisser, 1995). This way of dilute spraying and PPP dosing was abandoned due to 124 

economic and environmental reasons, coinciding with implementation of tractor-driven 125 

air-assisted sprayers. These equipments allow to apply considerably lower spray 126 

volume rates, because they achieve better spray recovery by horizontal flow of spray 127 

plum penetrating the target. Normally the reduction of spray volume entails a need for 128 

proportionally increased PPP concentration in order to maintain the dose of PPP. If the 129 

concentration is kept constant the reduction of spray volume rate results in the 130 

reduction of the dose.   131 

Already in the late 1950s Haronska (1958) defined the target dosage as an efficacious 132 

amount of product that must be applied on the target plant. Probably Morgan (1964) 133 

was the first to address the problem of matching PPP dose rates to vertical crops like 134 

trees by taking into account the area of the treated trees rather than the area of ground 135 

occupied by them.  136 

Canopy height 137 



In Germany, in the 1980s, the Biologischen Bundesanstalt für Land- und 138 

Forstwirtschaft (BBA), now Julius Kühn-Institut, (JKI) established for fruit crops a base 139 

spray volume rate 1500 L ha-1 as a reference for PPP authorization (BBA, 1988). At 140 

that time, apple trees in Germany were in average 2-3 m tall, so the base spray volume 141 

corresponded to 500 L ha-1 per 1 m canopy height (BBA, 1995). According to Koch and 142 

Spieles (1990), from the time when the spray volume rates were reduced due to the 143 

development of application technologies and need for reduction of water consumption, 144 

recommending spray liquid concentration became unjustified (Martin, 1994). Therefore 145 

in 1995 the BBA replaced this recommendation for pome and stone fruits by the dose 146 

expressed in kg or L per ha and per 1 m canopy height (CH model). Such dose 147 

expression has been used by PPP manufacturers on the product label since 1997. The 148 

CH model uses canopy height as the dominant crop parameter, assuming that row 149 

spacing is uniform across orchards, and thus doses can be adjusted to the most 150 

important crop-specific feature (Friessleben et al., 2007). According to Pergher and 151 

Petris (2008) and Rüegg et al. (2001), the CH model would hold only if the remaining 152 

parameters, such as leaf area density (LAD – the total one-sided leaf area per unit 153 

volume), canopy diameter (CD) and row spacing (RS) were constant, which is not the 154 

case in the present orchard conditions. In fact, Rüegg et al. (2001) found a wide 155 

variability of tree size and row spacing in pome fruit and stone fruit orchards, clearly 156 

indicating that a standard orchard does not exist either in the European or in the 157 

country scale. Moreover, the authors found that the leaf area index (LAI) was a good 158 

indicator characterising the target since it was well correlated (r2= 0.88) with the normal 159 

deposition, i.e. deposition per unit leaf area per g active ingredient applied (Rüegg et 160 

al., 1999b, 2001). They also reported that the tree canopy height poorly correlated with 161 

both LAI (r2= 0.60), and leaf area (r2= 0.52), and therefore they concluded that it is not 162 

a good crop parameter for dose expression or dose adjustment. This conclusion was 163 

verified by the results of efficacy trials carried out by the authors in the field conditions.  164 

Leaf wall area 165 



Morgan (1964) pointed out that in plantation crops the spray volume rate has to be 166 

adjusted taking into account the height of the crop and the row spacing. He considered 167 

the vegetation as a vertical wall facing the spray. The surface area of such vegetation 168 

wall in apple orchards was used as a spray target by Koch et al. (1991; 1992) and 169 

Martin (1993) who gave it the name of leaf wall area (LWA). Thus, LWA is a parameter 170 

reflecting the crop size, and it is defined as the area of treated sides of vegetation wall 171 

[m2] per unit ground surface area [ha] (Equation 2).  172 

RS

xCHx
LWA

100002
  Equation 2 

where: 173 

LWA – leaf wall area [m2 LWA ha-1] 174 

CH – canopy height [m] 175 

10000 [m2 ha-1] 176 

RS – row spacing [m] 177 

The dose according to this model is expressed in kg or L per 10000 m2 of LWA. Since 178 

1996 the model has been used in Belgium to express the PPP dose in the product 179 

label recommendations. It is worth noting that share of the fruit crops in the utilized 180 

agricultural area in Belgium is only 1.4% , and more than 80% of these crops are pome 181 

fruits (apples and pears), trained in form of narrow vertical walls (Hucorne, 2012; 182 

2016). 183 

A strong argument in favour of the LWA model is a very good correlation (r2= 0.953) 184 

between initial deposit of the product [ng cm-2] on the leaves of apple trees trained in 185 

form of slim spindle in loose foliage walls and the product dose rate expressed per 186 

LWA [g ha-1
LWA] (Koch and Weisser, 1994; Koch and Weisser, 1995; Schmidt and 187 

Koch, 1995). Additionally, Koch et al. (1998) and Koch and Weisser (2000) found that 188 

the distribution of deposit on the leaf wall corresponded to the sum of the spray bands 189 

of individual nozzles, that also supported the use of LWA model for dose expression. 190 

The underlying assumption of the model, according to Weisser and Koch (2002), was 191 



that the pesticide dose rate, as well as spray volume rate to keep a fixed pesticide 192 

concentration, should be adjusted proportionally to the crop LWA in order to obtain a 193 

given, constant deposit of a product per unit target area. Furthermore, the model 194 

assumed that any increase in leaf density would result in the increase of deposition 195 

efficiency (i.e. fraction of the sprayer output volume retained as deposit on the target) 196 

to the same extent, so as to result in the constant average deposits per unit leaf area. 197 

However, some other studies reported that a decreasing gradient of foliar deposition 198 

occurred as the canopy width increased (Koch et al., 1992, Martin et al., 1998). It was 199 

pointed out that for the efficient use of pesticides the LWA approach should also take 200 

into account the canopy density (Walklate et al., 2006; 2011; Pergher and Petris, 2008; 201 

Walklate and Cross, 2005; 2012). According to Pergher and Petris (2008) and Pergher 202 

and Zucchiatti (2018), the LWA model could be used in vineyards as long as the leaf 203 

layer index - LLI (ratio of the total leaf area to the one-sided wall area (Pergher and 204 

Petris, 2007)) was lower than 4. The authors reported a decrease of mean deposits for 205 

vine canopies with LLI > 4, which could be due not only to high foliar density but also to 206 

the higher canopy width. Thus, in the crops with wide and globular canopies, usually of 207 

very high LAD, the PPP dosing according to LWA model might not ensure sufficient, 208 

and hence efficacious, deposition of the product on the target.  209 

Tree row volume 210 

Byers et al. (1971) proposed a method for determining spray volume rate for the 3D 211 

crops based on the canopy volume on a hectare of orchard [m3 ha-1], namely the tree 212 

row volume (TRV) method. This model is another target oriented approach that 213 

determines spray volume or PPP dose rate based on the assumption that the canopy 214 

of the 3D crop row can be represented by a cuboid of the volume per hectare ground 215 

calculated according to Equation 3.  216 

RS

xCHCD
TRV

10000
  

Equation 3 

where: 217 



TRV – tree row volume [m3 TRV ha-1] 218 

CD – mid-height canopy diameter across row [m] 219 

CH – canopy height [m] 220 

10000 [m2 ha-1] 221 

RS – row spacing [m] 222 

Byers et al. (1971) assumed that, if in a standard apple orchard with TRV = 40000 m3 223 

ha-1, a standard spray volume of 3740 L ha-1 was used (i.e. 93.5 L per 1000 m3
TRV), in 224 

orchards with smaller TRV the proportionally lower spray volume rates should be 225 

applied. Herrera-Aguirre and Unrath (1980) observed that use of TRV-based spray 226 

volumes gave better results of chemical thinning in apple orchards than the fixed 227 

volume rate regardless the volume of tree canopies. For the thinning applications the 228 

standard spray volume for the standard orchard was increased by the authors up to 229 

4640 L ha-1, in order to apply the growth regulator to the point of run-off (Batjer and 230 

Billingsley, 1964; Unrath, 1973). This showed that the spray volume adjustment might 231 

also need to take into account other application circumstances, i.e. active ingredient 232 

(AI) and mode of action (MoA) of the product, pest or disease pressure (Sutton and 233 

Unrath, 1984; 1988), and crop density (Herrera-Aguirre and Unrath 1980). This was 234 

supported by findings of Travis (1981) and Travis et al. (1987), who reported greater 235 

deposit and more uniform distribution of the product in the well pruned trees than in the 236 

slightly pruned ones. Also Sutton and Unrath (1984) noted that the canopy density 237 

should be considered in the TRV approach in order to ensure a consistent deposit level 238 

on the target. The TRV model, corrected with regard to crop density, was successfully 239 

verified during pesticide applications in apple orchard, both in early and full-growth 240 

stage (Sutton and Unrath, 1988). The authors also indicated the need for adjustment of 241 

the TRV spray volume according to the tree canopy structure, since differences in 242 

product deposit depending on management systems were found. Ferree and Hall 243 

(1981) sprayed the apple trees of different canopy profiles: slender spindle, trellis, 244 

interstem hedgerow, and pyramid hedgerow, and found that the last one got the lowest 245 



deposit while the trellis got the highest one. This was due to the way TRV was 246 

calculated, resulting in overestimation of the real vegetation volumes of the canopy 247 

profiles different from rectangular, e.g. triangular or ellipsoidal. The results of other 248 

studies showed that correction of the TRV model with respect to the tree profile 249 

improved the effects of applications (Seeley, 1991; Miller and Mayer, 1994; Steffek et 250 

al., 1999, 2000; Manktelow and Praat, 1997; Rüegg et al., 1999a; Gil et al., 2007; 251 

Llorens et al., 2010). All those reports highlighted the advantage of the PPP dose 252 

adjustment according to TRV corrected with regard to the application circumstances, 253 

such as canopy profile and density, type of product applied, pest or disease pressure, 254 

etc. Raisigl (1994) found a close correlation (r2 = 0.8) between leaf or fruit surface area, 255 

and tree volume. Equally good was a correlation between LAI and TRV (r2 = 0.81), 256 

determined for stone and pome fruits from early to late growth stages, as reported by 257 

Rüegg et al. (1999b, 2001). As the LAI reflects a real application target area and, as 258 

stated above, the quoted authors also found it well related with the normal deposition, 259 

the TRV seems to be a good reference for dose expression, as well as for volume rate 260 

and dose adjustment for 3D crops with volumetric canopies. It was successfully tested 261 

to calculate PPP dose and spray volume in different orchards of pome fruits (Felber 262 

and Raisigl, 1993; Mantinger et al., 1994; Siegfried et al., 1995; Heijne and Besseling, 263 

1996; Mankelow and Praat , 1997; Steffek et al., 1999; Steffek et al., 2000) and stone 264 

fruits (Rüegg and Viret, 1999; Rüegg et al., 1999a, 1999b, 2001), as well as vineyards 265 

(Miller and Mayer, 1994; Gil et al., 2007; Viret and Höhn, 2008; Llorens et al., 2010). 266 

Finally, the TRV concept has been the basis for the registration and dose expression of 267 

PPPs used in fruit orchards in Switzerland (Siegfried et al., 2007). 268 

Plant row distance and unit canopy row 269 

Another approach was introduced in 1993 in Norway, according to guidelines proposed 270 

by Bjugstad (1993). Based on this approach, labels recommended a concentration for 271 

a dilute volume rate applied with a spray gun. This dilute volume was expressed per 272 



100 m tree row length called as “plant row distance” (PRD) (L per 100 mPRD). The 273 

guidelines proposed different dilute volumes taking into account the mass of leaves 274 

(through tree height and/or canopy width), the leaf density (giving values for before and 275 

after flowering) and the different tree structures (slender or wide canopy). For example, 276 

it had a value of 100 L per 100 mPRD for a tree after flowering with wide crown, with 277 

height of 3.3 m and canopy width of 3 m, which corresponded to 2000 L per ha, at 5 m 278 

row spacing.  279 

For air blast sprayers, the guidelines recommend to define a concentrated volume rate 280 

for each specific orchard by evaluating the coverage on water sensitive paper 281 

collectors placed in the tree canopies. To keep a constant dose, a concentration factor 282 

was calculated as the ratio of the dilute volume to the concentrated volume rates.  283 

In 1998 the concentration in the product label was replaced by recommended PPP 284 

dose expressed in kg or L per 100 mPRD (Bjugstad and Stensvand, 2002). Now the 285 

dose is adjusted based on the tree size, assuming 100% dose set for the most 286 

commonly grown fruit trees in Norway: 2.5 m in height (h) and 2.0 m in canopy 287 

diameter (d). On the product label also the 50% and the 150% doses, expressed 288 

according to PRD method, are recommended for the smallest and for the biggest trees, 289 

respectively: h=1.0 / d=1.0 m and h=3.5 / d=3.0 m. 290 

Since 1998 a similar approach has also been practiced in Australia under the name of 291 

unit canopy row (UCR) (Furness et al., 1998). The difference is that in the UCR method 292 

the dilute volume is expressed in L per UCR, which is 100 m3 of vegetation, considered 293 

as a cuboid of 1 m high x 1 m wide x 100 m long. Thus, taking into account the height 294 

and the width of the canopy, the dilute volume is expressed in L per 100 mPRD 295 

(Equation 4).  296 

CHCDqQ UCRUCR   
2.1.1.1 Equation 

4 

where: 297 



QUCR – spray volume acc. to Unit Canopy Row method [L 100m-1
PRD] 298 

qUCR – unit volume (volume required to wet 1 UCR (100 m3) of the canopy) [L 100m-3] 299 

CD – canopy diameter across row [m] 300 

CH – canopy height [m] 301 

Different dilute volume rates for different growth stages are recommended in order to 302 

achieve consistent foliar deposition of the product during the season. This is done by 303 

considering a range of volume rates, for vineyards a dilute volume of 20-40 L per UCR 304 

is recommended, whose selection will depend on the canopy density. In other crops a 305 

fixed value is recommended, i.e. for citrus a dilute volume of 12 L per UCR is 306 

considered when treatments are carried out with axial fan sprayers. As in the PRD 307 

method, the concentrated volume rate is then defined for the specific orchard, and the 308 

concentration factor is calculated. In Australia, labels also indicate a maximum 309 

concentration for concentrate spraying.  310 

The spray volume rates expressed according to PRD and UCR concepts are 311 

independent from row spacing because they take into account only the height and 312 

width of the canopy, because they focus on the actual target being crop rows, and not 313 

on the surface between the rows. However, the resultant spray volume rate applied per 314 

unit ground area QGA [L ha-1] does depend on row spacing (Equation 5), The PPP dose 315 

rate per 100 m plant row distance [kg 100m-1
PRD] could be by analogy converted into 316 

the dose rate per unit ground area [kg ha-1].  317 

100/10000/  RSqQ PRDUCRGA  Equation 5 

where: 318 

QGA – spray volume acc. to Unit Canopy Row method [L ha-1] 319 

qUCR/PRD – unit volume (volume required to wet 100 m PRD of the canopy) [L 100m-1
PRD] 320 

RS – row spacing [m] 321 

10000 [m2 ha-1] 322 

100 [L 100m-1
PRD  L m-1

PRD] 323 

 324 



This approach is used in Australia for citrus (Furness and Thompson, 2008) and 325 

vineyards (AWRI, 2015), in Sweden for fruit trees (Johansson, 1998), and in Italy for 326 

vineyards, both against pests (Barani et al, 2008) and diseases (Franchi et al., 2006; 327 

2008). As far as pome fruits in Norway are considered, the PRD approach was 328 

successfully verified in the course of field trials (Bjugstad, 2014). 329 

 330 

2.2. Harmonization of Plant Protection Products Dose Expression in 3D Crops 331 

in Europe  332 

In order to perform efficacy trials, within the PPP authorisation process, in comparable 333 

climate conditions, Europe was divided by the European and Mediterranean Plant 334 

Protection Organization (EPPO) into four climatic zones: Mediterranean, Maritime, 335 

North-East, and South-East (EPPO, 2014). In turn, for the pesticide regulatory 336 

purposes, the EU was divided into three zones: Northern, Central, and Southern (EC, 337 

2009b). Each regulatory zone has its Zonal Steering Committee (EC, 2014) in which 338 

each Member State in the zone is represented. The Committees are co-ordination 339 

bodies dealing with issues of sharing works which aim at achieving effective and 340 

harmonised cooperation on zonal applications. In the Northern Zone, 3D crops are 341 

grown marginally (Table 2). Pome and stone fruits, with a big share of narrow wall 342 

forming crops, are mainly grown in the Central Zone, while the Southern Zone, with 343 

91.5% of the European 3D crop production, is the main producer of wide wall and 344 

globular crops, requiring large-scale use of pesticides. 345 

In different European countries, different reference units are used on the labels of the 346 

PPPs registered for 3D crops (Table 3). They refer either to the treated plants or to the 347 

ground of plantation on which they are grown, regarded as a target.  348 

Determination of dose and its expression is one of the essential results of the PPP 349 

authorization process and final registration, including labelling procedure in each 350 

individual country of the product use. In Europe the efficacy trials of PPPs, generating 351 

data for the efficacy dossiers of products, are carried out in the four EPPO climatic 352 



zones. The further approval procedures are performed collectively on regulatory zonal 353 

basis in the three EU zones. The outcome documents of the zonal evaluation process 354 

are then assessed at national level by registration authorities of Member States for the 355 

final registration and labelling with the dose expression depending on national 356 

legislation and local practice. The product authorised in one Member State may also be 357 

authorised in another Member State belonging to the same regulatory zone under the 358 

mutual recognition procedure of the EU (EC, 2009b). Harmonization of the PPP dose 359 

expression at the zonal stage of product authorisation process is of great procedural 360 

meaning for the correctness of the efficacy evaluation within the zonal assessments, 361 

validity of results for all countries of use within the zones and easy convertibility of 362 

zonal conclusions to national dose expressions and registration practice (Langer, 363 

2016). Such harmonization has been debated for the last two decades. The EC 364 

Regulation concerning the placing of PPPs on the market (EC, 2009b) is looked upon 365 

as a stimulus of such harmonization. In 1997 the initiative came from Switzerland by 366 

the document authored by Siegfried et al. (1995) presented at the EPPO Panel on 367 

Efficacy Evaluation of Fungicides and Insecticides (Langer, 2018),and where the 368 

authors proposed using the TRV approach for dose expression. The discussion went 369 

on in the following years, in order to support EPPO‟s efforts towards the development 370 

of harmonized guideline on dose expression of PPPs for the EU fruit growing. In 2001, 371 

the panellists of the meeting organised by EPPO agreed that the preferred method 372 

should take account of the LAI due to its good correlation with the normal deposition 373 

(Rüegg et al., 2001).  374 

All these discussions resulted in development of the EPPO standard PP1/239 (1) 375 

(EPPO, 2005), about dose expressions to be used in the efficacy trial reports. The 376 

standard defines the PPP dose expression methods for different cropping systems as 377 

presented in Table 3. For the 3D crops such as orchards, hops, vineyards, berry fruit 378 

and other high-growing crops (e.g. fruiting vegetables both in the open field and under 379 

protected cultivation) it was advised to express the dose with units referring to the 380 



treated plants being actual targets of the product application (e.g. CH, LWA, TRV, 381 

PRD). It was explicitly stated that “concentration is no longer sufficient” because 382 

information on the recommend spray volume is also needed to determine the dose. 383 

Furthermore, the standard also required to appropriately describe in the trial report the 384 

application and crop parameters so that the dose could be determined in a standard 385 

way whatever the crop or product, or the equipment used for treatment. The report 386 

should contain the necessary information to interconvert between different dose 387 

expression methods (Table 4), which includes crop structure parameters such as 388 

cropping system (single or multiple rows), distance between rows and between plants 389 

in the row, treated foliage height and mid-width of the plant canopy, BBCH growth 390 

stage at application, as well as actual applied spray volume. Incidentally, there is a 391 

consensus among scientists and practitioners that the spray volume rate should also 392 

be recommended on the PPP label next to the recommended dose, because only 393 

these two parameters make up a reliable and responsible recommendation regarding 394 

the product application. 395 

In the following years, different working groups held meetings, where phytosanitary 396 

services, agrochemical industry representatives and scientists dealing with application 397 

techniques presented their point of view on harmonization of PPP dose expression in 398 

fruit growing. Based on research studies (Koch and Weisser, 1994; 1995; Schmidt and 399 

Koch, 1995; Koch et al., 1998; Friessleben et al., 2007; Koch, 2007; Wohlhauser, 2009; 400 

2012; Toews and Friessleben, 2012) the representatives of PPP manufacturers 401 

proposed and defended LWA model to be the basis for harmonization of dose 402 

expression in the PPP registration procedure by European regulatory authorities. The 403 

following three arguments were given to endorse this approach: (i) LWA is a good 404 

common denominator well representing diverse pome fruit structures across Europe; 405 

(ii) there is very good correlation between product dose expressed by LWA and initial 406 

deposit of the product on leaves of the pome fruit trees; (iii) LWA allows the accurate 407 

setting of minimum effective dose (MED) in efficacy trials due to its good fit of dose 408 



response. The industry representatives also argued that the dose according to LWA is 409 

easy to calculate, intuitive to use, and therefore it has a fair chance to be accepted by 410 

growers. Although this position was supported by some scientists, no general 411 

agreement on single method for all 3D crops was concluded, because this approach 412 

only appropriately represents spindle, narrow wall-forming crop structures.  413 

The discussion led to revision of the EPPO standard in the year 2012. The amended 414 

standard PP1/239(2) (EPPO, 2012a) noted that LWA was becoming a common dose 415 

expression method in trials for generating efficacy data and when conducing 416 

assessments for PPP registration. Besides, the dose conversion scheme was 417 

proposed (¡Error! No se encuentra el origen de la referencia.) to show that having 418 

all necessary data of the crop structure it is possible to convert particular dose 419 

expression into other expressions. 420 

In 2016 the Workshop on “Harmonized dose expression for the zonal evaluation of 421 

plant protection products in high growing crops” was organised by EPPO (EPPO, 422 

2016). Different approaches to dose expression were discussed in four working groups 423 

dedicated to different crops: 1) pome fruits, 2) citrus and olives, 3) grapevine, and 4) 424 

high growing vegetables (cucumbers and tomatoes). However, some important crops, 425 

such as stone fruits and nuts were not represented in those groups. In the workshop 426 

conclusions, it was agreed that the LWA approach would be promoted as an 427 

appropriate reference to be used in the zonal efficacy trials for pome fruit, grapevine 428 

and high growing vegetables grown in form of narrow walls. For citrus and olives, which 429 

are mainly managed as wide walls or globular crops, and therefore have a non-430 

negligible canopy width, the use of LWA approach was considered to be limited. For 431 

such crops additional canopy parameters might need to be taken into account to 432 

calculate the canopy volume for TRV model (EPPO, 2016). In order to have an 433 

established procedure to harmonise the data collection, an ad-hoc Expert Working 434 

Group was established to elaborate a glossary of terms used in the context of dose 435 

expression (EPPO, 2018a) and a guideline on measurement of crop structure 436 



parameters that need to be reported during the efficacy trials (EPPO, 2018b). Both 437 

documents will become appendices of the revised EPPO standard PP 1/239(3). 438 

Furthermore, another Expert Working Group was established to set up a computer tool 439 

for conversion between different dose expressions to facilitate and unify the task for the 440 

evaluators (Doruchowski, 2017). 441 

In 2017, at the 6th European Efficacy Evaluators Meeting, it was finally agreed by the 442 

Central Zone Steering Committee (CZSC) that the LWA unit was mandatory in the 443 

Central Zone to express a product dose during efficacy trials and efficacy evaluation for 444 

authorization of new PPPs used in pome fruits, grapes, and high-growing vegetables. 445 

Thus, from January 1, 2018 the respective trials must be planned and carried out 446 

based on LWA model, and from January 1, 2020 the Biological Assessment Dossiers 447 

(BAD) and the subsequent documents for new products for these crops will only be 448 

accepted if this requirement is met (CZSC, 2017). However, the expression of the dose 449 

in the recommendations on the PPP label, resulting from the final product authorisation 450 

at the national level, remains the responsibility of the applicant and the country of 451 

registration.  452 

Since the harmonization of dose expression has been accomplished in the Central 453 

Zone for 3D crops in form of narrow walls, the next step of a crucial impact is to 454 

harmonise dose expression for wide wall and globular crops, both in the Central and 455 

the Southern Zones. Therefore, actions towards such harmonization, possibly based 456 

on TRV model must continue through promotion of the concept ensuring steady 457 

progress in putting it in place.  458 

Whatever common dose expression is agreed for any type of crop canopy structure, it 459 

is first meant for obligatory use during the PPP authorisation procedure and in the 460 

related documentation. On the product label, resulting from the final registration of the 461 

PPP in the country of use, the dose may be expressed in a different way, proposed by 462 

the applicant and accepted by the responsible authority. However, the dose used in the 463 

Registration Report, that is an outcome document of the zonal evaluation process, may 464 



indicate the most appropriate way to express the product dose for professional use in 465 

3D crops, and encourage applicants to register their products with the same dose 466 

expression on the label as a recommendation for applicators. 467 

3 DECISION SUPPORT TOOLS FOR DOSE ADJUSTMENT IN 3D CROPS  468 

In the last years, several knowledge-based decision support tools have been 469 

developed to advice growers on PPP dosing for applications on 3D crops in specific 470 

circumstances (Table 5). Depending on how the dose is expressed on the product label 471 

in the country of use, the tools either recommend a spray volume rate [L ha-1], or a 472 

dose [L ha-1 or kg ha-1], or both these parameters. In those tools based on application 473 

of spray liquid at label concentration, the adjustment of spray volume rate [L ha-1] 474 

results in the adjustment of PPP dose rate [kg ha-1]. 475 

The first decision support tool meant for applicators was Apple Tree-row-volume 476 

Spraying Rate Calculator, developed in the USA by Byers (1987). It gave a volume 477 

rate per unit ground area [L ha-1] based on the orchard TRV, being a percentage of the 478 

TRV of the standard apple orchard, which at that time was around 40000 m3 ha-1 479 

(Byers et al., 1971). Corrections of the volume rates with respect to the canopy density, 480 

pest pressure, spray drift, etc. were made by altering the calculated TRV in the range 481 

of ±20%.  482 

Siegfried et al. (1995) developed Dosage Adapté, the decision support tool for the 483 

Swiss fruit growers. In Switzerland the PPP label recommended a concentration [%] 484 

based on a standard spray volume rate of 1600 L ha-1 applied with hand held and/or 485 

old mobile sprayers in orchards of TRV = 10000 m3 ha-1 (i.e. 1600 L per 10000 m3
TRV). 486 

With axial fan sprayers pesticides would be applied in those orchards at the spray 487 

volume 400 L ha-1, thus the concentration of the spray liquid would be four times of the 488 

label concentration. By using Dosage Adapté the spray volume rate, and hence the 489 

product dose, are adjusted according to the TRV of orchard, keeping the four-fold label 490 

concentration (Viret et al., 1999). The TRV values for pome fruit orchards and spindle 491 

stone fruit orchards are calculated according to the standard formula (Equation 3), and 492 



for fruit orchards with globular-shaped trees the calculation is modified according to 493 

Viret and Höhn (2008) (Equation 6).  494 

RS

xCHCD
TRV MAX

G

1000032 
  

Equation 6 

where: 495 

TRVG – tree row volume of globular stone fruits [m3 ha-1] 496 

CDMAX – maximum canopy diameter across row [m] 497 

2/3 – to estimate mean CD from CDMAX [ - ] 498 

CH – canopy height [m] 499 

10000 [m2 ha-1] 500 

RS – row spacing [m] 501 

Having determined the TRV value, the spray volume rate for the pome fruit orchards is 502 

calculated according to the formula developed by the company Ciba-Geigy (Felber and 503 

Raisigl, 1993) (Equation 7). The same formula is used for stone fruit orchards of 504 

TRV < 17000 m3 ha-1, but for the higher TRV of these orchards the spray volume was 505 

increased by 15% in the first version of the application (Rüegg et al., 1999a), and in the 506 

latest one it is increased by 10% (Rüegg et al., 2006).  507 

200)02.0(  TRVQDA  Equation 7 

where: 508 

QDA – spray volume acc. to Dosage Adapté for TRV < 17000 m3 ha-1 [L ha-1] 509 

TRV - tree row volume [m3 ha-1] 510 

0.02 – efficacious unit volume rate [L m-3
TRV] 511 

200 – correction volume rate [L ha-1] 512 

Since the spray volume rate is adjusted according to TRV, and the concentration of the 513 

spray liquid is constant and equals the four-fold of the label recommendation, the 514 

product dose is adjusted by Dosage Adapté in direct proportion to the orchard TRV. It 515 

can be calculated according to the Equation 8 (Siegfried et al., 1995; Viret et al., 1999). 516 



   200002 TRVxDLDLDTRV   Equation 8 

where: 517 

DTRV – Dose adjusted to TRV acc. to Dosage Adapté [kg ha-1] 518 

DL – Label dose [kg ha-1] 519 

TRV – Tree row volume, calculated acc. to Equation 3 or 6 depending on orchard [m3 520 

ha-1] 521 

Following the same approach, Viret et al. (2005) adapted Dosage Adapté for vineyards. 522 

In its current version the optimal spray volume rate is determined based on the 523 

phenological stage of the vine and the type of sprayer (Dubuis and Siegfried, 2013). 524 

The product dose is proportional to TRV of vineyard, referred to as vine row volume 525 

(VRV), and calculated according to the Equation 9. It is calculated based on the 526 

recommended values ([kg ha-1]; [L ha-1]; [%]) and assuming that spray volume rate 527 

1600 L ha-1 with basic spray liquid concentration (or 400 L ha-1 with four-fold basic 528 

concentration) is applied in a standard vineyard of TRV = 4500 m3 ha-1. 529 

RS

xCHCD
VRV MAX 10000

  

Equation 9 

 

where: 530 

VRV – Vine row volume of vineyard [m3 ha-1] 531 

CDMAX – maximum width across row [m] 532 

CH – canopy height [m] 533 

10000 [m2 ha-1] 534 

RS – row spacing [m] 535 

In 2003, Gil (2003) developed Dosaviña® for trellised vineyards in Spain. In its first 536 

versions, it ran two methods of spray volume rate calculation, one based on the 537 

vineyard TRV, and the other on, what the authors called, the Optimal Coverage Method 538 

(OCM). In the first method the spray volume was calculated by simply multiplying the 539 

vineyard TRV [m3
TRV ha-1] by a selected unit volume [L m-3

TRV] (Gil and Escolá, 2009), 540 

while in the other one it was determined based on LAI of the vineyard, the mean 541 



droplet size according to BCPC classification (Doble et al., 1985), and theoretical 542 

assumptions on the required product deposit on leaves, i.e. number of droplets of the 543 

specific size per cm2 depending on pest or pathogen characteristics, type of product 544 

and its mode of action. Both methods included a parameter accounting for the 545 

efficiency of applications, meant here as the amount of volume applied that was 546 

deposited on the target and being influenced by the sprayer type, the crop 547 

characteristics, the weather conditions, etc (Gil, 2003; Gil and Escolá, 2009; Gil et al., 548 

2011; Gil et al., 2012). In its latest version, following the European trends, the approach 549 

of Dosaviña® has changed in favour of LWA model. Now, the volume rate [L ha-1] is 550 

calculated by multiplying the LWA of the vineyard by an appropriate unit volume rate 551 

per LWA [L m-2
LWA] and corrected by factors determined in the course of field trials (Gil 552 

et al., 2011; Lavilla, 2015; Gil et al., 2019) and related to mid-width of the canopy, the 553 

LAD, and the operational efficiency of sprayer.  554 

Based on the OCM concept of Dosaviña® Planas et al. (2011) developed Dosafrut for 555 

the Spanish fruit growers. This decision support tool assumes that the minimum 556 

efficacious spray deposition of 0.006 L m-2 should be obtained in any case. The PPP 557 

dose adjustment is based on the estimation of the LAI of orchard and the factors 558 

related to application efficiency (Planas et al., 2013). Lately the model was adapted 559 

also for other 3D crops (vineyards, almonds, olives, etc) by including different canopy 560 

factors, while maintaining the main operational principles (Planas et al., 2016; Planas, 561 

2018). It is available under the name Dosa3D. 562 

A similar supporting tool for citrus growers in Spain was developed at the Polytechnic 563 

University of Valencia (UPV, 2013). The tool called Dosacitric follows the approach of 564 

Dosaviña® and Dosafrut and calculates the spray volume rate [L ha-1] based on TRV of 565 

the citrus grove, a unit volume [L m-3
TRV] and an application coefficient. The unit volume 566 

is determined by assuming the theoretical optimum number of droplets per unit leaf 567 

area and optimum droplet size depending on the type of treatment. In turn, the 568 

application coefficient depends on the characteristics of the crop, leaf density, intensity 569 



of pruning, expected meteorological conditions during the treatment, and operational 570 

efficiency of the sprayer.  571 

GreenRate, a tool for greenhouse tomatoes in Spain was developed by Sánchez-572 

Hermosilla et al. (2013). It calculates a spray volume rate [L ha-1] based on the plant 573 

row volume (PRV) of the crop [m3 ha-1], which is equivalent to TRV developed for 574 

annual growings. The PRV accounts for different canopy widths at different crop 575 

heights, which results in good correlation with the LAI of greenhouse tomatoes. 576 

Furthermore, the recommended volume rate is calculated to meet a required spray 577 

deposition on the plant leaves [μl cm-2]. This was determined in the course of 578 

experimental spray applications on greenhouse tomatoes with use of hand guns and 579 

application settings ensuring the spray deposition sufficient for the satisfactory 580 

biological effect (Sánchez-Hermosilla et al., 2011; Sánchez-Hermosilla et al., 2012). 581 

The tool‟s algorithm for the volume rate calculation takes also into account the 582 

application efficiency, affected by sprayer type, crop structure and environmental 583 

conditions.  584 

Lately, Garcerá et al. (2017a) developed CitrusVol, a decision support tool for 585 

applications with airblast sprayers in Spanish citrus groves. The tool estimates the 586 

target foliar area [m2 ha-1] based on the two crop characteristics: volume of vegetation 587 

[m3 ha-1], calculated for ellipsoidal citrus canopies, and the LAD [m2 m-3], calculated for 588 

two-sided leaf area. Quantification of the LAD in CitrusVol is made considering both 589 

the cultivar and the effect of the orchard pruning level, and the user of the tool may 590 

choose between the proposed options. For pruning, three levels are proposed: severe, 591 

normal and no pruning, while the cultivars are grouped into three categories based on 592 

their mean canopy density: low, medium and high. Some examples for each group are 593 

given in the tool to make it easier for the user to make the right choice. Different 594 

cultivars were included in the corresponding groups after advice of the citrus research 595 

team of the IVIA (Valencian Institute for Agricultural Research). Depending on the 596 

user‟s choice on these two parameters, a value of LAD from the tool database is 597 



selected and included in the model algorithm. The reference values of LAD used in the 598 

tool was assessed in several orchards with different pruning levels. The tool also takes 599 

into account the pest or pathogen, and the type of product. The efficacy model 600 

algorithm was based on studies on minimum product deposit required to achieve 601 

maximum efficacy (Garcerá, 2013; Garcerá et al., 2011; Garcerá et al., 2012; Garcerá 602 

et al., 2014), on efficiency of airblast sprayers in Mediterranean citrus orchards 603 

(Garcerá et al., 2017b), and on the crop parameterization. Furthermore, CitrusVol has 604 

been validated in field conditions, which resulted in the reduction of dose rate through 605 

the reduction of spray volume rate, without compromising the pest control efficacy 606 

(Fonte et al., 2020). 607 

Finally, the tool Dosaolivar has been developed to support decision making on spray 608 

volume rates [L ha-1] for both traditional and intensive olive groves in Spain (Miranda-609 

Fuentes et al., 2019). Here, the olive tree canopy volume in m3 per tree is calculated 610 

according to the method developed for the purpose (Miranda-Fuentes et al., 2015). In 611 

the course of their own studies the authors defined also two unit volumes [L m -3
tree], for 612 

the intensive (Miranda-Fuentes et al., 2016) and the traditional olive groves (Miranda-613 

Fuentes et al., 2019). For the latter ones, the model algorithm also includes the LAD 614 

[m2 m-3], while in the intensive growing systems the authors found no significant effect 615 

of this parameter on the product deposition. 616 

 As far as tools performing product dose adjustment are concerned, Raynal et al. 617 

(2002) developed Optidose® model for vineyards in France. It calculates doses of 618 

fungicides against downy mildew (Plasmopara viticola) and powdery mildew (Erysiphe 619 

necator), commonly called mildew and oidium, respectively. The model gives the 620 

results as a percentage of the label dose, based on inputs regarding LAI derived from 621 

the calculated TRV and estimated LAD of vineyard corresponding to its phenological 622 

stage, as well as susceptibility of the vine variety to the pathogens, risk of infection 623 

development depending on weather conditions, and performance of sprayer to be used 624 

(Davy et al., 2018).  625 



In the year 2006 Pesticide Adjustment to the Crop Environment - PACE system 626 

was launched in the UK to help growers adjust the dose of PPPs used in orchards of a 627 

very wide range of tree canopy structures, typical for this country (e.g. dessert apples, 628 

cider apples, pears, stone fruits) (Walklate and Cross, 2005). Based on data on 629 

deposition of product on leaves in relation to the tree structure parameters measured 630 

with LIDAR (Light Detection and Range) the authors of the system claimed that 631 

combination of tree height and canopy density accounted for a far greater variation of 632 

deposit in the tree canopies than the TRV which uses three parameters, but not the 633 

crucial canopy density parameter (Walklate et al., 2006). With this in mind they 634 

developed a website including a dose adjustment calculator which calculates an 635 

adjusted product dose as a percentage of the fixed recommended dose, determined for 636 

a standard fruit-tree canopy (i.e. label dose being maximum dose expressed per unit 637 

ground area), that should be equally efficacious when applied on smaller trees of a 638 

specific canopy structure in a specific stage of the canopy development (Cross and 639 

Walklate, 2008). Forecasting the growth properties of input parameters of orchard crop 640 

structure was performed based on the results derived from LIDAR recordings, made 641 

across a very wide range of orchards in various phenology stages. As the PACE 642 

system was gradually improved to make use of more generalised principles of dose 643 

adjustment, including LWA concept of dose expression (Walklate et al., 2011; Walklate 644 

and Cross, 2012; Walklate and Cross, 2013) successive versions of dose calculator 645 

were made available, also updated in response to the growers‟ feedback (Walklate and 646 

Cross, 2010). With the calculator the grower may use pictograms of apple trees of 647 

varying canopy structure, reconstructed from LIDAR scans, in order to visually assess 648 

canopy density and enter into the model correct inputs regarding this parameter. The 649 

other inputs include crop growth stage, tree height, row spacing and sprayer setting 650 

(number of nozzles open). The outputs include percentage of the label dose of different 651 

types of products for applications during three growth stages: pre-blossom, post-652 

blossom and full-leaf. (Cross and Walklate, 2015; Walklate, 2018). 653 



For both Optidose® and PACE no guidance is given on the spray volume rate to be 654 

used with the adjusted and recommended doses and therefore the successful 655 

application of product relies on the growers‟ skills and experiences. 656 

4 DISCUSSION and CONCLUSIONS  657 

The 3D crops are very important for the European economy and essential to satisfy the 658 

nutritional needs of the worldwide consumers (NRE, 2011). The majority of products 659 

from 3D crops are consumed raw, and for commercial reasons, they need to be of the 660 

highest quality and perfect appearance, with zero pesticide residues which nowadays 661 

is a primary consumers‟ preference. However, they are particularly susceptible to pests 662 

and pathogens, so they require very intensive use of PPPs. Therefore efficient use of 663 

PPPs in these crops has a great meaning for growers, consumers, as well as PPP 664 

manufacturers. However, use of pesticides in quantities determined in terms of 665 

concentration of spray liquid, or as a fixed dose expressed per ground area of 666 

plantation, does not meet the modern sustainable standards of precision crop 667 

protection. The lack of any relation between the dose and the actual target precludes 668 

precise product application, i.e. diversification of the amount of PPP applied according 669 

to the diverse crop characteristics, predominantly the crop size and density. Presented 670 

in this review, alternative, crop oriented methods of dose expression refer to the size of 671 

the crop canopies: (i) crop height - CH [kg ha-1 m-1
CH]; (ii) leaf wall area - LWA [kg ha-672 

1
LWA]; (iii) tree row volume - TRV [kg 10000 m-3

TRV]. Other dose expression approaches 673 

do not take explicitly into account canopy size, but an orchard parameter, as it is the 674 

case of PRD and/or UCR. All these dose expressions can thus be looked upon as a 675 

first step towards dose adjustment “just” according to the crop size, and most 676 

importantly to do it in a systemic manner, i.e. under the responsibility of manufacturers 677 

and according to their recommendations. This “just”, however, makes a big, but not yet 678 

sufficient progress towards efficient use of PPPs.  679 

The systemic dose adjustment through the crop related dose expression is obviously 680 

simplified and inevitably at high level of generalisation because the size of target is only 681 



one of many factors that should be considered to determine an effective dose. Leaf 682 

density, expressed by one of the leaf area indices (e.g. LAI, LAD, LLI), is the most 683 

important factor that must be taken into account in all cases, despite the dose 684 

expression model, i.e. giving different dose values for different growth stages in 685 

deciduous crops, or for different cultivars and/or pruning levels in perennial crops. The 686 

combination of canopy size and density has proved to account for the greatest rate of 687 

variability in product deposition within the crop canopy. Besides, other key factors, such 688 

as canopy profile shape (especially important for the reliability of TRV model), crop 689 

susceptibility to pests or pathogens, type of controlled organism, the disease infection 690 

pressure or rate of pest infestation, type of PPP and its mode of action, as well as 691 

sprayer efficiency and application parameters shall also be taken into account for the 692 

precise dose adjustment. This is performed by decision support tools in form of 693 

interactive computer applications, associating these factors and assisting the 694 

applicators to adjust the product dose in any specific circumstances.  695 

A need for the reliability of the models‟ outcome and for the growers' confidence in 696 

them requires validation of the dose adjustment tools through field experiments, 697 

including pest and disease control efficacy evaluation. The use of these tools by 698 

growers is not yet very common, but may be increased through trainings demonstrating 699 

their functionality, reliability and potential advantages. Indeed, they have 700 

unquestionable advantage of making it possible to reduce the amounts of PPPs used 701 

on a large scale in 3D crops to the level of actual need, determined by the crop 702 

characteristics in their current state, as well as by other crucial factors of biotic and 703 

abiotic nature. This is perfectly in line with the requirements of sustainable use of 704 

pesticides within the integrated pest management, being an obligatory crop protection 705 

standard in the EU. 706 

Regardless the selected dose expression, the maximum doses of PPPs still need to be 707 

expressed on the product labels per unit ground area (GA) for limitations due to eco-708 

toxicological risk assessment. Therefore, the doses expressed with reference to the 709 



crop characteristics like CH, PRD, LWA or TRV need to be converted to dose per unit 710 

ground area (Table4), and the amounts of PPPs applied according to these methods 711 

must never exceed the maximum doses per unit ground area, which sets a maximum 712 

threshold for the corresponding reference crop parameter. It is worth to mention that, in 713 

the case of PRD/UCR methods, this threshold would be referred to the row spacing, 714 

because this is the parameter that links the dose based on PRD and the dose per unit 715 

ground area. Another important point is that since the maximum dose per unit ground 716 

area is different for each PPP, there should be a maximum value of the crop reference 717 

parameter in relation to the specific PPP, and this value should be given on the label. If 718 

the orchard related parameter exceeds the threshold, the dose to be applied should 719 

correspond to the maximum dose per hectare ground, which in fact, will be below the 720 

recommended crop related dose, and in extreme cases may affect the efficacy. 721 

An issue frequently raised by spray application researchers is that a definition of the 722 

minimum required deposition of PPP active ingredient per unit surface area [µg AI cm-²] 723 

would allow an accurate calculation of the PPP dose rates. However, the PPP 724 

manufacturers remain sceptical of this approach. According to their experts, linking a 725 

single average value of the minimum amount of the AI per cm² of target site (leaves, 726 

stems, buds, fruits, flowers or a combination of all of them) with its efficacy is a very 727 

complex matter because the efficacy depends not only on the absolute AI quantity per 728 

target area, but also on its distribution on the target, AI mode of action (systemic or 729 

non-systemic), formulation properties, pest or disease pressure, plant variety 730 

susceptibility, vegetative crop growth habit and dynamics, weather conditions, and 731 

other minor factors. Moreover, the meaningfulness of a single average value of the 732 

minimum efficacious AI deposition obtained from so variable data is questioned, as it 733 

can be confusing, and therefore does not benefit researchers, growers and PPP 734 

manufacturers themselves. Furthermore, they are of the opinion that it would be 735 

necessary to carry out extensive and laborious trials in a broad range of the mentioned 736 

conditions across European regions (Teichmann, M., personal communication, August 737 



28, 2020). Meanwhile many researchers believe that for some pests and pathogens 738 

information about the minimum required AI deposition could be derived from the initial 739 

dose-ranging trials. Such data can be obtained by the PPP manufacturers during their 740 

laboratory or semi-field tests made at early development of the PPP to obtain the first 741 

approximation of the AI doses that are then to be used in the field trials as part of the 742 

PPP authorization process (EPPO, 2012b). The challenge would be to develop a 743 

methodology that would take into account various outdoor and application conditions 744 

and modify the laboratory results to achieve minimum efficacious AI deposition for real 745 

field applications. For example, the development of CitrusVol dose adjustment tool 746 

was based on minimum required deposition resulting in the maximum efficacy, 747 

obtained in laboratory conditions, and then the efficacy model was validated in field 748 

trials (Garcerá et al, 2017a).  749 

On the other hand, the agrochemical industry has been for long expected by scientific 750 

community to include deposition measurements in the companies‟ biological efficacy 751 

trials because this information would help in the correct interpretation and explanation 752 

of the PPP efficacy problems. The industry considers such measurements unfeasible 753 

and unreasonable, first, due to their very high cost and tremendous labor intensity, and 754 

second, because there is a huge variability of AI deposit on 3D crops due to numerous 755 

abiotic and biotic factors, and their multiple combinations, which also affect the efficacy 756 

(i.e. sprayer and nozzle type, application parameters, weather conditions, crop 757 

architecture (size, density, growth stage), sample surface (leaves, stems, flowers, 758 

fruits), timing of sampling, analytical methods, and other) (Teichmann, M., personal 759 

communication, August 28, 2020).  760 

Harmonization of dose expressions has been of great importance for the product 761 

authorisation process in EU, which is performed on a zonal basis, to facilitate 762 

comparing data of efficacy trials made at different locations, accurate setting of MED, 763 

as well as exchanging results of the product evaluation and their mutual recognition 764 

between different countries. Eventually LWA model was first noted as a dose 765 



expression method becoming commonly used in efficacy trials, and then explicitly 766 

indicated and introduced as a harmonized method of dose expression for pome fruits, 767 

grapes, and high-growing vegetables in the EU Central Zone, representing around 9% 768 

of the European 3D crops‟ area, and where they are commonly grown in form of narrow 769 

walls of foliage. During all the years of debate on harmonization of dose expression the 770 

TRV model was also in the spotlight, considered a more appropriate solution for wide 771 

wall or globular crop structures, which are relevant for stone fruits, citruses, olives and 772 

nuts, grown mainly in the Southern Zone, where they cover over 90% of the 3D crops 773 

area in Europe. However, any particular dose expression, either LWA or TRV, should 774 

not be associated either with the particular type of crop or the particular regulatory 775 

zone. In the context of dose harmonization it would be more appropriate to discuss 776 

them with respect just to the structural differences between the crops, such as narrow 777 

wall-forming, wide wall-forming, or globular crops. Moreover, as mentioned, the dose 778 

must be corrected based on leaf density in any case. In such way all species of 3D 779 

crops would be represented, regardless the growth stage and/or different crop 780 

management systems possibly used in different zones.  781 
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Table 1. Annual production and harvested area of the selected 3D crops in the world and in the European Union (EU-28) in 2017 (Source: Eurostat, 

2019) 

 WORLDWIDE EUROPEAN UNION (EU-28) 

 
Area harvested 

(million ha) 

Production 

(million tonnes) 

Area 

harvested 

(million ha) 

Production 

(million 

tonnes) 

Olives (table & oil) 10.80 20.87 5.16 12.80 

Citruses 9.28 146.60 0.51 10.69 

Pome Fruits 6.41 108.00 0.65 12.56 

Stone Fruits 5.40 45.15 0.65 7.22 

Nuts 12.50 16.58 1.08 1.09 

Tropical Fruit 3.98 29.68 0.02 0.16 

Berries 0.13 0.95 0.04 0.13 

Grapes (table & wine) 6.9 74.28 3.13 23.74 

Total 55.43 442.12 11.23 68.38 



 

Table 2. Area harvested (x 1000 ha), in Europe (Source: Hucorne, 2012) 

Crops  
Northern 

Zone 

Central 

Zone 

Southern 

Zone 

Olives (table & oil) 0.0 0.0 4852.1 

Citruses 0.0 0.0 1034.3 

Pome fruits 25.2 402.4 280.4 

Stone fruits 5.2 227.0 495.6 

Nuts 0.0 27.3 913.3 

Tropical Fruits 0.0 0.0 81.3 

Berries 12.9 79.6 5.5 

Grapes (table & wine) 0.00 437.7 3132.4 

3D crops TOTAL* 43.3 1174.0 10794.9 

3D crops’ share of the zonal u.a.a.* 0.32% 1.35% 13.22% 

Zonal 3D crops’ share of the EU’s u.a.a.* 0.36% 9.77% 89.87% 

Field crops TOTAL* 13467.9 85515.0 70818.4 

Field crops’ share of the zonal u.a.a.* 99.68% 98.65% 86.78% 

Zonal field crops’ share of the EU’s u.a.a.* 7.93% 50.36% 41.71% 

*Total utilized agricultural area  



Table 3. PPP quantity expressions as used on labels of PPP registered for pome and stone fruits in different European countries 

PPP quantity 

expression 
Abr. Target Reference target Reference unit Units 

Country of use
1, 2

 

 
Source 

Concentration C 

Plantation 

(via spray 
volume rate) 

Volume of Spray 
Liquid 

L SPRAY 
% 

(L or kg)  L
-1

SPRAY 

DK, ES, FI, FR, 
GR, HR, IT, LT, 

NL, PT 

Nagy (2016) 

Deleuran (2016) 

Mironet et al. (2016) 

Ground area DGA Plantation Ground Area ha GA (L or kg)  ha
-1

GA 
CZ, DK, FI, FR, 

HU, IT, LT, PL, SI, 
SK, SE, UK 

Nagy (2016) 

Deleuran (2016) 

Mironet et al. (2016) 

Canopy height DCH Plants Canopy Height m CH (L or kg) ha
-1

GA  m
-1

CH 
AT, DE 

(PL), (SI) 
Nagy (2016) 

Leaf wall area DLWA Plants Leaf Wall Area m
2

LWA  ha
-1

GA (L or kg)  10000 m
-2

LWA 
BE, (AT), (LT), 

(PL), (SI) 

Hucorne (2016) 

Nagy (2016) 

Deleuran (2016) 

Tree row volume DTRV Plants Tree Row Volume m
3

TRV  ha
-1

GA (L or kg)  10 000 m
-3

TRV CH Dubuis (2016) 

Plant row distance DPRD Plants Plant Row Distance m PRD ha
-1

GA (L or kg)  100 m
-1

PRD N Bjugstad and Stensvand (2002) 

1 According to ISO country codes (ISO, 2013) 

2 In brackets, country of occasional use 

 



 

Table 4. Conversion of different dose expressions to dose per ground area - DGA 

Dose expression Conversion for DGA [kg  ha
-1

GA] 

Canopy height - DCH DGA = DCH x CH 

Leaf wall area - DLWA DGA = DLWA x LWA 10000
-1
 

Tree row volume - DTRV DGA = DTRV x TRV 10000
-1
 

Plant row distance - DPRD DGA = DPRD x PRD 100
-1

 



Table 5. Details of different decision support tools to perform the plant protection product dose adjustment for applications in 3D crops. 

Decision support 
tools 

Crop 
Crop 

parameter 
Outcome 

recomendation 
Comments Format Reference 

Apple -Tree-row-
volume Spraying 
Rate Calculator 

Apples TRV Volume rate [L ha
-1

] 
TRV determined as a percentage 

of the standard apple orchard 
TRV = 39907 m

3
 ha

-1
 

Physical ruler 
Byers  
(1987) 

Dosage Adapté 
Pome and stone fruit 

orchards 
TRV 

Volume rate [L ha
-1

] 
& Dose [kg or L ha

-1
] 

Different TRV formulas for pome 
and stone fruit orchards 

Webpage 
Siegfred et al. 

(1995) 

Dosage Adapté Vineyards 
VRV 

(modif. TRV) 
Volume rate [L ha

-1
] 

& Dose [kg or L ha
-1
] 

Volume rate calculated based on 
VRV, phenological stage  
and the type of sprayer 

Webpage 
Viret et al.  

(2005) 

Dosaviña® Vineyards LWA Volume rate [L ha
-1

] 
LWA modified to account for the 
canopy width and the leaf density 

Webpage /  
App  

(iOS and Android) 

Gil  
(2003) 

Dosafrut  
(Dosa3D) 

Some 3D crops 
(Vines, almonds, 

olives, etc) 
TRV Volume rate [L ha

-1
] 

Dose adjusted based on the 
estimation of LAI  

and application efficiency 
Webpage Planas et al. (2011) 

Dosacitric Citrus TRV Volume rate [L ha
-1

] 
Accounts for unit volume (size and 

number of droplets on leaf) and 
application efficiency 

Software /  
App  

(Android) 

UPV  
(2013) 

GreenRate 
Greenhouse 
Tomatoes 

PRV 
(modif. TRV) 

Volume rate (L ha
-1

) 
Accounts for canopy profile and 

application efficiency 
Software 

Sánchez-
Hermosilla et al. 

(2013) 

CitrusVol Citrus 
Canopy 

volume & LAD 
Volume rate [L ha

-1
] 

Accounts for canopy profile, 
harmful organisms, the type of 
PPP, and efficiency of airblast 

sprayers 

Webpage /  
App  

(iOS and Android) 

Garcerá et al. 
(2017a) 

Dosaolivar Olives 
Canopy 
volume 

Volume rate [L ha
-1

] 
Unit volume (L m

-3
) determined for 

intensive and traditional groves 
App 

Miranda-Fuentes et 
al.  

(2019) 

Optidose® 
Vineyards  

(for mildew and oidium 
diseases) 

LAI derived 
from TRV  
and LAD 

Percentage of label dose 
ground area [kg or L ha

-1
] 

Accounts for the phenological 
stage,  susceptibility of the vine 
variety to the pathogens, risk of 

infection, and sprayer to be used 

Webpage 
Raynal et al. 

(2002) 



PACE Fruit orchards 
Canopy 

volume/density 
 from LIDAR 

Percentage of label dose 
ground area [kg or L ha

-1
] 

Calculated based on deposit data 
in relation to crop structure 

measured by LIDAR 
Webpage 

Walklate & Cross  
(2005) 

 


