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a b s t r a c t
This paper establishes a system to support the dose evaluation part of the pesticide registration process so
that growers can make more efﬁcient use of different spraying products across a broad range of European
orchards and vineyards. The system comprises: a dose adjustment model and a small database of standard
target structures (i.e., regional exemplars where efﬁcient and efﬁcacious use of pesticide is obtained at
the label dose rate). The model includes a generalised scaling group relationship between the parameters
that describe: sprayer output, target row structure and spray volume deposit. The upper limit for dose
adjustment is based on the environmental fate of pesticide and this is represented in the model by the ratio
of maximum ground area dose rate to minimum efﬁcacious deposit which is normalised for alignment
with target structure measurements. The model is used to examine the leaf-wall-area dose rate recently
proposed by the European agrochemical manufacturing industry for harmonising pesticide registration.
Good agreement is demonstrated between published measurements and model predictions of ground
area and leaf-wall-area dose rate variation at constant deposit for a wide range of target structures (i.e.,
English pome- and stone-fruit orchards and Italian vineyards). The results are used to establish standard
target structures for spraying products with different uses. These standards are needed by regulators to:
translate between the different methods of expressing dose rate and improve the accuracy of label dose
recommendations. The standards are also needed by growers to enable: more accurate calibration of
spraying equipment and prediction of the optimum adjustment of label dose rate for different orchards
and vineyards.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The pesticide registration system for commercial orchard and
vineyard spraying products in Europe has been developed with the
best of intentions to ensure the safe and efﬁcacious use of products
across a diversity of growing regions, taking into account the use
of different growing practices and spray application equipment.
This has resulted in different methods of label dose expression
with various claims for improved efﬁciency of pesticide use (Koch,
1993, 2007; Bjugstad, 1994; Jaeken et al., 1999; Rüegg and Viret,
1999; Rüegg et al., 1999, 2001; Koch and Weisser, 2002; Walklate
et al., 2003, 2006; Frießleben and Koch, 2005; Frießleben et al.,
2007; Doruchowski et al., 2009). Regulatory harmonization is now
needed to enable the mutual recognition of efﬁcacy data (EPPO,
2005) across different climatic zones within Europe (Blenkinsop
et al., 2008) and further regulatory support is needed to help growers use pesticides more efﬁciently (Walklate and Cross, 2010).
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Some research papers have suggested that a single method of
dose rate expression would best serve the need for regulatory harmonization in Europe. Rüegg et al. (2001) presented the case in
support of the tree-row-volume (TRV) dosage model (Byers et al.,
1984; Sutton and Unrath, 1984) and Frießleben et al. (2007) presented the case in support of the leaf-wall-area (LWA) dosage
model (Morgan, 1981). The latest developments have resulted in
a proposal by the European agrochemical manufacturing industry to harmonise, across Europe, the efﬁcacy evaluation part of
pesticide registration (Wohlhauser, 2009). However, this proposal
ignored the extension of efﬁcient pesticide use beyond the limits imposed by a LWA dosage model. In particular the scaling
effect of target density is signiﬁcant for orchards (Walklate et al.,
2006) and vineyards (Pergher and Petris, 2008) and the need
for appropriate regulatory support for this appears to have been
ignored.
Parallel developments have begun to demonstrate the use of
webpage support technologies for unifying the approaches to regulatory harmonization and enabling more efﬁcient use of pesticide
based on any method of dose expression. A simple webpage style
user interface has been constructed to help UK growers to estimate the adjustment of label dose rate needed for efﬁcient use
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2. Materials and methods
Nomenclature
A
a
b
C
c0
c1
D
d
h
L
LAI
LLI
n

Q
U
s
w

target row area per unit length of target row [m]
target row area density [m−1 ]
data ﬁtting coefﬁcient
tank concentration of the applied product [l l−1 or
kg l−1 ]
empirical coefﬁcient
empirical coefﬁcient
row length dose rate [l or kg m−1 ]
spray deposit per unit of target area [l or kg ha−1 ]
sprayed height of target shown in Fig. 1 [m]
limit for the normalised ratio of ground area dose
rate to efﬁcacious deposit
leaf area index LAI = aw(h/s)
leaf layer index or target interception probability
LLI = aw
extent of target exposure (i.e., the distance between
spray release and deposit, expressed as a multiple
of the target row spacing)
spray ﬂow rate [l s−1 ]
forward speed of sprayer [m s−1 ]
target row spacing shown in Fig. 1 [m]
target row width shown in Fig. 1 [m]

Greek symbols
ı
optical density
ε
volume fraction of sprayer output retained as target
deposit

target interception probability divided by the cumulative interception probability

optical transmission
Superscript
global reference values

*

Subscript
l
local reference values or standards associated with
exemplar target structures where efﬁcient and efﬁcacious use of pesticide is obtained at the label dose
rate

2.1. Model development
The ﬁrst problem encountered in the development of a dose
adjustment model relates to the variability of dose expression
that is allowed by the European pesticide registration system for
orchard and vineyard spraying products (EPPO, 2005). Furthermore, the current standards may change in the future as a result of
recent commercial proposals for the harmonization of dose expression. Therefore, the model should be ﬂexible enough for use with
existing plant protection products and adaptable enough to accommodate future developments of application support technologies
leading to more efﬁcient use of pesticide.
2.1.1. Pesticide output from the sprayer
The pesticide output from the sprayer is described in a way that
is independent of any target structure parameter. In this way it is
possible to isolate the physical process of sprayer adjustment (i.e.,
using standard operational controls to adjust: tank concentration
C, spray ﬂow rate Q and forward speed U) from the calculation of
dose rate adjustment for different target structures. To do this the
row-length dose rate (i.e., the dose per unit length of target row)
is used as the preferred method of expressing the pesticide output
from the sprayer (Bjugstad, 1994):
D=

CQ
U

(1)

2.1.2. Variation of spray deposit with target structure
To construct a dose adjustment model capable of optimising
pesticide use in different orchards and vineyards it is necessary to
describe the variation of spray deposit (i.e., the amount of product
per unit area of target surface) with target surface area and applied
dose. It is also assumed that machine spraying is performed within
the normal constraints on spray volume application (i.e., below
the spray saturation conditions of the target structure and above
the conditions where evaporative losses become signiﬁcant during spray transport). Within these limits the variation of deposit is
represented by the following scaling-group relationship:
d∼

εD
A

(2)

where ε is the volume fraction of sprayer output retained by the
target and
of product with different target structures (Walklate and Cross,
2010). The approach was founded on the PACE dose adjustment
leaﬂet for spraying dessert apple orchards (Walklate and Cross,
2005).
The extensions of the UK support system for global use
across Europe has been demonstrated using a small database
of standards based on target structures where efﬁcient and
efﬁcacious use of pesticide is obtained at the label dose rate
(http://pjwrc.co.uk/DoseAdjustment.htm). However, a suitably
detailed description of this system has not hitherto been published.
The objective of this paper is to describe the development of this
system for improving the way pesticide registration supports the
efﬁcient use of orchard and vineyard spraying products across a
wide range of target structures. The system comprises: a model of
dose adjustment and a small database of standard target structures
(i.e., regional exemplars where efﬁcient and efﬁcacious use of pesticide is obtained at the label dose rate). A brief description is given
of surrogate data that is used to evaluate the system. The results and
discussion focus on the needs to support different spraying products with speciﬁc pre-blossom uses and none growth-stage speciﬁc
uses.

A = awh

(3)

is the surface area of the target per unit length of target row and
is expressed here in terms of the classical target row parameters:
a is the area density (i.e., the target area divided by the target row
volume), w is the width and h is the height (Fig. 1).
Eq. (2) can be simpliﬁed to give the deposit model based on the
absolute values of dose and target surface area with ε ∼ 1 (Koch
and Weisser, 2002). Furthermore, the combination of Eqs. (2) and
(3) give the same model as Walklate et al. (2006) and Pergher and
Petris (2008), but previously formulated in terms of the ground area
rate expressions of dose and crop surface area.
Measurements of the spray volume retained by vines after
machine spraying have been shown to vary according to ε ∝ aw
(Pergher and Petris, 2008). However, this does not satisfy the
expected limit behaviour for high density structures where ε ∼ 1
(Walklate et al., 2006). To resolve this conﬂict the following analysis is made, based on the analogy between the capture of spray
droplets with ballistic trajectories and the interception of a light ray
of small cross-section (Walklate et al., 2002). This yields the following relationship for the horizontal transmission of spray droplets
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Fig. 1. Schematic diagram showing a cross-section of the target during pesticide application with a broadcast air-assisted sprayer. The model of the target is a rectangular
cross-section wh with a uniform area density a. The inserted graph shows the airborne volume distribution of spray with distance from the sprayer outlet and identiﬁes the
volume fraction of sprayer output ε retained by the primary target (n = 1) and the combined primary and secondary target (n = 2). (a) English pome-fruit orchard spraying
products with speciﬁc pre-blossom uses (n = 2). (b) English pome and stone-fruit orchard spraying products with no growth-stage speciﬁc uses (n = 2). (c) Italian vineyard
spraying products with no growth-stage speciﬁc uses (n = 1).

within a typical target row structure (Fig. 1):

 nw

ε∼ı(n) =

−nw
∞
−∞

(x)dx
(x)dx

= 1 − exp(−naw)

where
=
(4)

where ı(n) is the optical density of n rows of the target and Beer’s
law of optical transmission is used (i.e., (x) = exp(−a |x|) where x
deﬁnes the horizontal distance of the spray/light trajectories after
removal of the gap s − w between each pair of target rows).
The following relationship for the volume fraction of sprayer
output retained by the target is a typical model that is obtained
from Eq. (4) using practical calibration:
εest = c0 (1 − exp(−c1 naw))

(5)

where c0 and c1 are empirical coefﬁcients derived from exposure
measurement for spray application to row structures (where n is
the extent of target exposure or the distance between spray release
and deposit, expressed as a multiple of s the target row spacing).
There are many physical effects that may inﬂuence the estimate of
these coefﬁcients including: variation in the spray trajectory angle,
anisotropic leaf area distribution, streamlining of leaves in an air
ﬂow (Raupach et al., 2001) and small-scale aerodynamics of spray
droplets near collector surfaces (May and Clifford, 1967). However,
the variation of deposit that may be introduced by the variation of
these effects is neglected here.
Beyond the region where spray transport is controlled by the air
jet ﬂow output of the sprayer some droplets may still be airborne
within the highly turbulent, but dissipated mean jet ﬂow. However, these droplets are neglected for the purpose of the analysis
here. In reality, some of these droplets may contribute to additional
target deposit, but by ignoring this effect the estimate of ε, based
on Eq. (4), is good enough for predicting spray deposit and making
conservative estimates dose adjustment.
Eqs. (2)–(4) are combined to obtain a simple expression for the
variation of spray deposit d with sprayer output D and target structure parameters h and :
d∼

D
h

(6)

aw
(1 − exp(−naw))

(7)

is identiﬁed as the target interception probability divided by the
cumulative probabilities of interception and combines the parameters for target row width, area–density and the extent of target
exposure in a single parameter.
2.1.3. Asymptotic characteristics of spray deposit
For low density targets (i.e., the limit naw → 0), Eq. (7) simpliﬁes
to become  ∼ 1/n. Therefore, in this limit the variation of deposit,
given by Eq. (6), simpliﬁes to the LWA dosage model (i.e., d ∼ nD/h).
By contrast with this, for high target density (i.e., the limit
naw → ∞), Eq. (7) simpliﬁes to become ∼aw. Therefore, in this
limit the variation of deposit given by Eq. (6) simpliﬁes to a dosage
model based on measured target area (i.e., d∼D/awh).
2.1.4. Data ﬁtting form of dose adjustment model
To help use target deposit measurement for analysing the efﬁcient use of pesticide, it is convenient to reformulate Eq. (6) as the
following dose adjustment model:
D
= bh
d

(8)

where
b=

D∗
d∗ h∗  ∗

(9)

is a dimensionless coefﬁcient based on suitable reference values:
D*, d*, h* and *.
Unity reference values (h* = 1 m, * = 1) are numerically convenient to use and D* is very similar, though not strictly identical,
to the dose used as the basis for the “unit canopy row method” of
sprayer calibration (Furness et al., 1998) which also implies the use
of w∗ = 1.
For the purpose of evaluating product efﬁcacy as part of the
pesticide registration process, the model coefﬁcient b can be determined using a standard linear regression method for solving Eq. (8)
based on an over-determined set of measurements of D, d, h and .
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Table 1
Target structure standards needed to support dose adjustment for the different methods of label dose rate expression used in Europe.
Target structure standards
Dose adjustment

hl ,  l
hl ,  l

Label dose rate expression is supported (Y)

Environmental
fate
sl
sl

Extra

wl

Row length
 
dose rate D l

Ground area
 
dose rate  Ds 

Y
–

Y
–

2.1.5. Variation of GA dose rate with target structure and the
threshold limit for environmental fate
An important part of pesticide registration considers the environmental fate of the product. For this purpose a unique threshold
is required to represent the limit of dose adjustment that may be
used. Standard regulatory practice represents this limit as a groundarea source (i.e., the dose derived from the label divided by the
ground area of application) to establish a worst-case source for
environmental transfer processes that move pesticides away from
the target site and cause pollution (ex. runoff, leaching, spray drift,
volatilization). The ground-area source associated with the dose
adjustment model is evaluated here simply by dividing both sides
of Eq. (8) by the minimum spatial interval of spray application (i.e.,
the row spacing s) and after suitable rearrangement, the normalised
GA dose rate at constant deposit is expressed as:
D
h
≤L
=
s
dsb

(10)

where L is the dimensionless threshold limit, and the ratio D/s is the
applied GA dose rate for constant target deposit d = d* on a target
structure proportional to h/s.
2.1.6. Variation of LWA dose rate with target structure
The major agrochemical manufacturers of Europe have recently
proposed to harmonise data submissions in support of the LWA
dose rate for the efﬁcacy evaluation part of pesticide registration. To
utilise spray deposit data for examination of this proposal, Eq. (10)
is multiplying throughout by s/h to obtain the following expression
for the normalised LWA dose rate at constant deposit:

l

Leaf wall area
 
dose rate  Dh 

Canopy volume
 

Y
–

Y
–

D 
dose rate  sh

l

l

Tree row volume
 
D 
dose rate  wh
l

Y

Consider therefore the grower’s requirement to make more efﬁcient use of a product by adjusting the output of a sprayer Dl (i.e.,
the calibrated row length dose rate to deliver the equivalent label
dose rate to the standard target) to maintain the minimum efﬁcacious levels of deposit d = dl on any target structure. Therefore from
Eq. (8), the adjustment of the sprayer output, is:
D
h
=
Dl
l hl

(12)

where the target parameters that are needed to represent the various standards to support the use of different methods of dose
expression are listed in Table 1. Furthermore, Eq. (10) is used
to check that the threshold limit for environmental
fate is not


exceeded for a given structure (i.e., h/s ≤ h/s = L).
l
It should be noted that a TRV label also requires a standard
for the tree row width
 wl or alternatively a standard for the TRV
parameter (i.e., wh/s ) as indicated in Table 1. Likewise for other
l
methods of dose expression that may be devised (Walklate et al.,
2003), any additional parameters that are introduced by way of
explicit use for dose expression will need to be supported by an
additional standard.
Finally, Table 2 gives a summary list of the alternative ways to
report target structure in support of dose adjustment for the different methods of dose expression used in Europe. This includes
alternatives to the parameter  that have been used to quantify
target area (i.e., the leaf area index and leaf layer index). This list
represents a development beyond the ad hoc list of parameters
given in the current standard for efﬁcacy evaluation (EPPO, 2005).
2.3. Surrogate ﬁeld data and simpliﬁcation

D
Ls
=≤
dhb
h

(11)

where the ratio D/h is the applied LWA dose rate that gives a constant target deposit d = d* on a target structure proportional to .
2.2. Target structure standards
So far it appears that a single set of global reference values (i.e.,
D*, h*, *, s*, etc.) may be all that is needed to enable Eq. (10) or
Eq. (11) to be used by the grower. However, the pesticide registration process currently relies on local reference values (standards) to
evaluate the label dose so that it represents the worst case scenario
for pesticide use in a single country or growing region.

Two distinctly different sources of deposit trials data are used
to represent target structural variability associated with English
pome- and stone-fruit orchards and Italian vineyards. These data
also represent the results produced by: different measurement
methodology and a range of different broadcast air-assisted spraying equipment.
2.3.1. English pome- and stone-fruit orchards
The sources of data for spray trials with pome- and stonefruit orchards are: Walklate et al., 2008; Richardson et al., 2006.
These studies include measurements made at three different fruit
farms (‘O-ME’, ‘O-BW’, ‘O-WH’) during the period 2005–2006. The

Table 2
Information needed to describe target structure in support of dose adjustment for use with different methods of dose expression.
Parameters required to
describe target structure

s, h, (n)
s, h, LAI, n
s, h, LLI, n
s, h, (n), w
s, h, LAI, w, n
s, h, LLI, w, n
s, h, a, w, n

Dose adjustment is supported by different methods of label dose rate expression (Y)
Row length
dose rate D

Ground area
dose rate Ds

Leaf wall area
dose rate Dh

Canopy volume
D
dose rate sh

Tree row volume
D
dose rate wh

Y
Y
Y
–

Y
Y
Y
–
–
–
–

Y
Y
Y
–
–
–
–

Y
Y
Y
–
–
–
–

–
–
–
Y
Y
Y
Y

–
–
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Table 3
Summary parameter values from linear regression analysis of orchard and vineyard data. The analysis of different sub-groups of data is based on a standard linear model
(i.e., y = bx) for ﬁtting Eq. (8) to ﬁeld data (where y = D/d is the measured ratio of the row-length dose rate to deposit and x = h). The combined analysis (column 6) is based
on normalised data (i.e., y = D/db) and a normalised data ﬁtting model (i.e., y = x).
Parameter name

Sub-group analysis y = bx

Data id

English orchards

Samples
n=1
r2
y s Se
b
n=2
r2
y s Se
b
n = 20
r2
y s Se
b

Combined analysis y = x
Italian vineyards

O-ME1O-ME2

O-BW1O-BW2O-BW3

O-WH1O-WH2O-WH3

V-MIX

64

72

72

100

All

308

0.86
2.81
1.73 ± 0.165

0.86
3.80
1.72 ± 0.153

0.87
2.73
1.51 ± 0.128

0.95
1.71
1.51 ± 0.063

0.90
1.69
1.0 ± 0.036

0.89
2.42
2.06 ± 0.166

0.88
3.55
1.84 ± 0.151

0.88
2.67
2.04 ± 0.168

0.92
2.27
1.65 ± 0.094

0.90
1.47
1.0 ± 0.036

0.90
2.28
2.17 ± 0.165

0.87
3.7
1.85 ± 0.159

0.86
2.91
2.31 ± 0.21

0.89
2.59
1.66 ± 0.109

0.89
1.52
1.0 ± 0.039

farms were located in Kent (i.e., the most intensive area of fruit
production in England). The combined results represent twenty different orchard sites including different: tree fruit types (apple, pear,
plume and cherry), planting systems (1, 2 and 4 row beds) and tree
row or bed spacing (s = 3.5–9.85 m). At each orchard, measurements
of deposit and target row structure were made at one pre-blossom
growth-stage and one or two post-blossom growth-stages around
fruit maturity. The target sampling was replicated on four trees in
each orchard on each occasion.
The sprayers at farms O-ME and O-WH were axial-fan type airassisted designs, respectively: a standard radial air duct and a crossﬂow air ducted. Both sprayers were equipped with hollow-cone
nozzles. The sprayer at farm O-BW was a centrifugal fan design
of air-assisted sprayer equipped with ﬂat-fan nozzles. All sprayers
were operated at sufﬁcient spray pressure to produce a “very-ﬁne”
to “ﬁne” spray quality at volume application rate well below local
saturation condition. The sprayers were operated to give a nominal
spray ﬂow rate (c. 0.167 l s−1 ) and ground speeds between 1.6 and
2.0 m s−1 .
Treatments were applied by spraying the target row from the
two avenues between the target tree row and adjacent tree rows
on either side. During each traverse of the orchard the sprayer was
operated using the nozzles on both sides of the sprayer. So that
the total output from the sprayer was the same as that required
to treat two rows of the orchard (i.e., the target row plus two half
rows on either side). In many of the pre-blossom orchards there
was signiﬁcant secondary deposit on the target row.
2.3.2. Italian vineyards
The sources of data for spray trials in vineyards are: Pergher and
Gubiani, 1995; Pergher et al., 1997; Pergher and Petris, 2007, 2008;
Pergher, 2007. These studies include 100 deposition measurements
performed during the period 1993–2005. The trials include different training systems (i.e., Casarsa, Cortina, Cordone and Guyot),
row spacings (s = 2.0–3.6 m) and growth stages (between BBCH 13
for the “third leaf unfolded” and BBCH 81 for the “beginning of
ripening”). Different sprayers were used, including: axial-fan type
air-assisted sprayers, with either a standard radial ducted design
(three different types) or a cross-ﬂow ducted design (two models),
and a compressed-air sprayer. Most of the test conditions were
originally intended to compare different sprayer settings, so that
the applied spray volume rate covered the range 67–1355 l ha−1
with variation in forward speed in the range 1.4–2.6 m s−1 , and
in air ﬂow rate from 3.2 to 9.4 m3 s−1 . The sprayers were ﬁtted
with two to six hollow cone nozzles per side in order to adjust
the sprayed zone to the height range of the canopy, and were oper-

ated at sufﬁcient pressure to produce a “very-ﬁne” to “ﬁne” quality
spray well below local saturation condition. This was true even
at the highest range of volume application rate (1355 l ha−1 , four
measurements, Pergher et al., 1997) owing to high air temperature,
31.4–33.5 ◦ C, and low air humidity, 37.5–48.4%.
In three of the trials, treatments were applied by spraying a vineyard area of 21.6–24.0 m width, with six to eight passes in each plot,
and assessing foliar deposits in the middle row, so as to include the
possibility of secondary deposition from adjacent spray runs. In two
of the trials (Pergher and Petris, 2007, 2008), however, the sampled
vines were sprayed only from the two avenues between the target
row and adjacent rows on either side and did not include secondary
deposition.
2.3.3. Simpliﬁcation of height representation of the sprayed target
An underlying problem with the measurements of target structure is the different approaches to the characterisation of target
height. The orchard studies represented here used machine detection methods based on LiDAR measurements of interception
probability thresholds to give accurate representation of the maximum target height without the necessity of determining the
sprayed height of the target from signal containing interference
from non-target structures on the orchard ﬂoor. By contrast the
vineyard studies made fewer point observations but included both
measurements of the maximum height relative to the ground and
the sprayed height of the target. The measurements of maximum
target height have therefore been used to unify the presentation of
data in this study.
3. Results and discussion
3.1. Local evaluation of results for products with different uses
The regression analysis tool (MS Excel 2003) is used to determine the model coefﬁcient in Eq. (8) for different groups of ﬁeld
data (i.e., y = bx, where y = D/d, x = h). The estimates of the regression coefﬁcients b and additional summary statistics of regression
analysis are presented in Table 3 for orchards and vineyards.
The variation of estimates of b for the different data groups are
attributed to: the different performance characteristics of the spray
application equipment and the different methods used to measure
the target area and deposit.
Table 3 gives the data ﬁtting statistics of regression analysis
based on different levels of target exposure (i.e., the calculation of
(n) using Eq. (7), where n = 1 for primary target deposit and n = 2,
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20 for combined primary and secondary target deposit scenarios of
different weight). The results show some of the differences between
the various groups of data. For example, during pre-blossom spraying in English orchards with conventional applications equipment
it can be difﬁcult to limit exposure to the primary target row; especially when the whole orchard is treated and spray drift effects
are signiﬁcant in winds up to and including wind force 3 (Beaufort
2
2
scale). Hence for orchards the best ﬁt (rOME
= 0.89, rOBW
= 0.88,
2
rOWH = 0.88) is given when the model allows for signiﬁcant secondary exposure of the target in addition to primary exposure
2
=
(n = 2). By contrast, the results for vineyards are ﬁtted best (rVMIX
0.95) when the model excluded secondary (n = 1) even though
observations of secondary deposit were reported. There may be
a case for making n real in subsequent use of this model to further
resolve model optimisation. However, this is beyond the scope of
the present study.
The results for different types of orchard and vineyard spraying products are presented in Fig. 2. The results are plotted with
the normalised GA dose rate at constant deposit on the vertical
axis (y = D/dsb) and the target height to row spacing ratio on the
horizontal axis (x = h/s). Therefore, the threshold limit for the environmental fate of pesticide can be represented as a horizontal line
on this graph and hence the upper limit of variation (shaded area
around the data) is also represented as a horizontal line where
appropriate (Fig. 2b and c).
Lines of constant LWA dose rate at constant deposit are represented as sloping lines and their equivalent values  = 0.5, 1.0,
2.0, 4.0 are shown along the RHS on each ﬁgure. The lower limit
of LWA dose rate may be represented with an equivalent slope
of  ≥ 1/n to recognise the practical limit of dose adjustment. It
may be readily observed that estimates of  are possible, below
this limit, when measurements of deposit and target height are
used. On the other hand the predicted limit (i.e., Eq. (7) with independent measurements of target area density a and width w) will
always give estimates of  ≥ 1/n. For the orchard data (Fig. 2a and b)
the lower limit  ≥ 0.5 is appropriate based on n = 2 for optimised
data ﬁtting (Table 3). For the vineyard data (Fig. 2c) the appropriate lower limit  ≥ 1.0 is based on n = 1 for optimised data ﬁtting
(Table 3).
The characteristic lines for the 90th percentile values of the
normalised GA and LWA dose rates at constant deposit (Table 4)
are indicated by horizontal and sloping broken lines, respectively.
There is also good agreement between the estimate of standards
based on left and right hand sides of the model formulations for GA
and LWA dose rates at constant deposit (Table 4), with the exception of the case for pre-blossom speciﬁc uses on English pome fruit
orchards. However, there appears to be very limited opportunity
for improving the efﬁciency of use of this type of product based on
a LWA label dose rate (Fig. 2a). Furthermore, if the secondary target
exposure effects are ignored (i.e., n = 1 and  = 1) the lower limit for
dose adjustment is similar to the upper limit and in this case LWA
dose rate adjustment is inappropriate (e.g., pre-blossom fungicides
for pome-fruit orchards).
For spray products with no growth-stage speciﬁc uses on English
pome- and stone-fruit orchards (Fig. 2b) and Italian vineyards
(Fig. 2c), there appears to be great potential for improving the efﬁciency of use, even if the product label gives a LWA dose rate.
However, there is currently no requirement to make any measurement or assessment of  l for efﬁcacy evaluation (EPPO, 2005).
Furthermore, without some means of communicating this information to the pesticide user, efﬁcient use of this type of product cannot
be made on any of the structures with values of  below the standard. Estimates of the standard values for these products (Table 4)
are much greater than the standard values for pre-blossom structures due to the change in target density across the full growing
season.

Fig. 2. The variation of normalised ground area dose rate at constant deposit D/dsb
plotted against the ratio of target height to row spacing h/s for pesticide with different uses. The equivalent values of , inferred from the slope, are given along the right
hand side of the graph. The shaded areas represent the possible range of dose adjustments. The horizontal chain line represents the limit of dose adjustment based on
the 90th percentile value and might be used to represent the worst-case exposure
associated with the environmental fate of different pesticides. The diagonal chain
line represents the 90th percentile value of the target density adjustment for LWA
dose rate.
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Table 4
Estimates of dose adjustment model standards for spraying products with different uses. These are based on 90th percentile values of left and right hand sides of the models
deﬁned in column 2.
Label dose rate type

Dose adjustment model

LWA

D
dhb

=

GA

D
dsb

=

LHS
RHS
LHS
RHS

h
s

Pre-blossom uses
English pome-fruit orchards

No growth-stage speciﬁc uses
English pome- and stone-fruit orchards

Italian vineyards

1.04
0.98
0.33
0.64

2.2
2.08
1.13
1.07

3.02
3.13
2.62
2.52

4.0

3.2. Global evaluation of results

O-ME1
O-BW2
O-WH2

O-ME2
O-BW3
O-WH3

O-BW1
O-WH1
V-MIX

D/dhb

5.0

4.0

3.0

2.0

1.0

0.0
0.0

O-ME2
O-BW3
O-WH3

O-BW1
O-WH1
V-MIX

3.0

2.0

1.0

0.0
0.0

1.0

2.0

σh/s

3.0

4.0

Fig. 4. The variation of normalised ground area dose rate at constant deposit D/dsb
plotted against the target structure scaling group h/s. The results show the combined data for English orchards and Italian vineyards with estimates of  based on
Eq. (7) with n = 2 for combined primary and secondary target exposure.

more than double the value for the worst-case orchard structure
and this is reinforced by the 90th percentile values of GA dose
rate (Table 4).
4. Conclusions

7.0

6.0

O-ME1
O-BW2
O-WH2

D/dsb

The regression analysis statistics of combined orchard and vineyard date are shown in Table 3 (RH column). These are based on
the same combinations of primary and secondary target exposure that are used for local evaluation of results (i.e., n = 1, 2, 20).
At this level of data integration the analysis is not very sensitive
2
2
to the choice of n for target exposure (rn=1
= 0.90, rn=2
= 0.90,
2
rn=20
= 0.89). Some examples of global evaluation results are also
presented (Figs. 3 and 4) with estimates of  based on the assumption that primary and secondary exposure of the target (n = 2) is
appropriate for vineyards as well as orchards.
Fig. 3 presents the results with y = D/dhb and x =  to evaluate
the variation of the LWA dose rate at constant deposit with target structure (Eq. (11)). The results show the linear variation of
LWA dose rate with  in the range 1/n ≤  (i.e., where dose adjustment is needed to maintain efﬁciency of use of products that do not
have growth-stage speciﬁc dose rates). Again this demonstrates the
importance of estimating  when the LWA dose rate is determined
so that subsequent dose adjustment can be made by pesticide users
with the aid of Eq. (12).
Fig. 4 presents the results with y = D/dsb and x = h/s (i.e., Eq.
(10)) to evaluate the adjustment of the GA dose rate at constant deposit. This representation of combined data shows that the
threshold limit for environmental fate of pesticide can be evaluated based on global assumptions about target exposure and is
a simpliﬁcation of the analysis shown in Fig. 2. The distribution
of data in Fig. 4 shows that the vineyard data contains examples
of spraying where the risk of environmental contaminations is

1.0

2.0

σ

3.0

4.0

5.0

Fig. 3. The variation of normalised leaf-wall-area dose rate at constant deposit D/dhb
plotted against the target structure parameter . The results show the combined data
for English orchards and Italian vineyards with estimates of  based on Eq. (7) with
n = 2 for combined primary and secondary target exposure.

This paper establishes the components of a support system for
efﬁcient dosage of orchard and vineyard spraying products. The
system comprises a threshold limited model for computing dose
adjustment of product across a wide range of target structures and
a small database of standards to enable calibration of the model
based on label dose rates.
The model, which gives an account of the scaling effect of target
structure on spray deposit for a given sprayer output, is a generalisation of the LWA dosage model recently proposed by the
European agrochemical manufacturing industry for harmonizing
efﬁcacy evaluation during pesticide registration. The model also
implements standard regulatory practices that consider the environmental fate of pesticides based on the equivalent ground area
dose rate threshold. The model can easily be adapted for pesticide
products with a range of different methods of dose rate expression.
Table 2 gives a summary of target structure parameters that should
be recorded in the trial report to accommodate speciﬁc needs of
dose adjustment when it is used with different methods of dose
rate expression. Table 4 gives some estimates of target standards
that may be suitable to support dose adjustment of pesticides for
UK pome- and stone-fruit orchards and Italian vineyards.
The data ﬁtting form of the dose adjustment model Eq. (8) has
been shown to give a good account of the variation of deposit
measurements for a very wide range of application conditions,
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including different: application rates, orchard and vineyard structures, environmental condition and applications equipment.
Bearing in mind the proposed harmonization of dose rate
expression in Europe for efﬁcacy evaluation based on the LWA
dose rate, the generalised model has been used to investigate the
consequential need for dose adjustment. For products with speciﬁc pre-blossom uses the results demonstrate that the LWA dose
rate does not need any further adjustment, in particular, when
the application equipment is adjusted for primary target exposure.
However, for products with no growth-stage speciﬁc uses, the LWA
dose rate does require signiﬁcant adjustment to maintain efﬁcient
use across a wide range of target structures.
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