
1. Introduction

Along with the technical features of the sprayers,
some working conditions as forward speed, airflow
rate, and volume rate, are among the parameters
deeply influencing the results of a spray application.

Though the positive effects of airflow rate are
unanimously recognised, the choice of the correct
amount is still investigated, as it is related to many
factors (crop, growth stage, layout). Many Authors
[7,4,8] report that an increase in the airflow rate gen-
erally improves the spray penetration, but leads to
higher losses and higher power requirements. The Au-
thor in recent tests [2] carried out in a hedgerow vine-
yard, found that airflow rates of some 3.9 and 7.5
m3/s do not influence significantly the average de-
posits, but the highest value of airflow rate improves
the penetration of the spray jet only at full foliage de-
velopment. In this paper further results on this topic
are reported, investigating the effects of the same air-
flow rates, along with that of the volume rates.

Volume application rate is another important factor
influencing the real work capacity of the sprayers and
the quality of the deposition. Several mathematical
models are reported in literature to determine the opti-
mal volume rate, among which can be mentioned [5]:
– ground area:

(1)

where q is the flow rate of all the nozzles, d the work-
ing width, and v the forward speed;
– canopy volume:

(2)

where TRV is the “Tree Row Volume” (volume of

canopy per hectare) and i the application rate, ex-
pressed as litres of mixture per cubic meter of canopy;
– optimal covering:

(3)

where LAI is the leaf area index, N̂ the optimum im-
pact density per square centimetre, dm the average di-
ameter of the droplets expressed as VMD (“Volume
Median Diameter”), R the recovery factor, and K a
suitable corrective coefficient, depending on the drops
pulverisation.

To obtain adequate results, it is important a precise
selection of the critical factors application rate i in Eq.
(2) and VMD dm in Eq. (3). Walklate et al., [9], work-
ing on apple orchards, propose a generalisation of Eq.
(1) in the form:

(4)

where the ratio q/v is the volume application rate on a
unit row length basis and L is a suitable length-scale
that describes the scaling effect of the crop structure.
The Authors propose as the best L parameter, inter-
preting the highest variation in deposits, the tree area
density, which can be either measured or estimated
via suitable pictographs.

Experimental tests carried out in apple orchards [3]
showed that wide variation in spray liquid flow rate
(from 3.8 to 29 L/min) has only small effects on nor-
malised spray deposits on the tree, on spray drift and
on losses to the ground. On the contrary, it greatly af-
fects spray cover, which varies in proportion to the
spray liquid flow rate.

Pergher and Gubiani [6], operating in a hedgerow
vineyard, found that increasing spray application rate
leads to greater ground losses and lower foliar deposi-
tion, especially at full foliage development.

The objective of this study is to provide further re-
sults on the influence of airflow rates and volume
rates on foliar deposition from an air-assisted sprayer
in a Sicilian hedgerow vineyard, considering also the
growth stage of the vegetation.
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2. Materials and methods

2.1 The vineyard

Field tests were carried out in a spur-cordon vine-
yard (“cordone speronato”), cv “Nero d’Avola”, with
a layout of 2.50×1.25 m, in two phenological stages:
“Inflorescences fully developed” (code 57 of the
BBCH scale, 15 May 2003), and “Beginning of berry
touch” (code 77 of the BBCH scale, 4 July 2003). The
tests were performed according to a procedure very
similar to that described in [2], here briefly sum-
marised for completeness.

The main geometrical features of the trees (maxi-
mum and minimum height of the vegetation, cordon
height, thickness of the vegetation, LAI) were meas-
ured the day before the field tests. The geometrical
profile was adopted as a reference profile to calibrate
the sprayer by means of a vertical tray patternator [1].

In the first stage, due to the little development of the
vegetation, the canopy of each sample tree was divided
into two equally spaced heights (low and high), and
two depth zones (left and right side, assumed symmet-
ric). In the second stage, the canopy was divided into
three heights (low, middle and high), and four depth
zones (external and internal of the left and right side,
with the two sides again assumed to be symmetric).

The LAI of the first stage was calculated counting
the leaves of 24 trees, picking a leaf every ten, and
measuring the surface of the sampled leaves by means
of an image analysis system. In the second stage, the
LAI was computed defoliating four trees and using
the relation between mass and foliar surface. The pro-
cedure was performed according to:
1. defoliate each of the six zones established on one

side of the canopy, putting the leaves in distinct
suitably labelled plastic bags;

2. select randomly two leaves in each bag and meas-
ure their mass and surface. The mass was measured
by means of a precision balance and the surface by
means of an image analysis system;

3. derive a regression between mass and surface of
the selected leaves;

4. estimate the overall surfaces of the leaves in each
bag, using the relationship previously determined.
As this relationship was found to be linear, the
computation was performed according to:
a) determine the overall mass of the leaves in each

bag;
b) count the number of leaves in each bag;
c) determine the average mass m— of a leaf;
d) estimate the corresponding surface S

—
by means

of the equation of regression;
e) estimate the overall foliar surface as S

—
number

of leaves;
5. compute the LAI of each zone dividing the foliar

surface by the ground surface;
6. compute the number of foliar layers nL of each

zone as:

(5)

where a is the distance between rows and ∆h the
height of each zone.

2.2 The sprayer and the field tests

Field tests were carried out using the same sprayer
described in [2]: an air assisted towed sprayer, fitted
with a 0.80 m diameter axial fan and 2 vertical spray
booms, equipped with 7 nozzles per side. Only 2 and
3 nozzles per side were switched on, at the first and
the second growth stage respectively. Their orienta-
tion was settled by means of a vertical spray patterna-
tor, so to reproduce the geometric profile of the
canopy.

A full factorial experiment was carried out, with
two airflow rates, three volume rates, and four repli-
cates, arranged according to a randomised complete
block design. Forward speed and pressure were kept
constant (1.4 m/s and 1.2 MPa respectively). To ob-
tain different volume rates, “Albuz ATR” nozzles with
different orifice diameter were used: lilac (0.8 mm),
yellow (1.2 mm), and orange (1.5 mm). Table 1 re-
ports a summary of the experimental tests.

Applications were performed distributing a water
solution with 3% of food dye Poinceau Red as a tracer
and 0.05% of Agral as a surfactant, with just one
spray pass for each replicate, after opening the noz-
zles on the right-hand side of the sprayer only. After
spray application, 6 leaves were randomly picked on
each sample zone. Sampling was carried out on both
sides of the trees in the first growth stage (internal
layer = sprayed side; external layer = unsprayed side),
and only on the sprayed side in the second growth
stage, so to collect 576 (first stage) and 864 (second
stage) leaves.

The foliar deposition was measured by means of a
spectrophotometric technique [2] and was normalised
to a fixed volume rate of 350 L/ha, so to allow some
comparison with the results previously obtained. The
data was statistically analysed applying the analysis
of variance (ANOVA), carried out according to a
split-plot design with two main plot factors (airflow
rate and volume rate) and two sub-plot factors (height
and depth of sampling). In reporting average deposi-
tion, the normalised unitary deposits were weighted
according to the LAI of the belonging zone.

32

TABLE 1 - Summary of the experimental tests.
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3. Results and discussion

3.1 Morphological measures of the vineyard

Figure 1 reports the linear relationship between fo-
liar mass and surface. The coefficient of determina-
tion R2=0.9079 was highly significant (p<0.001).

Geometric and LAI profiles of the trees at the two
growth stages are reported in Figures 2 and 3 (mean
on 24 trees). It is evident, in the first stage, the little
development of the vegetation in the high zone (LAI
only 0.10 m2/m2).

The overall LAI was 0.52 m2/m2 at stage 1 and
1.70 m2/m2 at stage 2. Table 2 reports the average
number of foliar layers at the two growth stages.

3.2 Measures on the sprayer

The average air velocity in output, 1.25 m apart
from the fan axis, in the range 0.50-1.70 m, corre-
sponding to the presence of vegetation, was 9.4 m/s
with 3.9 m3/s, and 18.2 m/s with 7.5 m3/s.

The distribution profiles, as established by means
of a vertical tray patternator, are reported in Figures 4
and 5 (stage 1) and Figures 6 and 7 (stage 2). In both
stages, the thickness of the vegetation was adopted as
a reference profile. The distribution profiles are ex-
pressed as percentage of liquid collected by each tray.

3.3 Foliar deposition - Stage 1

Spray applications were performed between 9.30
and 11.38; average air temperature was 28 °C (min =
24 °C, max = 32 °C), average HR 26% (min = 20%,
max = 29%), and average wind velocity 1.1 m/s (min
= 0.5 m/s, max = 1.7 m/s).

33

Fig. 1 - Linear relationship between foliar mass and surface.

TABLE 2 - Average number of foliar layers of the trees.

Fig. 2 - Stage 1: Average geometric and total LAI profiles of the
trees.

Fig. 3 - Stage 2: Average geometric, internal and total LAI profiles
of the trees. m = middle height; ext = external layer.
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A logarithmic transformation was applied to the
raw data to normalise the frequency distribution and
equalise the variances. The ANOVA table is reported
in Table 3.

It shows that neither airflow rate, nor volume rate
significantly influence the normalised foliar deposits.

The average deposition vs the airflow rate is report-
ed in Figure 8, almost equal to that obtained in the pre-
vious study [2]. This confirms the opportunity to oper-
ate in field, before full foliage development, at low air-
flow rates (some 3.9 m3/s), so to reduce the spray drift
and the power requirements. Figure 9 reports the aver-
age foliar deposit vs the volume rate. The highest dep-
ositions (not significantly different) were recorded at
the intermediate volume rate: 0.398 µL/cm2.

These average results suggest the opportunity to
operate in field at low volume rate, so to increase the
working capacity and the promptness of intervention.
However, the airflow × volume interaction (Fig. 10),
though not statistically significant, shows a great re-
duction in foliar deposition at 103 L/ha and 7.5 m3/s,
confirming that low volume rates along with high air-
flow rates increase the spray drift and reduce the fo-

liar deposits.
The sub-plot analysis shows the presence of signif-

icant differences only between sprayed and unsprayed
side, influenced by the height zones (interaction
depth × height significant at p < 0.01). The average
deposition on the external layer was 0.542 µL/cm2,
that on the internal one 0.137 µL/cm2. Examining the
interaction (Fig. 11), it emerges that on the sprayed
side the greatest deposition is on the low zone, while
on the unsprayed one the greatest deposition is on the
high zone. This is certainly due to the geometry of the
vegetation: the thickness of the low zone, much
greater than that of the high one, makes it difficult the
spray jet penetration.

3.4 Foliar deposition - Stage 2

In the second stage, spray applications were per-
formed between 8.12 and 9.01; average air tempera-
ture was 32 °C (min = 30 °C, max = 34 °C), average
HR 32% (min = 27%, max = 38%), and average wind
velocity 0.4 m/s (min = 0.2 m/s, max = 0.9 m/s).

Raw data was transformed according to the power
equation:
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Fig. 4 - Stage 1: Distribution profiles with A1=3.9 m3/s. Fig. 5 - Stage 1: Distribution profiles with A2=7.5 m3/s.

Fig. 6 - Stage 2: Distribution profiles with A1=3.9 m3/s. Fig. 7 - Stage 2: Distribution profiles with A2=7.5 m3/s.
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dnt = dn
0.2 (6)

to normalise the frequency distribution and equalise
the variances.

The results of the analysis of variance are reported
in Table 4. They show some differences compared to
the first stage, mainly due to the airflow rate. In fact,
while the volume rate is still not affecting the average
mean deposition (p=0.573, Fig. 12), the airflow rate
has a significant influence (p<0.01, Fig. 13). The
greatest average foliar deposition is obtained at 3.9
m3/s, confirming the opportunity to operate in field at
low airflow rates. This result, based on the average
foliar deposition, is also in agreement with that ob-
tained in the previous research [2].

The sub-plot analysis shows that the airflow rate
interacts with the sampling depth only (p=0.002). Ex-
amining the interaction (Fig. 14), it emerges that in-
creasing the airflow rate does not improve the deposi-
tion in the inner layer of the canopy. This result is in
disagreement with that reported in [2], and could be
explained by the pruning operations performed on the
canopy a few days before the previous experimental
trials. Further experiments are necessary to better un-
derstand this aspect.
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TABLE 3 - Stage 1: ANOVA of the normalised deposits.

CV(1) = 84%; CV(2) = 57%; ***: significant at p=0.1%; ns: not significant

Fig. 8 - Stage 1: Normalised unitary deposit vs airflow rate. (ns:
not significant).

Fig. 9 - Stage 1: Normalised unitary deposit vs volume rate. (ns:
not significant).

Fig. 10 - Stage 1: Normalised unitary deposit vs volume and airflow
rate. (ns: not significant).

Fig. 11 - Stage 1: Normalised unitary deposit on the two depths.
(Mean separation at each depth by Tukey’s test at 5% level).
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Volume rate significantly interacts with both depth
(p=0.036) and height (p=0.005). The first interaction
(Fig. 15) shows a lower deposition on the external
layer with 154 L/ha, while the second one (Fig. 16)
shows a lower deposition on the low part of the
canopy at 330 and 432 L/ha. As a consequence, also
the height × depth interaction, significant at p<0.01,
shows a lower deposition on the low-external layer of
the trees (Fig. 17). These results, very hard to ex-
plain, could be related to the distribution profiles and
the different drops pulverisation realised by the noz-
zles.
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TABLE 4 - Stage 2: ANOVA of the normalised deposits.

CV(1) = 24%; CV(2) = 16%; ***: significant at p=0.1%; **: significant at
p=1%; *: significant at p=5%; ns: not significant

Fig. 12 - Stage 2: Normalised unitary deposit vs volume rate. (ns:
not significant).

Fig. 13 - Stage 2: Normalised unitary deposit vs airflow rate. (Mean
separation by Tukey’s test at 5% level).

Fig. 14 - Stage 2: Normalised unitary deposit vs airflow rate. (Mean
separation by Tukey’s test at 5% level).

Fig. 15 - Stage 2: Normalised unitary deposit on the two depths.
(Mean separation by Tukey’s test at 5% level).

Fig. 16 - Stage 2: Normalised unitary deposit vs volume rate. (Mean
separation at each volume rate by Tukey’s test at 5% level).
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4. Conclusions

The results, together with those obtained in [2], al-
low drawing the following conclusions about airflow
rate and volume rate:
– reducing airflow rate from 7.5 to 3.9 m3/s, always

results in an increase in the average foliar deposi-
tion; the increase is from +2% (not significant) to
+52% (highly significant);

– only in one out of the four experimental trials, in-
creasing the airflow rate led to an improvement of
the foliar deposition in the inside part of the
canopy at full foliage development;

– volume rates in the range 103-279 L/ha (stage 1)
and 154-432 L/ha (stage 2) do not significantly in-
fluence the mean foliar deposition in both the two
growth stages;

– low volume rate together with high airflow rate, re-
sult in a noticeable reduction in foliar deposition
(29% with respect the grand mean), due to an in-
crease in the spry drift, especially at the first
growth stage;

– the whole results suggest to operate in field at low
airflow rates (some 3.9 m3/s) and low volume rates
(some 100 or 150 L/ha, depending on the foliage
development, corresponding to 25 L/ha per active
nozzle), so to reduce the power requirements and
increase the promptness of intervention.
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SUMMARY

The present research, continuing that reported in [2],
deals with the spray application subject, so to investi-
gate as volume rate and airflow rate, forward speed be-
ing equal, affect the foliar deposition in an espalier
vineyard. Experimental trials were carried out by means
of an air assisted towed sprayer, equipped with “Albuz
ATR” nozzles. To take into account the influence of the
development of the trees, the field trials were replicated
in two phenological stages with an interval of about one
month: “Inflorescences fully developed” (stage 1) and
“Beginning of berry touch” (stage 2).

A full factorial experiment was carried out for each
growth stage, with two airflow rates (3.9 and 7.5
m3/s), three volume rates (103, 216, and 276 L/ha in
the first growth stage and 154, 330 and 432 L/ha in
the second growth stage), and four replicates,
arranged according to a randomised complete block
design. Working pressure (1.2 MPa) and forward
speed (1.4 m/s) were kept unchanged for all the trials.

The foliar deposition was measured by means of a
spectrophotometric technique. The leaves were sam-
pled on two depth layers and two or three heights, ac-
cording to the trees’ development.

The results showed that volume rate did not signif-
icantly influence the mean foliar deposition in both
the two growth stages, while the highest deposits
were obtained with the lowest airflow rate. 
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Fig. 17 - Stage 2: Normalised unitary deposit on the three heights.
(Mean separation by Tukey’s test at 5% level).
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The airflow rate × volume rate interaction, though
not statistically significant, showed that low volume
rates together with high airflow rates, result in a no-
ticeable reduction in foliar deposition (29% with re-
spect the grand mean), due to an increase of the spry
drift, especially at the first growth stage, when the fo-
liar development is little.

These second tests, unlike those described in [2],
did not show any positive influence of the airflow rate
on the foliar deposition in the inner part of the

canopy, so further investigations could be necessary
to better understand the results.

The whole results suggest to operate in field at low
airflow rates (some 3.9 m3/s) and low volume rates
(some 25 L/ha per active nozzle), so to reduce the
power requirements and increase the promptness of
intervention.

Key words:
Sprayer, Crop protection, Colorimetric analysis.
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