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Abstract: The cultivation of vegetables in greenhouses requires seedlings produced in nurseries with
high levels of practice specialisation. The nurseries are dedicated to the early stages of growth, from
sowing to the first leaves. There, the seeding density and the hydro-climatic conditions favour diseases.
Plant protection treatments are carried out with the use of low-cost machines, whose efficiencies and
safety conditions depend on the workers’ ability. The irrigation system with a mechanised horizontal
spray boom could be an alternative solution to the hand-held spray gun. This research aimed to
investigate the use of a horizontal boom sprayer for the distribution of pesticides in different pressure
conditions and forward speeds compared with a spray gun, in relation to tomato growth stages.
The tests were carried out on tomato seedlings grown in polystyrene seeding boxes and arranged on
hanging benches. Deposits on the seedlings (µL cm−2) and losses in the soil (µL cm−2) were assessed
by means of standard colorimetric analysis. In order to reduce the environmental pollution and
increase the sustainability of the treatments, the pressure at the horizontal spray boom should be
reduced and the arrangement of the outermost nozzles may also be better set on the boom.

Keywords: crop protection; horticulture; plant protection treatments; spray boom; spray gun; tomato
plant treatments

1. Introduction

The production of greenhouse vegetables plays an important role in the foreign trade balance of
several national economies in Mediterranean climate areas, where countries have become increasingly
competitive producers. However, the intensification of greenhouse crop production has significantly
increased the need for pesticide applications, leading to a serious impact on the environment and
human health [1].

Italian agriculture is characterised by a surface area covered by greenhouses of about
36,370 hectares (ha), which is used to produce about 1748 kt vegetables; it represents about 11%
of the total surface area, both in open fields and in greenhouses, dedicated to vegetable production in
this country [2]. These greenhouses are located primarily in southern Italy [3], and the production of
vegetables in Sicily represents about 19% of the total of Italian greenhouse production [2]. As shown in
a recent study, about 10% of the national vegetable nurseries are located in this region, with a coverage
ratio (plant nursery/vegetable cultivation) equal to one nursery company for every 104 vegetable
companies; that is, 1 ha of vegetable nursery for every 221 ha of vegetable cultivation [4].

The preparation of seedling trays used for replanting in the field is performed by nurseries that
produce seedlings to be transplanted into cultivation greenhouses or open fields [5]. Due to the high
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planting density, high temperatures and humidity, the earliest growing phase of the seedlings is subject
to pathogen attacks on very soft tissues, which cause seedling death.

In greenhouses, plant protection control is mostly carried out with chemical products, although
in recent years, new examples of IPM (Integrated Pest Management) have been tested using suitable
prototypes, which are less harmful to the environment and human health [6–9].

In order to reduce the use of chemical pesticides, and because legislative measures and standard
requirements regarding the quality and safety of vegetables have become progressively stringent, IPM
practices that could contribute to reaching these targets are quite urgent [10], although these practices
are still few widespread.

A correct treatment should have a deposition near the threshold of pest or disease control, with
a uniform distribution over the canopy to minimise losses to the soil or drift. In fact, it is generally
accepted that the foliar application of a pesticide is an inefficient process, with only a fraction of the
pesticide actually being retained on plants, and part of it being lost to the ground [11–13]. As has
been widely demonstrated, in greenhouses, the uniformity of the distribution, the quantity of the
pesticide retained by the canopy and the losses to the soil depend on many factors, such as the kind of
equipment [14–23], the application volume, and the spray quality [12,17,24–33].

As has been directly observed in fields, nurseries perform several plant protection treatments
in order to ensure the best health conditions for seedlings. Therefore, the distribution of pesticides
in nurseries is a crucial practice, but it is also among those practices which are more impactful
on the environment and more dangerous for employees working in confined spaces [13,15,20].
Braekman et al. [17] added that farmers have the perception that high application rates and spray
pressures are indispensable for obtaining satisfactory coverage and sufficient crop penetration.
Sanchez-Hermosilla et al. [19] stated that the lack of uniformity from hand-held gun sprayers is
the combined result of the effect of insufficient penetration in the canopy, heavy losses to the soil
from the leaf, and insufficient deposition on the abaxial side of the leaves. These results confirm that
the use of a higher volume or pressure cannot ensure the best results. In fact, as a reaction to the
insufficient control of pests, farmers usually spray more frequently using the same pesticide and a
larger spraying volume, increasing environmental pollution, operator exposure risks and the risk of
plant resistance development.

Alternative spraying techniques to hand-held sprayers have been developed and tested in the past
few years. Several studies have already shown that the use of a vertical boom sprayers in greenhouses
improves spray distribution [19,25] and reduces labour costs and operator exposure [13,15,22] compared
to spray guns.

Breakman et al. [17] and Foquè et al. [29] showed that, in ornamental protected cultivation, the crop
density affects spray deposition results, and the spray guns performed better with a low crop density,
but their advantage disappeared in higher crop density conditions. The vertical or horizontal boom
sprayer offered more uniform coverage, better deposition, reduced pesticide runoff to the environment
and reduced risk of operator exposure to pesticides.

Usually, greenhouse farmers mainly use hand-held spray guns or lances, neglecting aspects
related to the workload and the risk of exposure [13,15]. Such practices, whose distribution uniformity
is strictly subject to the capacity, attention and fatigue of the operator, can be much less effective than
mechanised solutions, such as the boom sprayer, which, in addition to allowing a more constant
distribution, helps avoid operator exposure [31,32].

Sanchez-Hermosilla et al. [19] showed that the vertical boom sprayer improved the uniformity of
the spray distribution in the canopy, as the droplets penetrated better into interior zones of the tomato
crops, with less deposition on the ground. This allows for a reduction in the common disproportionate
and inefficient use of inputs in the production of greenhouse tomatoes without a corresponding
increase in yields [34].

As observed by a direct and preliminary investigation to this work, most nursery vegetable
farms in south-eastern Sicily have horizontal boom sprayers for irrigation, and sometimes for seedling
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protection; however, these mechanized spray booms are almost never used for phytosanitary operations
in Mediterranean areas [35]. This is because, in the same hanging benches, seedlings of different
vegetative stages, varieties and crops—and thus with different needs—could be close to one another.
The phytosanitary treatments are mostly carried out by means of hand-held spray gun; these have the
nozzle connected to an electric or membrane pump, which takes the liquid from a tank. Such equipment
can be placed on a trolley pushed by hand or on a tank car driven by a tractor positioned outside of
the greenhouse, and only the worker goes inside the greenhouse to manage the treatments. During
this practice, in most of the examined greenhouses, there were typically two workers—one to manage
incidental operations related to the trolley or the displacement of the tube, and the other to perform the
actual treatment with the spray gun. The practice is usually performed with a frequency that, in the
summer, reaches up to two weekly treatments, distributing approximately 100–150 L of phytoiatric
mixture on a 1000 m2 surface area.

The main objective of this work was to deepen the knowledge of the sprayer–vegetable seedling
relationship, in order to improve the methods and regulation criteria of sprayer machines in nurseries.
In particular, the research aimed to investigate the use of a horizontal boom sprayer for the distribution
of pesticides versus the spray gun (reference equipment) in relation to the tomato growth stage.
The effects of the forward speed and of the pressure on the canopy deposit and losses to the soil,
comparing the spray gun distribution with that of the horizontal boom spray, were assessed.

The experimental tests were carried out in a greenhouse vegetable nursery placed in the territory
of Comiso, in the Ragusa province of Sicily (South Italy), where tomato cultivation is particularly
widespread. Tomato (Solanum lycopersicum L.) is one of the most cultivated horticultural crops
worldwide, with an area of 4.8 million ha and a production of 182 million tonnes in 2017. Italy is the
second-largest world producer of processing tomatoes (~5 million tonnes). In the Mediterranean area,
Sicily guides the production of more than 34% of the Italian total. Nevertheless, in this context, one key
agricultural issue remains: to limit the negative impact of agricultural practices in greenhouses and in
open-fields, and thereby increase the sustainability of these crop productions [36,37].

2. Materials and Methods

2.1. The Seedlings

The sowing was carried out on the trays at two different times: (i) vegetative stage S1, 15 days
before the experimental test (Figure 1); and (ii) vegetative stage S2, 25 days before the experimental
test (Figure 2). In particular, at the time of the tests, the seedlings of S1 were in the vegetative stage of
completely open cotyledons—BBCH (Biologische Bundesanstalt, Bundessortenamt und CHemische
Industrie) Scale 10—and those of S2 had six fully opened true leaves—BBCH Scale 16 [38].
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Figure 1. First stage (S1)—leaf development (main shoot).

The tests were performed on tomato seedlings (Solanum lycopersicum L. var. Hypeel) grown in
polystyrene alveolar trays of 0.33 m × 0.55 m with 112 cells (8 × 14 rows), and placed on hanging
benches inside a greenhouse during the spring cycle of production. The plants are suitable for
cultivation on virgin or previously treated soil. They have a good rooting system and are ideal for
short cultivation cycles.
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2.2. The Boom Sprayer

The experiment was carried out using an 8.80 m long horizontal spray boom, which was
mechanised and ran on tracks applied with brackets to the supporting frame of the greenhouse.
The boom was connected, through a liquid supply pipe, to an electro-membrane pump positioned
above a cart pushed by hand, which took phytoiatric mixtures from a tank placed on the same cart.
The boom was equipped with two rows of 26 fan nozzles, one with larger diameter nozzles used for
irrigation, and the other for possible plant treatments. A control panel allowed us to start and stop the
bar, and adjust the pressure to the nozzles and the forward speed.

In particular, new fan type nozzles of the same model, 110-02 Teejet, normally used the nursery,
were installed.

The distance between trays and nozzles was 0.59 m; the ground clearance was 1.47 m. The distance
between the first two and the last two nozzles was about 0.15 m, while the distance between the
intermediate nozzles was 0.36 m.

Given the test conditions (temperature and humidity inside the greenhouse) and the dimension
of the seedlings, as well as their rapidly perishable nature, the assessment of the treatments was
performed using colorimetric analysis, on the basis of the product gathered over the seedlings. Thus,
a solution of 2% red food colouring E124 was used for each treatment.

2.3. Experimental Set-Up

Preliminary tests were carried out according to standardized methodology to assess the operating
conditions of both the boom and the spray gun: the forward speed, pressure, flow rate at the boom,
and volume per hectare. These preliminary tests allowed us to define the experimental layout and to
fix the operating parameters for each Test, as reported in Table 1.

Table 1. Test scheme.

Operating Parameters Test 1 Test 2 Test 3 Test 4 Test 5

Equipment boom boom boom boom spray gun
Forward speed (m s−1) 0.14 0.14 0.43 0.43 0.22
Overpressure (102 kPa) 3 4 3 4 30

Flow rate (L min−1) 10 12 10 12 7
Volume (L ha−1) 2800 3300 900 1100 1400

In particular, Test 1 (T1) represents the reference test, since the pressure and forward speed
parameters are those used in the nursery when the horizontal spray boom is used for plant protection.
Test 2 (T2) was obtained with the same forward speed as T1 and by increasing the flow rate by 10%,
from 10 to 12 L min−1. Test 3 (T3) was obtained with the same flow rate as T1 and by tripling the
forward speed, from 0.14 to 0.43 m s−1. Test 4 (T4) was obtained with the same forward speed as T3
and by increasing the flow rate of T3 by 10%, from 10 to 12 L min−1. Test 5 (T5) was obtained with
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the parameters commonly used by experienced greenhouse growers during phytosanitary treatments
with the hand-held spray gun.

Two repetitions were carried out according to the randomized block design for each test. The first
four tests carried out with the horizontal boom (from T1 to T4) performed a single treatment on the
benches by spraying with half the side of the boom (4.40 m length and 13 nozzles). Test 5 was carried
out with the spray gun by the same worker routinely deputed to this practice according to the usual
procedures adopted in manual treatments.

The trays with the seedlings were placed on a side of the hanging benches inside a greenhouse,
in blocks of five tests for each vegetative stage.

Each block consisted of 66 trays—33 for vegetative stage S1 and 33 for stage S2, arranged in 6 rows
of 11 trays, named A, B, C, D, E, F, G, H, I, L, M—for each test. There were 112 coeval tomato seedlings
in each tray. Between each block, a free space of 5 m was left in order to reduce the effects of drift and
to get the boom up to speed (Figure 3).
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Figure 3. The randomised block design.

To assess losses to the soil, 6 sheets (0.21 m × 0.30 m) of acetate material with a rough surface
were placed below the hanging benches, at a distance of about 0.30 m from one other. Their position
was identified through the assignment of numbers from 1 to 6—named Pos1, Pos2, Pos3, Pos4, Pos5
and Pos6—from the central passage to the edge of the nursery greenhouse.
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During the treatments, environmental parameters were verified, such as temperature, air humidity
and, since the greenhouse was without coverage, the wind speed, with a hotwire anemometer.
The mean value of the temperature was 22 ◦C, the relative humidity was 58%, and the wind speed was
0.35 m s−1. They were measured before the first test repetition inside the greenhouse. The temperature
was 26 ◦C, the relative humidity was 45%, and the wind speed was 0.47 m s−1 before the second
test repetition.

2.4. Sampling and Analysis of Data

After each treatment, in order to calculate the surface area of the seedlings’ leaves and stems,
a seedling for each tray was sampled, for a total of 220 seedlings (11 trays × 5 tests × 2 stages × 2
repetitions). The surface area was assessed by a dedicated image analysis system.

To avoid edge effects, sampling was made on the central row of the trays of each block, taking 8
seedlings within each tray both for S1 and S2.

In S1, the sampling was carried out randomly within each tray, while being managed, following
the same direction as in S2 (Figure 4). This was due to the slight vegetative development of the
seedlings in S1, which could not create different situations within the tray between the positions of
seedlings. By contrast, the greater vegetative development could affect the amount of deposit in S2,
especially for the seedlings arranged close to the edges.
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Overall, 8 seedlings × 11 trays × 5 tests × 2 repetitions × 2 stages were removed from trays, for a
total of 1760 seedlings (352 for each test).

Each seedling was put into a single plastic bag and marked so as to be easily identified. All of the
seedlings taken from a tray (8 in total) were then placed in another, larger plastic bag to facilitate the
transport and the identification of the tray on the row. The seedlings were grouped for repetition, test
and stage.

In the laboratory, the seedlings and the acetate sheets used to detect the losses to the soil were first
washed with Vc = 20 mL distilled water for S1, Vc = 40 mL distilled water for S2, and Vc = 400 mL
distilled water for the acetate sheets.

The wash water was decanted into test tubes for at least one week, so that the Ac

spectrophotometricabsorbance and the Am absorbance of the spray solution used in the greenhouse
could be read.

The deposit on each seedling, expressed per unit area in µL cm−2, was calculated according to
ISO 22401, as follows:

Vm = (Ac × Vc) (Am × As)−1

where Vm is the spray deposit on a single seedling, expressed in µL cm−2; Ac is the absorbance value
of the sample by subtracting the absorbance value of the blank; Vc is the volume of the dilution liquid
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(deionized water) used to extract the tracer deposit from the seedlings; Am is the absorbance value of
the spray concentration applied during testing; and As is the surface area of the seedling in cm2.

The data were not normalised taking into account the volume applied [19], and were statistically
analysed with the open source software R. The ANOVA was performed to test the main effects of the
different tests. The statistically significant differences between mean values were estimated using a
Tukey test [39].

3. Results and Discussion

3.1. Tomato Seedlings’ Surface Area

The mean surface area of the seedlings, which consists of leaves and stems, is shown in Table 2 for
the first (S1) and the second (S2) growth stages, resulting from the image analysis processing. These
areas were able to gather the coloured solution distributed during the tests.

Table 2. Mean surface area of seedlings.

Growth Stage Surface Area (cm2) CV Error ST Error %

S1 1.46 a 20% 0.039 3%
S2 31.09 b 21% 0.673 2%

Letters (a and b) show between stages significant difference at p = 0.001 as determined by Tukey test.

The surface area of the tomato seedlings of S1 was about 20 times lower than that of S2 because
the latter were sown 12 days earlier. The difference between the growth stages of the tomato seedlings
affected the test results, as shown in the following In the two test repetitions of each growth stage,
the mean values of temperature and relative humidity did not affect the results of the tests, as shown
by the statistical analysis—there were no statistical differences between the mean values of the two
repetitions of the five tests.

3.2. Effect of the Spraying System

The results of the analysis of variance show that the effects of the stage, test (for p = 0.001) and
tray (for p = 0.05) on the deposit were statistically significant (Tables 3 and 4; Figures 5–7). Statistically
significant differences were not recorded relating to the position of the seedlings within the trays.
The latter result shows that there were no statistical differences between the deposits on tomato
seedlings which were taken for sampling within the trays (Figure 4). Because the spray deposits were
not significantly influenced by the position of the samples, this could mean that the sampling method
was correct both for S1 and in S2. Moreover, this means that there was also a high uniformity inside
each tray in terms of deposit.

Table 3. Mean deposits (µL cm−2) at the two different growing stages.

Growth Stage
Deposit (µL cm−2)

Mean Min Max Std. Error Median

S1 2.97 a 0.70 13.2 0.06 2.47
S2 1.10 b 0.06 4.52 0.02 0.92

Letters (a and b) show between stages significant difference at p = 0.001 as determined by Tukey test.

Moreover, the F-test shows that there were significant differences for p = 0.001 between stage
× test, and test × tray and for p = 0.01 between stage × tray, while the other interactions were not
significant. It can be pointed out that the deposit was influenced differently by the five tests in the
two stages (Figure 6), and by the position of the trays on the greenhouse benches in the different tests
(Figure 7).
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Table 4. Mean deposits (µL cm−2) in the five tests at the two different growth stages.

TEST
Deposit (µL cm−2)

S1 S2

T1 (2800 L ha−1) 3.77 a 1.43 b
T2 (3300 L ha−1) 3.71 a 1.77 a
T3 (900 L ha−1) 1.89 c 0.52 d

T4 (1100 L ha−1) 2.27 c 0.87 c
T5 (1400 L ha−1) 3.18 b 0.91 c

Letters (a, b, c, and d) show between Tests significant difference at p = 0.001 as determined by Tukey test.
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As shown in Table 3 and Figure 5, the deposits on the seedlings in S1 were about double those
in S2 because the same volumes were distributed in the two stages, and the first stage received the
same product on a very small area. In fact, the collecting surface of the S1 seedlings was very limited
compared to the distributed volume, thereby obtaining an increased deposit compared to that obtained
with the seedlings in S2, where the surface areas were more than 20 times higher.

This result demonstrates that it is necessary to distribute the proper volume in relation to the
growth stage of seedlings, and to separate trays with younger seedlings from trays with older seedlings
by placing them on different greenhouse benches. However, regrettably, this is not always the case in
greenhouse nurseries.

The mean values of the deposit were not far from the median values, and the standard errors
were low in both growth stages. This indicates the low dispersion of deposit values.

In the greenhouse nursery under consideration, the type of spray system and the forward speed
clearly influenced the deposition in both growth stages. Similar evaluations are reported by other
authors [17,19,29].

By analysing the S1 data in Table 4, the low pressure difference of 1 × 102 kPa between T1 and T2,
and between T3 and T4, did not produce statistically significant differences in the deposits at the same
forward speed and similar volumes per hectare. Instead, the remarkably different pressure among the
four tests carried out with the sprayer boom—at 3 and 4 × 102 kPa—and T5, carried out with the spray
gun—at 30 × 102 kPa—show significant differences because the forward speed is also intermediate
between the other two. This result demonstrates that the deposit on the seedlings is mainly due to the
forward speeds used with the sprayer boom compared to that used with the spray gun. Foqué et al. [29]
suggested that spray gun applications can be optimized by using a lower traveling speed (less than
0.28 m s−1). By contrast, the horizontal spray booms always resulted in a more uniform distribution,
even when higher traveling speeds were used.The mean values of the deposit in T5 were smaller than
those of T1 (−16%) and T2 (−14%), and higher than those of T3 (+68%) and T4 (+40%). Thus, the
operating parameters of T1 used by the nurseries with the horizontal spray boom, as an alternative
solution to the spray gun (T5), were demonstrated to be suitable to achieve very similar deposits.



Sustainability 2020, 12, 7052 10 of 16

Sanchez-Hermosilla et al. [19] showed that the spray boom provides more uniform distribution over
the canopy compared to the gun sprayer.

Therefore, in small plants, such as S1, by increasing of the distribution volumes, there is no
increase in the deposit, due to the limited leaf area. In this case, it would seem that a lower volume
favours a better deposition of the product on the young seedlings, limiting the run-off and, therefore,
the losses of product into the environment.

As shown in Figure 6, the deposit was proportional to the volume distributed, even if a lower
pressure could be suggested both in the tests at higher volume (T1 and T2) and lower volume (T3
and T4). Therefore, in the case of S1, the horizontal spray boom could be used at a lower pressure of
3 × 102 kPa (T1 and T3) to obtain the same deposit and, at the same time, to save product and energy.
Other authors concluded that using a high spray pressure and volume often results in less favourable
spray results, producing either no effect or even a negative effect on pest control [13,17,29].

As concerns the S2 data in Table 4, higher deposits on seedlings were related to a higher pressure
of 4 × 102 kPa, and a higher volume per hectare (T2 and T4). This can occur because an increase in
pressure is necessary at an advanced growth stage to reach all of the parts of the seedling, and to obtain
a greater deposit on the canopy. It is known that crop density affects the spray deposition results [29].

Additionally, in S2, the deposit was proportional to the volume distributed, and there was a
greater deposit for T2 at a higher volume (3300 L ha−1) and a lower forward speed (0.14 m s−1); this
test was statically different in T1, while T3 was the lowest and most statistically different from T4.
The mean values of T5 were smaller than those of T1 (−36%) and T2 (−49%), and higher than those of
T3 (+75%) and T4 (+5%). Therefore, the volumes delivered with the spray gun may not be adequate to
obtain comparable deposits with those obtained using the horizontal boom when seedlings are in S2.

Unlike S1, there were no statistically significant differences in S2 between the average deposition
values of T4 at higher forward speeds, and those of the test with the spray gun (T5), because the volumes
distributed were similar. The manual treatment with the spray gun seems, however, less effective in
this second stage, as it is probably less suitable for already-developed seedlings.

These results are in line with those of Sanchez-Hermosilla et al. [19]. They showed that the
deposits were greater using the vertical spray booms at lower application volumes. Moreover, there
were no significant differences in the deposits found with the spray boom at 1000 L ha−1 and the
reference treatment (gun at 1800 L ha−1). In our study, in spite of having reduced the volume by 21%,
there were no statistical differences between mean deposits of T4 and T5.

The results in Figure 6 show a high spread, and indicate a significant variation in the measured
deposit in the five tests, especially in the S1 growth stage, mainly due to the very small seedlings on
which the product solution was deposited.

As regards the trays, the mean values of the deposit in the seedlings show that there are statistically
significant differences between S1 and S2, as expected (Figure 7). However, there are statistically
significant differences between the mean deposits of test × tray and test × stage (Figure 8).

On average, there are no statistical differences between the deposits in the eleven different trays; a
maximum value of 2.66 µL cm−2 in the seventh tray (G) and a minimum mean value of 1.98 µL cm−2 in
the tray in the second position (B) were recorded. These very small differences may be attributable to
common measurement errors, and demonstrate a better uniformity of deposition with the spray boom.
It is important to highlight that there are no statistically significant differences between the average
values of the deposit in the seedlings of the more internal trays (A-B-C) and those more external (I-L-M)
to the greenhouse, in spite of the nozzle disposition on the horizontal boom. Analysing the different
tests in Figure 8, it is interesting to note that there is a less uniform deposit between the trays at high
volume tests (T1 and T2), probably because the kind of nozzles used in the greenhouse nursery were
not suitable for high volumes. By contrast, the most uniform deposits were recorded in the tests with
higher forward speeds and lower volumes (T3 and T4).

The manual distribution with the spray gun was more uniform in S2, where the seedlings were
more grown (Figure 8).
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3.3. Losses to the Soil

The results of the analysis of variance show that the effects of the sheet position (p = 0.001) and
test (p = 0.01) on losses were statistically significant (Figure 9; Figure 10). As expected, statistically
significant differences were not recorded relating to the stage variable, because the same volumes were
distributed in the two different growth stages (Table 5).Sustainability 2020, 12, x FOR PEER REVIEW  12 of 17 
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Figure 9. Mean losses (µL cm−2) to the soil in the different positions (Pos 1–Pos 6) under the benches.
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Table 5. Mean losses (µL cm−2) to the soil at the two different growing stages.

Growth Stage
Deposit (µL cm−2)

Mean Min Max Std. Error Median

S1 1.20 ns 0.006 10.9 0.29 0.15
S2 1.24 ns 0.004 8.39 0.30 0.23

Letters (ns) show between stages no significant difference as determined by Tukey test.

In both stages, the mean ground losses seemed quite low (Table 5) because they were determined
on a limited surface area of a sheet measuring 21 × 30 cm (0.063 m2). If we consider the entire length
of the benches (50 m) and the width of the spray boom (4.4 m), the surface area is equal to 220 m2.
By relating this surface area to the average value of the ground losses for S1 and S2, overall values of
about 2.6 L and 2.7 L could be lost, respectively. There are two or more benches in each greenhouse
nursery and, therefore, the value should be doubled and counted for each treatment. As is well known,
in greenhouses, plant protection treatments are quite numerous throughout the year.

The mean values of the deposit were far from the median values, and the standard errors were
quite high in both growth stages. This indicates a great dispersion of deposit values due to the
enormous differences between the losses to the soil gathered on the different sheets (Figure 9).

With regard to the positions of the sheets under the benches, in both vegetative stages, there were
significant differences between the sheets placed at the extremities (position 1) and those of the other
positions (Figure 9). These results demonstrate that the outermost nozzles of the boom could not
effectively address the trays, and this affects product losses. Indeed, the first two nozzles and the last
two were closer (at 15 cm) compared to the others placed at a 36 cm distance.

The quantity of product collected on the sheet at position 1 (the corridor between two benches)
was much higher than that found, on average, on the seedlings. This was verified for all of the tests.
However, this result is not correspondent with the average values of the tray in the same position; i.e.,
the A or B position (see Figure 8).
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It is important to highlight that, with spray gun treatments, the product losses did not prove to
be greater than those recorded with the spray boom. Losses to the soil were always higher with the
horizontal spray boom when comparing the effects of both forward speeds and pressures (Figure 10).

Sanchez-Hermosilla et al. [19] found similar results, in that the test performed with the spray
gun at a lower volume reduced the losses to the ground, in comparison with the reference treatment
(1800 L ha−1), because of reduced leaf run-off.

From the point of view of the environmental impact, the treatments with the spray gun (T5)
allowed a reduction in the losses to the soil in S1. On the other hand, in the next stage, with bigger
seedlings, the low volume treatments (T3) allowed a reduction in ground losses (Figure 10).

Moreover, the F-test shows that there were significant differences for p = 0.001 between test ×
position, while the other interactions were not significant (Figure 11). On average, these results confirm
that the losses in the soil were generally lower with the treatments carried out with the spray gun,
especially in the outermost position (Pos 1 and Pos 6) under the benches. Overall, the losses were
proportional to the volume per hectare in the spray boom treatments.Sustainability 2020, 12, x FOR PEER REVIEW  14 of 17 
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4. Conclusions

Experimental research was carried out in a greenhouse nursery in the South of Italy on tomato
seedlings at two different growth stages, commonly treated with phytosanitary products by means of a
spray gun, and sometimes by means of a horizontal spray boom. The results showed that there were
differences in terms of foliar deposit and losses to the soil between the four tests carried out with the
horizontal spray boom and those carried out manually with a spray gun.

The tests carried out with the spray boom at a lower pressure and forward speed, sometimes
used in the nursery (T1), were the most favourable for a greater deposit in the early growth stage with
smaller seedlings (S1). By comparing T1 with the test at a higher volume per hectare (T2), it might seem
inappropriate to further increase the volumes, since the deposit would not increase proportionally.
The test carried out with spray gun was obtained a similar deposit to T1, distributing half the volume
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and reducing the losses to the soil. By contrast, the spray boom has the potential to reduce the workload
and increase the safety conditions for workers [29].

At a more advanced growth stage (S2) of the seedlings, the average deposit was lower with the
test sometimes used by the greenhouse grower (T1), and also with the manual treatments carried out
with the spray gun (T5). A greater deposit was recorded in the test with higher volumes (T2). Mostly,
this could be useful to verify which is the optimal volume to obtain an effective treatment, since the
literature demonstrates that higher volumes produce either no effect, or even a negative effect on pest
control [29].

In spray gun treatments, product losses were not greater than those recorded with spray boom
treatments. Both in S1 and S2, the losses to the soil were almost equal and, on the whole, equivalent to
those found on average on the seedlings. On average, the losses were greater than 12 L on 1000 m2—the
common dimensions of a greenhouse. These losses have a high environmental and economic impact,
and constitute the most important factor for the adoption of a crop, as it ensures the farm’s long-term
competitiveness [3].

Finally, on the one hand, the arrangement of the nozzles in the boom seems to be correct for a
uniform deposit on the trays where the seedlings are placed; however, on the other hand, the losses
of product under the benches were great, especially those associated with the last two nozzles of the
boom. A better arrangement of the outermost nozzles would seem appropriate in order to limit the
dispersion of polluting components in the environment.

The findings of these experimental tests could be a very important tool to direct growers to more
appropriate spraying techniques in greenhouse nurseries for the different growth stages.
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