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Abstract: Considering the impact of fertilizers on coffee production costs, the search for greater
efficiency in the use of these inputs has an important role. Accordingly, the aim of the present study
is to evaluate the transverse distribution of fertilizer by a centrifugal spreader in a coffee plantation
and to compare two operating modes: fertilizer application on one side (FA1), or both sides (FA2) of
the coffee plants. In addition, three doses (200, 300 and 400 kg ha−1) of monoammonium phosphate
and three spreading disk rotation speeds (240, 375 and 750 rpm) were tested. To characterize fertilizer
distribution profiles, collectors were placed under the canopy of coffee plants, and the collected
fertilizer was weighed. From the data obtained, distribution profile histograms were constructed,
and coefficients of variation were calculated for each treatment. Distribution profiles with higher
uniformity were related to the morphologic characteristics of the coffee plants. Regarding the operating
modes evaluated, FA1 presented better results with a disk rotation speed of 750 rpm (FA1-W3);
FA2 produced the best results with a disk rotation speed of 240 rpm. By relating these results with
information on root morphology, FA1-W3 was found to be the most appropriate application method.

Keywords: centrifugal spreader; Coffea arabica L.; fertilizer distribution uniformity; machine testing

1. Introduction

Coffee is one of the most important agricultural products exported and adds considerable volume
of resources to the Brazilian trade balance [1]. However, coffee production processes are complex and
crop management operations are costly. The effectiveness of management operations and agricultural
inputs application affects the coffee yield and the quality of the final product, which is directly related to
the return on investment [2,3]. Thus, optimizing the use of inputs by applying exact and accurate doses
that match the real needs of the soil results in better crop development, reduced costs and reduced
environmental impacts caused by the incorrect use of products, such as fertilizers and pesticides [4].

Modern agriculture leans on scientific and technological feedback to improve productivity [5].
In this role, precision agriculture stands as a powerful tool, using information and communication
technology to improve decision-making processes and, consequently, optimize production [6].
With respect to the application of fertilizers and soil correctives in coffee plantations, studies have found
that the interpretation of spatial variability in soil chemical characteristics–through the generation
of variable rate application (VRA) recommendation maps–allows an increase in agricultural input
use efficiency [7,8]. However, to perform VRA in an effective and viable manner, equipment must be
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developed, and specific evaluation parameters must be determined to meet the crop specifications [9].
Additionally, knowledge of the operational quality of the equipment for VRA is not widespread [10].

Regarding the methods used to evaluate this equipment, distribution uniformity is the primary
indicator of the operational quality of centrifugal spreaders. The most widely used methodology for
these evaluations follows the standard ISO 5690/1, described by Mialhe (1996) [11], which addresses
the testing and certification of equipment for distributing fertilizers and soil correctives. However, the
standard does not take into consideration the dynamics of the application operation because samplings
are performed in the open field. Further, it does not consider fertilizer particle collision with the crop
stems and leaves [12]. This method also does not recognize the presence of deflectors at the disk exit to
direct the fertilizer, which are widely used in coffee plantations.

Studies have been performed with the aim of developing and evaluating equipment for VRA but
in the scope of coffee production there are very few studies on this subject [9,13]. As these studies
followed ISO 5690/1 guidelines, the caveats presented above were not considered. It is noteworthy that
there is no standard method in Brazil to evaluate fertilizer distribution in the field [14]. In fact, it the
need for a specific methodology for fertilizer distribution evaluation in coffee plantations is noticeable.

When evaluating equipment for distribution of fertilizers and soil correctives, several factors must
be analyzed, including both operation and the external factors that affect machine performance and
distribution quality related to plant needs. The study of the most appropriate location for fertilizer
application is important for coffee production, as there is no consensus regarding application zone
that may lead to better use by the plant. Knowledge of root morphology of coffee plants is, therefore,
a useful reference. Studies on root distributions in the soil recommend that fertilizer should be applied
under the coffee canopy, close to the orthotropic stem [15], where the root concentration and absorption
capacity are higher [16].

Because coffee plants are bushes, equipment travels between rows and distributes products
laterally under the plants. In some cases, equipment travels and applies the total recommended dose
of fertilizer on only one side of the coffee plants; in other cases, it operates on both sides of the coffee
plants, applying half of the recommended dose to each side. The operating mode varies among farms
and the crop management plan and may significantly affect equipment performance. On the other
hand, impacts of operating modes on distribution quality is not known.

Studies are therefore needed to evaluate equipment for fertilizer distribution and to determine
their distribution profile, considering dynamics of field operations, different operating modes and
equipment settings, equipment-plant interactions and additional factors affecting fertilizer application
to the coffee plants.

The aim of the present study is to evaluate–in the field–the transverse distribution profile of
a centrifugal spreader for VRA in coffee plantation, developing a specific methodology focused in
this type of plant and based on the ISO 5690/1. To compare two operating modes, we used fertilizer
application on one side or both sides of the coffee plants, using different product doses and different
spreading disk rotation speeds.

2. Materials and Methods

2.1. Field Characterization

The experiment was completed at Farm Samambaia, located in the municipality of Santo Antônio
do Amparo, Southern Minas Gerais, Brazil, in a 3 ha field within a coffee (Coffea arabica L.) plantation of
the cultivar Acaiá 479–19, with geographic coordinates 20◦58′10” S and 44◦53′35” W (Figure 1).

The terrain in the area delimited for the experiment is regular and flat, presenting an average
ground slope of 3.95%, and a maximum slope of 8.47%, based on measurements performed at all
sampling plots. The management system in the area was prearranged for mechanization with a 7 m
track width, a 3.6 m line spacing and a 0.8 m plant spacing. The height of the lower plagiotropic
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branches and the diameter of the coffee plant canopy were manually measured at all sampling plots;
the average values were 0.41 and 1.58 m, respectively.Agronomy 2020, 10, x FOR PEER REVIEW 3 of 14 
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Figure 1. Farm location and field delimitation.

2.2. Machinery Set Specification

The machine evaluated was a spreader for the distribution of fertilizers and soil correctives,
equipped with a VRA system adapted by Barros et al. (2016) [13]. The spreader had a load volume
of 1.2 m3, with a length of 3.36 m, a height of 1.40 m and a total width 2.15 m including deflectors.
The product dispenser mechanism consists of two independent conveying chains and manually
adjusted gates. The application rate changed with variations in the conveyor speed, which is powered
by hydraulic motors. In this system, the oil reaching the motors comes from a pump activated by the
power take off of the tractor and the flow rate is controlled by electrohydraulic valves connected to
the control system. The control system identifies the machine speed through a GNSS receiver and
sends a signal to the electrohydraulic valves, aiming to maintain the pre-imposed application rate,
independently of the machine speed. The distribution mechanism is composed of two horizontal
disks with a 0.3 m diameter and four flaps per disk. The disks are activated individually by hydraulic
motors fed by the oil flow from the tractor hydraulic system; the motor speed can be changed through
a flow control valve located in the machine. The fertilizer application is directed to the planting row by
lateral deflectors. In our study, the height of the external part of the deflectors was fixed at 0.23 m from
the terrain for all evaluations. The machine and its interaction with the coffee plants are presented in
Figure 2.
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The spreader was pulled by an agricultural tractor (Valtra, model A750F, Mogi das Cruzes, Brazil)
with a nominal power of 57.3 kW (78 CV) at 2300 rpm and a maximum torque of 297 N m at 1400 rpm.
For all evaluations, the machinery set worked at an average speed of 1.94 m s−1 (7.0 km h−1), the speed
normally used in the farm.

2.3. Experiment Description

The transverse distribution profile was evaluated for two different operating modes: application
on only one side of the coffee plants (FA1), with the spreader set to apply the total recommended
dose, or application on both sides of the coffee plants (FA2), with the spreader set to apply half the
recommended dose to each side.

For standardization purposes, the plant sides were identified using the cardinal direction of the
planting rows as a reference. Specifically, the plant side facing south along the planting row was
designated as the “left side”; the plant side facing north was designated as the “right side”. When the
fertilizer was applied only on one side of the coffee plants, the spreader traveled on the left side of
the plants.

The fertilizer used was monoammonium phosphate (MAP). At the time of testing, fertilizer
samples were collected for characterization according to standard ISO 5690/1. The following physical
characteristics were determined: angle of repose, particle size, specific weight and moisture.

Based on the fertilizer recommendation map, three fertilizer doses were chosen to be evaluated in
the experiment based on the actual demands of the area. The minimum (200 kg ha−1) and maximum
(400 kg ha−1) recommended doses and an intermediate dose (300 kg ha−1) were chosen.

Three spreading disk rotation speeds were chosen for evaluation based on field observations and
practical adjustments. At the lowest disk rotation speed chosen, the spreader can apply fertilizer up to
0.2 m from the deflector exit; at the intermediate speed, fertilizer can be applied from the deflector exit
up to half the diameter of the coffee plant canopy (0.79 m); and at the highest speed, fertilizer can be
applied up to a distance equivalent to the diameter of the coffee plant canopy (1.58 m).

The disk rotation speeds were selected with the spreader stationary by placing a canvas under the
coffee plants, turning on the system and observing the distance of fertilizer application at different
disk rotation speeds. Readings for the three rotational speeds that met the conditions described above
were taken using a tachometer. The selected rotation speeds were 240, 375 and 750 rpm. This manner
of determining the appropriate rotation speed, using the plant as a reference, is a methodological
improvement of the present study.

According to standard ISO 5690/1, the climate conditions should have been satisfactory at the time
of evaluation, i.e., no rainfall, relative humidity below 80% and wind speed below 2.0 m s−1. These
conditions were met in the present study.

The applied product was collected using 0.5 × 0.5 m trays with a depth of 0.15 m, according to
standard ISO 5690/1. Because the trays are very wide, making the analysis of the fertilizer distribution
less precise, the trays were divided in the middle with a Styrofoam divider 0.02 m thick to increase data
discretization for a given application width. To evaluate the effect of fertilizer interception by stems
and leaves, which occurs very frequently in coffee plantations, the trays were placed under the coffee
plants, covering a soil strip under the canopy projection. Three trays were used for each sampling plot,
i.e., six product collectors with numbered positions, covering a total area of 1.5 m perpendicular to the
traveling direction of the spreader (Figure 3). According to the adopted standardization, the collectors
were numbered (1 to 6) from left to right, with three collectors on each side of the plant. Collectors
3 and 4 covered the 0 to 0.25 m strip from the coffee plant’s orthotropic stem (COS) on each side of
the plant, collectors 2 and 5 covered the 0.25 to 0.50 m strip; collectors 1 and 6 covered the 0.50 to
0.75 m strip.

The product collected in the trays was placed in plastic bags previously labeled with a specific
code for each treatment. The bags were kept closed until the material was weighed in the laboratory at
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the Federal University of Lavras, using a precision scale with a 0.001 g accuracy, model UX420H made
by Shimadzu Corporation, Tokyo, Japan.
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2.4. Statistical Methods

A completely randomized split-plot design was used. The variables of disk rotation speed and
operating mode were randomly distributed between planting rows, and the variable of fertilizer
dose was randomly distributed within the same planting row. Each treatment consisted of different
combinations of the three variables, with three replicates for each treatment. Nine sampling plots were
allocated to each planting row for a total of 54 plots in the entire experimental area.

Statistical analysis was performed using an analysis of variance followed by the Scott–Knott test
when significant differences were observed (p ≤ 0.05). All analyses were performed using the software
Sisvar®, Federal University of Lavras, Lavras, Brazil [17].

Distribution uniformity was evaluated using the coefficient of variation (CV): the application
range was fixed at 1.5 m, and the lower the CV was, the more satisfactory the distribution profile.
This differs from the recommendation by standard ISO 5690/1, where the CV is fixed at an appropriate
value and the effective width is based on the CV. The application range was fixed at 1.5 m because this
is the range covered by the collectors. This range is very similar to the coffee plant canopy diameter. In
addition, regression graphs were generated for the most appropriate treatments, using the CV as a
reference to compare the distribution profiles.

3. Results and Discussion

3.1. Fertilizer Physical Characterization

The fertilizer particle size analysis showed that 97.12% of the sample had particles with a diameter
greater than 1.7 mm. This condition ensured that not occur the risk of fertilizer drift during application.
The angle of repose was 35.38◦, which allowed good outflow from the machine, according to the
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Brazilian Agriculture Encyclopedia (Enciclopédia Agrícola Brasileira, 1994 apud MIALHE, 1996) [11].
The fertilizer density was 0.99 g cm−3; the fertilizer moisture content was 2.55%.

3.2. Distribution Profile

Based on the relation between the collector position and the weight of the fertilizer collected, for
each treatment, histograms were constructed for the transverse distribution profile of fertilizer under
the coffee plants. The distribution profile histograms for the operating mode FA1 at disk rotation speeds
of 240, 375 and 750 rpm are presented in Figure 4. The analysis of the fertilizer distribution profile for
each rotation speed tested revealed a displacement of the fertilizer concentration from left to right with
increasing disk rotation speed. For rotation speeds of 240 rpm (Figure 4a) and 375 rpm (Figure 4b),
there was a higher fertilizer accumulation on the left side of the COS, which was the side the spreader
traveled. This occurred because at lower rotation speeds, the spreader tends to distribute the product
over a shorter distance. In contrast, at 750 rpm (Figure 4c), the distribution profile revealed a balanced
fertilizer application on both sides of the coffee plants, which is more appropriate. In addition, the
fertilizer accumulation near the COS was higher for this rotation speed.

The distribution profile histograms for the operating mode FA2 are presented in Figure 5.
At 240 rpm (Figure 5a), the fertilizer distribution was more uniform across the different distance ranges
from the COS, although less fertilizer was applied to the strip closest to the COS. When the disk
rotation speed was increased to 375 rpm (Figure 5b), the percentage of fertilizer applied closer to the
COS increased. At 750 rpm (Figure 5c), the same trend of higher fertilizer application close to the COS
was observed, but the right side of coffee plants received more fertilizer.

Visually, no relevant differences in the transverse distribution profiles were observed between the
different fertilizer doses. Different doses had similar histograms for the same operating mode and disk
rotation speed. Overall, the fertilizer distribution profile can be changed by changing the disk rotation
speed, knowing that the distribution profile varies with the operating mode.

The average percentages of fertilizer applied to each side of the coffee plants for the three fertilizer
doses tested are presented in Table 1. For FA1, with a disk rotation speed of 240 or 375 rpm, the fertilizer
accumulation was higher on the left side of the coffee plants, as observed in the histograms. This was
expected for lower disk rotation speeds, as the initial speed of the fertilizer particles is lower, which
decreases the horizontal spread distance and results in fertilizer application closer to the spreader.
For FA2, this accumulation should be more balanced, as the spreader applies fertilizer to both sides of
the coffee plants, and there is an overlap in fertilizer application. However, at 750 rpm, the fertilizer
application was higher on the right side of the plant. This may have been due to external factors such
as terrain irregularities and the placement of the coffee plant stems.

Table 1. Percentage of fertilizer applied to each side of the coffee plants for the two operating modes
and the three spreading disk rotation speeds tested.

Disk Rotation
Speed (rpm)

FA1 1 FA2 2

Left (%) Right (%) Left (%) Right (%)

240 83.94 16.06 50.26 49.74
375 74.40 25.60 47.76 52.24
750 48.10 51.90 39.69 60.31

1 Application on one side of coffee plants (left). 2 Application on both sides of coffee plants.

Balanced application of fertilizer to both sides of the plant was observed for FA1 with a disk
rotation speed of 750 rpm and for FA2 with a disk rotation speed of 240 and 375 rpm. This is the
desired result because a balanced distribution favors the uniform growth of coffee roots, which creates
beneficial conditions for coffee plants.
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3.3. Data Analysis

According to the analysis of variance, the only significant interaction observed was for collector
position and disk rotation speed. This indicates that the transverse distribution profile of the fertilizer
changes with disk rotation speed, as is observed in the histograms.

The interaction between collector position and fertilizer dose was not significant, indicating that
the transverse distribution profile was independent of the fertilizer dose. This is important, as the
spreader can apply fertilizers at a variable rate. Therefore, when working with different recommended
fertilizer doses, the only ongoing adjustment necessary for a given area would be to change the
conveyor flow, which is performed automatically by the control system. This result represents an
important finding because it secures that performing the disk rotation speed setting according to the
methodology proposed in this study, the distribution profile remains unchanged in dynamic condition
with fertilizer dose variation.

The Scott–Knott test (p ≤ 0.05) results for the interaction between collector position and disk
rotation speed are presented in Table 2.

Table 2. The average fertilizer weight collected (g) at each collector position for different disk
rotation speeds.

Collector
Position

FA1 1 FA2 2

Disk Rotation Speed (rpm)

240 375 750 240 375 750

1 9.62 d 3.84 c 1.97 a 5.65 b 2.12 a 1.32 a
2 8.64 d 9.13 d 3.46 b 4.82 b 5.71 c 2.47 b
3 7.72 d 11.96 e 5.06 b 3.55 a 6.91 c 4.22 c
4 3.19 c 5.28 c 4.73 b 3.56 a 6.27 c 4.90 c
5 1.41 b 2.33 b 3.90 b 4.51 b 6.54 c 5.08 c
6 0.37 a 0.97 a 2.63 a 5.78 b 3.11 b 2.84 b

Values followed by the same letter within the same column are not significantly different according to the Scott–Knott
test at p ≤ 0.05. 1 Application on one side of coffee plants. 2 Application on both sides of coffee plants.

The results showed high variability in the distribution profiles related to the variation in the disk
rotation speed. However, two treatments presented the same trend: FA1 at 750 rpm (FA1-W3) and
FA2 at 240 rpm (FA2-W1). In both cases, the profile was symmetrical for the two sides of the coffee
plants, i.e., positions 3 and 4 (0 to 0.25 m from the COS), 2 and 5 (0.25 to 0.50 m from the COS) and 1
and 6 (0.50 to 0.75 m from the COS) were not significantly different according to the Scott–Knott test at
p ≤ 0.05. In addition, for treatments FA1-W3 and FA2-W1, there were only two groups of significantly
different values among the six positions.

Treatment FA2 with a disk rotation speed of 375 rpm (FA2-W2) showed a similar distribution profile
compared with treatment FA1-W3, except for positions 1 and 6, which were significantly different.

3.4. Fertilizer Distribution Uniformity

Considering the fertilizer distribution uniformity, the coefficient of variation (CV) of the distribution
profiles is an effective indicator. The CVs for the treatments tested are presented in Table 3.

A distribution profile with CV values lower than 33% can be considered sufficiently uniform,
which means it will not affect crop yield [18]. The CVs found in the present study were above this
value for most treatments. However, a caveat was because the study was performed in the field and
the stems and leaves of the coffee plants affected the distribution uniformity. Baio, Molin and Leal
(2012) [12], comparing the transverse distribution profile of fertilizer applied in a cultivated field and
in an open field, observed that the distribution uniformity could be affected by the interception of
fertilizer particles by the plants. Another point to be considered is that the spreader evaluated in the
present study had deflectors at the disk exit that were used to direct the fertilizer towards the soil.
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Although this type of equipment is often used in coffee plantations, it may have a negative effect on
the distribution uniformity because the deflectors change the trajectory of the fertilizer particles.

Table 3. Coefficients of variation (%) of the fertilizer transverse distribution profiles for the different
treatments tested.

Fertilizer Dose
(kg·ha−1)

FA1 1 FA2 2

Disk Rotation Speed (rpm)

240 375 750 240 375 750

200 75.5 72.4 36.3 17.2 33.3 41.1
300 60.2 73.6 25.8 15.0 41.7 39.9
400 78.7 63.7 32.7 26.3 35.9 38.5

1 Application on one side of coffee plants. 2 Application on both sides of coffee plants.

Farret et al. (2008) [19] tested different effective widths, operational adjustments and types of
applied products in an attempt to make the transverse distribution pattern more uniform and increase
the effective width of a centrifugal spreader. The CV of the distribution profile increased rapidly with
increasing effective width, reaching 65% for a 14 m width. Similarly, Reynaldo et al. (2016) [20] found a
CV higher than 40% for the application of chlorinated urea with an effective width of 30 m. Consistent
with the present study, these results show the complexity of the operation, which is affected by several
factors that compromise the distribution uniformity.

Of the analyzed treatments, the most favorable was FA2-W1 with the highest CV of 26.3% for a
fertilizer dose of 400 kg ha−1. Another treatment with satisfactory results was FA1-W3, as it showed
a CV only slightly greater than 33% for a fertilizer dose of 200 kg ha−1. This was in accordance
with the Scott–Knott test results for the two treatments (Table 2), which grouped the means for all
collectors into only two groups. In addition, the distribution profile was symmetrical, which is a
favorable characteristic for coffee plants. Treatment FA2-W2 may be considered acceptable because
although the CVs were above 33%, the highest was 41.7%. As previously discussed, because the
experiment was performed in a plantation and was affected by several external factors, slightly
higher CVs were expected compared with those reported in the literature, which were obtained under
controlled conditions.

It may therefore be stated that for fertilizer application on only one side of the coffee plants,
the distribution uniformity was highest with a disk rotation speed of 750 rpm, whereas for fertilizer
application on both sides of the coffee plants, the uniformity was highest with a disk rotation of
240 rpm, followed by a rotation speed of 375 rpm, which produced a satisfactory result.

3.5. Fertilizer Distribution Characterization in Coffee Plantation

Based on the results of the distribution uniformity, the three most satisfactory treatments (FA1-W3,
FA2-W1 and FA2-W2) were selected and related to the morphologic characteristics of the coffee plants.
Regression graphs were generated for the distribution profile (Figure 6), where values for the collector
positions in a given range of distances from the COS were added, and the percentage of fertilizer
collected was related to its distance from the COS.

A linear regression was fitted to treatments FA1-W3 (Figure 6a) and FA2-W1 (Figure 6b). However,
the two treatments showed opposite distribution profiles. In the FA1-W3, the fertilizer accumulated
close to the COS, while in the FA2-W1 it accumulated close to the plant border. For the two treatments,
approximately 1/3 of the fertilizer was distributed on the strip between 0.25 and 0.50 m from the COS.
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Figure 6. Regression slopes for the percentage of fertilizer applied relative to the distance from the
orthotropic stem of the coffee plants (COS) showing the average values for each fertilizer dose (200, 300
and 400 kg ha−1) and considering the following treatments: (a) FA1-W3, application on one side of
coffee plants at a disk rotation speed of 750 rpm; (b) FA2-W1, application on both sides of coffee plants
at a disk rotation speed of 240 rpm; (c) FA2-W2, application on both sides of coffee plants at a disk
rotation speed of 375 rpm.
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For treatment FA2-W2 (Figure 6c), a second order polynomial was fitted. Most of the fertilizer
was therefore distributed on the strips between 0 and 0.25 m and 0.25 and 0.50 m from the COS, with a
lower percentage (16.98%, on average) distributed on the strip between 0.50 and 0.75 m.

The root morphology of coffee plants were considered in this study as an indicator of fertilizer
application efficiency related to the plant characteristics. In this role, Ronchi et al. (2015) [16] evaluated
four coffee plant varieties (Coffea arabica L.) and stated that the root concentration and nutrient uptake
capacity are higher close to the COS. Motta et al. (2006) [15] obtained similar results and recommended
that, in the studied coffee plantations, the location of fertilizer application be changed from the canopy
projection area to the area under the canopy.

When relating the information presented in Figure 6 with the studies on the root morphology of
coffee plants, the most appropriate treatments were FA1-W3 and FA2-W2, as a higher percentage of the
fertilizer was distributed close to the COS, where the roots are more concentrated.

In this context, considering the symmetry of the distribution profiles indicated by the Scott–Knott
test (Table 2) and the distribution uniformity indicated by the CVs (Table 3), treatment FA1-W3
produced the best results. This is because this treatment simultaneously allows a balanced application
of fertilizer between the two sides of the plant, a uniform fertilizer distribution and an application at
the most appropriate location relative to coffee plant roots.

4. Conclusions

The method proposed by the present study for the evaluation of the transverse distribution of
fertilizer on coffee crops was practical and efficient.

An analysis of the transverse distribution profile revealed that the most appropriate treatments
were FA1-W3 and FA2-W2 because they presented symmetrical profiles and lower CVs, indicating a
more uniform distribution.

When the transverse distribution profiles were related to the root morphologic characteristics of
coffee plants, the most appropriate treatments were FA1-W3 and FA2-W2.

The best treatment was FA1-W3, as it produced a balanced application of fertilizer on both
sides of the coffee plants, a uniform distribution profile and application of fertilizer to the most
appropriate location.
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