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Abstract: Mechanized operations on terrain slopes can still lead to considerable errors in the align-
ment and distribution of plants. Knowing slope interference in semi-mechanized planting quality
can contribute to precision improvement in decision making, mainly in regions with high slope.
This study evaluates the quality of semi-mechanized coffee planting in different land slopes using a
remotely piloted aircraft (RPA) and statistical process control (SPC). In a commercial coffee plantation,
aerial images were collected by a remotely piloted aircraft (RPA) and subsequently transformed into
a digital elevation model (DEM) and a slope map. Slope data were subjected to variance analysis and
statistical process control (SPC). Dependent variables analyzed were variations in distance between
planting lines and between plants in line. The distribution of plants on all the slopes evaluated
was below expected; the most impacted was the slope between 20-25%, implementing 7.8% fewer
plants than projected. Inferences about the spacing between plants in the planting row showed
that in slopes between 30-40%, the spacing was 0.53 m and between 0 and 15% was 0.55 m. This
denotes the compensation of the speed of the operation on different slopes. The spacing between the
planting lines had unusual variations on steep slopes. The SCP quality graphics are of lower quality
in operations between 30-40%, as they have an average spacing of 3.65 m and discrepant points in
the graphics. Spacing variations were observed in all slopes as shown in the SCP charts, and possible
causes and implications for future management were discussed, contributing to improvements in the
culture installation stage.

Keywords: remote sensing; planting quality; UAV; photogrammetry; UAS

1. Introduction

Growing coffee is of significant importance for the world economy [1] and represents
one of the most important agricultural activities in Brazil [2]. Coffee production is a great
challenge for farmers due to high production costs, mainly when an operation is carried out
manually. In order to rationalize costs, various agricultural machines and equipment have
emerged, which must be adapted to each production level [3]. Agricultural mechanization
can be adopted at any production process stage in coffee farming. Activities previously
performed manually are currently performed by agricultural machines [4,5].

Crop implementation is one of the most important steps in growing perennial plants.
Coffee planting errors—lack of uniformity in plant distribution—can harm future manage-
ment operations [6]. Indeed, more suitable techniques contribute to uniform crop formation,
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making its management more efficient [7]. Agricultural activities in steep slope regions
can drastically harm mechanized planting quality. High slope variations in terrain are the
main causes of reduced operational performance and even limited use of machines [8].

Precision agriculture techniques can be used to get representations of planting surface
variations. Images collected by remotely piloted aircraft (RPA) submitted to photogrammet-
ric processes are used to generate a digital surface model (DSM) [9,10]. Obtaining a digital
terrain model (DTM) from RPAs data has become common in topographic research. Many
obstacles are observed in DTM generation by classical methods, such as time, resolution,
precision, and extension. Despite that, several products can be obtained from DTM maps,
including slope maps [11,12].

In addition to the use of sensors embedded in RPA to monitor anomalies in agricul-
ture [13], the use of Statistical Process Control (SPC) contributes to error identification in
agricultural operations [14,15]. The SPC procedure is a technique of collecting samples in
a continuous process, identifying points outside the calculated limits; it occurs through
standard deviations represented on a control chart [16,17]. In precision agriculture, tools
and statistical process control (SPC) are essential to assess the possibility of improving
operational quality [18]. This procedure allows agricultural operations to be correctly
monitored by quality control, resulting in errors and failures correction, cost reduction, and
increased productivity [19].

Mechanized operations in coffee crop management depend closely on correct im-
plantation. All operations after planting can suffer from errors in plant alignment and
distribution. Initial planning of coffee crop implementation is essential to ensure successful
agricultural activity [20]. Therefore, preventive mapping of the land on which coffee culture
will be implanted improves at all future phases of agricultural planning in a unique way.

The study of mechanization limits and errors caused by steep slopes may contribute
to adjustments in planting operations. The information relative to the identification of
erroneous points in the slope map can be corrected and used to improve the next planting
operations. Adjustments can include changes in planting direction, line length, spacing,
and environment markings for manual planting.

Moreover, from a study on slope terrain interference in agricultural operation quality,
it may be possible to reduce errors in plant alignment and distribution that occur on steep
slopes. Mechanical adjustments could be proposed, too, like changes related to tractor size,
planting device, planting speed, type of tires, ballast weight, and others.

The study proposal is to present the monitoring of errors in coffee planting, using
slope maps and SPC charts. Specific goals in this research were to identify errors in
planting alignment and distribution occurring in areas of semi-mechanized coffee planting
on different slopes using remote sensing techniques and statistical process control.

2. Materials and Methods
2.1. Study Area

The study area comprised 0.85 hectares in Bom Jardim farm, with altitude variations
between 900 and 913.6 m (Figure 1), located in Bom Sucesso county, Minas Gerais, Brazil,
under the coordinates 21°00'55.55” S and 44°54'57.75"" W. This region is characterized by
a hot and temperate climate, annual average temperatures between 20 and 22 °C, higher
levels of rainfall in summer than in winter (between 1300 to 1600 mm per year), and altitude
between 800 and 1000 m [21].

Coffea arabica L. coffee plantings (Catuai Vermelho IAC 99 cultivar) were used, planted
in the desired spacing of 3.5 m between rows and 0.5 m between plants. The desirable
field travel speed for mechanized planting was 1.75 km/h. Planting was carried out by a
planting platform coupled to a compact MF 4275 model tractor. The operation involved
two auxiliary workers, one to deposit plants in the planting system and one to supply
boxes on the platform, in addition to the tractor operator (Figure 2).
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Figure 1. Study area location, (a) scene in red, green, and blue composition (RGB) and (b) altitude map, in meters.

Figure 2. Planting operations, a semi-mechanized system using a platform.

2.2. Obtaining Aerial Images

Images were obtained using a remotely piloted aircraft (RPA), model Phantom 4
advance (Figure 3). The images were captured by a red, green, and blue (RGB) sensor and
focal aperture of 1 to get photos up to 20 megapixels.

A flight plan was inserted in the RPA mission with the goal of area recognition and
data verification. Then, landing and takeoff points called “home” were defined. Flight
conditions were verified following Santos et al. [22] guidelines, which ask for before-flight
evaluation of the following safety factors: weather conditions; wind speed; presence of
objects, posts, trees, electrical transmission towers; safe distance from airports and areas
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with high population density; landing and takeoff locations; and limiting factors related to
the specific laws of each city/state/country.

Figure 3. Equipment used to collect images, (a) radio control and (b) remotely piloted aircraft (RPA).

The RPA flight mission was defined according to the following characteristics: 30 m
high from the ground, 3 m.s~! speed, and a lateral and longitudinal overlap of 80%. The
pre-established flight mission was started at “home” point and returned to the same point
automatically after having collected 123 images during 7 min of flight, resulting in a spatial
resolution of 1.68 cm in three spectral bands, red, blue, and green. Flights were carried out
at 12:00 p.m. due to low clouds and little shadow interference. Before the start of the flight,
ground control points were distributed throughout the area.

2.3. Ground Control Points—GCPs

Georeferenced ground control points can make improvements to the geometrical
positioning of the orthomosaic. Some practices must be followed at the moment of GCP
implantation. In this case, 13 points were tracked in the field, in a mesh form, following
Rangel et al. [23] observations. The GCPs were implemented from georeferenced coordi-
nates, collected by a pair of receivers from the Global Navigation Satellite System (GNSS),
with real-time tracking performance—Real-Time Kinematic RTK mode (Figure 4a,b). Mark-
ers of 0.3 x 0.3 m (Figure 4c) were allocated in the terrain according to GCP characteristics
verified in studies of [24,25].

Data collected via GNSS were processed using the EZSurv software and a digital
platform from the Brazilian Institute of Geography and Statistics (IBGE). This process
consisted in transforming the signals received from satellites and GNSS equipment into
coordinates. Geographic coordinates (X, Y, and Z) of the RTK base were sent to IBGE and
adjusted by precise point positioning (PPP) to improve accuracy. This positioning method
applies orbit and clock correction to GNSS, providing positioning with global reference
from anywhere in the world by a single GNSS receiver [26].

2.4. Photogrammetric Processes

Final photogrammetric products, such as orthomosaic and DTM, and aerial images
require software processing based on a Structure-from-Motion (SfM) algorithm. This
was done using Agisoft PhotoScan software, version 1.4.3. In terms of accuracy, this
program can be considered superior when the user intends to generate orthomosaic and
DTMs [27,28].
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Figure 4. Equipment used for control points georeferencing. (a) GNSS receiver (base), (b) GNSS
receiver (Rover) RTK mode, (c): ground control points (GCPs).

The methodology proposed by Flynn and Chapra [29] and Rusnak et al. [30] was used
for image processing. This methodology is composed of six steps. Step 1: Image alignment
is carried out using a photo-triangulation process and cloud generation of sparse points to
materialize the terrain coordinate system. Step 2: Sparse points” cloud generated in the
previous step is densified for a more detailed representation of the mapped area. It was also
referred to local coordinate system SIRGAS 2000 Zone 23S. Step 3: A three-dimensional
model is built, that accurately represents mapped terrain. For this step, the Digital Surface
Model (DSM) and Digital Terrain Model (DTM) are created. DTM was obtained only after
filtering point clouds. Step 4: Texture is applied to the model obtained in the previous step
to improve visual appearance and distinction between objects. Step 5: Digital elevation
model creation (DEM). The products generated are a two-dimensional raster representation
of DSM and DTM. Step 6: Orthomosaic is generated at this stage. Parameters used for
image processing are shown in the flowchart (Figure 5).
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Figure 5. Aerial image processing steps and respective parameters used in Agisoft Photoscan for orthomosaic generation.

After the processing step, the images were georeferenced to increase accuracy. Im-
age processing using SFM algorithms and GCPs applications for image georeferencing
contributes to reducing vertical and horizontal errors [31]. At this stage, the points col-
lected and georeferenced to each target on the ground are inserted into the image target,
generating a mean square error (RMSE). RMSE is commonly used to express numerical
accuracy results and has the advantage of presenting values of errors in some dimensions
of the analyzed variable [32]. In the study, an accuracy check was considered in order to
generate the RMSE data. This approach consists of validating the adjusted coordinates
using independent georeferenced points. Thus, each independent coordinate served as
support to the studied GCP. The calculations for obtaining RMSEyy, errors performed by
PHOTOSCAN are presented in Equation (1).

)

N [(Xoi — Xanssi)® + (Yoi — Yanssi)? + (Zoi — Zanssi )
RMSEXYZ — \/ 21_1[( Oi GNSSI) +( Oln GNSSI) +( Oi GNSSI)

where:

- nis the number of GCPs.

- Xoi, Yoi, and Zg; are, respectively, X, Y, and Z coordinates measured in orthophoto.

- Xanssir Yanssi, and Ygnss; are, respectively, X, Y, and Z coordinates measured in field
by receivers GNSS.

Table 1 shows GCPs processing errors at each adjusted point. This table shows the
minimum precision parameter for the adjustment between the photogrammetric and geode-
tic coordinates (Accuracy_X/Y/Z_ (m)). This value is a software default. In addition, it
shows the processing results: the distance between the points obtained by photogrammetry
and by GNSS receivers on each coordinate, Error_ (m), X_error (m), Y_error (m), and
Z_error (m).

From the georeferenced scenes, digital elevation model data were used to create the
slope map. Vegetation was removed by soil points’ classification and a digital terrain
model was created. Then, DTM data were processed in ArcGIS 10.7 software, using a tool
(Surface/Slope). A slope map was generated, subdivided into five classes: 0-15%, 15-20%,
20-25%, 25-30%, and 30-40%.

The Brazilian soil classification system, formulated by Brazilian Agricultural Research
Corporation (EMBRAPA), considers flat relief slopes to be between 0% and 3%, and low
slopes from 3% to 8%; moderate relief refers to the slopes between 8-20% [33]. Slope
variations between 20-45% are considered to be strong undulating. Steep slopes, predomi-
nantly between 45-75%, are considered mountainous. The slope map indicates that the
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topographic aspects characterizing the study area can be classified as moderate relief and
strong undulation.

Table 1. Errors (in meters), images adjustment at ground georeferenced points (GCPs).

#Label  Accuracy X/Y/Z_(m)  Error_(m) X_Error (m) Y_Error (m) Z_Error (m)

1 0.005 0.480 0.354 —0.244 —0.212
2 0.005 0.157 —0.015 0.135 —0.078
3 0.005 0.567 —0.402 0.399 0.016
4 0.005 1.106 —0.883 0.661 0.072
5 0.005 1.540 —-1.305 0.807 0.132
6 0.005 1.931 —1.794 0.715 —0.024
7 0.005 2.247 —2.142 0.464 —0.495
8 0.005 0.301 0.184 0.201 0.128
9 0.005 0.546 —0.282 0.446 0.143
10 0.005 1.033 —-0.722 0.730 0.119
11 0.005 9.561 7.826 —5.486 0.274
12 0.005 1.070 —0.674 0.814 —0.168
13 0.005 0.508 —0.153 0.484 —0.019

2.5. Data Collection and Statistical Analysis

Plant counting was the first step to the planting performance analysis. In order for
plants to be counted in each slope classification area, a point file was created from the
georeferenced location of each plant in the study area (Figure 6a).

Slope (%) ’N&

o-15
Bl 15- 20
[J20-25
[ 25-30
I 30- 40

— Sample

(b)

Figure 6. Data collection for SPC chart, (a) scheme for identifying plant position, (b) slope map and data collection

regions (black).

Samples of spacing between planting lines and between plants in line were collected
from the slope map (Figure 6b). Slope data were exported to the Computer-Aided Design
(CAD) platform. Three samplings were performed for each slope level, as shown in the
black rectangles in Figure 6b. From this conformation, 120 images of distances between
plants were obtained in each rectangle for the category “distances between plants”. To
obtain the category “spacing between planting lines”, 30 images of distance between the
planting lines were collected in each rectangle. Thus, 360 plants were analyzed in the
category “distances between plants” and 90 plants for the analysis of line spacing at each
level of slope.

Control charts were used to identify erroneous points in the alignment of planting
and the spacing between plants, which may be related to the influence of the slope. Each
level of slope was considered an experimental treatment (independent variable) and to
increase statistical reliability, three repetitions were applied at each level as shown in the
rectangles in Figure 6b.
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In SPC chart analysis, values found within mobile range limits are considered accept-
able. The control charts are composed of three lines, central line (mean), upper control
limit (UCL), and lower control limit (LCL). In order to avoid negative values in the lower
control limit (LCL), this was considered a null value (LCL = 0, for individual values chart
and LCL = 1 for mobile amplitude chart). The average line and limits of control graphs
were estimated according to Equations (2)—(4), proposed by Molnau et al. [34].

Center line (X) = c4 (ni) 2)
UCL = 0 + k (c5(ni)/c4(ni))s 3)
LCL = 0 — k (c5(ni)/c4(ni))s 4)

where:

c4 and c5: values from a table

ni: size of the ith subgroup

k: parameter that is specified for Test 1 of the tests for special causes, 1 point > K standard
deviations from center line. By default, k = 3.

o: estimated standard deviation, which depends on the options chosen.

SPC analyses were performed using Statistics 7 software. Slope data from CAD vectors
were tabulated in electronic spreadsheets and inserted in Statistics 7. Charts resulting from
SPC analyses were X BAR S type, presented in two ways: (a) considering the average of
the samples, or (b) considering the sample’s standard deviation, known as range graph.

Variance analyses (ANOVA) were performed by a completely randomized experimen-
tal design, in the following setup. Independent variable: slope % (in levels: 0-15, 15-20,
20-25, 25-30, 30-40). Dependents variables: spacing between plants and spacing between
planting lines. Replication number: three regions selected randomly for each independent
variable (slope levels). SISVAR 5.6 software was used for statistical procedures when start-
ing an exploratory analysis (descriptive statistics) to verify data normality and occurrence
or need to transform for normalization. Once normality was verified, a variance analysis
(ANOVA) of one-way type was performed. The F test was used, and then the Tukey test
was performed at a 5% probability of error.

3. Results
3.1. Plant Distribution

Plant distribution efficiency at each slope level is shown in Table 2. The best result
found for planting distribution was in the 30-40% range. The transplanted quantity was
98.78% of the projected quantity, which may be related to the low speed used in planting
on steep slopes.

Table 2. Planted vs. projected coffee planting using the planting platform on different slopes. Ax:
Difference between projected and transplanted.

Slope (%)

0-15 15-20 20-25 25-30 3040
Projected x; 151 870 1166 1031 239
Planted x, 143 812 1074 975 236
Medium spacing (m) 0.53 0.54 0.54 0.53 0.51
Ax 8 58 92 56 3
AX (%) 5.44 6.64 7.89 5.39 1.22

The lowest efficiency in planting distribution was found in the 20-25% range. As
shown in Table 2, only 92.11% of projected plants were distributed in this slope range.
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3.2. Spacing between Plants

The statistical results of plant distribution for analysis of plant space in a row are
shown in Table 3. Even though the probability test ‘test-p’ shows, at a 5% probability of
error, that averages do not differ from each other, the alternative hypothesis obtained in
the statistical model indicates that one of the averages may be different, justifying the
performance of the Tukey test. The treatment that possibly differed from the others was
shown by the Tukey test.

Table 3. Analysis of variance (ANOVA) and average test (Tukey’s test) for analysis of spacing between plants in planting row.

Variation Source Degrees of Freedom Sum of Squares Mean Square F Value Prob > F
Treatment (slopes) 4 0.039 0.010 2252 0.062
Error 595 2548 0.004

Total 599 2587

Tukey

D.0-15 0.558 a

D.15-20 0.540 a b

D.20-25 0.542 a b

D.25-30 0.545 a b

D.30-40 0.534 b

Note: Values followed by the same letter do not presented significant differences at 5% probability of error in the Tukey test.

As a result, pruning operations were directly affected when the equipment was
adjusted concerning plant height. Figure 7 presents the results of Tukey’s test analyses.
Filters that represent the treatments with significant errors at 5% of probability are in red.

m Difference is not significant
Difference is significant

D.30-40 D.25-30 | = i

D.30-40 D.20-25 [ = i

D.30-40 D.15-20 A % = |

D.30-40 D.0-15 4 % ]

D.25-30 D.20-25 ‘ = :

D.25-30 D.15-20 A % » :

D.25-30 D.0-15 4 % ] i

D.20-25 D.15-20 : = |

D.20-25 D.0-15 4 = ] e

Independent variables comparison

D.15-20 D.0-15 4 = = :

I ' 1 ' 1 ' 1 ' I ' ! 1 ' 1 ' I
-0.05 -0.04 -0.03 -0.02 -0.01 O 0.01 0.02 0.03
Differences between treatments

Figure 7. Tukey’s test at 5% probability of error for the variable “spacing between plants in plant-
ing row”.
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Verification of errors found in the average tests shows the influence of the slope.
Therefore, for a better understanding of the slope effect, the data were inserted in quality
control graphs (Figure 8), in which they showed variations of the samples (blue line),
calculated average error X, projected average error X (0.5 m), and standard deviation R
(green line) on the spacing samples between plants in the planting line. The red points
found outside the UCL and LCL limits comprise errors in the process that reduced the
quality of planting.

—_
Q
~

0-15% 15 -20% 20 -25% 25 - 30% 30 - 40%

UCL = 0.658
E
c
©
(0]
£
(0] =
a X =0.534
€
©
()]
LCL = 0.409
(b)
— UCL = 0.624
E
c ]
@ 1
g d
[ . =
= : X =05
E I
© |
2 I
|
[}
: LCL = 0.375
(c) : :
. —s——— | UCL=0.389
I ]
1 ! !
—_ I |
é 1 1 ,_| 4
I ]
() i |
2 1 1
E I
o : R=0.170
Q. L}
g
N ¢ : ! 'y
| L
: : LCL=0
T T T T T T T T T T
1 16 31 46 61 76 91 106 121 136
Observation

Figure 8. Control charts for variations in the spacing between plants in planting row at 5% probability of error. (a) Averages
under transplanted mean values, (b) averages under the desired average line, and (c) range of sampled values. UCL: upper
limit, LCL: lower limit, and R: average standard deviation.

3.3. Spacing between Planting Rows

Statistical results of plant distribution are shown in Table 4. When analyzing the
spacing between planting rows, significant differences between treatments in slope ranges
analyzed using Tukey’s test were found. These results prove that some slopes influenced
distances between planting rows.
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Table 4. Variance analysis table (ANOVA) and average test (Tukey) for spacing analysis between planting rows.

Variation Source Degrees of Freedom Sum of Squares Mean Square F Value Prob > F
Model 4 1958 0.490 10,438 0.000
Error 145 6801 0.047
Total 149 8759
Tukey’s test
Slope (%) Means (m)

D.20-25 3321 a

D.0-15 3340 ab

D.25-30 3391 ab

D.15-20 3498 bc

D.30-40 3651 c

Note: Values followed by the same letter do not present significant differences at 5% probability of error in Tukey’s test.

Results of spacing between planting rows indicate that the most suitable treatment
to initial planting planning was found in 15-20% slopes (Table 4), for which it presented
a 3.49 m average value, a result very close to the projected distance (3.5 m). The most
distant results from the desired planting were found at an average of 20-25% slope. In
this slope range, the spacing between planting rows showed a 3.32 m average, differing
from the 15-20% and 30-40% slopes in average tests at 5% error probability. From the
results in Table 2, it is evident that when a semi-mechanized planting is carried out on
0-15%, 15-20%, and 25-30% slopes, the spacing between planting rows does not present a
significant difference.

Average tests applied to rows spacing variables are presented in Figure 9. It is possible
to note that the 30—40% slope showed significant differences when compared to 0-15%,
20-25%, and 25-30% slopes. It is worth mentioning that although the 30-40% slope was
significantly different from the 15-20% slope, the difference in these treatments was at a
statistical significance limit.

m  Difference is not significant
Difference is significant

D.30-40 D.25-30 A ‘ [
D.30-40 D.20-25 ‘ ]

D.30-40 D.15-20 - =

D.30-40 D.0-15 ]

D.25-30 D.20-25 - [ = e

D.25-30 D.15-20 ~ [ = e

D.25-30 D.0-15 [ u ;

D.20-25 D.15-204 ¢ ]

D.20-25 D.0-15 ‘ =

Independent variables comparison

D.15-20 D.0-15 ‘r - 4

N A A T S s VA T |
-04 -03 -02 01 0 01 02 03 04 05 06
Differences between treatments

Figure 9. Tukey’s test at 5% probability of error for the variable “rows spacing”.
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Error verification in the average tests shows that there was a slope influence. However,
for a better understanding, the control charts for the variations of distances in planting rows
are presented in Figure 10. Average sample variation (blue line), calculated average error
X, projected average error X (0.5 m), and standard deviation R (green line) for planting line
spacing samples are shown. The red dots found outside the UCL and LCL limits comprise
errors in the process that reduced the quality of planting.
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Figure 10. Control charts for variations in distances between planting rows at 5% probability of error. (a) Average under
transplanted average values, (b) average under the desired average row, and (c) range of sampled values. UCL: upper limit,
LCL: lower limit, and R: average standard deviation.

4. Discussion
4.1. Plant Distribution

Inefficient planting distributions in sloping environments are related to daily planting
productivity. The implemented slowdown on high slopes causes operators to accelerate
the operation on mild slopes to maintain daily planting average. This occurrence may have
influenced the planting performed on the slopes 20-25% which presented low performance.
According to Tavares et al. [35], on the steepest slopes, operations require that the operator
makes continuous gear changes to reduce the accident risk, which leads to an operation
speed decrease.
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The planting system can distribute fewer plants than expected. Differences found in
the plants” number distributed can interfere with crop implanting costs, as investments
made by the producer are calculated for planned cultivation. Coffee (Coffea arabica)’s
production cost for a projected population of plants in a semi-mechanized system is BRL
10,110.55 ha~! [36]. Analyses of implantation systems of a coffee crop [37] state that the
semi-mechanized planting system has operating costs of around BRL 580.97 ha~!. These
studies express data for a projected population of plants based on data presented in Table 2;
plant distribution interference in costs is highlighted.

It is important to note that just observing the data in Table 2 is not enough to affirm that
operation has occurred with expected quality, that is, ensuring the plants were transplanted
in their proper location. Even though quantities may be correct, the coffee plant needs to be
deposited with correct spacing, both between-row planting and between plants, in order to
ensure appropriate crop development and a crop optimization of management operations.

4.2. Spacing between Plants

From the distances between plants in the planting row, shown in Table 3, it is possible
to note that planting on all slopes presented average values above the projected. The effect
of different spacing on coffee crop development is very evident. When evaluating the
consequences of spacing plants reduction in planting row, Pereira et al. [38] showed, by
regression analysis, that for each meter added in spacing between plants, the obtained
plants are 0.53 m lower than expected height. Variations in spacing between plants in
planting rows, caused by slope levels, can make plants” heights uneven.

According to data presented in Figure 7, the slopes 0-15% and 30—40% are different
from each other according to Tukey’s test. For these slopes, the difference in averages of
spacing between plants in planting row was 0.024 m. Although a low difference was found
in plant spacing, it is essential to note that this type of error is cumulative. Therefore, over
long planting distances, this error can be relevant.

Variations in the process can be explained by Martins and Laugeni [39], who classified
variations in sample points into two causes: common and special. The authors pointed
out that common causes are intrinsic to the process, and special causes can be corrected by
employing adjustments. According to Hadian and Rahimifard [40], the “out of control”
process occurs when points on the control chart move outside the upper or lower limit.
With that, the process shifts from a projected average over some periods of time.

As shown in Figure 8a, all average spacing between plants in the planting line was
within the calculated limit (UCL and LCL), except for one point found on a 25-30% slope
that was outside the upper control limit. The point found outside the upper limit was
considered “special causes” and may be related to failures in the distribution of the plant
on the line. Figure 8 represents a moving average, in which case the errors can be mitigated,
as this configuration is guided by the set of data entered.

When analyzing Figure 8b, we notice that when setting the average at the desired
level, the set of averages is then presented above the projected line. In Figure 8b, variations
in the spacing between plants in the planting line are seen as “common causes” on slopes of
20-25% and 30-40% and “special causes” on slopes of 0-15%, 15-20%, and 25-30%. For all
slopes, points above the projected average (0.5 m) can also be observed, even with common
causes, plantings on 30-40% slopes present a high variation between sampled points. It
may have occurred due to lateral platform movement, with diagonal distancing.

In quality studies on mechanized soil tilling and coffee planting, Silva et al. [41]
concluded that, even at a 5% slope, errors in planting spacing could occur in planting rows.
The authors observed variations of special causes in all processes, with possible sudden
changes in direction by the operator during operation. These changes can occur due to
planting conditions like terrain type, tractor skating, slope, and plant replenishment on the
platform, among others.

Standard deviations of samples are presented in the process control chart (Figure 8c).
In the range between 20-30% slope, points outside the upper limit can be observed. High
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variations in standard deviation can be related to planting failures, that is, planting not
deposited in the furrow, generating spacing between plants in the planting row of around
1m.

4.3. Spacing between Planting Rows

Errors in spacing between planting rows can interfere in plants’ number, and con-
sequently, error accumulation between rows can suppress or add planting rows. In a
hypothetical situation, 1 hectare of coffee planting with 3.5 m projected spacing creates
28 rows of 100 m. This research shows that plantings carried out in that same area with a
semi-mechanized system in the 20-25% slope range were transplanted. When carrying out
planting operations at the 30—40% slope range, only 27 rows are planted, due to spacing
reduction in this slope range.

All the slopes evaluated showed special causes errors, and for slopes above 25%,
errors increased even more, allowing for observation of sample points exceeding the upper
and lower limits. These data reinforce the direct effect of the slope on planting quality,
especially about the spacing between planting rows.

Coffee plantations implanted in Minas Gerais, Brazil are present in varying levels
of slope. However, most of them, around 75%, are installed on slopes of less than 20%,
allowing the use of mechanized management [42]. The choice of regions below 20% slope
can facilitate the operation and lead to minor errors; as seen in Figure 10, on slopes above
25%, there are points outside the limits drastically alternating between UCL and LCL. This
is because the operator tried to compensate for previous line errors. The same was found
in research carried out by Rezende [43], which considered slopes below 20% to be suitable
for mechanization.

Slopes above 25% showed points of special causes errors, that is, outside the upper
and lower limits. The presence of these special causes errors may have occurred due to
the corrective action of the operator trying to adjust spacing errors. The average distance
between plants was high at some locations and low at others. The occurrence of these errors
may be related to planting platform stability, which can be aggravated by the increase in
steepness of the slope. This result can be compared to the Hofig [44] study which presents
some data on the ability to mechanize coffee planting in sloping regions. They showed that
between 0-5% is extremely suitable, 5.1-10% very suitable, 10.1-15% suitable, 15.1-20%
moderately suitable, and above 20% is not recommended.

The control chart (Figure 10b) shows the slope influence on distance variations be-
tween planting rows. When comparing the changes observed in the field with the desired
3.5 m spacing, all slopes evaluated were outside the control chart limits. Therefore, the erro-
neous points noted in the control chart are considered special causes errors. Consequently,
process improvements can correct these errors. In mechanized operations, unwanted
variations in the spacing between planting rows can decrease the machine’s performance.

Adjustment of equipment used for the management of fertility in coffee-growing is
carried out taking into account the planned spacing during the planting operation. In
the planting carried out on 30-40% slopes, the average spacing between rows was 3.65 m,
above the desired average (3.5 m). In this case, fertilizer distribution may not meet the
necessary nutritional requirements of the plant, since, in greater spacing between planting
rows, covering fertilizer can be applied outside the plant architecture, where the highest
roots concentration was found. In a Kenya study, Huxley et al. [45] observed that most of
the root activity was on the soil surface, on a horizontal distance between 0.1 to 0.75 m
around the plant stem. This was proven by Covre et al. [46] researching root development
in irrigated coffee cultivations.

In weed mowing operations, the spacing adopted by the producer determines the
width of the cutting platform. This operation may be subject to the more significant in-
fluence of errors in spacing between rows, as the platform width of conventional cutters
cannot be adjusted, causing the producer to acquire cut implements according to projected
spacing. Research by Guerra et al. [47] considers spacing between lines used in a mecha-
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nized system of coffee cultivation of between 3.8 and 4 m. However, coffee crops can be
fully mechanized with a spacing of up to 3.5 m.

To reinforce the previous argument, in the experimental field of this research, we found
agricultural management barriers, with the goal to clear weeds, as shown in Figure 11. In
regions where the mechanized system performed the cutting operations, it was necessary
for a worker to brush manually or semi-mechanically.

Figure 11. Coffee crop aerial image after one year of implantation. Regions delimited in red are between 30-40% slope.

The weed cleaning operation carried out in regions with a slope of 30—40% was
interrupted by errors in planting (Figure 11). In this case, the increase in distance between
planting rows to 3.96 m interfered with the acing of the next row, which presented 2.75 m
between rows. This phenomenon hindered the passage of weed removal implement. For
higher yields in weed clearing management, the operation is performed with the implement
of the row width; in this way, weeds get cut in a single pass.

Pesticide applications are susceptible to interference when there are errors in the
spacing between planting lines. According to Junior et al. [48], one way of calibrating the
sprayer is to calculate the volume amount to be sprayed. Multiplying the displacement of
the mechanized set in 50 m by the desired spacing between lines will result in the necessary
pesticide amount per hectare. Following the errors’ evaluation in planting, spraying should
be corrected taking into account the actual spacing, and then the correct pesticide amount
should be applied. This would increase the pesticide application efficiency, since the
calculated volume of pesticide is applied as a function of the projected distance (3.5 m).

On 20-25% and 30-40% slopes, variations in average distances (3.32 and 3.65 m)
around the projected line spacing (3.5 m) can interfere in leaf application uniformity.
Santinato et al. [49] demonstrate that, whether to control fungal diseases or just to supply
nutrients via leaf application, there is a need for a minimum amount of pesticide spray to
be deposited uniformly on the plant. Therefore, for greater spacing, the applied pesticide
amount could be insufficient. Inversely, pesticide amounts may be excessive in shorter
distances between plants.

Regarding mechanized coffee harvesting, Santinato et al. [50] warn of the risk of
this operation type on high slopes, concluding that for slopes above 20%, mechanized
harvesting requires 21.6% more time to be carried out than in lower slopes. Moreover,
alignment errors can extend harvest time even further, because they demand more maneu-
vers in operation. For mechanized harvesting operations, Silva and Salvador [51] show
the linespacing influence in management with tractor-drawn harvester and define a 3.5 m
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minimum spacing between planting rows, and draw attention to well-aligned plants. This
study found spacings that did not meet requirements for tractor-drawn harvester handling.
The slopes 0-15%, 20-25%, and 25-30% showed, respectively, spacing between planting
rows of 3.34, 3.32, and 3.39 m.

Given the above, it is evident that plant alignment errors influence all management
operations after planting. It is clear that alignment improvements contribute to better
operational yields of the coffee crop management in steep slopes.

5. Conclusions

Semi-mechanized system planting carried out on a 30-40% slope showed better
planting distribution. In contrast, planting of coffee on 20-25% slopes caused the lowest
efficiency in planting distribution.

Differences in plant spacing in the planting rows on 0-15% and 30—40% slopes were
significant. Differences found in distances between plants can be related to factors such
as speed, planting system efficiency, planting consistency, and worker experience. This
research shows that plant alignment errors influence all management operations after
planting and that alignment improvements contribute to better operational yields of the
coffee crop management in steep slopes.
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