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ABSTRACT

Remote monitoring of the management of coffee crops is necessary as the demand in decision-making, where the aim 
is to rise production based on sustainable management is in a constant growth. In this work, it was evaluated the potential 
of images obtained by low-cost sensors in the discrimination of sources and doses of mineral and organomineral fertilizers 
in coffee. The experimental design was in randomized blocks, with five blocks and six treatments, as follows: (T1) - 100% 
of the organomineral treatment; (T2) - 70% of the organomineral treatment; (T3) - 50% of the organomineral treatment; 
(T4) - 100% of mineral fertilization; (T5) - standard treatment of the farm and (T6) - 70% of mineral fertilization. 
After management, we used the Mapir 3 Survey3W camera coupled to an ARP drone – Phantom4 to take images of the 
experiment over a 12-month vegetative period. Combined with image taking, it was collected agronomic parameters of 
coffee growth and productivity for two crops and concluded that different fertilization doses did not significantly affect 
the analyzed parameters. Based on the supervised classification of multispectral images, it was possible to discriminate 
treatments with a higher degree of accuracy (86.66% accuracy) than when analyzing coffee growth parameters.
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INTRODUCTION 
Coffee fertilization is a key for the entire plant develop-

ment and must be managed according to the phenological 
stage of the crop. The source, dose and also the moment 
of application of the fertilizer to be used is an important 
choice, as it affects not only productivity but also the chem-
ical and biological properties of the soil. Mineral fertilizer 
sources provide rapid availability of nutrients, however, 
over time, depending on the applied dose, they may cause 
soil acidification, especially in the case of nitrogen (Fran-
cioli et al., 2016).

On the other hand, organomineral fertilizers, in addi-
tion to providing organic matter, are a way of reusing the 

organic waste from different agribusiness sectors (Almeida 
et al., 2020). The organic matter provided by organomin-
eral fertilizers improves soil quality, improving physical, 
chemical, and biological properties, as all these attributes 
are essential for fertility (Souza et al., 2018).

Innovations such as precision agriculture (PA) collect 
highly accurate and reliable information that helps in crop 
management, reducing field inputs and manual processes, 
resulting in better use of time and financial resources. 
Technologies such as Unmanned Aerial Vehicles (UAVs) 
for image capture and artificial intelligence are capable of 
identifying anomalies in crops, being able to discriminate 
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areas in different situations (Santos et al., 2018, Pereira et 
al., 2022).

One of the tools used with some frequency in several 
sectors of agriculture is Machine Learning (ML), which is 
considered an artificial intelligence that identifies similar 
patterns of the object of study, consisting in the automation 
of data analysis, without the demand for new continuous 
programming in the equipment or software (Pinheiro et 
al., 2021). ML is used in conjunction with remote sensing 
data, which has enabled the application in new areas and 
methodologies for both tools (Scheunders et al., 2018).

Applications of ML in the agricultural area have been 
detected in several studies. One of them is the aid in the 
identification of biotic and abiotic stresses (Liakos et 
al., 2018), productivity estimates, and mapping of plant 
nutritional deficiencies (Barbedo, 2019), which helps in 
the understanding and forming management zones with 
different levels of fertility.

Given the above, we understand that there is a need to 
evaluate the viability of image-provider remote sensors that 
are now easily accessible to the scientific community and 
professionals working in the coffee field in the monitoring 
of management related to fertilization. Thus, employing 
classic field analyses of monitoring of agronomic parame-
ters of coffee allowed us to evaluated the potential of mul-
tispectral images taken by low-cost sensors to discriminate 
sources and doses of mineral and organomineral fertilizers 
in coffee crops. 

MATERIAL AND METHODS 
For the execution of this experiment, we assumed that 

image monitoring would only be usual for the evaluation 
of different treatments if the spectral bands were able to 
discriminate the different management conditions with a 
degree of accuracy close to the classical techniques of in 
vitro evaluation of coffee growth parameters.

The experiment was carried out on Araras Farm, located 
in Monte Carmelo, state of Minas Gerais. The geographical 
coordinates of the experimental area are 18°43’ 19.5’’ S 
and 47°32’16.1’’ W, located at an altitude of 898 m. The 
crop was planted in December 2016, using seedlings of the 
cultivar MGS Paraíso 2, with a spacing of 3.8 m between 
rows and 0.6 m between plants. The fertilization of the 
furrows was carried out by applying 2.5 kg of organic 
matter, 400 g of gypsum, 350 g of the formulated 05-37-00 
(N - P2O5 - K2O), and 300 g of limestone with 95% Relative 
Power of Total Neutralization (PRNT) per linear meter. 

The cultivated area was irrigated using a drip system, with 
a spacing between the drippers of 0.6 m and a flow rate of 
2.3 L h-1. The soil of the experimental area is classified as 
Red Clayey Latosol.

Soil chemical characterization in July 2019, before dif-
ferentiation of the treatments, at a depth of 0-20 cm, showed 
the following results: pH H2O = 6.1; P and K (Mehlich-1 

method) = 36.2 and 330.0 mg kg-1, respectively; Ca2+, Mg2+ 
and Al3+ (KCl 1 mol L-1 method) = 2.7; 0.8 and 0.0 cmolc 
kg-1, respectively; H+Al (Buffer solution SMP pH 7.5) = 
1.7 cmolc kg-1, S-SO4

-2 (Calcium Phosphate Monobasic 
0.01 mol L-1) = 9.0 mg kg-1, potential cation exchange ca-
pacity = 6.0 cmolc kg-1, effective cation exchange capacity 
and sum of bases = 4.3 cmolc kg-1, base saturation = 72% 
and organic matter = 27 g kg-1.

The experimental design used was the randomized 
blocks, with five blocks and six treatments, as follows: (T1) 
- 100% of the organomineral treatment; (T2) - 70% of the 
organomineral treatment; (T3) - 50% of the organomineral 
treatment; (T4) - 100% of mineral fertilization; (T5) - farm 
standard treatment and (T6) 70% of mineral fertilization. 
Each experimental plot consisted of a row with 16 plants, 
the eight central plants considered useful.

Doses of fertilizer applied in 2019 at treatment differ-
entiation, were: 250 kg ha-1 N (T1 and T4); 175 kg ha-1 N 
(T2 and T6); 125 kg ha-1 N (T3); 94 kg ha-1 N; 7 kg P2O5 
and 53 kg ha-1 K2O (T5). In 2020, the applied doses were 
450 kg ha-1 N; 80 kg ha-1 P2O5 and 340 kg ha-1 K2O (T1 and 
T4); 315 kg ha-1 N; 56 kg ha-1 P2O5 and 238 kg ha-1 K2O 
(T2 and T6); 225 kg ha-1 N; 40 kg ha-1 P2O5 and 170 kg ha-1 
K2O (T3); 190 kg ha-1 N; 55 kg P2O5 and 310 kg ha-1 K2O 
(T5). The recommendations were based on the proposal by 
Guimarães et al. (1999).

Evaluations on growth, chlorophyll index, and drone 
image capture were performed bimonthly from April 2020 
to May 2021. The evaluated growth parameters were cano-
py diameter, plant height, length of plagiotropic branches, 
and number of nodes per plagiotropic branch.

To determine the Falker Chlorophyll Index, an elec-
tronic chlorophyll content meter model CFL 1030 was 
used, following the methodology of Falker (2008). From 
each useful plant in the experimental plot, the reading of 
the third or fourth pair of leaves of the plagiotropic branch 
located in the middle-third of the coffee tree on the upper 
side of the planting lines was performed. All collections 
were performed in the morning starting at 08:00 a.m.

Soil samples for chemical characterization (pH in water, 
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potential acidity, calcium, magnesium, potassium, Mehlich-1 
phosphorus, organic matter, sum of bases, potential cation 
exchange capacity and base saturation) were collected in 
August 2020 at a depth of 0 to 20 cm in each experimen-
tal plot, in the region of the wet bulb. The samples were 
collected with the aid of an auger and were subsequently 
homogenized in a bucket to compose a sample composed 
of each experimental unit. For leaf analysis, a pair of leaves 
located at the third or fourth node of a plagiotropic branch 
located in the middle third of each quadrant of the useful 
plants of the experimental plot were collected, totaling 64 
leaves per experimental unit (Guimarães et al., 1999). The 
levels of the macronutrients nitrogen, phosphorus, and po-
tassium were determined in January 2021, when the fruits 
were at the small green phase.

In June 2020 and July 2021, the experimental area was 
harvested through harvesting the fruits belonging to the 
eight useful plants in the plot. Harvesting was started when 
the percentage of green fruits was below 20%.

For growth and chlorophyll parameters, the split-plot in 
time scheme was used. The data obtained were subjected to 
analysis of variance with the application of the F test, at 5% 
probability, after meeting the assumptions of  residuals nor-
mality by the Kolmogorov-Smirnov test, homoscedasticity 
by the Levene test, and block additivity by the Tukey’s test, 
all at 5% probability. Treatment means were compared by 
Tukey’s test at the 5% probability level. When significant 
differences were detected,  regression models were adjusted 
for the means of the evaluation times. Statistical analyses 
were performed using R software (version 3.4.3).

From April 2020 to May 2021, images were captured 
with a remotely piloted aircraft (ARP) on April 23, 2020, 
June 23, 2020, March 02, 2021, and May 04, 2021. The 
flights were performed from 12:00 p.m. to 1:00 a.m. to 
avoid clouds that would later interfere with the image pro-
cessing and to maintain a standard in data collection. The 
sampling points were the 240 plants in the experimental 
useful area. The position of the points was obtained from 
a static relative geodetic survey with a pair of Ashtech 
Promark 220 L1/L2 GNSS receivers. Those images were 
acquired using a low-cost Mapir 3 Survey3W camera cou-
pled to an ARP drone - Phantom4, which collects images 
of the RGN bands, being respectively green (550 nm), red 
(660 nm), and near-infrared (850 nm), respectively. Flights 
were performed at 100 m height with the capture of images 
of good spatial resolution.

Once images were captured Using Mapir 3 sensor, the 

mosaics were built for each of the four flights, using the 
Pix4D software. After generating the mosaics, radiometric 
normalization was performed, according to equation 1:

 i i i iT m x b= + +                                                         (1)

Where: T𝑖 = Digital number (RGB) and reflectance 
(RGN) of the normalized image; m𝑖 = (Br𝑖 − Dr𝑖)/(Bs𝑖 
−Ds𝑖); x𝑖 = spectral band to be normalized; b𝑖 = (Dr𝑖 × Bs𝑖 
− Ds𝑖 × Br𝑖)/(Bs𝑖 − Ds𝑖); Br𝑖 = mean of the clear Reference 
set; Dr𝑖 = mean of the dark reference set; Bs𝑖 = mean of the 
clear set to be normalized; Ds𝑖 = mean of the dark set to be 
normalized; 𝑖 = bands of the sensor under study.

For this approximation between the points, the mosaic 
of the first flight performed on April 23, 2020, was used, 
as it presented better radiometric clarity in relation to the 
georeferencing points. After the radiometric normalization, 
the accuracy of the coordinates was checked with the 
normalized images using the QGIS3 software, observing if 
the georeferencing of the points corresponding to the same 
locations in both images, to better monitor the development 
of the crop throughout the experiment, always evaluating 
the same reference points.

The mean reflectance values   (RGN) collected from 
images of the eight coffee plants of each experimental 
plot were used to calculate the vegetation indices NDVI 
(Normalized Difference Vegetation) = (B850 − B660) / 
(B850 + B660); GNDVI (Green Normalized Difference 
Vegetation Index) = (B850 − B550) / (B850 + B550); 
NGRDI (Normalized Green Red Difference) = (B550 − 
B650) / (B550 + B650); SR (Simple Ratio) = B850 / B660; 
DVI (Difference Vegetation) = B850 − B660; MCARI1 
(Modified Chlorophyll Absorption Reflectance) =  1.2 × 
[2.5 × (B850 − B660) − 1.3 × (B850 − B550)], where B: 
Band, Red (𝐵660); Green (𝐵550) and Near Infrared (𝐵850) 
(Rouse et al., 1973; Gitelson et al., 2002).

Regarding coffee class discrimination, a supervised 
classification of the Random Forest type was performed, 
available in the Waikato Environment for Knowledge Anal-
ysis - Weka 3.9.4 software. The data were organized into 
three equally balanced classes, where 30 data for training 
files and 10 for validation. The three classes were organized 
according to the fertilizer source of each treatment, such as 
organomineral, mineral, and standard. The organomineral 
class was composed of three treatments, the mineral class 
was composed of two treatments and the standard class 
was represented by the conventional fertilizer treatment 
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of the farm. After the organization of the classes for each 
of the four evaluations carried out during the experiment, 
the processing began, using the Randon Forest classifier, to 
differentiate the classes of treatments.

Treatments were classified using the input data sets 
used for each evaluation where the agronomic parameters, 
the reflectance of the RGN band, and the vegetation indices 
were calculated. The subsets selected for classification in 
each evaluation interval were: 1- all agronomic param-
eter; 2- plant height; 3- only canopy growth parameter; 
4- chlorophyll; 5- RGN and vegetation indices; 6- RGN; 
7 – Vegetation indices. Subdivisions were carried out to 
observe which data collected promoted greater differenti-
ation and possibilities for better classifications among the 
classes of treatments used. To analyze the performance of 
each classification, the following data were used: the global 
accuracy (EG) and the Kappa coefficient (K), which were 
calculated using the Weka software.

RESULTS AND DISCUSSION
For the foliar contents of primary macronutrients in 

coffee plants, a significant effect of treatments at the 1% 
probability level was observed only for nitrogen (p < 0.01). 
In the nutritional analysis of the soil, there was a significant 
difference between the doses and sources of fertilizer for 
magnesium, calcium, pH H2O, the sum of bases, potential 
cation exchange capacity (p < 0.01), and for base saturation 
(p < 0.05).

The highest foliar nitrogen contents were observed 
in treatments that received doses of 100% and 70% of 
organomineral fertilizer, with an average increase of 16.9 g 
kg-1 in relation to the other treatments (Table 1). All fertil-
ization doses, except for the standard treatment of the farm 
(T5) and 70% of the mineral fertilization (T6), showed 
nitrogen levels above the critical ranges recommended for 
fertirrigated coffee trees in Minas Gerais for January and 
February, where the threshold is 32.40 g kg-1 (Assis et al., 
2015).

Nevertheless, the excess of nitrogen increases the 
amino acid and protein content in the leaves, as well as 
the vegetative growth, delayed tissue lignification, which 
is related to the greater intensity of halo leaf spot in coffee 
(Pseudomonas syringae pv. garcae) (Pérez et al., 2017) 
resulting from the rise in the concentration of short-chain 
sugars, which provide energy for the establishment of par-
asitism (Marschner, 2012). Therefore, the balance between 
nutrients in the plant reflects not only on productivity and 
growth but also on tolerance to biotic stresses.

There was no significant difference between the dos-
es and sources of fertilization for the nutritional levels 
of phosphorus and potassium (Table 1). All treatments 
showed levels close to or within the adequate range of 
nutritional contents, from 0.9 to 1.6 g kg-1 for phosphorus 
and from 21.3 to 29.4 g kg-1 for potassium (Martinez et 
al., 2003). So, it was possible to infer that lower doses of 
organomineral fertilization, using 50% of the recommend-
ed dose, supplied the nutritional needs of the coffee plant 
concerning phosphorus and potassium.

Regarding soil attributes, despite the non-significant 
difference between the treatments for potassium and base 
saturation (Table 1), potassium fell into the appropriate 
category in all treatments, between 120 and 200 mg kg-1. In 
addition, base saturation was higher than 60%, according 
to the recommendations for fertilization of coffee trees in 
production (Guimarães et al., 1999).

For phosphorus, in treatments with 100% and 50% of 
organomineral fertilization (T1 and T3), 100% with mineral 
fertilization (T4) and producer standard (T5), the levels of 
this nutrient in the soil were classified in the fertility class 
“low”; between 2.0 and 4.0 mg kg-1, considering a soil with 
a clay percentage greater than 60%. In treatment 6 (70% 
of the mineral fertilization), the phosphorus content was 
classified as medium (between 4.1 and 6.0 mg kg-1) and 
with the use of 70% of the organomineral fertilization (T2), 
the level of this nutrient in the soil was adequate (between 
6.1 and 9.0 mg kg-1), according to the recommendation by 
Guimarães et al. (1999) (Table 1).

The standard treatment (T5) presented higher magne-
sium content in the soil in relation to the 50%-organomin-
eral and 100%-mineral treatments. For calcium, the highest 
content in the soil was observed with the use of a dose of 
70% of mineral fertilization (T6), which was higher than 
treatments with 50% of organomineral fertilization (T3) 
and 100% of mineral fertilization (T4) (Table 1).

The relationship between calcium, magnesium, and 
potassium in the soil is extremely important for the de-
velopment of the coffee tree. The levels of each of these 
nutrients were classified as adequate in all treatments (0.9 
to 1.5 cmolc dm-3 for Mg and between 2.4 to 4.0 cmolc 
dm-3 for Ca) (Guimarães et al., 1999). The ideal Ca:Mg:K 
ratio in the soil varies from 9:3:1 to 25:5:1, as proposed 
by Malavolta (2001). The treatments with 100% and 70% 
of the organomineral fertilization revealed a ratio of 9:3:1, 
while the treatments with 50% of the organomineral fer-
tilization and 100% of the mineral fertilization showed a 
relation of 8:3:1 (Table 1).
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Table 1: Mean of the  leaf nutritional contents of nitrogen (N) (g.kg-1), phosphorus (P) (g.kg-1), potassium (K) (g.kg-1), and means of 
soil chemical parameters: remaining phosphorus (P meh-¹ mg kg-1), potassium (K) (mg kg-1), magnesium (Mg) (cmolc dm-3), calcium 
(Ca) (cmolc dm-³), pH (pH H2O) , potential acidity (H+Al) (cmolc dm-³) organic matter (MO) (g kg-¹), base sum (SB) (cmolc dm-³), 
potential cation exchange capacity (T) (cmolc dm-³) and base saturation (V%) in coffee soils as a function of mineral and organomineral 
fertilization rates

Means of the Leaf and Soil Nutritional contents 

Treatment
Foliar means 

 
Soil means

N 
(g.kg-1)

P 
(g.kg-1)

K  
(g.kg-1)

P meh-¹  
mg kg-1

K  
mg kg-1

Mg 
cmolc dm-3

Ca 
cmolc dm-3

T1 50.7 a 1.6 21.5 3.2 164.9     1.2 abc   3.7 ab
T2 49.2 a 1.8 23.7 7.8 157.3   1.4 ab   3.7 ab
T3 37.0 b 1.8 24.1 3.3 159.7   1.2 bc 3.2 b
T4 35.7 b 1.6 22.9 2.9 157.7 1.1 c 3.1 b
T5   31.1 bc 1.7 22.9 3.8 159.6 1.5 a   3.9 ab
T6 28.2 c 1.8 24.4 5.1 155.3   1.4 ab 4.0 a

Means of soil chemical parameters
Soil means

Treatment
pH  

H2O
H+Al  

cmolc dm-³
MO  

g kg-1

SB  
cmolc dm-3

T  
cmolc dm-3 V%

T1 6.66 b 1.44 25.1     5.46 abc   6.89 ab 78.9 
T2   6.79 ab 1.35 24.8   5.66 ab   7.01 ab 80.6 
T3 6.57 b 1.38 25.2   4.86 bc   6.24 bc 77.7 
T4   6.77 ab 1.38 25.4 4.68 c 6.06 c 77.2 
T5 6.94 a 1.34 26.1 5.87 a 7.22 a 81.3 
T6 6.97 a 1.29 24.7 5.95 a 7.23 a 82.0 

Means followed by different letters are significantly different from each other by the Test of Tukey at the 5% significance level.

The pH values, in all treatments, were greater than the 
reference range for coffee cultivation, between 5.5 and 6.5. 
The highest pH values   were observed in the standard treat-
ment (T5) and with the use of 70% of the mineral fertilizer 
(T6), being significantly higher in relation to those observed 
in the doses of 100% (T1) and 50% of the organomineral 
fertilization (T3). Despite the rapid availability of nutrients 
from mineral fertilizers, acidification of the soil can occur 
over time, which possibly explains the higher pH of the 
soil where exclusively mineral fertilization was carried out 
(Francioli et al., 2016).

Organic matter (OM) achieved similar values in all 
treatments evaluated and was within the ideal levels recom-
mended for coffee (21 - 45 g kg-1) (Guimarães et al., 1999) 
(Table 1). The potential acidity considered adequate for 
coffee cultivation is less than 2.0 cmolc dm-3. It should be 
observed that treatments did not affect this attribute, which 
remained below 1.44 cmolc dm-3.

The sum of bases fell within the appropriate category 
for coffee, from 3.6 to 6.0 cmolc dm-3 for all treatments 
(Guimarães et al., 1999). The farmer’s standard treatment 

(T5) and the dose of 70% of the mineral fertilization (T6) 
provided higher levels of base sum and potential cation 
exchange capacity in relation to the dose of 50% of the 
organomineral fertilization and 100% of the mineral fer-
tilization. 

Regarding the growth parameters, for the number of 
nodes in the primary plagiotropic branch (p < 0.01), a sig-
nificant difference was found among treatments at the level 
of 5% probability by the F Test, with no differences for 
the other evaluated parameters. For the evaluation periods, 
there was a significant difference for all characteristics (p < 
0.01), except crown diameter.

The use of 50% of the organomineral fertilization dose 
did not interfere in plant growth or the chlorophyll in rela-
tion to the other treatments. Likely, the adequate levels of 
nutrients in the soil, combined with base saturation above 
77%, organic matter content between 2.47 and 2.61 dag kg-1, 
and low acidity had contributed to the satisfactory develop-
ment of coffee plants, even at lower doses of fertilization. 
The plants were, on average, 1.99 m tall and showed 2.03 
m of crown diameter; 0.19 m of branch length, and a total 
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chlorophyll index of 63.44 (Table 2).
The results achieved in this experiment corroborate 

those of Sobreira et al. (2011), who found that a 30% 
reduction in nitrogen and potassium fertilization was the 
most recommended in a fertigated coffee crop in the for-
mation phase. However, it is important to emphasize that 

in the productive phase, the fruits constitute the drain of 
the greatest activity in the plant and although there is no 
damage to growth, the reduction in fertilization can cause 
“hidden hunger” in the coffee tree, so monitoring the crop 
through foliar and soil analysis for fertilization adjustments 
is necessary.

Table 2: Means of agronomic parameters height (m), crown diameter (m), number of nodes, length of branches (m), total chlorophyll 
(Falker Chlorophyll Index), and productivity (bags of 60 kg ha-1 of coffee) of coffee plants as a function of doses of mineral and 
organomineral fertilization

Means of the growth parameter
Treatment Height Crown diameter Number of nodes Length of branches
T1 2.00 1.89   8.28 ab 0.20 
T2 1.98 1.91   8.00 ab 0.19 
T3 1.98 1.87   8.19 ab 0.18 
T4 2.02 2.70   8.21 ab 0.19 
T5 1.96 1.87 8.84 a 0.21 
T6 2.03 1.92 7.52 b 0.18 

Means of the chlorophyll indices and productivity
Treatment Chlorophyl Productivity 2020 Productivity 2021 20/21 Mean productivity
T1 64.15 21.92 a 78.92 50.40 
T2 63.11   17.44 ab 71.80 44.62 
T3 62.65   20.00 ab 72.38 46.20 
T4 62.56   17.04 ab 82.22 49.62 
T5 65.09   9.28 b 88.12 48.70 
T6 63.08   19.84 ab 73.00 46.42 

Means followed by different letters are significantly different from each other by the Test of Tukey at the 5% significance level.

The number of nodes in the primary plagiotropic branch 
is an important vegetative trait that is positively correlated 
with productivity. It is observed that in the standard 
treatment (T5), the coffee trees showed an increase of one 
node per primary plagiotropic branch in relation to the use 
of 70% of mineral fertilization (T6), which represents an 
increase of 4,386 nodes per productive branch in a hectare, 
considering the crop spacing of 3.8 m between rows and 0.6 
m between plants. In this case, it is possible that a reduction 
in the application of nutrients by 30% with mineral sources 
harmed the emission of buds in the coffee tree.

As for the chlorophyll content, no significant difference 
was found among the treatments at the 5% probability 
level by the F Test. The coffee plants had an average Falker 
chlorophyll index of 63.44. However, an exponential mod-
el adjustment was observed for this response variable as 
a function of the evaluation times (R2 = 69.74%) (Figure 
1A).

By relating the Falker chlorophyll index in each 

phenological stage of coffee allowed to observe a gradual 
increase in chlorophyll from fruit maturation (April 2020, 
at 150 days after differentiation (DAD) of treatments) to 
the resting and maturation phase of floral buds (August 
2020, at 288 DAD). From this stage, the chlorophyll index 
stabilized in the plants (Figure 1A). During the small-
green stages (October 2020, at 350 DAD), fruit expansion 
(December 2020, at 400 DAD), and grain-filling (February 
2021, at 460 DAD), the coffee plants showed, on average, 
a Falker chlorophyll index of 64.00 units. Although the 
reproductive period is characterized by a high nitrogen 
demand because of the fruit growth, it was found in this 
work that the highest rates were detected in the grain-filling 
phase. This may be explained as fertilization was carried 
out in November 2020 and January 2021, warm months 
in south America, which increased nitrogen availability in 
the plants. The outcomes of this experiment corroborate 
those of Godoy et al. (2008), who found that the strongest 
correlation between the relative chlorophyll index in plants 
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and productivity was observed in the small-green and 
expansion stage.

The coffee tree has a seasonal growth pattern, mostly 
influenced by the monthly average temperature (Am-
aral et al., 2006) and rainfall. The quadratic model was 
adjusted as a function of the evaluation periods for the 

characteristics of branch length and number of nodes per 
primary plagiotropic branch of coffee, with coefficients 
of determination of 98.37% and 99.29%, respectively 
(Figures 1B and 1C). For plant height, the mathematical 
model that presented the best fit (R2 = 89.96%) was the 
linear one (Figure 1D).

Figure 1: Falker chlorophyll index (A), branch length (B), number of nodes in the primary plagiotropic branch (C), and plant height 
(D) of coffee plants over the experiment (150 days to 470 days after the differentiation of the treatments).

The most expressive plant growth occurred between 
400 and 460 DAD for branch length, number of nodes per 
primary plagiotropic branch, and height, coinciding with 
the expansion and grain-filling stages of the fruits. The 
factors related to the higher growth rate of coffee trees in 
this period are characterized by the occurrence of higher 
average monthly temperatures and rainfall, which stimu-
lated plant Growth. Allied to this, the highest relative levels 
of Falker chlorophyll were also observed in these stages, 
contributing to the adequate growth of the plant.

For processed coffee productivity, significant differenc-
es were found between treatments for productivity in 2020 
(p < 0.05) by the F Test. For productivity of 2021 and the 
average of the biennium, no differences were found among 

the doses of mineral and organomineral fertilization (Table 
2).

In the 2020 crop, the highest productivity was obtained 
with the use of 100% of the dose of organomineral fertil-
ization (T1) in relation to the standard treatment (T5), with 
an increase of 12.64 sacs ha-1 (Table 2). In the standard 
treatment, fertilization was carried out via fertigation using 
exclusively mineral sources, which may have caused nu-
trient losses, mainly by leaching. Cavalcante et al. (2020) 
found that the use of fertilizer containing 50% of the 
composition with organic sources and 50% with mineral 
sources provided greater productivity of coffee trees in 
relation to exclusively mineral fertilization, corroborating 
the results obtained in this work. 
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The alternation of productivity between one crop and 
another is a characteristic of the coffee tree. It is observed 
that in the 2021 crop, considered to be a positive biennial, 
the treatments did not show differences, with average 
productivity of 77.7 bags of 60 kg ha-1 of coffee (Table 
2). Considering the average of the biennium, the doses of 
mineral and organomineral fertilization did not promote 
differences in the productivity of processed coffee, which 
may be related to the adequate levels of most nutrients in 
the soil, promoting satisfactory vegetative and reproductive 
development of the plant even with reduction in organomi-

neral fertilization by 50% of the standard recommendation.
In conditions of low variability in the biometrics of 

coffee trees, our results showed that the classification 
of low-cost images, when used in the discrimination of 
treatments, is more accurate than the classification based 
on agronomic parameters (Table 3). Statistical analysis of 
agronomic parameters showed low variability between dif-
ferent fertilization rates. The Table 3 shows seven subsets 
classified in the four evaluations carried out throughout the 
experiment, in which four were for agronomic parameters 
and three for images. 

Table 3: Supervised classification of coffee classes in each evaluation for different subsets and computed confusion matrix for agro-
nomic parameters data, RGN, and vegetation indices

Classified subsets 

1st Evaluation  

150 DAD

2nd Evaluation  

210 DAD

6th Evaluation  

460 DAD

7th Evaluation 

560 DAD

Random Forest

EG K EG K EG K EG K

Agronomic parameter 73.33% 0.60 63.33% 0.45 70.00% 0.55 73.33% 0.60

Plant Height 50.00% 0.25 63.33% 0.45 36.66% 0.05 56.66% 0.35

CD, NN, CM 73.33% 0.60 66.66% 0.50 70.00% 0.55 76.66% 0.65

Chlorophyl 30.00% -0.05- 63.33% 0.45 66.66% 0.50 70.00% 0.55

RGN and indices 73.33% 0.60 70.00% 0.55 73.33% 0.60 86.66% 0.80

RGN 26.66% -0.10- 66.66% 0.50 73.33% 0.60 86.66% 0.80

Indices 40.00% 0.10 66.66% 0.50 66.66% 0.50 73.33% 0.60

Confusion matrix on the 1rst evaluation day (150 DAD)

Class
Agronomic parameter RGN and Vegetation indices 

a b c A b C

a 10 0 0 9 1 0

b 1 4 5 3 7 0

c 0 2 8 1 3 6

Confusion matrix on the 2nd evaluation day (210 DAD)

a 9 1 0 9 0 1

b 5 2 3 3 6 1

c 1 1 3 1 3 6

Confusion matrix on the 6th evaluation day (460 DAD)

a 9 1 0 9 1 0

b 3 5 2 1 6 3

c 3 0 7 0 3 7

Confusion matrix on the 7th evaluation day (560 DAD)

a 9 1 0 10 0 0

b 2 7 1 0 8 2

c 2 2 6 2 0 8

CD: Crown diameter; NN: Number of nodes; BL: branch length, K: Kappa index, EG: Global accuracy.  
The treatment classes were classified into farm’s pattern (a), organomineral fertilization (b), mineral fertilization (c).
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The parameters of the RGN band and vegetation indi-
ces resulted in the best Global Accuracy indices throughout 
the evaluations, being close to 100%, as well as the Kappa 
coefficient, which approached 1. In the first evaluation, the 
set of all agronomic parameters and the parameters of the 
RGN band and vegetation indices obtained the same global 
accuracy index. Although the first evaluation of the area 
was carried out 150 days after the beginning of fertiliza-
tion, it was found that the supervised classification allowed 
the discrimination of coffee classes by up to 73.3%, due 
to the heterogeneity between plants that received different 
treatments. It should be stressed out that after the beginning 
of fertilization (November 2019), due to the occurrence of 
rainfall and higher temperatures, the plants were metabol-
ically active and with more intense growth, with greater 
distinction between treatments.

The RGN bands and the vegetation indices, together, 
provided a more accurate classification of the plants in rela-
tion only to the agronomic parameters evaluated separately, 
due to their sensitivity to the typical spectral bands of the 
plants, which were not measured. This occurs because the 
green band is sensitive to vegetation pigmentation, the red 
band is sensitive to chlorophyll a and b and the senescence 
stage, and the near-infrared band to the leaf area. This 
can also be applied to vegetation indices, in particular 
the NDVI, which is sensitive to biomass and water stress 
(Carmo et al., 2021).

In the second evaluation, carried out at 210 days after 
the differentiation of treatments, it was observed that only 
plant height and chlorophyll provided the same global ac-
curacy (63.33%) as all agronomic parameters together. This 
evaluation, carried out in June 2020, coincided with water 
restriction and milder temperatures, with a reduction in the 
plant growth rate concerning the rainiest periods, which 
may explain the reduction in the classification accuracy.

The classification with all image parameters stood out 
in relation to agronomic parameters, as the bands, together 
with the indices, highlighted vegetation characteristics that 
change with treatments, such as greater plant growth, be-
coming more responsive to the image, in addition to evalu-
ations such as senescence, leaf area index and biomass that 
influence the spectral response and were not evaluated in 
the field. 

In the sixth evaluation, carried out in February 2021 
when the fruits were in the grain-filling stage, the results 
are similar to those of the second evaluation. The classi-
fication through images in the seventh evaluation, at 560 

days after the differentiation of treatments, showed very 
high accuracy, with an overall accuracy of 86.66% when 
using the index data together with the bands. Also, when 
these data are observed separately, it can be seen that the 
vegetation indices achieved only 73.33% of global accura-
cy and the RGN bands of 76.66%. In this case, the bands by 
themselves already highlight plant characteristics, enabling 
discrimination in treatment classes. The reflectance of the 
plants becomes very responsive at this point, showing that 
the evaluations carried out in the field were not enough to 
differentiate the treatments with as much accuracy as the 
spectral response that the images offer. Achieving higher 
Kappa index values   means that the image data obtained 
better classification results than the agronomic parameters, 
according to the results and the interpretation of the Kappa 
interval agreement table of Landis & Koch (1977).

In all confusion matrices, the standard treatment (T5) 
designated as a class (a) showed greater differentiation, in 
which the largest number of plants were correctly classified 
for agronomic and imaging parameters in all evaluations 
performed (Table 3). To justify this fact, it is important to 
highlight that this class was composed of only one treat-
ment, that is, belonging to plants that followed a similar 
pattern. In addition, it significantly differed from other 
treatments in relation to leaf nitrogen content (Table 1), 
number of nodes and productivity in 2020 (Table 2).

The software presented greater difficulties in classify-
ing the organomineral class, composed of treatments T1, 
T2, and T3, always making confusion with other classes, in 
both analyses. This may be explained by the grouping of the 
classes of these treatments, and the analysis of the growth 
parameter revealed that both did not differ significantly 
from each other, and also did not differ from the mineral 
treatments (T4 and T6) grouped in the mineral class, in any 
phytotechnical aspect, creating more difficulties in the dis-
crimination. The RGN parameters and vegetation indexes 
differentiate the plants of the organomineral class (b) from 
the treatments T1, T2, and T3 as the reflectance data were 
more sensitive in the detection of alterations in relation to 
the agronomic parameters measured in the field.

CONCLUSIONS 
The reduction in the organomineral fertilizer doses did 

not have a negative influence on foliar and soil nutritional 
levels, growth parameters, and coffee productivity.

With a higher accuracy to analyze the agronomic pa-
rameters, the use of multispectral images for classification 
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and monitoring of the crop constitutes a low-cost option 
for large-scale, reliable, and constant monitoring of the 
crop, reaching up to 86.66% of global accuracy in the RGN 
data classification and vegetation indices using the Randon 
Forest algorithm.
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