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Abstract

:

Digital agriculture is fundamental to potential improvements in the field by optimizing processes and providing intelligent decision making. This study aims to calculate the height and canopy diameter of recently transplanted coffee plants over three periods of crop development using aerial images, verify statistical differences between field measurements and aerial images, estimate linear equations between field data and aerial images, and monitor the temporal profile of the growth and development of the cultivar understudy in the field based on information extracted from aerial images through a Remotely Piloted Aircraft System (RPAS). The study area comprises a recently transplanted five-month-old Coffea arabica L. cultivar IAC J10 with information of height and crown diameter collected in the field and aerial images obtained by RPAS. As a result, it was possible to calculate the height and diameter of the canopy of coffee plants by aerial images obtained by RPAS. The linear estimation equation for height and crown diameter was determined with satisfactory results by coefficients R and R2 and performance metrics MAE, RMSE, and regression residuals, and it was possible to monitor the temporal profile of the height of the coffee cultivar in the field based on aerial images.
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1. Introduction


Brazil is currently the largest producer and exporter of coffee in the world, and Minas Gerais is a prominent state in the country, according to the first survey of the year 2022 by the National Supply Company—CONAB, with an estimated production of 3.342 tons of coffee, which represents 16.8% more compared to 2021 [1]. It is a noteworthy fact that in 2020, despite the pandemic scenario, the country broke records in the production and export of grain in the world [2]. In this sense, a search is underway for technological improvement in the coffee culture, which allows for gains in productivity and profitability of crops.



Digital agriculture proposes the use of technologies that aim to help the producer to monitor the rural property with the use of software and devices responsible for data collection and processing, providing early action on problems, real-time monitoring, use of optimization improvements in the field, and intelligent and efficient decision making [3]. In this way, the digital solutions act to overcome challenges that appear daily and constant obstacles in agriculture, promoting significant improvements in the development of agricultural activities [4].



RPA is a typical application of digital agriculture, acting as a tool for the characterization, mapping, monitoring, study, and management of environmental and agricultural properties, due to the possibility of obtaining periodic information with applicability to different areas and lower costs when compared to traditional methodologies [5]. Added to this, this tool allows the coffee grower to manage their production more simply and assertively, directing objectives and promoting important gains in the fields, aiming to maximize the profitability of crops, making agribusiness more competitive [6].



In this sense, the application of digital agriculture to the study of the recently transplanted coffee tree is essential since it is a perennial culture in which the development and initial monitoring are of fundamental importance to obtain good future results. In contrast, treatment and management of the cultures and the behavior of the plant in this initial stage will be crucial for its future development and, consequently, the crop’s productivity. Thus, the use of precision and digital agriculture data by RPAS is promising and applicable in the context of studies and development of the coffee culture, as evidenced in coffee studies by Chemura et al. [7], Oliveira et al. [8], Santos et al. [5], Marin et al. [9], Santana et al. [10], and Barbosa et al. [11]. Studies on plant development are strongly correlated with lifespan, seed mass, and ability to compete for light [12]; however, despite the simplicity of measurement, these can be time-consuming to collect in the field, especially in studies with large areas. Thus, the objective was to calculate and estimate equations for height and crown diameter of recently transplanted coffee trees by RPAS data, verify statistical differences between data collected in the field and data obtained by RPAS, and monitor the height profile in three stages of plant development coffee trees.




2. Materials and Methods


2.1. Area of Interest


The crop is located in the municipality of Santo Antônio do Amparo, Minas Gerais, between the meridians 506,000 and 508,000 m W and parallels 7680,000 and 7690,000 m S, in the UTM zone 23S projection and Sirgas 2000 geodetic reference in the Campos das Vertentes zone (Figure 1). It has an average altitude of 1022.00 m and is inserted in the Atlantic Forest Biome, with soil classified as dystrophic red-yellow latosol [13] and climate classified as humid subtropical (Cwb) [14].



The study area comprises 0.60 hectares of the recently transplanted coffee crop at the age of 5 months of Coffea arabica L. of cultivar Bourbon Yellow (IAC J10), according to the National Registry of Cultivars. The area configuration consists of 15 planting lines with 200 plants per row, spacing of 3.8 m between rows, and 0.5 m between plants. Five sampling points were homogeneously and systematically distributed in the study area, with each sampling point comprising four study sampling plants, two plants located in the central line and two other plants located in each of the sidelines, according to the proposed methodology in [15], totaling twenty sample plants in the study area.




2.2. Field Measurements


The study of height and crown diameter variables in recently transplanted coffee cultivars is essential since these variables show phases of formation, development, and growth of plants in the field, and thus emphasizes the importance of monitoring such variables in the field.



Three study periods were considered, covering the development of the cultivar in the field. The first considers the plant with 8 months post-transplantation (8 mpt—July 2019), the second with 12 months post-transplantation (12 mpt—November 2019), and the third with 16 months post-transplantation (16 mpt—March 2020). In each study date and sample plant, information on height and crown diameter was collected with measurements in the field and through images obtained by RPAS.



In field measurements, height information was collected, with the measurement of the neck to the point of insertion of the terminal bud, and the crown diameter, with the measurement of the longest branch length in the horizontal direction, both with the help of a conventional measuring ruler. Concomitant to the data collected in the field, RPAS flights were carried out to obtain area images of the study plants.




2.3. RPAS-Based Data Collection and Processing


In this study, the RPA Matrice 100 (DJI) with an embedded sensor referring to the Parrot Sequoia multispectral camera (MICASENSE) was used, and we considered only the use of the RGB sensor for the proposed objective. The flight plan was carried out in the Precision Flight software (PRECISION HAWK), and the flights kept the parameters set at 30 m for flight height aboveground land (AGL), 8 m/s for flight speed, 80% × 80% for forward frontal overlap, flight direction transverse to planting line, and standardized flight time between 12:00 and 13:00 h. The captured RGB images were 16 MP, with definition of 4608 × 3456 pixels, focal length of 4.88 mm, the average size was 2.80 MB (per image), spatial resolution of 0.8 cm, and ‘time lapse’ capture parameters, with an interval fixed according to the calculation of overlap and height of 1.1 s.



The processing of RBG images collected by RPAS is based on the principles of traditional stereoscopic photogrammetry, using the SfM algorithm, which is based on the use of several superimposed images to obtain geometry characteristics, enabling the generation of 2D and 3D point clouds through conventional cameras and thus allowing the study of measurement characteristics of different objects of study [16,17].



The processing of aerial images took place in the Pix4D Mapper software (PIX4D SA), with all items configured in high resolution. Initially, the correction of the reference system for Sirgas 2000 UTM zone 23S was carried out, followed by the alignment of the images of each flight using triangulation, automatic measurement, and creation of link points, generating the dense cloud of points, the texture of the image, and thus enabling the generation of digital terrain modeling of both the Digital Surface Model (DSM) and the Digital Terrain Model (DTM), as well as the orthomosaic of the area for each study date.




2.4. Statistics and Data Analysis


The height data of the aerial images were obtained in ArcGIS 10.4 Software (ESRI) in a GIS environment, for each studied plant, through the set of functions of the AcrToolbox in the ‘Algebra of Maps’ tool through the subtraction between the Digital Surface Model by Digital Terrain Model according to Equation (1):


   H    = DSM − DTM  



(1)




where H is the height (cm), DSM is the Digital Surface Model (cm), and DTM is the Digital Terrain Model (cm).



The diameter of the canopy of plants by aerial images was obtained by measuring the longest horizontal axis based on the ruler tool for measuring distances in ArcGIS 10.4 software.



Based on data collected in the field and data obtained through aerial images, initially, the descriptive statistics of the data were verified, allowing the identification and possible elimination of outliers. Subsequently, the statistical differences between the sampling points for the three study dates were tested between the data measured in the field and the data calculated by the aerial images obtained by the RPAS, using the t-test at 5% (p < 0.05) probability.



Then, the determination of the equation was verified through linear regression analysis (Y = β0 + β1 X) to model the relationship of the variables using the estimated (RPAS image data) and measured data (field data), based on the values of correlation coefficient (R) and coefficient of determination (R2). The adequacy of the proposed models was evaluated through the performance metrics of Mean Absolute Error (MAE) and Root Mean Square (RMSE), and the regression residuals were calculated. All procedures were performed using R software (R DEVELOPMENT CORE TEAM) and Orange Canvas [18].



Finally, the temporal development of cultivars in the field was verified, based on information obtained from aerial images, by surveying the monitoring profile of the cultivar for the three study dates with the choice of 10 random plants in the study area in the ArcGIS 10.4 software and the R software. For that, the ArcGIS 10.4 software was used to determine and cut out the study plants and the fieldDraw tool from the FieldImage package in the R software [19] was used to obtain a profile with extracted and plotted information and a graphical line format. This information allows the visualization of the development and growth of the coffee culture in the field, serving as a useful tool for monitoring and intelligent decision making.





3. Results and Discussion


3.1. In-Field Canopy Height and Diameter Measurements and Aerial Images


Initially, the study variables’ exploratory analysis and descriptive statistics were performed for the data variables of height and crown diameter measured in the field and calculated by aerial images for the three post-transplantation periods and twenty study plants described in Table 1.



As shown in Table 1, the values calculated from aerial images did not show a fixed tendency to overestimate or underestimate the height and crown diameter variables, with a notable fluctuation between such information. The values of the variables determined by field measurement in this study corroborate studies in recently transplanted coffee trees, such as those by Tatagiba et al. [20], Marana et al. [21], and Souza et al. [22].



Collecting crown height and diameter data manually in the field is difficult, especially when performed in large coffee areas, so using RPAS images to obtain such variables is interesting, as it optimizes the collection of such information in a reliable and automated way. This study proves that this methodology is satisfactory and efficient and corroborates the results found by Santos et al. [5], however with application in adult coffee trees.



The extraction of this information in the field can be unfeasible when performed manually, and the use of technologies that implement the concepts of remote sensing (RS), such as RPA, can be an alternative to meet this need. Considering the recent emergence of RPA in agricultural applications and the limited number of studies involving the estimation of plant height, especially in coffee trees at the beginning of the field development cycle, the applicability of this study is highlighted.




3.2. Statistical Differences between Field Measurements and Aerial Images


The proximity between the data measured in the field and the data calculated based on the aerial images was evidenced in the previous topic; however, the statistical differences for the data of height and diameter of the crown measured in the field and calculated by the aerial images, for the three seasons and twenty plants of the study, are presented in Figure 2.



Figure 2 shows a bar graph of the average of the values measured in the field and through the information obtained by the aerial images. The statistical hypothesis tested was that the estimates of the height and canopy diameter of the coffee plants produced by the two methods would be the same. The t-test results for each variable and study period were not significant (Figure 2), indicating that there is no significant difference between the two methods of determining the measured variables for both study periods and, consequently, it shows the ability to estimate the variables by the method of digital image processing.



Normally, when collecting data manually in the field, plants are chosen randomly, and the number may not represent plot dimensions. With the application of the digital image processing method, the sample size can consider some plants or all plants in the plot, according to the need for the study and/or investigation, resulting in more significant crop sampling data related to better time optimization in the field, highlighting the effectiveness of the application of technology.



Studies by Santos et al. [5] and Panagiotidis et al. [16] revealed good results for estimating height in adult coffee and forest trees using area images from RPAS, and Bendig et al. [23] highlighted the use of RPAS for indirect measurements and for monitoring the spatial variation of plant height, as evidenced in this study.




3.3. Estimation of the Linear Equation for Height and Crown Diameter Variables Using Aerial Images


The correlations for the height and crown diameter variables between the data measured in the field and the data calculated through aerial images were tested. The Pearson (R) correlation coefficient results were 0.885 for the height variable and 0.934 for the crown diameter variable, demonstrating a strong correlation between the data.



Based on the linear regression between the study variables, a coefficient of determination (R2) of 0.873 was found for the height variable and 0.784 for the crown diameter variable; therefore, it is possible to propose an equation to estimate the height and crown diameter from aerial images obtained by RPAS, as described in Figure 3.



For the proposed models, MAE and RMSE were respectively 7.93 and 9.07 cm for the height variable and respectively 6.54 and 8.54 cm for the crown diameter variable, indicating representativeness of the precision of the estimated model, with the described error values indicative of the good precision of the model for the variables analyzed according to such performance metrics.



For adult coffee plants, Santos et al. [5] found a good estimate of linear correlation between aerial image data and data measured in the field, also enabling the definition of a correspondence equation with good performance metrics; however, for recently transplanted coffee trees, no works were found in the literature.



To evaluate the effectiveness of the regression model, the regression residuals were calculated for the observed pairs between data measured in the field and data obtained by aerial images of RPAS for the variables of height and crown diameter. The dispersion of residuals is under the assumptions of regression, in which the residuals are presumably distributed randomly around zero.




3.4. Monitoring the Temporal Development Profile of Coffee Plants


The temporal monitoring profile of plant height for the three study periods is described in Figure 4.



Based on Figure 4, according to the description of the height profile of plants for the temporal monitoring of the three periods studied, the increase in height in coffee plants can be seen. It is known and expected that the height of the coffee tree increases with age, which was observed in all plants, with linear growth for the periods of study after plant transplantation in the field. Considering the study cultivar, Bourbon Yellow (IAC J10), the information described in this study is consistent with the considerations presented in the literature with a description of medium height according to the Embrapa Coffee Research Consortium [24].



The plants studied for monitoring the temporal profile presented heights varying from 42.22 to 59.91 cm for season 1, 56.14 to 79.51 cm for season 2, and from 104.55 to 137.43 cm for season 3. The development of the plagiotropic lateral branches of the coffee plants shows approximation between the plants and an increase in lateral height in the distance between plants in the line. Initially, aerial images do not capture the influence of height between plants, and the collected value refers to the soil (Figure 4A). Whereas, for the following study periods (Figure 4B,C), the increase in height between plants was captured by aerial images, with additions consistent with the increase in plant height, emphasizing the development of the lateral branches that in the future may further fill the region between the plants in the row and make it difficult to identify and individualize the coffee plants.



Estimating the monitoring of the height variable is important since producers can monitor the development cycle of the coffee plant in the field, evidencing its behavior and highlighting any uniformity to the parameters described in the literature according to the implemented cultivar. The determination of these variables is fundamental since they can be related to the responses of coffee plants, such as biomass reduction, water stress, the occurrence of pests and diseases, nutritional deficiencies, changes in chlorophyll content, and productivity [25,26,27]. Therefore, it emphasizes the importance of studies of this applicability characteristic, especially in recently transplanted coffee plants, which have characteristics of perennial plants, with initial impacts that can affect the entire longevity of the plant in the field, coupled with the fact that there are few studies aimed at coffee trees at the beginning of their development cycle in the field.





4. Conclusions


Height and crown diameters of recently transplanted coffee trees were calculated in three development periods through aerial images, with no statistically significant differences being detected between the values of the study variables measured in the field and those obtained indirectly by aerial images.



A linear estimation equation was determined for the height and crown diameter variables based on information obtained from aerial images, with satisfactory results, as evidenced by the correlation and determination coefficients (R of 0.88 and 0.93, and R2 of 0.87 and 0.78 for height and diameter, respectively), and by MAE and RMSE performance metrics (7.93 and 9.07 cm and 6.54 and 8.54 cm for the height and diameter variables, respectively).



It was possible to follow the temporal profile of the variable height of coffee plants in the initial phase of development, evidencing the applicability of studies with remote sensors coupled to RPA for the study, monitoring, and investigation of recently transplanted coffee trees.
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Figure 1. Location map. 
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Figure 2. Statistical differences between height (A) and crown diameter (B), in centimeters (cm), measured in the field and by aerial images for the three periods of study. Legend: Equal letters in the same variable and time of study indicate a non-significant statistical difference at 5% probability according to the t-test. 
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Figure 3. Linear regression, R2, and estimation equation for the height (A) and crown diameter (B) variables, in centimeters (cm). 
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Figure 4. Temporal height profile, in centimeters (cm), of 10 sample plants considering 3 different periods of study, according to the dashed red graphic line for: (A) 8 mpt, (B) 12 mpt, and (C) 16 mpt. 
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Table 1. Descriptive statistics, in centimeters (cm), for height and crown diameter variables measured in the field and by aerial images for the three periods of study.
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Periods

	
Variables

	
Mean

	
Minimum

	
Maximum

	
Dispersal






	
8 mpt

	
Field Height

	
44.90

	
34.00

	
61.00

	
0.16




	
Image Height

	
46.20

	
27.00

	
68.00

	
0.27




	
Field Diameter

	
41.70

	
29.00

	
61.00

	
0.18




	
Image Diameter

	
42.30

	
32.00

	
57.00

	
0.17




	
12 mpt

	
Field Height

	
67.75

	
56.00

	
91.00

	
0.13




	
Image Height

	
73.50

	
53.00

	
89.00

	
0.14




	
Field Diameter

	
67.60

	
55.00

	
101.00

	
0.15




	
Image Diameter

	
64.10

	
46.00

	
99.00

	
0.20




	
16 mpt

	
Field Height

	
93.20

	
68.00

	
110.00

	
0.11




	
Image Height

	
94.30

	
82.00

	
123.00
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