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Abstract

:

In the cultivation of maize, the leaf area index (LAI) serves as an important metric to determine the development of the plant. Unmanned aerial vehicles (UAVs) that capture RGB images, along with random forest regression (RFR), can be used to indirectly measure LAI through vegetative indices. Research using these techniques is at an early stage, especially in the context of maize for silage. Therefore, this study aimed to evaluate which vegetative indices have the strongest correlations with maize LAI and to compare two regression methods. RFR, ridge regression (RR), support vector machine (SVM), and multiple linear regression (MLR) regressions were performed in Python for comparison using images obtained in an area cultivated with maize for silage. The results showed that the RGB spectral indices showed saturation when the LAI reached 3 m2 m−2, with the VEG (vegetable index), COM (combination), ExGR (red–green excess), and TGI (triangular greenness index) indices selected for modeling. In terms of regression, RFR showed superior performance with an R2 value of 0.981 and a root mean square error (RMSE) of 0.138 m2 m−2. Therefore, it can be concluded that RFR using RGB indices is a good way to indirectly obtain the LAI.
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1. Introduction


The leaf area index (LAI) is an important indicator of plant development related to photosynthesis, energy, and water exchange with the atmosphere [1,2]. It can also be used to indicate crop biomass, in addition to having correlations with canopy microclimate and evapotranspiration characteristics [3]. In addition, monitoring LAI is essential for predicting crop development and determining crop management throughout the growing season [4]. Han et al. [5] observed that an increase in maize plant density leads to an increase in LAI and, consequently, greater light interception. This phenomenon can lead to an increased photosynthetic rate and, consequently, to a higher biomass accumulation by the plant [6], which is a crucial factor for silage production. According to Panigrahi and Das [7], LAI is one of the most important “vegetation characteristics that can be studied using remote sensing spectral reflectance data”.



There are several ways to measure LAI. There are direct and indirect methods, with direct methods measuring leaf area and estimating LAI from harvested leaves or litter. The indirect methods can be based on the relationship with other plant variables or using optical methods [8]. In the literature, several review articles are cited on devices for LAI measurements in the field [9,10,11]. Several instruments can accomplish this task, such as digital hemispherical photography (DHP) or the LI-COR area meter [8]. A drawback of instruments such as the LI-COR type is that in some cases the leaves must be removed for measurement (destructive method).



Indirect LAI measurement methods using remote sensing have the advantage of being fast and having large spatial coverage. This is in contrast to direct on-site measurements, which are laborious and time-consuming [12]. Different wavelengths can be related to LAI. Some authors found a high correlation between indices at the red edge wavelength (705 and 750 nm) and LAI compared to other wavelengths [13]. Xue and Su [14] confirm that remote sensing data can be useful for applications in agriculture, among others. Abebe, Tadesse, and Gessesse [15] point out that LAI can be estimated over large areas using remote sensing. In addition, Mulla [16] points out that, depending on the sensor used, the data obtained can be used for crop management as well as for estimating crop productivity. Other types of applications have also been tested, such as microwave remote sensing [17].



Data from RGB sensors can also be used to calculate vegetation and LAI-related indices. These indices have some limitations. Yue et al. [18] observed an underestimation of wheat biomass after canopy closure using RGB data collected by a UAV. The insensitivity of indices in RGB after canopy closure is also reported by Hunt et al. [19].



However, some advantages of indices in RGB can be mentioned. The RGB cameras are cheaper than multispectral cameras and can be used to estimate variables related to the morphological structure of plants [20], although they are less sensitive to plant and leaf structure and thickness [21]. Li et al. [22] highlight that the advantages of RGB cameras over other image acquisition methods include: “ease of use, low cost, a wide range of applications and simple operation”.



According to Rasmussen et al. [23], RGB cameras can quantify crop response similarly to more advanced sensors. The development of unmanned aerial vehicles (UAVs) with RGB cameras has increased work on these systems and their applications due to their high spatial resolution and low cost [24].



The algorithm known as random forest regression (RFR) can be used to relate reflectance data to crop characteristics. Siegmann and Jarmer [25] found that RFR produced better R2 values than other models for measuring wheat LAI. However, few articles related to LAI and RFR for maize, particularly for silage production. A search conducted on the Web of Science database (as of 23 January 2024) using the terms RGB AND ‘Random Forest Regression’ AND ‘leaf area index’ returned only 16 articles. When the term maize was added, the search results decreased even further (only 5 articles). None of them were carried out in Brazil.



RFR is advantageous over other techniques due to its simplicity [26] and ability to handle small data [27]. This type of regression is cited in the literature for various applications, such as predicting sugarcane productivity [28] and estimating the leaf area index and water content in rice [7]. This technique can be described as an approach that uses the concept of ‘divide and conquer’. It involves initializing fractions of data, developing a decision tree on each of these fractions, and then aggregating the predictions from each tree [29].



Other methods can be used to establish the relationship between reflectance and LAI. Multiple linear regression (MLR) expresses the linear relationship between vegetative indices and LAI, while support vector regression (SVR) establishes a non-linear relationship [30]. To perform regression, an SVM converts sample data that exhibits linear inseparability into a format that shows linear separability and, thus, finds the closest regression plane, including all data in one set [31]. MLR and SVM have their respective disadvantages. MLR requires the operator to select wavelengths, and an inadequate selection can result in worse and mathematically unstable models [32]. On the other hand, SVM does not directly provide probability estimates, and it is necessary to perform an expensive five-fold cross-validation [33]. Kernel methods, such as support vector regression (SVR), typically have few intuitive hyperparameters to tune. They also perform flexible nonlinear input-output mappings. The scatter in the SVR is a direct consequence of the loss function [34]. Alternatively, ridge regression (RR) can efficiently reduce multicollinearity and be applied in productivity and leaf area index (LAI) models [35].



The objective of this study was to indirectly measure the LAI using RFR, considering the importance of obtaining the LAI value more quickly and efficiently, as well as the increasing use of vegetation indices based on RGB. To achieve this goal, the study evaluated 15 different RGB-based indices to determine which one best correlates with maize LAI. Additionally, the study compared different models (RFR versus MLR, RR, and SVM) to measure maize LAI and determine whether RFR performs better.




2. Materials and Methods


2.1. Field Experiments


The research was conducted in Pirassununga, SP, Brazil, at coordinates of 21°59′46″ S and 47°25′33″ W, and an altitude of 627 m. The study area consisted of a five-hectare section of a maize crop irrigated through a central pivot under the jurisdiction of the USP “Fernando Costa” Campus City Hall (refer to Figure 1). The location was selected for its accessibility in collecting materials, as it is an area of continuous maize cultivation and has sufficient space for conducting flights. The area was divided into 10 plots, each containing a 15-m segment with three rows of 5-m plants. The area was divided into 10 plots, each containing a 15-m segment with three rows of 5-m plants. Samples were collected on five different dates (29 March, 5 April, 12 April, 19 April, and 3 May 2021). The aim was to assess the fresh and dry mass of the plants’ aerial parts and determine the leaf area index (LAI).



During the evaluation period, aerial images were acquired using Remotely Piloted Aircraft (RPA) (model Phantom 4 Pro, SZ DJI Technology Co., Shenzhen, China) (Figure 2) equipped with a 20 MP camera. The flights were executed at an altitude of approximately 40 m around midday to minimize shading. At this flight altitude, the images had a ground sample distance (GSD) resolution of 1.5 cm. The Pix4D Capture software (Version 4.9.0, Pix4d S.A., Prilly, Switzerland) was used to configure and control the images, with a 70% lateral and frontal overlap. Image data were collected from all plots, except on the final assessment date, when they were gathered from only half of the plots. LAI measurements were conducted on only five plots. The overall dataset consisted of n = 45 samples.



The orthophotos were generated using the SfM Agisoft Metashape Professional software (version 1.6.4, Agisoft LLC, Saint Petersburg, Russia) student edition. The processing workflow consisted of image alignment, dense point cloud generation, mesh creation, and orthophoto generation. RGB values for each plot were determined using a developed scripting language. The scripting language can be accessed through this link: https://osf.io/c2prq/?view_only=2aed5df89ba24821a42cd9f21bfa8162 (accessed on 25 January 2024).



The study employed Brevant 2782 maize, which is a simple, early-maturing hybrid with high productivity. The planting density was 70,000 plants per hectare. At each sampling event, the plants were manually extracted and transported to a laboratory where their fresh weight was measured, and the leaf area index (LAI) was determined using an leaf area integrator (LI-COR Model 3100C, LI-COR, Lincoln, NE, USA). The plants were then dried in an oven at 65 °C for at least 72 h to estimate their dry mass.



Vegetation indices were computed using the RGB values extracted from the photographs. These included normalized green (Gn), normalized red (Rn), and normalized blue (Bn), as well as CIVE [36], COM [37], ExG [38], ExGR [39], GLI [40], MPRI (or NGRDI) [41], RGBVI, RGVBI and MGVRI [42], TGI [43], VARI [44], and VEG [45]. The corresponding equations employed for calculating these indices are detailed in Table 1.



Table 2 summarizes the phenological stage during which the plants were analyzed, images were obtained, and leaves were collected for area measurement. The analyses began at V6 and extended until VT (flowering).




2.2. Statistical Analysis


The leaf area index (LAI) was used to select indices with the highest correlation, using Pearson’s correlation test. This test measures the relationship between two continuous variables and assigns a value between −1 and 1, where 0 indicates no correlation, 1 indicates total positive correlation, and −1 indicates total negative correlation (Equation (1)). Individual simple regressions were calculated using the indices and the LAI values to evaluate the quality of the LAI calculation. The determination coefficient (R2) of the regressions was compared with values obtained via random forest regression (RFR) and multiple linear regression (MLR).


    r   x y   =     ∑  i = 1   n        x   i   −   x  ¯          y   i   −   y  ¯            ∑  i = 1   n        x   i   −   x  ¯        2         ∑  i = 1   n        y   i   −   y  ¯        2      



(1)




where, n = sample size, xi and yi are the individual sample points, and     x  ¯    and     y  ¯    are the mean values of x and y.



The process of selecting indices for the LAI measurement model was carried out using the ‘ols_step_both_aic’ function in the R statistical program (RStudio, version 4.2.2, Boston, MA, USA). This function uses the Akaike information criteria (AIC) to guide variable selection for the model. The AIC criterion favors models with fewer variables, based on the principle of simplicity. A lower AIC value indicates a more precise definition of the model by the selected variables.



The Akaike information criterion (AIC) is a quality estimator for statistical models concerning a given dataset. It estimates the prediction error of each model. The AIC quantifies the amount of information lost through the modeling process.



This method is named after its originator, the Japanese statistician Hirotsugu Akaike. The model to be adopted is determined by the AIC, which is calculated using the following equation based on its quality and simplicity.


  A I C = 2 k − 2 l n     L  ^     



(2)




where k is the number of estimated parameters in the model and is the maximized value of the likelihood function for the model.



The multiple linear regression (MLR) technique utilized the ordinary least squares (OLS) method in R script to estimate unknown parameters in a linear regression model. The random forest regression (RFR), ridge regression (RR), and support vector machine (SVM) analyses employed the sklearn library in Python. Results were analyzed and graphs were produced using a Python script.



The RFR is a meta-estimator that fits a set of classification decision trees on various subsamples of the total data and employs averaging to enhance predictive accuracy. It constitutes an ensemble of diverse predictor trees, or a forest, wherein each tree is generated from a random vector independently sampled with the same distribution for each tree.



In the sklearn.ensemble.RandomForestRegressor, a function of Python, the parameters governing the regression process include n_estimators (number of trees in the forest), criterion (function to measure the quality of a split), min_samples_split (minimum number of samples required to split an internal node), min_samples_leaf (minimum number of samples required to be in a leaf node), among others. The specified parameter values for the analysis were: n_estimators = 100, criterion = mean squared error, min_samples_split = 2, and min_samples_leaf = 1.



Ordinary least squares (OLS) linear regression is a statistical technique used to model linear relationships between an objective variable and one or more predictor variables. To calculate the line that best fits the data, the R script uses the lm( ) function, which will obtain the slope and intercept coefficients.



The model analysis computed three metrics: R-squared (R2) (Equation (3)), mean absolute error (MAE) (Equation (4)), and root mean squared error (RMSE) (Equation (5)). These values were generated by the Python algorithm. Graphs were also plotted to depict the calculated LAI values versus the observed LAI values.


   R 2  = 1 −    ∑       y ^    i   −   y   i          ∑      y   i   −   y  ¯         



(3)




where      y ^    i     = prediction,     y   i     = actual value of LAI, and     y  ¯    = mean value.


  M A E =     y −  y ^      n    



(4)




where    y ^    = prediction,   y    = actual value of LAI, and n = number of samples.


  R M S E =      n   − 1     ∑  i = 1   n         y   i   −   y o   i     2        



(5)




where n = number of samples,     y   i     = LAI predicted, and     y o   i     = LAI observed.



To enhance comprehension of the study and its progression, Figure 3 provides a summary of the steps and analyses conducted.





3. Results


Regarding Pearson’s correlation coefficient, all indices showed values above 0.8 (Figure 4) when considering the complete dataset across all assessment dates. The only exception to this trend was observed in the case of normalized blue (Bn), which displayed a correlation coefficient of 0.19, indicating a weak correlation (less than 0.5). The correlation coefficient of normalized red (Rn) displayed a negative value, which is attributed to the absorption occurring in chlorophylls a and b within the red wavelength [46]. As the leaf area of plants increased, the quantity of absorbing chlorophyll in this wavelength also increased, leading to a reduction in reflectance. This explains the negative correlation.



A negative correlation was found between the CIVE index (Equation (4)—Table 1) and the leaf area index (LAI). This correlation is due to the negative coefficient in Equation (4), which pertains to the green reflectance band. As the LAI increases, a greater proportion of green becomes a component of the captured image’s color composition.



Most RGB indices became insensitive after the LAI reached 2. During the final phase of the analysis, the TGI showed a stronger correlation with the field-measured LAI. As the plant approached the reproductive stage, all indices showed a decrease in the Pearson correlation coefficient value.



For model development, we selected VEG, COM, ExGR, and TGI indices (Model 4). This combination resulted in the lowest AIC value (36.773) compared to other configurations with different indices (Table 3). Adding more indices to the model (starting from model 5 in Table 3) did not reduce the AIC value. On the contrary, the AIC value increases, indicating that the error of these models is greater. As more indices are added, the models become less simple.



The ExGR and COM indices are composed of different combinations of indices. ExGR uses the values of the normalized green and red indices, while COM uses the values of ExGR, ExG, CIVE, and VEG. Thus, the two indices contribute additional information to the LAI measurement model, resulting in more accurate models.



The RFR model showed a high R-squared (R2) value of 0.98, while the MLR, SVM, and RR models achieved values of 0.89, 0.90, and 0.86, respectively. In addition, the RFR model also resulted in lower values for both root mean squared error (0.14 m2 m−2, compared to 0.34 for MLR, 0.37 for RR, and 0.32 for SVM) and absolute error (0.08 m2 m−2, compared to 0.25 for MLR, 0.27 for RR, and 0.23 for SVM). Table 4 summarizes the data for each model. The improvement in the R2 value and the reduction in error through the use of the RFR model are evident. An increase in the R2 value indicates that the predicted values from this model have a better fit than those obtained from other models.



For comparison purposes, we developed calculation models of the leaf area index (LAI) using each of the selected indices individually. The results are shown in Table 5. In a linear regression analysis, the VEG index showed superior performance, with a higher coefficient of determination (R2) and a lower root mean square error (RMSE). It is important to note that the triangular greenness index (TGI) displayed poorer performance in predicting LAI despite reaching saturation at a later stage than the other indices. The models using the composite index (COM), excess green index (ExGR), and TGI followed (Table 5).



Table 5 shows that using only one index in each model results in a lower R2 value and a consequent increase in RMSE. A higher RMSE value indicates lower precision in measuring the LAI, leading to an error increase of almost 0.5 m2.



Figure 5 and Figure 6 depict the models derived through RFR and MLR, respectively, revealing that the measurement error increases after the thirtieth observation. The disparity between the model-derived and field-measured values grew from the 30th sample onward due to index saturation. As previously discussed, all indices experienced saturation at LAI values exceeding 3, causing them to lose sensitivity to LAI variation. Even with an increase in LAI, the vegetative index does not increase with the same intensity. However, the TGI has lower saturation, which mitigates this issue in the models.



This phenomenon increases measurement error as saturation intensifies. However, the RFR-derived model reduces this effect, increasing the R-squared value and decreasing the mean error. Even the MLR-based model maintains an R-squared value higher than that of the LAI calculated using a single index alone.



Figure 6 demonstrates the relationship between the LAI values calculated using the RFR and those observed in the field. It is observed that the points are close to the 1:1 line, demonstrating a good relationship between the real value and the simulated one. This proximity changes in the latest observations. This fact occurs, as already discussed, because of the saturation of indices.



As will be further discussed in the next section, RFR has the advantage of reducing LAI measurement error to a greater extent. This factor is represented in Figure 7, and the result presented in this figure also demonstrates that even using RGB indices, the model’s efficiency level is high.




4. Discussion


When examining the comprehensive dataset across all assessment dates, the indices that showed the highest correlation coefficients were VEG (0.927) and VARI (0.921). Shao et al. [47] found a Pearson correlation coefficient of 0.7 between the leaf area index and the VARI in maize. In a study by Qiao et al. [48], different correlation coefficients were observed between the LAI and the VARI index at different maize development stages. During the initial developmental phase, the authors found a correlation coefficient of 0.37. The correlation coefficient increased to 0.83 in the stages before flowering. At the VT stage (tanning), it was 0.63, whereas in stages R1, R2, and R3, the coefficients were 0.38, 0.12, and 0.38, respectively. This variability in the correlation between the LAI and the VARI index across different growth stages highlights the fluctuating nature of their relationship.



In the current study, we observed a similar pattern where correlation coefficient values varied when the data were segmented into distinct periods. During the growth stages V7 to V9, before the LAI surpassed 1 m2 m−2 (n = 15), we found that the following indices exhibited correlation coefficients exceeding 0.7: Rn (with a negative correlation), ExGR, VEG, COM, VARI, MPRI, and MGVRI. During the interval from LAI = 1 to LAI = 2, which spans stages V9 to V10, the following indices exhibited correlation coefficients above 0.6: Rn, VARI, MPRI, TGI, and MGVRI.



Toward the end of the analysis, when the LAI exceeded 2 m2 m−2, and even reached values exceeding 3, the indices showed significantly lower correlations. The only index that surpassed 0.5 was the triangular greenness index (TGI). In the final analysis period, the remaining indices displayed correlation coefficients ranging between 0.4 and 0.47, with Rn exhibiting an even lower coefficient of −0.383.



The above findings emphasize the importance of selecting appropriate indices based on the crop development stage. During the early stages of plant growth, there is higher reflectance in the red spectrum. However, as biomass accumulates, this value decreases [49]. Therefore, indices that strongly correlate with this type of red reflectance, such as normalized red (Rn) or ExGR, may be more suitable for use during the initial crop development stages. As the canopy becomes denser, indices that are more strongly associated with green reflectance, such as VARI and MPRI, show a stronger correlation with the leaf area index (LAI). After the canopy has closed and the maximum LAI value has been reached, the TGI index becomes the more appropriate choice, as indicated by the analyzed data.



The TGI index was originally designed to correlate with the chlorophyll content of plants at the canopy level. It exhibits the highest correlation when the LAI exceeds 2 m−2.m−2. According to Hunt et al. [43], this index experiences rapid growth with LAI values ranging from 1 to 2, eventually saturating beyond this threshold. The researchers emphasized that the TGI index’s reduced responsiveness with LAI values surpassing 2 is due to the closure of the canopy, rather than the LAI value per se. In a separate study, Hunt et al. [19] noted that the NGRDI index (referred to here as MPRI) likewise saturates as LAI values exceed 2. Zhang et al. [50] also observed a slightly greater than 3 LAI value within this timeframe, with a plant density of 67,500 plants ha−1. Consequently, during this stage, the plant’s LAI stabilizes, followed by a subsequent decline leading up to the R3 stage.



This index is also highly sensitive to variations in chlorophyll content. Between stages VT and R4, although there is a decrease in LAI, there is an increase in chlorophyll levels [51]. Therefore, the stronger correlation observed for the TGI during the last third of the data analysis can be explained by this aspect. As a result, the TGI index has the potential to detect fluctuations in chlorophyll content more precisely, which coincides with the LAI stabilization post-VT.



Different RGB indices have been used in literature to calculate LAI. In a study on winter wheat, Hasan et al. [52] used a quadratic model with the VARI index, resulting in an R2 of 0.726. Additionally, Ballesteros et al. [53] achieved an R2 of 0.754 by using a linear model with the VARI index. Marcial-Pablo [54] determined that the NDRI index exhibited the most favorable outcomes during the senescence growth stages of maize when examining vegetation coverage fraction from RGB data. Sanches et al. [55] identified correlations of 0.49 and 0.59 between LAI and the NDRI index in sugarcane across two assessment dates. Chen et al. [56] observed a strong correlation between the VARI index and leaf water content, which may explain its relationship with leaf growth. However, Gholinejad and Fatemi [57] found that the GLI and MPRI (NGRDI) indices were not very accurate in assessing changes in vegetation over time. The study’s findings revealed higher values than those reported in the literature when using the indices separately or in combination through modeling with MLR, RR, SVM, and RFR.



Our models utilize the VEG, ExGR, COM, and TGI indices to measure the evolution of LAI by adding different spectral information. VEG shows a better correlation with LAI during the intermediate stages of plant development due to the preponderance of green in its calculation. In contrast, ExGR, which has a greater weight of reflectance in red, shows a greater correlation in the initial stages when the soil is more exposed. The selected indices (COM and ExGR) aggregate information from other indices due to their configuration. To calculate COM, the values of ExG, ExGR, VEG, and CIVE indices are required. Therefore, this index provides additional information about the reflectance variation, resulting in a better representation of the LAI variation. The TGI index showed saturation later than the other indexes concerning the LAI. This factor reduces data dispersion after the saturation of other indices and minimizes errors.



The models obtained through RFR, MLR, RR, and SVM present superior results compared to calculating LAI using just one index. The MLR-derived model showed an R2 value of 0.8911, while RFR showed an R2 value of 0.9819. These results, coupled with the lower mean error, indicate that the obtained models are more accurate in determining the LAI value in maize. The model incorporating the four indices derived through RFR is the most suitable for assessing the development of this aspect within the crop.



Panigrahi and Das [7] achieved an RMSE value of 0.85 m2 m−2 for wheat LAI using RFR and multispectral images. In contrast, we obtained a lower RMSE value (0.08) for wheat LAI using RGB images, which are more cost-effective and easier to use [22]. For white wheat, Siegmann and Jarmer [25] reported RMSE values of 0.337 and 0.476 m2 m−2 for the years 2011 and 2012, respectively. In a study by Liu et al. [58], the root mean square error (RMSE) for predicting the LAI of maize using RFR and SVM with RGB images was approximately 0.67 m2 m−2 and 0.65, respectively, which is higher than the value found in our work. Du et al. [24] also used RFR and RGB images and observed an RMSE of 0.21 m2 m−2. Luo et al. [30] measured LAI with SVM and hyperspectral data and observed an RMSE of 0.634, which is higher than our observed value for SVM with RGB images.



Chai and Draxler [59] argue that using root mean square error (RMSE) provides a comprehensive picture of the error distribution. Therefore, it indicates how the error is distributed across all samples. The RMSE obtained in our model demonstrates that the values align closely with those reported in the literature, even falling below those presented in other articles. Furthermore, our model used only 4 parameters, while other models discussed used up to 16 parameters.



According to Wolff et al. [60], the selection of devices depends on the mapping objective. Our results demonstrate that using RGB indices, combined with modeling via RFR, yields superior results compared to works with multispectral images. RGB cameras can deliver similar or better results than multispectral cameras in monitoring the evolution of plant development [61], at a lower financial and computational cost. Additionally, our study evaluates indices such as COM, VEG, and TGI, which are infrequently mentioned in the literature for measuring LAI. These analyses enhance our understanding of the relationship between these indices and LAI, furthering the discussion about the point at which they become saturated and indicating avenues for future research on the use of indices in conjunction with RGB and RFR for measuring LAI.



Further research should be conducted to validate the models in different maize planting arrangements. Additionally, other spectral indices or datasets could be compared with the obtained results for a more comprehensive discussion and validation of the models described in this paper.




5. Conclusions


The study analyzed data that showed RFR with RGB indices as a viable option for LAI prediction models in maize. However, these indices showed saturation when the LAI was around 3 m2 m−2. The correlation of the indices with the LAI indicated that indices with greater sensitivity to fluctuations in red reflectance, such as Rn and ExGR, had a stronger correlation in the initial stages of crop development. During the phases from emergence (VE) to V6, when vegetation cover is minimal, most of the reflectance captured by the sensors comes from the soil. As the plant grows and produces more leaves, the amount of red reflectance decreases. This is because the soil contributes less, and the chlorophylls a and b absorb more red light. Therefore, it is more appropriate to use green-responsive indices until the plant blooms.



The regression model was prepared using the ExGR, COM, TGI, and VEG indices out of the 15 analyzed. The use of RFR with these indices reduced the error between the calculated and observed LAI values. Additionally, the R2 value of this model exceeded that of both the single index models and the models based on MLR, RR, or VSM. The data show that both indices and models selected through RFR can measure LAI and assess maize development over time. The results suggest that the RFR model outperforms the others analyzed and those found in the literature.
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Figure 1. Experimental area cultivated with maize by the Prefecture of the “Fernando Costa” USP Campus (coordinates 21°59′46″ S and 47°25′33″ W). The image shows the location of the samples taken for the work. 45 samples in total are marked with red dots. 
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Figure 2. Experimental area cultivated with maize and structure for RPA flight. 
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Figure 3. This is a flowchart outlining the steps and analyses conducted during the research. The location (State) in Brazil where the research was carried out is labeled as (a), while (b) represents the area where the images and plant samples were obtained on the same dates. The samples were taken to the laboratory to obtain the leaf area and calculate the indices using the images, as shown in (c). The simulation was carried out in the Python language using the data obtained in (c), as indicated in (d). Finally, the LAI calculation value was obtained for the models in step (e). 
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Figure 4. Pearson correlation between LAI and vegetation indices in RGB on all analysis dates. LAI = Leaf Area Index, Bn = Normalized Blue, Gn = Normalized Green, Rn = Normalized Red, CIVE = The index Color Index of Vegetation, COM = Combination, ExG = Excess of Green, ExGR = Excess of Green and Red, GLI = Green Leaf Index, MGVRI = Modified Green Red Vegetation Index, MPRI= Modified Photochemical Reflectance Index, RGBVI = Red–Green–Blue Vegetation Index, RGVBI = Red–Green–Blue Vegetation Index, TGI = Triangular Greenness Index, VARI = Visible Atmospherically Resistant Index, VEG = Vegetative Index. 
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Figure 5. Relationship between the observed (pink) and calculated (green) values by the LAI model for multiple linear regression. 
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Figure 6. Relationship between the observed (pink) and calculated (green) values by the LAI model for random forest regression. 
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Figure 7. Values of the calculated and observed of LAI model for random forest regression. The blue line is the regression line and the green dots are the dispersion points of the calculated versus observed LAI (Leaf Area Index). 
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Table 1. Equations of the vegetation indices used in the evaluation.
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	Index
	Equation





	Bn (Normalized Blue)
	B/(R + G + B)



	Gn (Normalized Green)
	G/(R + G + B)



	Rn (Normalized Red)
	R/(R + G + B)



	CIVE (The index Color Index of Vegetation)
	(0.441 × Rn) − (0.881 × Gn) + (0.385 × Bn) + 18.78745



	COM (Combination)
	(0.25 × ExG) + (0.3 × ExGR) + (0.33 × CIVE) + (0.12 × VEG)



	ExG (Excess of Green)
	(2 × gn) − Rn − Bn



	ExGR (Excess of Green and Red)
	ExG − ((1.4 × Rn) − Gn)



	GLI (Green Leaf Index)
	((2 × G) − R − B)/((2 × G) + R + B)



	MGVRI (Modified Green Red Vegetation Index)
	((G × G) − (R × R))/((G × G) + (R × R))



	MPRI (or NDRI) (Modified Photochemical Reflectance Index)
	G − R/G + R



	RGBVI (Red–Green–Blue Vegetation Index)
	((G × G) − (R × B))/((G × G) + (R × B))



	RGVBI (Red–Green–Blue Vegetation Index)
	(G − (B × R))/((G × G) + (B × R))



	TGI (Triangular Greenness Index)
	G − (0.39 × R) − (0.61 × B)



	VARI (Visible Atmospherically Resistant Index)
	(G − R)/((G + R) − B)



	VEG (Vegetative Index)
	Gn/((Rn 0.667) × (Bn0.333))










 





Table 2. Phenological stage of maize during the experiment.
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	Date
	Phenological Stage





	29 March 2021
	V6



	5 April 2021
	V8



	12 April 2021
	V9



	19 April 2021
	V10



	3 May 2021
	VT










 





Table 3. Subset regression summary.
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	Model Index
	Predictors





	1
	VEG



	2
	MGVRI VARI



	3
	MGVRI MPRI TGI



	4
	ExGR COM TGI VEG



	5
	ExGR COM Rn TGI VEG



	6
	ExGR COM MGVRI TGI VARI VEG



	7
	ExGR COM MGVRI Rn TGI VARI VEG



	8
	ExGR COM MGVRI MPRI Rn TGI VARI VEG










 





Table 4. Results of LAI prediction with multiple linear regression (MLR), random forest regression (RFR), ridge regression (RR), and support vector machine (SVM).
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	R2
	MAE (m2 m−2)
	RMSE (m2 m−2)





	MLR
	0.89
	0.25
	0.34



	RFR
	0.98
	0.08
	0.14



	RR
	0.86
	0.27
	0.37



	SVM
	0.90
	0.23
	0.32










 





Table 5. Results of LAI prediction with the single vegetation index.
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	R2
	RMSE (m2 m−2)





	VEG
	0.86
	0.39



	COM
	0.84
	0.41



	ExGR
	0.84
	0.41



	TGI
	0.82
	0.44
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