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Abstract

:

Cotton root rot is a destructive cotton disease and significantly affects cotton quality and yield, and accurate identification of its distribution within fields is critical for cotton growers to control the disease effectively. In this study, Sentinel-2 images were used to explore the feasibility of creating classification maps and prescription maps for site-specific fungicide application. Eight cotton fields with different levels of root rot were selected and random forest (RF) was used to identify the optimal spectral indices and texture features of the Sentinel-2 images. Five optimal spectral indices (plant senescence reflectance index (PSRI), normalized difference vegetation index (NDVI), normalized difference water index (NDWI1), moisture stressed index (MSI), and renormalized difference vegetation index (RDVI)) and seven optimal texture features (Contrast 1, Dissimilarity 1, Entory 2, Mean 1, Variance 1, Homogeneity 1, and Second moment 2) were identified. Three binary logistic regression (BLR) models, including a spectral model, a texture model, and a spectral-texture model, were constructed for cotton root rot classification and prescription map creation. The results were compared with classification maps and prescription maps based on airborne imagery. Accuracy assessment showed that the accuracies of the classification maps for the spectral, texture, and spectral-texture models were 92.95%, 84.81%, and 91.87%, respectively, and the accuracies of the prescription maps for the three respective models were 90.83%, 87.14%, and 91.40%. These results confirmed that it was feasible to identify cotton root rot and create prescription maps using different features of Sentinel-2 imagery. The addition of texture features had little effect on the overall accuracy, but it could improve the ability to identify root rot areas. The producer’s accuracy (PA) for infested cotton in the classification maps for the texture model and the spectral-texture model was 2.82% and 1.07% higher, respectively, than that of the spectral model, and the PA for treatment zones in the prescription maps for the two respective models was 8.6% and 8.22% higher than that of the spectral model. Results based on the eight cotton fields showed that the spectral model was appropriate for the cotton fields with relatively severe infestation and the spectral-texture model was more appropriate for the cotton fields with low or moderate infestation.
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1. Introduction


Cotton root rot, also known as Texas root rot, is caused by the soil-borne fungus Phymatotrichopsis omnivora. This disease occurs commonly in the southwestern and south central United States [1]. The leaves of the infested plant first turn yellow and then wilt rapidly, followed by plant death in a few days. Plant infection typically starts around the flowering stage and will continue for the rest of the season. Thus, the disease significantly reduces cotton yield and lowers lint quality [2]. Besides, the infested areas are stable across years, but the spatial distribution is not continuous across the field and the shapes of infested areas are irregular [3]. In early 2015, the Topguard Terra fungicide was registered to control the disease [4]. However, this fungicide is very expensive, so it is more cost-effective for farmers to apply the fungicide only to infested areas. Therefore, it is of great significance to map cotton root rot-infested areas for the management of this disease.



Remote sensing can monitor the dynamic changes of vegetation, and has been used as a useful tool for monitoring crop growth and identifying crop diseases, such as wheat yellow rust [5], bacterial leaf blight in rice [6], sclerotinia rot disease on celery [7], citrus greening disease [8]. When plants are infested with diseases, plant water content, pigment, and internal structure will change to varying degrees, resulting in changes in spectral reflectance [9]. Chen et al. [10] analyzed the canopy spectrum of Verticillium wilt of cotton and found that the visible light band of 680–760 nm and the near-infrared (NIR) band of 731–1371 nm had a significant response to the infection of Verticillium wilt. Shi et al. [11] quantitatively extracted and analyzed the hyperspectral wavelet characteristics of canopy of wheat stripe rust and powdery mildew. The results showed that the change of wavelet characteristics at 480, 633, and 943 nm could effectively diagnose and distinguish wheat stripe rust and powdery mildew stress. In addition, spectral features based on vegetation indices (VIs) can enhance and highlight some spectral changes, and are often used as features for crop disease monitoring. Zheng et al. [12] proposed the red edge disease stress index (REDSI) based on Sentinel-2 imagery, to detect yellow rust at the canopy and regional scales. De Castro et al. [13] showed the VIs using any of the bands related to red edge (740 and 750 nm) or NIR (760 and 850 nm), such as the transformed chlorophyll absorption in reflectance index (TCARI), the green normalized difference vegetation index (GNDVI), VIGreen and so on, had robustness in the ability of discriminating laurel wilt disease in avocado. The VIs including the green chlorophyll index (CIgreen), red-edge chlorophyll index (CIRE), normalized difference vegetation index (NDVI), and normalized difference red-edge index (NDRE) were proved to easily identify the banana Fusarium wilt disease [14]. However, spectral bands and VIs show different sensitivities to different crop diseases, so it is necessary to explore which spectral bands and VIs are suitable for the identification of specific diseases.



In practice, historical airborne and high-resolution satellite imagery were used to monitor cotton root rot and its changes [15,16], and NDVI proved to be an effective index for identifying root rot [17,18]. However, the availability of airborne imagery is affected by location and time of year and the cost is high. More recently, satellite imaging systems such as Sentinel-2 with fine spatial, spectral, and temporal resolutions have become freely available [19,20]. Additionally, the Sentinel-2 Multispectral Instrument (MSI) has three red-edge bands that are sensitive to the growth status of vegetation, which provide important information for monitoring the physiological status of plants [21,22]. For example, Lin et al. [23] suggested that the red-edge index from Sentinel-2 was suitable for spatiotemporal gross primary productivity (GPP) assessments. Chemura et al. [24] demonstrated that resampled Sentinel-2 sensor data had the potential for discriminating between coffee leaf rust (CLR) infestation severities (healthy, moderate, and severe). Fernández-Manso et al. [25] pointed out that Sentinel-2A red-edge spectral indices are adequate to discriminate burn severity. Song et al. [2] assessed the potential of the four Sentinel-2A bands (i.e., blue, green, red, and NIR) with 10 m spatial resolution for cotton root rot detection. Therefore, it is necessary to explore the potential of other spectral bands and VIs of Sentinel-2 in the identification of cotton root rot.



Image texture reflects the brightness nature of the image and its spatial arrangement of color, and different objects can be distinguished using different texture features [26]. Zhang et al. [27] used the gray-level co-occurrence matrix (GLCM) to extract texture features to identify grains. Texture features are similarly important indicators for crop growth monitoring [28,29]. When plants are infested by disease, the external characteristics changed significantly, such as morphology and texture. There have been studies using spatial features of images to monitor vegetation diseases. Wu et al. detected round-like crop lesion targets effectively using the improved Hough transform [30]. In addition, some studies show that combining texture features with spectral information have a certain impact on the results of remote sensing image classification [31]. Guo et al. [32] proved that the combination of spectral features and textural features significantly improved the identification accuracy of wheat yellow rust. The use of texture features and the combination of spectral and texture features to identify cotton root rot has not received much attention to date and requires further study.



In recent years, many methods and models have been used to select sensitive features to monitor and distinguish crop diseases [33]. The random forest (RF) algorithm, an integrated technology, could handle well large and high dimensional data [34], and is widely used in variable importance ranking. Zheng et al. [12] used the RF method to select three important bands in wheat yellow rust detection. Fletcher et al. [35] proved that the short-wave infrared band is the most important variable to distinguish soybean from two pigweeds using the RF algorithm. Binary logistic regression (BLR) is one of the most commonly used multivariate analysis methods, where the dependent variable is a binary variable that indicates whether an event exists [36]. BLR is a suitable method when the predictor variable has a binary nature, so it has certain potential in identifying crop diseases and insect pests. Ye et al. [14] showed that banana Fusarium wilt can be identified by VIs extracted from UAV-based multispectral imagery and the BLR method.



The overall goal of this study was to explore the potential of spectral indices and textural features of Sentinel-2 imagery and the combination of both for identifying root rot-infested cotton. The specific objectives were to (1) analyze the spectral difference between infested cotton and healthy cotton and identify optimal spectral indices by the RF algorithm; (2) extract the textural features using GLCM from the Sentinel-2 imagery and select optimal textural features using RF; (3) construct BLR models based on different features (spectral indices, textural features, and their combinations) and evaluate their performance for identifying cotton root rot and creating prescription maps.




2. Materials and Methods


2.1. Study Area


The study area was located in a cropping area with a history of serious cotton root rot near Edroy, Texas, USA (Figure 1). It covered a rectangular area of about 20.87 km2 (6.765 × 3.085 km), eight cotton fields with different levels of root rot were selected as shown in the figure. Field observations confirmed that cotton root rot was the dominant stressor and there was a minimal amount of interference from other biotic and abiotic factors in these cotton fields.




2.2. Image Acquisition and Processing


2.2.1. Airborne Multispectral Imagery


A two-camera airborne imaging system described by Song et al. [2] was used to acquire airborne imagery over the study area on 20 July 2016 under sunny conditions. The system consisted of two Nikon D810 digital CMOS cameras with Nikon AF Nikkor 20-mm f/1.8 G lenses (Nikon Inc., Melville, NY, USA). One camera captured red-green-blue (RGB) images, and the other camera was equipped with an 830-nm long-pass filter to obtain NIR images. Airborne images were acquired from a flying height of 3050 m above ground level with a ground speed of 225 km/h. The interval between the flight lines was spaced at 2500 m and the images were acquired at 5 s intervals to ensure at least 60% cross-track and along-track overlap. The images had a pixel array of 8353 × 3809 and a spatial resolution of 0.81 m. The Capture NX-D 1.2.1 software (Nikon Inc., Tokyo, Japan) was used to correct the images for vignetting and geometric distortion. Then the Pix4DMapper software (Pix4D Inc., Lausanne, Switzerland) was used for automatic image mosaicking. The images were mosaicked using ground control points (GCPs) in Pix4DMapper software to improve the positional accuracy. The mosaicked RGB and NIR images were combined as a four-band mosaicked image. The Quick Atmospheric Correction tool in ENVI 5.3 (Harris Corporation, Jersey City, NJ, USA) was used for image atmospheric correction [2]. According to Yang et al. [6], two unsupervised classification methods and six supervised classification methods were accurate for identifying cotton root rot. Among them, the neural net technique uses standard back propagation for supervised learning [37]. Learning occurred by adjusting the weights in the node to minimize the difference between the output node activation and the output. In this study, neural network classification methods (ENVI 5.3, 2016) were applied to airborne multispectral images to identify the root rot-infested area of each cotton field, the total numbers of training pixels for the eight fields were 19,724 (0.29% of the total area) for the infested class and 30,160 (0.44% of the total area) for the noninfested class. In all the classifications, the process finished when the number of iterations reached 1000 or the training RMS reached 0.01. The classification results of each field was compared with the original imagery and field observations and the result was used as the reference of cotton root rot classification in the study area.



In addition, the 0.81 m airborne image was resized to 10 m spatial resolution with bilinear method. The airborne image was used as the reference image for Sentinel-2A image geometric correction [2].




2.2.2. Sentinel-2 Satellite Imagery


Sentinel-2 is a wide-range, high-resolution, multispectral imaging mission created by the European Space Agency (ESA). It consists of two polar-orbiting satellites placed in the same orbit, Sentinel-2A and Sentinel-2B. Sentinel-2 is free to use and the revisit cycle is 10 days (or 5 days when two satellites are operating simultaneously). Sentinel-2 images cover 13 bands in the visible, NIR, and shortwave infrared (SWIR) wavelengths with three different spatial resolutions [24].



In this study, the Sentinel-2 multispectral image acquired on 11 July 2016 was downloaded from https://scihub.copernicus.eu/. Atmospheric correction of the image was performed using the Sen2cor toolbox (provided by ESA). Four bands (R, G, B, and NIR) with 10 m spatial resolution and six bands (3 red-edge, Narrow NIR, 2 SWIR) with 20 m spatial resolution were selected as the data source. For the purpose of image analysis, the bands with 20 m spatial resolution were resampled to a pixel size of 10 m. Then we used the resized 10 m airborne image to correct the Sentinel-2A dataset with registration module in ENVI 5.3. The Sentinel-2A CIR composite image for the study area is shown in Figure 2.





2.3. Methods


Figure 3 presents the research workflow of cotton root rot identification based on multifeature selection from Sentinel-2 image. It mainly includes four steps: (1) the airborne multispectral imagery was processed, and the cotton root rot classification and prescription maps based on the processed imagery were generated. (2) Spectral characteristics of the infested and healthy cotton in Sentinel-2A were analyzed; the spectral indices and texture features were extracted; the optimal spectral indices and texture features were identified by the RF. (3) Three BLR models were established using different features based on spectral indices, texture features, and a mixture of spectral indices and texture features, respectively, and the corresponding cotton root rot classification and prescription maps were generated. (4) Confusion matrices, the overall accuracy (OA), producer’s accuracy (PA), and user’s accuracy (UA) were used to evaluate the feasibility of generating classification and prescription maps based on Sentinel-2 imagery.



2.3.1. Spectral Characteristics Analysis


In order to analyze the spectral difference between infested cotton and healthy cotton in Sentinel-2A, 384 points (182 healthy and 202 infested) were selected from the eight fields based on the classification results of the airborne multispectral images. Additionally, the 384 points selected were ground checked by the field crew to confirm the infestation status, the number of these points in each field is shown in Table 1.



These points were overlaid on the preprocessed Sentinel-2A imagery and the reflectance values were extracted. The spatial distribution of these points is shown in Figure 2. The spectral reflectance values of the 384 points are shown with box-scatterplots in Figure 4. As can be seen from the figure, the reflectance of infested cotton in the bands of 497–704 nm was higher than that of healthy cotton. The average reflectance in the bands of 740–865 nm of healthy cotton was remarkably higher than that of infested cotton with a difference of about 0.09–0.15. In the bands of 1614 and 2202 nm, which are sensitive to the response of crop moisture, the reflectance of infested cotton was higher than that of healthy cotton.




2.3.2. Extraction of Spectral Indices


Spectral indices are combinations of spectral reflectance from two or more wavelengths, which can enhance the spectral difference between infested and healthy cotton. The biophysical and biochemical crop variables, such as canopy structure, leaf pigment, and canopy water content are changed when cotton is infested with root rot. In this study, 10 spectral indices (Table 2) related to different physiological parameters were selected from the literature on crop diseases and they were further tested for their ability to detect cotton root rot infestation in this study.




2.3.3. Extraction of Texture Features


The multispectral bands or spectral indices of satellite imagery are often used to identify infested plants with a classification technique [47]. Most of these techniques, however, only look at the spectral values of individual pixels and do not take the spatial context of pixels into consideration. Texture can be defined as the various measures of smoothness, coarseness, and regularity of an image region [26]. When crops are infested by disease, changes in pigment, water content of the plants result in spectral changes, as well as changes in the canopy structure and the morphology, causing textural changes. Previous studies have shown that it is feasible to identify the crop diseases based on texture features [32]. The popular GLCM texture model [48] has been widely used to extract texture features of images, for this study, the following eight widely used GLCM texture features were selected: contrast, dissimilarity, homogeneity, angular second moment, entropy, mean, variance, and correlation.



In order to reduce the data redundancy of multispectral bands without significantly reducing the information content in the image, principal component analysis (PCA) [49] was performed on the Sentinel-2A multispectral data in ENVI 5.3 and the first two principal component (PC) images (with more than 98% of the cumulative variance) were chosen. The 16 texture features of the first two PC images were extracted by GLCM. Considering the accuracy and efficiency, the processing window was set to 3 × 3, the co-occurrence shift X and Y were set to 1 and 1, and the greyscale quantization levels was set to 64. Then, the 16 texture features were abbreviated as the texture features and numbers. For example, the mean of the first PC images is abbreviated as “Mean 1”, the variance of the second PC images is abbreviated as “Variance 1”.




2.3.4. Selection of Optimal Spectral Indices and Texture Features


RF is an ensemble of learning algorithms proposed by Breiman [35]. During the forest construction process, the randomness is not only in the selection of the data set, but also in the selection of the feature set. Using Bootstrap sampling technology to extract N samples from the original sample as a training set, and rather than choosing the best split among all attributes, m attributes are randomly chosen from M at each node and then these m attributes are used to split the node according to the principle of the decision tree algorithm, where m << M, to find the best segmentation feature. This study uses the Gini index to measure the effect of feature segmentation when performing node segmentation. Suppose there are  k  classes in the sample  D , then its Gini index is


  G i n i ( D ) = 1 −   ∑  j = 1  k      P j   2     



(1)




where,    P j    is the probability of occurrence of the first  j  sample. If after a split, the sample set  D  is divided into parts    D 1  ,  D 2  ⋯ ,  D i   , then the Gini index for this split is


  G i n  i  s p l i t    ( D )  =    D 1   D  G i n i (  D 1  ) + ⋯ +    D m   D  G i n i (  D m  )  



(2)







The value of the Gini index is related to the segmentation effect. The larger the value, the more important the feature is. This study uses the RF algorithm to select the sensitive spectral indices and texture features for identifying cotton root rot.



The values of 10 spectral indices and 16 texture features of the 384 sample points were extracted using ArcGIS 10.2 as the sample set. In order to avoid the instability of the experimental results, the cross-validation method was used in feature selection, and the sample set was divided into a training set and a test set according to a 3:1 ratio, and the proportion of the class before segmentation was maintained.




2.3.5. Binary Logistic Regression


In this study, spectral and texture features were used to establish BLR models. Mark infested cotton as 1 and healthy cotton as 0. Limit the range of the dependent variable to [0, 1]. Set the conditional probability of cotton root rot to be P and   f ( P )   is assumed to be a functional form of a variable. Logit transformation is performed to build a BLR model [14,36].


  f ( P ) = ln  P  1 − P    



(3)







BLR model takes the form of


  f ( P ) =  a 0  +  a 1   x 1  + ⋯ +  a i   x i   



(4)







 P  can be expressed as


  P =  1  1 +  e  − (  α 0  +   ∑  i  = 1   m    α i   x i    )      



(5)







In the formula,    a 0  ,  a 1  , ⋯  a i    are regression coefficients;    x 1  ⋯  x i    are regression independent variables.



In this study, the regression independent variables were the spectral indices and texture features selected by the RF algorithm and their combinations, and the sample set was divided into the training set and the test set according to a 3:1 ratio by random sampling. A stepwise method was used to establish three BLR models: spectral, texture, and spectral-texture. In the process, the variables entered the equation based on the significance of the score statistics and were removed from the equation based on the probability of the likelihood ratio statistics based on the conditional parameter estimation.



In order to evaluate the classification accuracy of the BLR models using the sample set, the Precision, Accuracy, Recall, and F-score were selected as the evaluation indicators.


  A c c u r a c y =   T P + T N   T P + F P + T N + F N    



(6)






  P r e c i s i o n =   T P   T P + F P    



(7)






  R e c a l l =   T P   T P + F N    



(8)






  F − s c o r e = 2 ∗   P r e c i s i o n ∗ R e c a l l   P r e c i s i o n + R e c a l l    



(9)




where TP is true positive; FP is false positive; TN is true negative; FN is false negative.




2.3.6. Buffer Creation and Accuracy Assessment


The 0.81 m airborne image subset by field was used to detect the cotton root rot-infested areas for each field. The results for all cotton fields were combined to a cotton root rot reference classification map. To accommodate the temporal variation and potential expansion of the disease from year to year, a 3–10 m buffer was usually added around the infested areas to become part of the treatment areas when prescription maps were created from fine-resolution airborne imagery [4]. In this study, a 10 m buffer (same as the pixel size of Sentinel-2 imagery) was added around the infested areas based on the airborne classification result to generate the reference prescription map for the study area.



The BLR models constructed by the optimal spectral indices, texture features, and their combinations were applied to the Sentinel-2 images on the pixel level to detect the cotton root rot-infested areas for the eight fields and generate the classification maps. Similarly, a 10 m buffer was added around the infested areas to generate the prescription maps.



In order to evaluate the feasibility of different Sentinel-2A features for identifying cotton root rot and creating prescription maps, the classification maps and prescription maps of three BLR models were exported to ArcGIS 10.2, which were then intersected with the classification map and prescription map of the airborne images, respectively. For quantitative accuracy assessment of the classification results, error matrices were used to determine the performance, OA, PA, and UA [50,51].






3. Results


3.1. Selection of Optimal Spectral Indices and Texture Features for Identifying Cotton Root Rot


The RF algorithm was used to select the sensitive spectral indices and texture features for identifying cotton root rot. The results are shown in Figure 5. From Figure 5a, PSRI had the most significant impact on cotton root rot classification, followed by NDVI, NDWI1, MSI, and RDVI. Among them, PSRI, which indicates the state of canopy senescence, was the most important spectral index for cotton root rot identification. NDWI1 and MSI provide a measure of the amount of water contained in the canopy foliage. NDVI and RDVI are related to the general quantity and vigor of green vegetation. The first five spectral indices were selected to build the BLR model.



From Figure 5b, it was obvious that Contrast 1 was the most important texture feature for cotton root rot classification, followed by Dissimilarity 1, Entory 2, Mean 1, Variance 1, Homogeneity 1, and Second moment 2. The remaining features had little impact on cotton root rot identification, therefore, the first seven important texture features were selected to build the BLR model.




3.2. Binary Logistic Regression Models with Different Features


Table 3 presents the variables and parameters of BLR models. All the variables in the three models had a significant level of less than 0.05. The BLR models are shown as formulas 10–12.


   P  s p e c t r a l   =  1  1 +  e  − ( 1.421 N D V I + 116.997 P S R I )      



(10)






   P  t e x t u r e   =  1  1 +  e  − ( 0.232 M e a n 1  − 5.751  E n t o r y 2 )      



(11)






   P  s p e c t r a l _ t e x t u r e   =  1  1 +  e  − ( 76.28 N D W I 1 − 221.94 R D V I + 1.313 M e a n 1 + 6.747 E n t r o p y 2 )      



(12)







The classification accuracies of the BLR models with the sample set are shown in Table 4. For the whole data set, Precision, Accuracy, Recall, and F-score were approximately equal in value and had the same trend among the three models, indicating that the classification sample distribution was balanced, and the accuracy rate could be used to evaluate the classification accuracy of each model. The Precision, Accuracy, Recall, and F-score of the three models exceeded 95% for the training set. The Precision was higher for the test set, while the Accuracy, Recall, and F-score were lower. Additionally, the Recall was less than 0.9 in the spectral and textural models for the test set. The classification accuracy of the spectral-texture model was slightly higher than that of the texture model or the spectral model.




3.3. Classification Results and Accuracy Assessment


3.3.1. Airborne and Sentinel-2A Image Classification Results


Table 5 lists the field area and the cotton root rot-infested areas from classification maps generated from the airborne images and Sentinel-2A images for Fields 1–8. The cotton root rot classification results generated from the airborne images showed that the total infested area for the eight fields was 560,286 m2 with an average infestation percentage of 12.86% for the whole study area. The percentage of root rot-infested areas for Fields 1–8 ranged from 0.35% for Field 3 to 48.16% for Field 7. Among them, Fields 1–3 and 5 had relatively low level of infestation (low infestation), while Fields 4 and 8 had medium level of infestation (moderate infestation), and Fields 6 and 7 had high level of infestation (severe infestation). The cotton root rot classification results generated from the Sentinel-2A images showed more root rot-infested areas. The classification result of the spectral model showed that the total infested area estimated was 752,623 m2 and the average infestation percentage was 17.27%, and the percentage of root rot-infested areas for Fields 1–8 ranged from 0.26% to 61.66%. For the texture model, the total infested area was estimated to be 1,139,019 m2 with an average infestation percentage of 26.13%, and the percentage of root rot-infested areas for Fields 1–8 ranged from 1.54% to 75.05%. For the spectral-texture model, the total infested area was 811428m2 and the average infestation percentage was 18.62% with the infestation percentage among the eight fields ranging from 1.22% to 57.50%. Clearly, the classification results of the spectral model were most similar to those of the airborne images, followed by the spectral-texture model and the area of root rot identified by the texture model was the largest.




3.3.2. Sentinel-2A Image Classification Accuracy Assessment


The classification results of Sentinel-2A images based on the spectral model, texture model, and spectral-texture model were overlaid with the airborne image classification results, respectively, and the results are shown in Figure 6. The green zone in Figure 6 shows the cotton root rot-infested areas detected by both the airborne and Sentinel-2A images, indicating the correctly classified areas in the Sentinel-2A image. The blue zone depicts the cotton root rot-infested areas detected by the Sentinel-2A image but not detected by the airborne image, which indicates the commission area for the Sentinel-2A image. The orange zone in Figure 6 is the cotton root rot-infested areas only detected by the airborne image, which indicate the areas omitted by the Sentinel-2A image.



From Table 6 and Figure 6, the classification accuracy of the spectral model, texture model, and spectral-texture model was 92.95%, 84.81%, 91.87%, respectively. The spectral model produced the highest OA to identify root rot-infested cotton, followed by the spectral-texture model and the texture model. In the classification results of the spectral model, the PA, which indicates the probability of actual areas being correctly classified, was 89.73% for the root rot category and 93.42% for the noninfested category. In other words, 89.73% (the green zones in Figure 6a) of the root rot areas were correctly identified as root rot, while 93.42% of the noninfested areas (the gray zones in Figure 6a) were correctly identified as noninfested in the classification map. Additionally, with spectral model, 10.27% of the root rot-infested areas were omitted by the Sentinel-2A image. The PA of the texture model and the spectral-texture model were 92.55% and 90.80%, respectively, for the infested category, which means that more root rot areas were identified with the texture model and the spectral-texture model. At the same time, the UA for the infested category of the texture model and the spectral-texture model was lower than that of the spectral model, indicating that more commission areas (the blue zones in Figure 6b,c) were generated from the Sentinel-2A image with the texture model and the spectral-texture model. The PA and UA for the infested category of the spectral-texture model were 90.80% and 62.70%, respectively.



Figure 7 illustrates the differences in the OA, PA, and UA for the infested category for Fields 1–8 based on the spectral model, texture model and spectral-texture model. From Figure 7a, the spectral model achieved the best OA in the discrimination between healthy and infested cotton for Fields 1–5, which had relatively low infestation, followed by the spectral-texture model and the texture model. The spectral-texture model achieved the best OA for Fields 6–8, which had relatively high infestation, followed by the spectral model and the texture model. The overall accuracies of the texture model and spectral-texture model for Fields 1–7 were higher than 80%. From Figure 7b, the PA for the infested category based on the three models was higher than 80% for Fields 1 and 4–7. In addition, combining the spectral and texture features could enhance the performance of detecting more root rot areas, thus resulting in higher PA in cotton fields with low and medium levels of infestation. The UA for the infested category based on the three models was almost below 80% for all fields (Figure 7c), indicating that higher than 20% of the infested areas on the classification map were actually healthy areas for all fields. Moreover, the commission error of the texture model was the highest for all fields. The UA for the infested category of Fields 6 and 7 with severe infestation was higher than that for the other fields. This result indicates that it is feasible to identify cotton root rot in fields with moderate and severe infestation using different features, especially spectral features, and combinations of spectral and texture features. However, it has certain limitations in identifying cotton root rot with Sentinel-2A images for fields with less than 1% infestation.





3.4. Feasibility for Creating Prescription Maps


A 10 m buffer was added to the infested areas of the airborne and Sentinel-2A classification maps in this study to generate prescription maps. Table 7 lists the treatment areas of the prescription maps generated from the airborne and Sentinel-2A images for Fields 1–8. For the airborne prescription map, the total treatment area reached 31.2% with a 10 m buffer. The average treatment percentages for the spectral model, texture model and spectral-texture model were 27.58%, 36.64%, and 32.14%, respectively, for all the fields, and these percentages were similar to the percentage (31.20%) from the airborne image. Clearly, the treatment area for each field was significantly increased with the addition of the buffer zones. The reason for the large increase was that the small polygons representing root rot-infested areas on the classification maps expanded in all directions and filled the gaps between the polygons with addition of the buffer.



Figure 8 shows the results of overlaying the prescription maps from the airborne and Sentinel-2A images for Fields 1–8, and Table 8 shows the accuracy assessment error matrix for the prescription maps from the Sentinel-2A images for all the eight fields. The spectral-texture model achieved the best OA (91.40%), followed by the spectral model and the texture model with an OA of 90.83% and 87.14%, respectively. The PA of the spectral model, texture model, and spectral-texture model was 95.97%, 86.70%, and 93.06%, respectively, for the nontreatment category and 79.50%, 88.10%, and 87.72%, respectively, for the treatment category. The treatment areas that were not generated by the Sentinel-2A image were mainly composed of some small root rot-infested areas (< 10 m) and their buffered areas on the airborne prescription map (the orange zones in Figure 8). The UA of the texture model for the treatment category was 75.05%, indicating that 24.95% of the infested areas on the prescription map were actually nontreatment areas. The UA of the spectral model and the spectral-texture model was 89.94% and 85.15%, respectively. Therefore, the commission error of the texture model was the highest, followed by the spectral-texture model and the spectral model. Above all, it was feasible to create the prescription maps with the Sentinel-2A images. Moreover, the spectral-texture model had the highest accuracy. In practical applications, the selection of the optimal buffer distance depends on factors such as infestation pattern, planting swath, and the producer’s risk tolerance. A buffer size of 10 m is practical, especially if Sentinel-2 imagery is used. If the farmer wants to make sure all potential root areas are treated or if the application equipment has a wider swath, a larger buffer can be used. At any rate, site-specific fungicide treatment significantly reduces the fungicide use and increases the farming profit.



Figure 9 illustrates the OA, PA, and UA for the treatment category of the prescription maps generated from the Sentinel-2A images by the three BLR models for Fields 1–8. From Figure 9a, the spectral model achieved the best OA for Fields 1, 3, 5, and 7, followed by the spectral-texture model and the texture model, while the spectral-texture model achieved the best OA for Fields 2, 4, 5, and 8, followed by the spectral model and the texture model. From Figure 9b, the PA for the treatment category based on the spectral-texture model was the highest for Fields 1–5, while the PA for the treatment category based on the spectral model was the highest for Fields 6–8. From Figure 9c, the UA for the treatment category based on the spectral model was the highest for Fields 1, 3–5, and 7, while the UA for the treatment category based on the spectral-texture model was the highest for Fields 2, 6, and 8. This result indicates that it is feasible to create prescription maps using different features of Sentinel-2A images. The spectral-texture model has certain advantages for cotton fields with low or moderate infestation, while the spectral model is more suitable for severely infested cotton fields.





4. Discussion


Remote sensing technology has long been used for detecting and mapping crop diseases [52,53]. The Sentinel-2 MSI sensor with refined spatial, spectral, and temporal resolutions is considered to have great potential in estimating and monitoring the biophysical state of plants for precision agriculture [54,55,56].



The biophysical and biochemical crop features, such as canopy structure, leaf pigment, and water content change when plants are stressed by diseases [57]. These changes will alter crop canopy reflectance that can be remotely sensed. Based on the results of this study, infested cotton had higher spectral reflectance in 497–704 nm, exhibited a downward reflectance trend in 740–865 nm, and had higher reflectance at 1614 and 2202 nm, compared with healthy cotton. This is attributed to the fact that the leaves of root rot-infested plants turn yellow and brown and then wilt rapidly, causing the reduction of chlorophyll content and the loss of plant water content. There were significant differences in spectral reflectance between infested cotton and healthy cotton due to these changes. Generally, compared with the reflectance of healthy plants, the chlorophyll of diseased plants is significantly reduced, and the ability to absorb visible light is reduced, resulting in higher reflectance in the visible regions. The plant structure is seriously damaged, which reduces the spectral reflectance in the NIR region. Therefore, the spectral reflectance of diseased plants is higher in the visible regions and lower in the NIR region [58]. The research by Kakani et al. also demonstrated that the cotton leaf water content had a significant negative correlation with the reflectance in 460–514, 605–698, 1412–1818, and 1933–2479 nm wavebands, and a significant positive correlation with the reflectance in the 727–1345 nm band [59].



The spectral indices can highlight the difference between diseased and healthy plants, and at the same time reduce the influence of factors such as soil and atmosphere [32]. In this study, 10 spectral indices related to canopy structure, pigment content, water content, and leaf senescence [5,12,13,24,42,60,61] were extracted. Then, the RF algorithm was used and five optimal spectral indices sensitive to cotton root rot were selected to establish models. The OA of the infested category in the classification map for the spectral model was 92.95%, and the PA was 89.73%, indicating that the spectral indices alone are useful for identifying cotton root rot. Yang et al. [17] demonstrated that NDVI derived from airborne images achieved good results for identifying cotton root rot. Then, we used the spectral model to generate prescription maps, the OA and PA reached 90.83% and 79.50%, respectively. The reason for the decrease in PA was that some small root rot-infested areas were not identified by the spectral model, and the area increased with the buffer was added to these areas. RF, which could handle well large and high dimensional data, has the ability to produce a variable importance ranking. This information is valuable for the user to select variables to build simpler, more readily interpretable models [62]. Zheng et al. [12] also used the RF method to obtain the optimal bands for the Sentinel-2 sensor and achieved satisfactory result in wheat yellow rust detection.



In this study, 16 texture features were extracted from Sentinel-2A images, and seven sensitive texture features were selected using RF to build model for identifying root rot. The OA and PA of the infested category in the classification map for the texture model were 84.81% and 92.55%, respectively. Clearly, the PA for the infested category was higher than that of the spectral model, because more cotton root rot areas could be identified using the texture information. This is attributed to the fact that diseased cotton not only has obvious changes in spectral characteristics, but also differs from healthy cotton in texture characteristics. In July, healthy cotton had a large leaf area and dense canopy, and cotton root rot was also fully pronounced. Dark stalks and dead leaves attached to infested cotton plants greatly changed the canopy morphology and structure of the plants, causing changes in texture features. Guo et al. used image texture to detect diseases of wheat yellow rust and obtained an encouraging result [32]. When using this model to generate prescription maps, OA and PA for the treatment category were 87.14% and 88.10%, respectively. The PA was 8.60% higher than that of the spectral model. This is also due to the ability of texture features for more root rot recognition. However, texture represents the spatial properties of an image region [26], edge effects could cause some healthy cotton around the infested areas to be misclassified as infested cotton. As a result, classification commission errors for cotton root rot-infested areas were increased with the texture model.



When the spectral-texture model was used to identify cotton root rot, the OA and PA for the infested category in the classification map were 91.87% and 90.80%, respectively. The OA was 1.08% lower than that of the spectral model and the PA was 1.07% higher than that of the spectral model, while OA was 7.06% higher than that of the texture model and the PA was 1.75% lower than of the texture model. The reason for this mixed result may be that the combination of spectral and texture features could increase the ability to identify root rot areas, and at the same time, it could weaken, to a certain extent, the edge effect generated by texture features alone. However, it can be seen from Figure 6 that the blue areas were still more than those of the spectral model, causing the UA and OA to be 4.10% and 1.08%, respectively, lower than those of the spectral model. The OA and PA of the prescription map were 91.40% and 87.72%, respectively, using the spectral-texture model. They were 0.57% and 8.22% higher than the respective values of the spectral model, and the OA was 4.26% higher and the PA was 0.38% lower than the respective values of the texture model. Overall, it can be seen that the addition of texture features had little effect on the OA, but it could improve the ability to identify root rot areas. In a study of a crop classification decision model, Peña-Barragán et al. [63] revealed that the contribution of texture features was not decisive compared with multispectral features such as NDVI. In addition, as other studies have reported [64] that how texture information provides positive or negative effects on the classification is complex, and how the texture characteristics are affected by object heterogeneity or image spatial resolution need future studies. Thus, the reason that the texture feature did not have a positive effect for the OA as additional information in our study is likely due to the Senitnel-2A spatial resolution.



Cotton planting time varies from late March to early April every year in the study area (Edroy, Texas), and the cotton growth and field management practices for different fields differ. Therefore, this work also analyzed the differences in the ability to recognize cotton fields with different infestation levels based on different features of Sentinel-2A images. For cotton fields with relatively severe infestation and more concentrated root rot distributions, such as in Fields 6–8, the spectral model achieved better results. For cotton fields which the infested areas were small and scattered, such as in Fields 1–5, the spectrum-texture model was more appropriate. However, the three models have certain limitations in identifying particularly small root rot zones, which is most obvious in Fields 2 and 3. The reason for this phenomenon is mainly attributed to the spatial resolution of the image. The research of Song et al. [2] also proved that the Sentinel-2 sensor could hardly detect root rot-infested areas with a size of less than 100 m2. In practice, if the infestation level is very low as in Fields 2 and 3 (<1%), it may not be necessary to perform site-specific fungicide application as the cost to create the prescription maps for these fields may be higher than the savings from reduced fungicide use.



The results also demonstrated the potential of BLR based on Sentinel-2A spectral and texture features and their combinations for the accurate identification of cotton root rot. In this study, the dependent variable was the cotton root rot infestation status (infested vs. noninfested). BLR is very efficient and easy to interpret, and does not require a lot of computing resources, and when the predictor variables have binary properties, BLR is a suitable method. In the research by Ye et al. [14], the BLR and VIs were used to identify banana Fusarium wilt and good results were achieved. However, BLR is not one of the most powerful algorithms. Some more complex algorithms may perform better in identifying cotton root rot, such as RF and support vector machine (SVM) and other machine learning methods [65,66]. Therefore, future research is needed to compare these spectral and texture models with other machine learning and deep learning techniques to identify cotton root rot.




5. Conclusions


In this research, we proved the feasibility of using the spectral model, texture model, and spectral-texture model based on the Sentinel-2A imagery to identify cotton root rot and create prescription maps. The spectral model provided the best results for identifying root rot with an OA of 92.95%, while the OA based on the texture model and the spectral-texture model were 84.81% and 91.87%, respectively. The texture model could accurately detect root rot areas with a PA of 92.55%, while the PA based on the spectral and spectral-texture models were 89.73% and 90.80%, respectively. For creating the prescription maps, the spectral-texture model provided the best results with an OA of 91.40%, and the OA based on the spectral model and the texture model were 90.83% and 87.14%, respectively. Based on the texture model and the spectral-texture model, more areas will be assigned as the treatment zones in the prescription maps. In addition, the results of the research also indicated that the spectral model is appropriate for cotton fields with relatively severe infestation and more concentrated root rot distributions, while the spectral-texture model is more appropriate for cotton fields with small and scattered infestations. These results have confirmed that it is feasible to identify cotton root rot and create prescription maps using different features of Sentinel-2 imagery and that the addition of texture features can improve the ability to identify root rot.
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Figure 1. Location of the study area and Sentinel-2 imagery. (a) Study site; (b) Sentinel-2A color infrared (CIR) composite image; (c) Airborne CIR composite image. 
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Figure 2. Sentinel-2A color infrared (CIR) composite image with ground verification points for the study area. 
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Figure 3. Flowchart of data analysis and processing. 
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Figure 4. Box-scatterplots of reflectance of healthy cotton and root rot-infested cotton. 
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Figure 5. Rankings of (a) spectral indices and (b) texture features based on their importance for cotton root rot classification through random forest (RF) models. 
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Figure 6. Overlaid cotton root rot classification maps from airborne and Sentinel-2A images for Fields 1–8 and the zoomed in rectangle scenes for the areas marked on the maps are shown at the right. (a) Sentinel-2A classification map based on the spectral model; (b) Sentinel-2A classification map based on the texture model; (c) Sentinel-2A classification map based on the spectral-texture model. 
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Figure 7. Comparison of classification accuracy of classification maps generated by binary logistic regression (BLR) models: (a) overall accuracy (OA); (b) producer’s accuracy (PA) for the infested category; (c) user’s accuracy (UA) for the infested category. 
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Figure 8. Overlaid prescription maps from airborne and Sentinel-2A images for Fields 1–8 and the zoomed in rectangle scenes for the areas marked on the maps are shown at the right. (a) Sentinel-2A prescription map based on the spectral model; (b) Sentinel-2A prescription map based on the texture model; (c) Sentinel-2A prescription map based on the spectral-texture model. 
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Figure 9. Comparison of classification accuracy of prescription maps generated from Sentinel images by three binary logistic regression (BLR) models for Fields 1–8: (a) overall accuracy (OA); (b) producer’s accuracy (PA) for the treatment category; (c) user’s accuracy (UA) for the treatment category. 
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Table 1. The number of sample points in healthy and infested cotton areas for Fields 1–8.
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	Field ID
	Healthy Cotton
	Infested Cotton





	1
	26
	41



	2
	23
	5



	3
	20
	4



	4
	24
	64



	5
	21
	30



	6
	26
	29



	7
	20
	22



	8
	22
	7



	Total
	182
	202
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Table 2. Spectral indices used for the identification of cotton root rot in this study.
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	Spectral Indices
	Calculation Formulas
	Related to
	Reference





	Normalized Difference Vegetation Index (NDVI)
	     (  R  835   −  R  665   )   (  R  835   +  R  665   )     
	Vegetation status,

canopy structure
	[38]



	Renormalized Difference Vegetation Index (RDVI)
	     (  R  835   −  R  665   )     (  R  835   +  R  665   )       
	Canopy structure
	[39]



	Green Normalized Difference Vegetation Index (GNDVI)
	     (  R  835   −  R  560   )   (  R  835   +  R  560   )     
	Canopy structure;

pigment content
	[24]



	Moisture Stressed Index (MSI)
	    R  1614   /  R  835     
	Canopy water content
	[40]



	Normalized Difference Water Index (NDWI1)
	     (  R  835   −  R  1610   )   (  R  835   +  R  1610   )     
	Canopy water content
	[41,42]



	Disease Stress Water Index (DSWI5)
	     (  R  782   −  R  560   )   (  R  665   +  R  1614   )     
	Canopy water content
	[43]



	Normalized Burn Ratio (NBR)
	     (  R  835   −  R  2202   )   (  R  835   +  R  2202   )     
	Canopy water content
	[42,44]



	Plant Senescence Reflectance Index (PSRI)
	     (  R  665   −  R  560   )    R  740       
	Pigment content;

leaf senescence and ripening
	[45]



	Normalized Difference Vegetation Index Red-edge 1 (NDVIre1)
	     (  R  835   −  R  704   )   (  R  835   +  R  704   )     
	Canopy foliage content; gap fraction; senescence.
	[38]



	Chlorophyll Index Red-edge (CIre1)
	    R  782   /  R  704   − 1   
	Chlorophyll content
	[46]
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Table 3. Selected features and regression parameters.
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	Regression Model
	Variable
	Regression Coefficient
	Significant Level





	Spectral
	NDVI

PSRI
	1.421

116.997
	0.028

0.000



	Texture
	Mean 1

Entropy 2
	−0.232

5.751
	0.000

0.000



	Spectral-texture
	NDWI1

RDVI

Mean 1

Entropy 2
	76.280

−221.940

1.313

6.747
	0.009

0.003

0.006

0.001
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Table 4. Classification accuracy of binary logistic regression (BLR) models.
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Regression Model

	
Training Set

	
Test Set




	
Acc (%)

	
Pre (%)

	
Rec (%)

	
F (%)

	
Acc (%)

	
Pre (%)

	
Rec (%)

	
F (%)






	
Spectral

	
95.96

	
96.53

	
95.21

	
95.86

	
93.10

	
100.00

	
89.29

	
94.34




	
Texture

	
95.62

	
95.24

	
95.89

	
95.56

	
90.80

	
98.00

	
87.50

	
92.45




	
Spectral-texture

	
98.65

	
99.30

	
97.94

	
98.62

	
96.55

	
100.00

	
94.64

	
97.25








Note: Pre: Precision; Acc: Accuracy; Rec: Recall; F: F-score.
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Table 5. Cotton root rot-infested areas of classification maps generated from airborne images and Sentinel-2A images for Fields 1–8.
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Field

	
Field Area

	
Cotton Root Rot-Infested Area




	
Airborne Image

	
Sentinel-2A Image




	
Neural Network

	
Spectral Model

	
Texture Model

	
Spectral-Texture Model




	
m2

	
m2

	
%

	
m2

	
%

	
m2

	
%

	
m2

	
%






	
1

	
628,265

	
42,548

	
6.77

	
63,919

	
10.17

	
113,130

	
18.01

	
73,327

	
11.67




	
2

	
693,875

	
5232

	
0.75

	
1827

	
0.26

	
12,636

	
1.82

	
9730

	
1.40




	
3

	
870,805

	
3038

	
0.35

	
3562

	
0.41

	
13,433

	
1.54

	
10,611

	
1.22




	
4

	
929,965

	
141,717

	
15.24

	
165,906

	
17.84

	
396,430

	
42.63

	
246,838

	
26.54




	
5

	
356,173

	
17,714

	
4.97

	
27,191

	
7.63

	
43,158

	
12.12

	
28,886

	
8.11




	
6

	
424,042

	
187,955

	
44.32

	
261,485

	
61.66

	
318,249

	
75.05

	
243,822

	
57.50




	
7

	
265,673

	
127,941

	
48.16

	
157,893

	
59.43

	
173,828

	
65.43

	
135,003

	
50.82




	
8

	
189,532

	
34,141

	
18.01

	
70,841

	
37.38

	
68,155

	
35.96

	
63,212

	
33.35




	
Total

	
4,358,330

	
560,286

	
12.86

	
752,623

	
17.27

	
1,139,019

	
26.13

	
811,428

	
18.62
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Table 6. Error matrices for classification maps generated by binary logistic regression (BLR) models for the whole study area.
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Model

	
Category

	
Actual Classification Area (m2)

	
UA

	
OA




	
Noninfested

	
Infested

	
Total






	
Spectral

	
Noninfested

	
3,548,172

	
57,534

	
3,605,706

	
98.40%

	
92.95%




	
Infested

	
249,872

	
502,752

	
7,522,624

	
66.80%

	




	
Total

	
3,798,044

	
560,286

	
4,358,330

	

	




	
PA

	
93.42%

	
89.73%

	

	

	




	
Texture

	
Noninfested

	
3,177,595

	
41,717

	
3,219,312

	
98.70%

	
84.81%




	
Infested

	
620,449

	
518,569

	
1,139,018

	
45.53%

	




	
Total

	
3,798,044

	
560,286

	
4,358,330

	

	




	
PA

	
83.66%

	
92.55%

	

	

	




	
Spectral-texture

	
Noninfested

	
3,495,409

	
51,491

	
3,546,900

	
98.55%

	
91.87%




	
Infested

	
302,635

	
508,795

	
811,430

	
62.70%

	




	
Total

	
3,798,044

	
560,286

	
4,358,330

	

	




	
PA

	
92.03%

	
90.80%

	

	

	











[image: Table] 





Table 7. Treatment areas of prescription maps generated from airborne and Sentinel-2A images for Fields 1–8.
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Field

	
Treatment Area (m2)




	
Airborne Image

	
Sentinel-2A Image




	
Neural Network

	
Spectral Model

	
Texture Model

	
Spectral-Texture Model




	
m2

	
%

	
m2

	
%

	
m2

	
%

	
m2

	
%






	
1

	
116,491

	
18.54

	
114,256

	
18.19

	
175,743

	
27.97

	
139,645

	
22.23




	
2

	
52,167

	
7.52

	
21,678

	
3.12

	
32,212

	
4.64

	
34,640

	
4.99




	
3

	
34,568

	
3.97

	
13,758

	
1.58

	
47,750

	
5.48

	
35,137

	
4.03




	
4

	
428,797

	
46.11

	
339,681

	
36.53

	
567,137

	
60.98

	
468,346

	
50.36




	
5

	
83,240

	
23.37

	
65,462

	
18.38

	
83,894

	
23.55

	
81,363

	
22.84




	
6

	
321,353

	
75.78

	
335,307

	
79.07

	
362,983

	
85.60

	
332,339

	
78.37




	
7

	
207,813

	
78.22

	
197,849

	
74.47

	
208,800

	
78.59

	
193,535

	
72.85




	
8

	
115,322

	
60.85

	
113,833

	
60.06

	
118,242

	
62.39

	
115,817

	
61.11




	
Total

	
1,359,752

	
31.20

	
1,201,822

	
27.58

	
1,596,761

	
36.64

	
1,400,823

	
32.14
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Table 8. Error matrices for prescription maps generated by binary logistic regression (BLR) models for the whole study area.
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Model

	
Category

	
Prescription Area (m2)

	
UA

	
OA




	
Nontreatment

	
Treatment

	
Total






	
Spectral

	
Nontreatment

	
2,877,719

	
278,789

	
3,156,508

	
91.17%

	
90.83%




	
Treatment

	
120,858

	
1,080,964

	
1,201,822

	
89.94%

	




	
Total

	
2,998,577

	
1,359,753

	
4,358,330

	

	




	
PA

	
95.97%

	
79.50%

	

	

	




	
Texture

	
Nontreatment

	
2,599,780

	
161,789

	
2,761,569

	
94.14%

	
87.14%




	
Treatment

	
398,756

	
1,198,005

	
1,596,761

	
75.03%

	




	
Total

	
2,998,536

	
1,359,794

	
4,358,330

	

	




	
PA

	
86.70%

	
88.10%

	

	

	




	
Spectral-texture

	
Nontreatment

	
2,790,556

	
166,951

	
2,957,507

	
94.36%

	
91.40%




	
Treatment

	
208,022

	
1,192,801

	
1,400,823

	
85.15%

	




	
Total

	
2,998,578

	
1,359,752

	
4,358,330

	

	




	
PA

	
93.06%

	
87.72%
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