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Abstract

:

Rice-crayfish field (i.e., RCF) distribution mapping is crucial for the adjustment of the local crop cultivation structure and agricultural development. The single-temporal images of two phenological periods in the year were classified separately, and then the areas where the water disappeared were identified as RCFs in previous studies. However, due to the differences in the segmentation of lakes and rivers between the two images, the incorrect extraction of RCFs is unavoidable. To solve this problem, a bi-temporal-feature-difference-coupling object-based (BTFDOB) algorithm was proposed in order to map RCFs in Sihong County. We mapped RCFs by segmenting the bi-temporal images simultaneously based on the object-based method and selecting appropriate feature differences as the classification features. To evaluate the applicability, the classification results of the previous two years obtained using the single-temporal- and object-based (STOB) method were compared with the results of the BTFDOB method. The results suggested that spectral feature differences showed high feature importance, which could effectively distinguish the RCFs from non-RCFs. Our method worked well, with an overall accuracy (OA) of 96.77%. Compared with the STOB method, OA was improved by up to 2.18% across three years of data. The RCFs were concentrated in the low-lying eastern and southern regions, and the cultivation scale was expanded in Sihong. These findings indicate that the BTFDOB method can accurately identify RCFs, providing scientific support for the dynamic monitoring and rational management of the pattern.
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1. Introduction


The rice-crayfish field (i.e., RCF) is an agricultural area that includes a rice field and a surrounding ditch for breeding crayfish [1]. As the world’s highest rice-producing country, the integrated rice-crayfish farming system has rapidly developed since its introduction in China [2]. The system organically combines rice cultivation and crayfish farming, which improves its ecological service value through factors such as the rice yield and nutrient utilization [3,4,5]. It promotes the sustainable development of agriculture and aquaculture [6,7] and has a great impact on the local farmland ecology and food security [8,9]. Therefore, access to precise, large-scale spatial distribution information on RCFs is essential. Traditional agricultural census data collection requires a great deal of work, making access to detailed spatial information challenging [10]. The rapid development of remote-sensing technology has made it possible to obtain information on large-scale spatial distribution rapidly [11,12].



Several studies have been conducted to identify RCFs using remote-sensing technology. However, there are still many problems that remain. Wei et al. [13] proposed an object- and topology-based analysis (OTBA) method with which to identify RCFs considering the spectral spatial shape and topology relationship. Nevertheless, the overall accuracy (OA) decreased to less than 80% when the spatial resolution was less than 2 m. Due to the limitations of the map size and the lack of public data, it is difficult to apply the method widely. To map the spatial distribution of RCFs on a larger scale, a common strategy is to use the water differences between two periods (one is the rice fallow period, and the other is the rice growth period) to distinguish them from normal paddies and breeding ponds. For example, Wei et al. [14] identified water using the automated water extraction index (AWEI) in two periods, respectively, based on Landsat 8, mapping RCFs between 2013 and 2018 in Qianjiang. Chen et al. [15] calculated the increase in the water area using the AWEI to map RCFs based on Landsat 8 OLI/TIRS images of Jianli from 2010 to 2019, with an OA of more than 90% for each year. However, the method misclassified part of the newly developed breeding ponds as RCFs, and the pixel-based classification produced ‘salt and pepper’ interferences due to the abundant spectral and texture information contained in the high-spatial-resolution images [16]. The object-based classification method reintegrates spectral features with other features to produce a series of homogeneous objects, which can reduce both the ‘salt and pepper’ interferences [17] and the mixed pixels [18,19]. To solve this, Xia et al. [20] proposed an RCF-mapping method using an object-based approach and phenological characteristics applied to Sentinel-2 data, with an OA of 83%. In summary, the current studies only relied on the post-classification comparison method based on single-temporal images that were classified separately. Differences between the edges of each class render the misclassification phenomenon prominent, which invariably results in errors and a lower RCF classification accuracy.



To address these issues, researchers have also suggested an approach that aims to directly identify the changing regions through bi-temporal images. Bi-temporal image classification can effectively eliminate the interferences caused by image segmentation differences and directly identify targets. Li et al. [21] divided the changed and non-changed regions according to the change vector value of each object. Ge et al. [22] integrated spectral–spatial–saliency change information and fuzzy integral decision fusion to identify the changing areas. However, the abovementioned methods can only obtain the locations of all the changed areas, while their types cannot be identified. Huang et al. [23] extracted the respective features of bi-temporal images for the purpose of landslide change detection according to the normalized difference vegetable index (NDVI) and built-up area presence index (PanTex) differences between landslide areas and normal mountain areas. None of the abovementioned studies took into account how feature differences affect the change detection results. However, the core step of change detection is to conduct a difference analysis of the features of multi-temporal images. In order to further improve the accuracy of RCF identification, this paper explores the feature differences between the RCFs and the non-RCFs.



Based on the abovementioned analysis, we attempted to develop a more effective extraction method by fusing bi-temporal-feature-difference and object-based (BTFDOB) methods to map RCFs. The terrain of Jiangsu Province is dominated by plains. The integrated rice-fishing cultivation area has reached 1.92×105 ha, ranking among the largest in China [24]. Sentinel images from which to extract RCFs were available. Therefore, we selected Sihong County, Jiangsu Province, as the study area. Based on the Sentinel-2 images, we constructed the BTFDOB method to directly extract the RCFs and test the method’s reliability. This study includes the following three parts: (1) an analysis of the features, together with their differences, of the RCFs in two periods after segmentation, confirming the optimal set of features; (2) the use of the random forest (RF) classification method to identify the RCFs; and (3) a comparison of the results obtained using the BTFDOB method with those obtained by the STOB method and the application of the method to the identification of the RCFs in this area in recent years so as to verify its applicability.




2. Materials and Methods


2.1. Study Area


Sihong County (117°56′–118°46′E, 33°08′–33°44′N) [25], the study area, is located in the northwestern part of Jiangsu Province, China. The terrain is dominated by plains, with scattered granite and hills distributed in the west and southwest [26]. The location of the study area and its terrain are shown in Figure 1a,b (ground elevation data from http://www.gscloud.cn, accessed on 1 March 2022). The climate type is a transition zone between the northern subtropical and temperate monsoon climate zones, as well as the East Asian monsoon zone. The local climate has four distinct seasons, with concentrated rainfall and the same seasonal pattern of rain and heat. The average yearly temperature is 14.6 °C, and the average yearly rainfall is 893.9 mm, which provide a suitable environment for agricultural development.



The two main agricultural industries in Sihong are rice cultivation and fish farming. The rice cultivation area has reached 47.85% of the county’s cropland area. For this reason, the development of the RCF pattern is highly important. The Ministry of Agriculture and Rural Affairs designated it as a “National Demonstration Area for Comprehensive Planting, Breeding, and Rice-fishing”, as there are 8 RCF bases with an area of more than 134 ha and 32 RCF bases with an area of more than 67 ha [27]. Therefore, this paper adopts Sihong County as the study area, which has a good degree of typicality.



Farmers in Sihong County farm crayfish in RCFs by digging about 4–5 m-wide and 1.5 m-deep ditches around the rice field, with safety nets installed on either side of the ditch to prevent the crayfish from escaping. The cultivation process is as follows: the addition of crayfish juveniles in April each year, the harvesting of adult crayfish from May to June, the mowing of the fields and transplantation of the rice in mid- to late June, and the planting of the rice from June to October, with the crayfish and rice growing together in the paddy fields. Therefore, the key phenological periods for RCF identification in Sihong are the rice fallow period, from April to May, and the rice growth period, from August to October, respectively (Figure 1c).




2.2. Data and Preprocessing


2.2.1. Satellite Imagery and preprocessing


In this study, Sentinel-2 MSI images (Level-2A) were selected to extract RCFs due to their high resolution and easy access. The Sentinel-2 satellite was launched by the European Space Agency (ESA), with a revisit cycle of 5 days. Additionally, it has a spatial resolution of up to 10 m and contains 13 bands [28]. We downloaded images from the ESA Copernicus Data Center (https://scihub.copernicus.eu/, accessed on 5 March 2022). In accordance with the study’s objectives, two images with appropriate timing and low cloudiness were selected to extract RCFs during two crucial phenology windows, March to May and August to October. Hence, we selected two images acquired on 1 May 2021 and 3 October 2021, respectively. The images were then resampled to a spatial resolution of 10 m using the Sentinel Application Platform (SNAP) software developed by ESA. Additionally, to verify the applicability of the construction method, the method constructed based on the 2021 data was further used to extract the RCFs in Sihong in 2017 and 2019. The principles of the image selection for 2017 and 2019 were the same as those for 2021. The specific images used are shown in Table 1. Since no high-quality images were available for the rice growth period in 2017, the Landsat-8 OLI image, whose band characteristics and spatial resolution are close to those of Sentinel-2, was selected instead. The image was downloaded from http://glovis.usgs.gov/ (accessed on 5 March 2022), fused based on the panchromatic bands, and then resampled to a 10 m resolution. The Landsat 8 image and Sentinel-2 images were geographically registered to render their spatial positions the same.




2.2.2. Ground Reference Data


The ground sample dataset was compiled using high-resolution images from the Google Earth platform and a field survey conducted in Sihong in September 2021. However, it is difficult to obtain historical samples, especially for a study area undergoing changes. Fortunately, the phenological features and field shape of RCFs are unique. The surfaces of the RCFs are covered with water during the rice fallow period and covered with rice during the rice growth period. In addition, the RCFs are composed of rice fields and surrounding ditches, creating a shape that is clearly different from that of ordinary rice fields and breeding ponds. The two abovementioned points help one to easily recognize RCFs from high-spatial-resolution satellite images. At present, the rice-crayfish system is advancing gradually in China, and the area of RCFs increased gradually from 2017 to 2021. Therefore, the historical samples were obtained by visual interpretation of high-resolution Google Earth images and a combination of Sentinel surface reflectance data with 2021 samples for reference. We judged whether the samples in 2021 had changed relative to 2017 and 2019 by simultaneously inspecting the phenological, spectral, and shape features. If changes had occurred, we dropped these points from the RCF sample data for the given year. Meanwhile, combining the abovementioned features, more RCF samples were selected to supplement the historical data (Figure 1b). In the dataset, the non-RCFs include five feature types: farming ponds, traditional rice fields, bare land, non-cultivated vegetation (forest, grassland, gardens, and wetland), and construction land. In this study, 436, 429, and 449 samples were used for the validation in 2017, 2019 and 2021, respectively.





2.3. Framework of the Analysis


Based on their unique phenological features, RCFs have more water areas in the rice fallow period compared with the rice growth period. We constructed a BTFDOB method as follows: firstly, multiresolution segmentation was used to segment the images, and the optimal segmentation scales were determined by the Estimation of Scale Parameter 2 (ESP2); secondly, the features of the two images and the differences between them were selected as classification features; and subsequently, the RF classification method was used to identify each object as either RCF or non-RCF. Furthermore, the method was applied in 2019 and 2017, and the results were analyzed and compared with those of the conventional STOB approach to confirm their applicability. Figure 2 displays the overall flowchart of the study.



2.3.1. Segmentation Method


The images were segmented using the multiscale segmentation algorithm embedded in the eCognition software, which has been widely applied for high-resolution image classification and significantly increased the classification accuracy in comparison to other segmentation algorithms [29,30]. The three crucial parameters for image segmentation in this algorithm are the scale, shape, and compactness [31]. ESP2 was adopted to select the optimal segmentation scale. This tool iteratively produces image objects of numerous scale levels from the bottom up and calculates the local variation (LV) in the image object homogeneity under different segmentation scale settings to decide which one is optimal [32]. The threshold of the rate of change (ROC) curve of the LV (ROC-LV) indicates the scale level at which the image can be segmented most appropriately [33].




2.3.2. Feature Selection


The spectral properties of different objects, such as the cultivated land, water, and construction land, vary greatly. The high-resolution images are rich in texture information and geometric information, which can be effectively used to distinguish roads and other objects. Concerning the research purpose and the feature type of the study area, the spectral features, texture features, and geometric features of the bi-temporal images were extracted as the initial feature space. Based on this, we selected 20 spectral features, 5 texture features, and 4 geometric features for each of the two images, as shown in Table 2.




2.3.3. RF Classification


RF is an ensemble learning method proposed by Breiman to solve both classification and regression problems [41], which is widely used in remote sensing image classification [42]. Compared with the support vector machine (SVM) and decision tree (DT) methods, the RF method is less sensitive to feature selection and can also obtain better classification results when handling multi-dimensional data, such as hyperspectral or multi-source data [42]. Sihong is mainly covered by cropland, with a more concentrated crop distribution and less intercropping. It has been shown that the accuracy of the RF method in cropland classification is higher than that of the SVM method [43]. Therefore, we selected the RF method. The number of features contained in each decision tree and the number of decision trees are important parameters of the RF method. In this study, the number of features of each decision tree equaled the number of optimal features, and the number of decision trees selected by the Grid-Search CV was 97.




2.3.4. Validation to Evaluate the BTFCOB Method


Two types of validation methods were used in the accuracy assessment. Firstly, the error matrix, based on the training and test area (TTA) masking approach embedded in eCognition, was selected for the classification accuracy assessment. This method can effectively reduce the influences of human factors, and for this reason, it is widely used for the accuracy evaluation of object-based classification results [44,45,46]. The overall accuracy (OA), producer’s accuracy (PA), user’s accuracy (UA), and Kappa coefficient in the confusion matrix were important parameters for the accuracy evaluation of our classification results. Secondly, to further analyze the potential of the BTFDOB method, the classification results were compared with those of the traditional STOB method for RCF extraction. The STOB method classified the two images from each year separately. The classification results of the two periods were compared, and the parts with reduced water were identified as RCFs. The method also used an object-based approach to segment the images and classified them using an RF method.






3. Results


3.1. Determination of the Optimal Segmentation Scale


We investigated the optimal segmentation scale for the cultivated land and aquaculture water surface using the multiresolution segmentation method. To examine the impact of the segmentation scale on the segmentation results, the shape and compactness were set to 0.1 and 0.5, respectively, and the segmentation scale range was set to 50–200, with a segmentation layer generated every 25 (Figure 3). After setting the segmentation scale to 100 or above, several areas of cropland or ponds were merged into one object. Therefore, the segmentation scale over 100 was excluded. When the segmentation scale was 50, many objects that should have been merged remained as small units. The scale of segmentation of 75 was suitable for the classification.



Then, we set the segmentation scale to 75 and explored how the shape and compactness affected the segmentation results. The compactness was set to 0.5 and the shape factor was set to 0.1–0.5. The results showed that when the shape was 0.4, the segmentation effect was optimal. Therefore, we determined the shape to be 0.4 and further compared the segmentation effect with the compactness of 0.4–0.8, yielding a result of 0.6.



Next, we used the ESP2 tool to objectively select the segmentation scale (Figure 4). The optimal segmentation scale corresponded to the peak of the LV change rate. The segmentation scale ranged from 50 to 100, and the segmentation scales corresponding to the LV peak were 65, 78, 80, 89, 91, and 100. Judging by sight, when the segmentation scale was 80, the segmentation effect was the best; thus, we determined that the optimal segmentation scale was 80.




3.2. Feature Selection of the BTFDOB Method


The analysis of spectral information is a key step in classification. The RCFs were flooded in the rice fallow period, as shown in Figure 5a, and the rice was planted in the rice growth period, as shown in Figure 5b. We calculated the average spectral reflectance of each training sample for six major ground objects in two critical periods: construction land, water, wetland, forest, normal rice fields (wheat during the rice field fallow period), and RCFs. Figure 5c,d illustrates the spectral curves of the different land cover types during the two periods. Except for the construction land, the spectral curves of the other objects in the two periods were similar in three bands (red, green, and blue) but notably different in bands 6–10. In the rice fallow period, the RCFs were flooded with water, which resulted in an analogous spectral response indicating water with a lower SWIR1 and SWIR2 reflectance compared with the others (Figure 5c). Meanwhile, in the rice growth period, the RCFs had a similar spectral curve to the normal rice fields (Figure 5d). The false-color Sentinel-2 images of the six categories of objects in the two periods are shown in Figure 5e–p. During the rice fallow period, the appearance of the RCFs was no different from that of the ponds, as shown in Figure 5g, while during the rice growth period, the RCFs and normal rice fields were both red, as shown in Figure 5m. Therefore, the periodic spectral feature changes in the RCFs were the key to their identification.



Based on the above analysis, we calculated and plotted the spectral reflectance difference between the RCFs and non-RCFs for each band in both periods. The spectral reflectance difference between the RCFs and the other non-RCFs was significant in band 4 and bands 6 to 10, as shown in Figure 6a. Then, we calculated the differences in the vegetation indices in the abovementioned bands of the RCFs and non-RCFs between the two periods and plotted their two-dimensional scatter plots with the associated October vegetation indices (Figure 6b–g). The result suggested that the two land cover types exhibited significant differences. Thus, the above differences in the vegetation indices were added to the initial feature set as classification features.



Feature optimization is required to avoid information redundancy and classification efficiency reduction due to the excessive number of features involved in classification. All features in the initial feature space were calculated using the eCognition software feature analysis tool. The number of features in the optimal feature set and their corresponding top-ranked features are shown in Figure 7. We observed that the separation distance increased rapidly as the number of features increased, hitting a peak when the number of features was 29 and then dropping steadily as the number of features increased further, demonstrating that redundant features diminish the classification accuracy. Finally, we determined the number of optimal features to be 29, and the features used in the RF classification were the top 29 features in terms of the feature importance, as shown in Figure 7. In addition, when distinguishing the RCFs from the non-RCFs, the importance of the spectral features is generally higher than that of the texture features and geometric features. The importance scores of the vegetation index differences, such as the AWEI, NDVI, RVI, MNDWI, and GVI, were higher. GLCM Entropy and GLCM Homogeneity received greater scores among the texture characteristics, whereas the shape index and length/width were ranked higher in importance among the geometric features.




3.3. RCF Extraction and Accuracy Assessment of 2021


Using the BTFDOB method, we extracted the RCFs of Sihong in 2021 (Figure 8). The RCFs were primarily distributed in the eastern and southern plain areas, which have a well-developed water system for rice cultivation and are thus suitable for planting RCFs, while they were rarely distributed in the hilly areas. Using the TTA masking method, the accuracy of the classification results was evaluated (Table 3). The PA and the UA of the RCFs were 93.93% and 91.76%, respectively. The OA of the classification was 96.77%, and the Kappa coefficient was 0.92.




3.4. Comparison with the STOB Method Based on Three Years


We applied the BTFDOB method to the data of 2017 and 2019 and compared it with the conventional STOB method to test its applicability. The RCF maps obtained by the two methods are shown in Figure 9. We observed that only some scattered experimental areas operated with a rice-crayfish system in 2017. With the success of the experimental areas and the development of agricultural technology, the scale of this system has continued to expand. The rice-crayfish system has now been promoted throughout the county. The RCFs identified by the two methods were mainly distributed in the eastern and southern areas, while they were rarely distributed in the hilly areas with mainly dry farming.



The accuracy of the classification results of both methods was verified (Figure 10). The results showed that both methods had high OA and Kappa coefficients, with the BTFDOB method having a higher OA and Kappa coefficient than the STOB method, indicating the better applicability of the BTFDOB method. The BTFDOB method had a considerably higher PA than STOB, suggesting that there were fewer omission errors in the extraction of the RCFs based on the BTFDOB method. The UA of the BTFDOB method was higher in 2017 and 2021 than in 2019, indicating that the method had fewer misclassification errors.



We calculated the area of RCFs. The total area of the RCFs in Sihong County was 1240.26 ha, 2885.90 ha, and 3495.68 ha in 2017, 2019, and 2021, respectively.





4. Discussion


4.1. Advantages of the BTFDOB Method


Land cover variations in the RCFs over the two periods resulted in significant changes in the spectral features of the bi-temporal images. Therefore, the method was used to analyze the reflectance changes in each band of the RCFs and non-RCFs over the two periods, thereby strengthening the link between the bi-temporal images. In the red band, the spectral characteristics of the cropland show strong absorption, so that the difference in the reflectivity of the RCFs between the two periods has a small peak in this band. In the red-edge band and NIR band, the water has strong absorption, while the internal structure of the rice leaves in these bands show high reflectivity, rendering it easier to distinguish the RCFs in these two bands [47,48]. The vegetation index differences indicated by these different bands were introduced as classification features. The result of the feature selection also shows that these feature differences have a high importance score, which verifies the results shown in Figure 6. In addition, the high-resolution images are information rich, and the object-based classification method can eliminate the influences of the phenomena of both ‘similar spectral information from different objects’ and ‘different spectral information from similar objects’.



Previously, a land use transfer matrix was used to identify RCFs based on only two single-temporal classification results [14,15,20]. In this method, the accuracy of the STOB classification is affected by the accuracy of the two single-temporal classification results. Since the two images are not segmented simultaneously, the STOB method mixes the RCFs with the marginal pixels of wetlands or rivers and lakes, generating unavoidable errors [49]. The STOB method causes the errors generated in the classification process to eventually accumulate, affecting the accuracy of the change detection results. Compared with STOB, the BTFDOB method segments the bi-temporal images simultaneously to ensure that the edges of the objects are consistent. Taking several typical regions as examples (Figure 11) with the Sentinel-2 zoomed-in image from October 2021 for comparison, we can see that, at this time, the areas shown as water in column (a) of the figure were all non-RCFs. We can determine that the edge pixels of the breeding pond objects and water objects were misclassified as RCFs by the STOB method. However, such errors did not appear when using the BTFDOB method, which can effectively circumvent this drawback.



In addition, the surface covering of the RCFs varies with the seasons; thus, their identification can be regarded as the identification of changing areas. The BTFDOB method takes into account the influences of feature differences on the change detection. In the past, the post-classification comparison method and image transformation method were used for change detection. The accuracy of the former is based on the classification accuracy of the two images, respectively [50,51]. The latter extracts the respective features from the two phases for comparison in order to detect the change and does not maximize the difference between the two periods [52,53]. The BTFDOB method can compensate for the defects of the above two methods.




4.2. Potential of the BTFDOB Method


Defining the key phenological period of the RCFs is the first step in their identification. There is no obvious difference in the spectral and texture features between the RCFs and normal rice fields during the rice growth period. Meanwhile, no distinct difference between the RCFs and breeding ponds exists during the rice-field fallow period. Therefore, most of the prior studies extracted the RCFs based on the seasonal differences in the water area. The farming system in Sihong County is rice–wheat rotation or corn–wheat rotation, of which rice is a single-cropping product [54]. When selecting the images of the rice field fallow period, the field investigation and the comparison of the images after rice harvesting from March, May, and December revealed that all the RCFs were flooded only in May, in contrast to Qianjiang. In South and Southwest China and other regions, the planting structure is complex, and double-cropping rice is widely utilized. The local RCF system generates rice and crayfish twice in one year [55]. When the BTFDOB method is applied to these areas, it is necessary to define the key local phenology and select images from the appropriate period.




4.3. Accuracy Improvements


In this paper, we identified the areas that were transformed from water to cropland as RCFs. Due to the uniform local cultivation seasons, a few RCFs remained unidentified due to phenological differences, resulting in minor errors. In response to this problem, time series images could be applied to study the feature differences throughout the whole year so as to improve the classification accuracy.



We used Sentinel-2 images with a spatial resolution of 10 m as data. However, optical images are easily influenced by meteorological conditions, such as cloud and rain. Therefore, it is possible that images of the appropriate phenological periods will be missing or that the time window suitable for extracting the RCFs will not produce high quality images. Synthetic aperture radar (SAR) can penetrate clouds and rain, compensating for the deficiency of optical images affected by clouds and rain in the second quarter. Therefore, it can be adopted to monitor the dynamic changes in cropland [56,57]. In future work, we will consider optical images in conjunction with SAR images to identify RCFs. Furthermore, the spatial resolution of the remote sensing data is generally greater than the width of the surrounding ditch, which means that these mixed pixels are identified as non-RCFs. Therefore, much effort will be required to collect higher-spatial-resolution images or decompose mixed pixels in time.





5. Conclusions


Mapping RCFs and identifying them from pure rice fields are challenging due to their spectral similarity and complexity. In this paper, we proposed a BTFDOB method to achieve the above purposes. This method combined the bi-temporal-feature-differences with object-based method for mapping RCFs in Sihong County. We adopted BTFDOB method and STOB method to carry out the experiments in different years. By comparing the results of the two methods, we found that the BTFDOB method performed better than the STOB method in identifying the RCFs. The use of the bi-temporal-feature-differences as classification feature yielded a higher accuracy in mapping RCFs, with an OA improvement of up to 2.18%. We discussed the importance of each feature in detail. We found that compared with the geometric features and texture features, the spectral features of the bi-temporal images, especially the spectral feature differences, were the most important features in the feature set.



In addition, the method provided a new method for the detection of the change regions of two periods. It widened the difference between the changing and non-changing regions and improved the detection accuracy.



In this study, by adopting the BTFDOB method, we systematically analyzed the possibility of conducting RCF identification in Sihong County, which have applications such as planting structure optimization and crop yield prediction. In future research, time-series images and new data sources should be considered.
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Figure 1. Study area and validation samples. (a) Location of Sihong Country in China; (b) administrative boundaries and validation samples of Sihong; (c) RCFs in two periods. 
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Figure 2. The workflow of the study. 






Figure 2. The workflow of the study.



[image: Remotesensing 15 00658 g002]







[image: Remotesensing 15 00658 g003 550] 





Figure 3. Segmentation results of the segmentation scales of (a) 50, (b) 75, and (c) 100. (a–c) show the false-color composite images. 
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Figure 4. ROC curve of the ESP2 parameter calculation. 
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Figure 5. Comparison of the spectral and false-color images of different ground objects during two periods. (a) RCFs in the rice field fallow period; (b) RCFs in the rice growth period; (c,d) spectral curves of different ground objects based on Sentinel-2 images from the two periods; (e–p) false-color images of the different ground objects. 






Figure 5. Comparison of the spectral and false-color images of different ground objects during two periods. (a) RCFs in the rice field fallow period; (b) RCFs in the rice growth period; (c,d) spectral curves of different ground objects based on Sentinel-2 images from the two periods; (e–p) false-color images of the different ground objects.



[image: Remotesensing 15 00658 g005]







[image: Remotesensing 15 00658 g006 550] 





Figure 6. (a) The difference in spectral reflectance between the RCFs and non-RCFs during the two periods; two-dimensional scatter plot of the vegetation index and vegetation index differences between the RCFs and non-RCFs containing: (b) DVI, (c) RVI, (d) GVI, (e) NDVI, (f) AWEI, and (g) MNDWI. 
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Figure 7. Number of features and importance of each feature in the optimal feature set. (a) ROC curve of the ESP parameter calculation; (b) optimal features and their importance. 
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Figure 8. Spatial distribution of the RCFs of Sihong County in 2021, extracted by the BTFDOB method. 
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Figure 9. Comparison of the RCF maps derived from the two methods in three years. (a–c) RCFs identified by the STOB method; (d–f) RCFs identified by the BTFDOB method. 
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Figure 10. Comparison of different methods based on the RCF mapping accuracy. 
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Figure 11. Comparison of the two classification methods in terms of rice-crayfish classification in typical regions. Rows (1)–(3) show three typical regions; column (a) shows the false-color optical Sentinel-2 image from October 2021; columns (b,c) show the RCF maps of STOB and BTFDOB, respectively, corresponding to the places in column (a). 
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Table 1. Images and their information in the study.
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	Purpose
	Year
	Rice Field Fallow Period
	Rice Growth Period
	Satellite





	Method establishment
	2021
	1 May 2021
	3 October 2021
	Sentinel-2A/Sentinel-2B



	Method validation
	2019
	17 April 2019
	24 September 2019
	Sentinel-2B/Sentinel-2B
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Table 2. Feature information.






Table 2. Feature information.





	
Feature Category

	
Feature Names

	
Formulas

	
Parameters

	
References






	
Spectral features

	
Mean R, G, B, NIR, SWIR1, SWIR2, Band1, Band5, Band6, Band7, Band8A, Band9

	
   M e a n =  1 n     ∑   i = 1  n    x i    

	
R, G, B, NIR, SWIR1, SWIR2 = Red band, green band, blue band, NIR band, SWIR 1, and SWIR 2 band. Bandx = the xth band of Sentinel-2. Ρ = the spectral reflectance of a certain band. xi represents the gray value of the ith pixel. n = the total number of pixels of the object.     C ¯   i  (  v i s  )      = the average brightness of the image object in the   i   band.     C ¯   j  (  v i s  )      = the average brightness of the image in the   j   band [34].

	
[34]




	
Brightness

	
   Brightness =  1 n     ∑   i = 1  n     Mean  i    

	
[34]




	
Max.Diff

	
   M a x . D i f f =    |  min   C ¯   i  (  v i s  )    − max (   C ¯   j  (  v i s  )     |    B r i g h t n e s s     

	
[34]




	
Automated water extraction

index (AWEI)

	
  A W E I =  ρ B  + 2.5 ×  ρ G  − 1.5   

  ×  (   ρ  N I R   +  ρ  S W I R 1    )  − 0.25 ×  ρ  S W I R 2    

	
[35]




	
Normalized difference vegetation

index (NDVI)

	
   N D V I =    ρ  N I R   −  ρ R     ρ  N I R   +  ρ R      

	
[36]




	
Enhanced vegetation index (EVI)

	
   E V I =   2.5 ×  (   ρ  N I R   −  ρ R   )     ρ  N I R   +  (  6.0 ×  ρ R  − 7.5 ×  ρ B   )  + 1.0     

	
[36]




	
Difference vegetation index (DVI)

	
   D V I =  ρ  N I R   −  ρ R    

	
[37]




	
Green vegetation index (GVI)

	
   G V I =    ρ R     ρ G      

	
[38]




	
Ratio vegetation index (RVI)

	
   R V I =    ρ  N I R      ρ G      

	
[39]




	
Modification of normalized difference water index (MNDWI)

	
   M N D W I =    ρ G  −  ρ  S W I R 1      ρ G  +  ρ  S W I R 1       

	
[40]




	
Textural features

	
GLCM Entropy

	
   G L C M   E n t r o p y =    ∑   i , j = 0   N − 1     P  i , j    (  − l n  P  i , j    )    

	
  i   = the row number.

  j   = the column number.

   P  i , j     is the normalized value of cell i, j.

N = the row or column number.

	
[34]




	
GLCM Mean

	
   G L C M   M e a n =     ∑   i , j = 0   N − 1    P  i , j      N 2      




	
GLCM Contrast

	
   G L C M   C o n t r a s t =    ∑   i , j = 0   N − 1     P  i , j      (  i − j  )   2    




	
GLCM Std Dev

	
   G L C M   S t d   D e v =      ∑   i , j = 0   N − 1     P  i , j    (  i , j − G L C M   M e a n  )      




	
GLCM Homogeneity

	
   G L C M   H o m o g e n e i t y =    ∑   i , j = 0   N − 1       P  i , j     1 +    (  i − j  )   2      




	
Geometric features

	
Area

	
   A r e a = #  P v  ×  u 2    

	
  #  P v    = the total number of pixels of the object    P v   .

  u   = the pixel size.

   r v  E V     = the ratio of the eigenvalue   v  .    r v  B B     is the ratio of the bounding box   v  .

   b 0    = the length of the outer boundary.    b i    is the length of the inner boundary.

	
[34]




	
Length

	
  L e n g t h =   e i  g 1   ( s )    e i  g 2   ( s )     ,   e i  g 1   ( s )  < e i  g 2   ( s )   




	
Length/Width

	
     L e n g t h   W i d t h   = m i n  r v  E V   , m a x  r v  B B     




	
Shape index

	
   S h a p e   i n d e x =    b 0  +  b i    4   A r e a       
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Table 3. Accuracy evaluation of the classification results of 2021 based on the BTFDOB method.
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Feature Types

	
Rice–Crayfish Field

	
Non-Rice–Crayfish Field

	
Producer’s Accuracy/%






	
Rice-crayfish field

	
124

	
2

	
93.93




	
Non-rice-crayfish field

	
12

	
295

	
98.41




	
User’s Accuracy%

	
91.76

	
99.33

	




	
Overall Accuracy/%

	
96.77




	
Kappa coefficient

	
0.92
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