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Abstract

:

As a traditional agricultural production base in China, the Middle Yangtze Plain (MYP) is a typical region to explore the intensification, large-scale, and agglomeration of agricultural land, and its crop planting situation is sensitive to changes in national agricultural policy and economic development. So far, the research of crop remote sensing extraction mainly has focused on the areas with simple crops rotation patterns, by using short-time sequence remote sensing data with low spatial resolution. The objective of this study was to address how to accurately map the spatial distribution of main crops considering their spectral and phenological features, and what characteristics of spatio-temporal patterns dynamics of crops occurred in the MYP in 1990–2020. Based on Landsat and MODIS data, using the Enhanced Spatial and Temporal Adaptive Reflectance Fusion Model (ESTARFM) as well as the raster-based spectral and phenological differential change method (RSPDCM), this study mapped the spatial distribution of main crops (rice, cotton, maize, soybean, rapeseed and winter wheat) in the MYP during 1990–2020 and analyzed their planting characteristics. The RSPDCM has a good overall accuracy of more than 89%. The planting characteristics of the main crops were highly intensive and agglomerate double-cropping rotation in the MYP’s paddy field. Rice and rapeseed were the two most important crops, accounting for 74.75% of the annual planting area. The highly intensive and large-scale areas were mainly distributed in the Dongting Lake Plain (DTLP) and Poyang Lake Plain (PYLP), while the highly agglomerate areas of main crops were mainly distributed in the Jianghan Plain (JHP). This study innovatively provides a high-precision multi-cropping spatial dynamic mapping method and basic information, which is helpful to realize high-precision remote sensing extraction of crops in different regions of the world and provide basic data for optimizing the allocation of agricultural production resources in top grain-producing areas.
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1. Introduction


Since the reform and opening up, China’s grain demand has grown rapidly, and grain output has risen with fluctuations. Due to the continuous influx of agricultural population into cities to engage in non-agricultural production, the rural labor force has been greatly reduced, aging and weakening, and a large number of high-quality cultivated land has become non-agricultural and non-grain land [1,2,3,4]. Moreover, the COVID-19 outbreak has had a dramatic impact on trade and economic aspects of China’s food security, and the use of international markets to adjust food supply and demand space has been increasingly limited [5]. China’s agricultural production was latent with regional, structural and technical crises, and further ensuring food security faced many challenges [6]. To optimize the regional distribution of crop planting and give full play to the supporting role of main crop planting areas has become an important task to achieve sustainable agricultural development. Rice, wheat, maize, soybean, rapeseed and cotton are the most important food crops, oil crops and industrial raw materials resources in China, respectively. In the past 30 years, these six crop planting areas accounted for about 60% of the agricultural total area in China [7]. Therefore, in-depth research on the spatio-temporal distribution of main crops in top grain-producing areas was an important basis for promoting agricultural supply-side structural reform and formulating incentive policies.



With the free sharing and rapid development of remote sensing data and its processing methods, establishing the relationship between surface reflection and crops characteristics by using remote sensing data and classification algorithm has gradually became the main method for obtaining crop planting information and generating crop planting area maps [8,9,10]. At present, remote sensing data for monitoring crops spatial patterns change mainly include low spatial resolution and high temporal resolution data, such as MODIS [11,12] and AVHRR [13], medium spatio-temporal resolution data, such as Landsat [14,15], HJ [16,17] and CBERS [18], and high spatial resolution and low temporal resolution data, such as Sentinel [19], GF [20] and SPOT [21]. In order to achieve large-scale and high-precision extraction of crops spatio-temporal patterns, many agricultural institutions and scholars have begun to explore the fusion of multi-source remote sensing data or remote sensing images with other data [22], such as SPAM (Spatial Production Allocation Model) [23] and STARFM (Spatial and Temporal Adaptive Reflectance Fusion Model) [24]. According to the different principles of remote sensing spatio-temporal data fusion algorithms, the algorithms based on pixel reconstruction have been widely used in recent years. It is based on the idea of linear regression, which is simple in principle and calculation. Based on the idea of pixel reconstruction and moving window, STARFM was proposed in 2006. It makes full use of the spatial distance, spectral difference and time difference between target pixel and neighboring pixel, and greatly improves the fusion accuracy. Using this pair-based approach, subsequent scholars put forward many improved methods for Landsat and MODIS data fusion, such as Spatial Temporal Adaptive Algorithm for mapping Reflectance Change (STAARCH) [25] and Spatiotemporal Vegetation Index Image Fusion Model (STVIFM) [26]. Besides, researchers have fused Landsat, MODIS, Sentinel and other remote sensing image data, such as the NDVI downscaling methodology developed with images from the Sentinel-2A, Sentinel-2B, Landsat-7, and Landsat-8 orbital platforms [27]. In addition, the important research in this sense is the Enhanced Spatial and Temporal Adaptive Reflectance Fusion Model (ESTARFM), which comprehensively considers the temporal trend of reflectance change of the ground object and uses the spatial and spectral similarity of pixel to construct the central pixel [28]. By integrating the advantages of spatial distribution and quantitative expression of different data, crop planting structure extraction and agricultural information monitoring at national or global scales have been realized [29,30], such as M3 cropland datasets [31] and MIRCA-2000 (Monthly Irrigated and Rainfed Crop Areas Around the Year 2000) [32]. Therefore, great progress has been made in the study of remote sensing extraction of crops spatial patterns, which has played an important role in serving agricultural production, ensuring food security and promoting the study of global change.



At present, the number of crops types covered by the extraction of domestic crop planting structure was relatively small, and the research mainly concentrated on rice, wheat and maize, with less coverage of cash crops. Due to the short time span, most studies focused on static extraction at a single time point or period, which was difficult to be used to analyze the dynamic characteristics and rules. The study area was mainly northeast and north China, with simple cropping rotation patterns, rarely complex multi-cropping rotation areas. The study focused on relatively simple calculating the planting area of crops, but did not explore the dynamic characteristics of the spatial distribution and crop rotation patterns of various crops. As an important grain, cotton and oil production base in China, the Middle Yangtze Plain (MYP) is one of the most sensitive areas to the change of the coupling mechanism of the natural environment, economic development and agricultural production. The MYP has been greatly reduced in the cultivated area due to rapid urban expansion and massive urban construction and was the key area for lost potential crops yield during this period [33,34]. Many serious issues have emerged during agricultural production; for example, long-term conservation tillage led to shallow and stringent ploughing layers [35]. Moreover, China’s agricultural economic system and policies changed and reformed constantly in 1990–2020. Therefore, this study took the main crops (including rice, cotton, maize, soybean, winter wheat and rapeseed) in the MYP in 1990–2020 as the research objects, which had strong typicality and representativeness. Based on crop remote sensing extraction, we deeply explored the characteristics and driving factors of main crop spatio-temporal planting patterns change, which provided a scientific basis for sustainable agricultural development, assessment of the impact of policies on agriculture and protection of high-quality cultivated land.



The objectives of this study are to address the following three questions: how to map the planting spatial distribution of main crops with high accuracy considering crop rotation patterns and spectral and phenological characteristics in the MYP in 1990–2020? What are the characteristics of spatio-temporal patterns change of main crop planting at different stages? What are the main driving factors for spatio-temporal patterns change of main crop planting? In order to achieve these objectives, we, first, established the raster-based spectral and phenological differential change method (RSPDCM) based on Landsat and MODIS fusion data of long time series, extracted high-precision remote sensing information of rice, cotton, maize, soybean, rapeseed and winter wheat and then generated the spatio-temporal patterns data set of main crops in the MYP in 1990–2020. Second, we quantitatively analyzed the intensification, large-scale and agglomeration of main crop planting from the perspectives of the multi-cropping index, cropping systems, plot area and spatial autocorrelation. Finally, we selected six typical counties (or districts) to multi-angle explore the influencing mechanism of crop planting change in theMYP from the aspects of the physical geography, agricultural production and regional policy conditions. Combining the development trend of national agricultural production and the characteristics of regional agricultural production, we put forward reasonable suggestions for realizing sustainable agricultural development.




2. Data and Methods


2.1. Data


2.1.1. Study Area


The MYP is located in the junction of Hunan, Hubei and Jiangxi provinces of China, belonging to the subtropical humid monsoon climate zone between 110°30′–117°30′ E and 27°30′–32°00′ N, including the Dongting Lake Plain (DTLP), Jianghan Plain (JHP), Eastern Hubei Riverside Plain (EHRP) and Poyang Lake Plain (PYLP) (Figure 1). It has an administrative area of 10.55 million ha and 88 counties (or districts) under its jurisdiction, with a permanent population of 55.61 million in 2020 [7]. Cultivated land is the most important land-use type, accounting for more than 45% of the total land area, and water area accounts for more than 15%. The terrain in the MYP is low and flat, and the area below 50m above sea level accounts for 70.79% of the total land area. The mean annual precipitation is 1100–1800 mm. The mean annual average temperature is 15–18 °C. The accumulated temperature ≥10 °C is 4800–5800 °C. The MYP is a typical multi-cropping agricultural area [36], among which the PYLP, JHP and DTLP are the traditional high-yield commodity grain bases in southern China. Fifty-one counties (or districts) were listed as the top grain (or oil) producing counties (or districts) in 2020, accounting for 88.22% of the total land area [37].




2.1.2. Data Collection and Preprocessing


Landsat images from 1990 to 2020, with 30 m spatial resolution and 16d temporal resolution, were used in this study. The path/row number of Landsat images covering the MYP is 121/40, 122/39, 123/39, 123/40, 124/39 and 124/40. We preprocessed these data with radiometric calibration, atmospheric correction and vegetation index calculation. MODIS/Terra Vegetation Indices 16-Day L3 Global 250 m SIN Grid (MOD13Q1) products from 2000 to 2020, with 250 m spatial resolution, were used in this study. The path/row numbers of MOD13Q1 products are h27/v05, h27/v06, h28/v05 and h28/v06. We performed projection conversion, resampling, sub-data set extraction, clipping and so on for MODIS data. We obtained the algorithm code based on the ESTARFM from the website of CHENJIN_LAB (http://www.chen-lab.club/, accessed on 15 July 2021). The accuracy of remote sensing classification results was verified by field investigation and visual interpretation of Google Earth high-resolution remote sensing images. The socio-economic data came from the China Rural Statistical Yearbook, Hunan Statistical Yearbook, Hubei Rural Statistical Yearbook, China County Statistical Yearbook and other county statistical yearbooks.





2.2. Methods


2.2.1. ESTARFM for Generating Landsat-MODIS Fusion Data


The research idea of data fusion using ESTARFM is that the high and low spatial resolution image pairs of the two corresponding time nodes close to the predicted time and a low spatial resolution image of the simulated date were taken as the reference images. In addition, these five scenes were used as input data of ESTARFM to generate the fusion data at the predicted time, so as to obtain image data with a complete-time series.



Assuming that the predicted target pixel is a homogeneous single object type, ESTARFM ignores the atmospheric correction error and registration error, and only the sensor system deviation exists between Landsat image data and MODIS image data, where there is a linear relationship between their pixel reflectance.


  H ( x , y ,  t p  , B ) = H ( x , y ,  t o  , B ) + a ∗ ( L ( x , y ,  t p  , B ) − L ( x , y ,  t o  , B ) )  



(1)




where   H ( x , y ,  t p  , B )   and   H ( x , y ,  t o  , B )   are pixel values at   ( x , y )   in  B  band of high spatial resolution remote sensing image at moments    t p    and    t o   , respectively.   L ( x , y ,  t p  , B )   and   L ( x , y ,  t o  , B )   are pixel values at   ( x , y )   in  B  band of low spatial resolution remote sensing image at moments    t p    and    t o   , respectively.  a  is the model coefficient determined by the system deviation of the two image sensors.



As the above relation is not suitable for mixed pixels, to solve this problem, the ESTARFM model introduces the conversion coefficient and uses the pixels with high spectral similarity in the neighborhood as auxiliary information to calculate it. The specific idea is to set up a search window of a certain size centered on the predicted pixels, select the pixels that are similar to the predicted pixels, and convolve them with the weight function W to obtain the pixel value of the predicted pixels.


  H (  x   w / 2    ,  y   w / 2    ,  t p  , B ) = H (  x   w / 2    ,  y   w / 2    ,  t o  , B ) +   ∑  i = 1  n    W i  ∗  V i  ∗   ( L (  x i  ,  y i  ,  t p  , B ) − L (  x i  ,  y i  ,  t o  , B ) )  



(2)




where  w  is the size of the search moving window, which is mainly determined by the homogeneity of the ground object type.   H (  x   w / 2    ,  y   w / 2    ,  t p  , B )   and   H (  x   w / 2    ,  y   w / 2    ,  t o  , B )   are pixel values of the center pixel of the search window in the  B  band of high spatial resolution remote sensing image at moments    t p    and    t o   , respectively.  n  is the number of similar pixels including the central pixel.    W i    is the weight of the  i  similar pixels, which determines the contribution of the  i  similar pixels to the reflectivity change of the central pixel. It is mainly determined by the spectral similarity of two images with different spatial resolutions at the similar pixel location and the distance between the similar pixel and the central pixel.    V i    is the conversion coefficient of the  i  similar pixels.   L (  x i  ,  y i  ,  t p  , B )   and   L (  x i  ,  y i  ,  t o  , B )   are pixel values of the  i  similar pixels in the  B  band of low spatial resolution remote sensing image at moments    t p    and    t o   , respectively.



Then, the time weight    T k    is calculated according to the change amplitude of pixel value of low spatial resolution image between time    t k    and predicted time    t p   .


   T k  =    1 /      ∑  i = 1  n   L (  x i  ,  y i  ,  t p  , B ) −   ∑  i = 1  n   L (  x i  ,  y i  ,  t o  , B )             ∑  k = m , n      ( 1  /      ∑  i = 1  n   L (  x i  ,  y i  ,  t p  , B ) −   ∑  i = 1  n   L (  x i  ,  y i  ,  t o  , B )         )     ,   k = m , n  



(3)







To sum up, the following formula is the final calculation formula of the pixel value of the image at the predicted time    t p    [28].


  H (  x   w / 2    ,  y   w / 2    ,  t p  , B ) =  T m  ∗  H m  (  x   w / 2    ,  y   w / 2    ,  t p  , B ) +  T n  ∗  H n  (  x   w / 2    ,  y   w / 2    ,  t p  , B )  



(4)




where    T m    and    T n    are the time weights of fusion images calculated at moments    t m    and    t n   , respectively.    H m  (  x   w / 2    ,  y   w / 2    ,  t p  , B )   and    H n  (  x   w / 2    ,  y   w / 2    ,  t p  , B )   are the fused central pixel values calculated by Formula (2) at moments    t m    and    t n   , respectively.



In this study, using ESTARFM algorithm in ENVI-IDL module, the pre-processed different spatial resolution remote sensing images were spatio-temporal fused. High and low spatial resolution remote sensing images referred to Landsat and MODIS images, respectively. Since Landsat images covering the MYP were often affected by cloud pollution, and the duration of the appropriate time windows for extracting various features was so short that it might be inundated by the low time resolution of the 16-day composites [15,38], we developed the Landsat-MODIS fusion data with 30 m spatial resolution. This study processed 476 Landsat-TM /OLI images and 207 MOD13Q1 images, with cloud cover of all data less than 50%, and produced about 90 Landsat-MODIS fusion images (Table S1).



Since Landsat images with different paths and row numbers were directly acquired on different dates, data fusion was conducted according to Landsat coverage. The Landsat image with path/row number 124/39 on 21 March 2020 was selected as an example (Figure 2). Landsat images of 31 January 2020 and 26 August 2020 and MODIS images of 2 February 2020 and 28 August 2020 were used as input image pairs, and the Landsat-MODIS fusion image with spatial resolution of 30 m was reconstructed according to the prediction of the MODIS image of 21 March 2020. Then, the Landsat-MODIS fusion image was compared with the Landsat image obtained on 19 March 2020. The size of the search moving window was set to 150 m × 150 m (5 pixels × 5 pixels). According to the fusion image, it can be found that the spatial resolution of the MODIS image can be improved from 250 m to 30 m using the ESTARFM model, which is basically consistent with the real Landsat image. Meanwhile, the cloud covered area on Landsat image can be clearly restored. Through visual observation, it can be found that the original pixel value is basically retained. In the fusion image and comparison image, 3266 points were randomly selected for correlation analysis in areas without cloud cover (Figures S1 and S2), and the correlation coefficients were 0.9049 and 0.8749 of NDVI and EVI. Therefore, the fusion image processed by the ESTARFM model can be used for crop extraction in the MYP.




2.2.2. Construction of Vegetation Index Curves of Main Crops


The summer and autumn crops planted in the MYP are single rice, double-cropping rice (early rice and late rice), cotton, maize and soybean, and the overwintering crops are winter wheat and rapeseed (Figure 3). Single rice, whose growth period is 130–150 days, is sowed in late April and early May, transplanted in mid-June and harvested in late September and early October. Early rice, whose growth period is 105–115 days, is sowed in late March, transplanted before 30 April, and harvested in late July. Late rice, whose growth period is 115–120 days, is sowed before mid-June, transplanted in mid-July and harvested in mid-late October. Spring maize, whose growth period is 110–120 days, is sowed around 20 March and harvested around 20 July. Spring soybean, whose growth period is 90–100 days, is sowed in early April and harvested in mid- to late-July. Summer maize and soybean, whose growth period is 95–110 days, is sowed in early June and harvested in early October. The planting methods of cotton include two ways: transplanting after seedling raising with nutrition bowl and sowing directly after wheat (or rapeseed) harvesting. In the first way, cotton grows for 120–130 days, being sowed around 20 April on sunny days and transplanted around 20 May. In the second way, cotton grows for about 100 days, directly being sowed in late May to early June in the field and by 10 June at the latest. Cotton harvest lasts longer, generally from mid-September to mid-October. Rapeseed is grown in a similar way to cotton. The growth period of rapeseed transplanted after sowing is 180 to 240 days. Rapeseed is sown in mid- to late-September and transplanted at about 30 days of seedling age. However, rapeseed sown directly without transplanting has a growth period of 160–210 days, being sowed in late October, flowering in March of the following year and harvested in April of the following year. Wheat has a growth period of 220–240 days, is sowed from late October to early November, with the best sowing period from 24 to 31 October, and is harvested in May of the following year. In summary, the main crop rotation patterns in the MYP are double-cropping rice, double-cropping rice and overwintering crops, single rice, single rice and overwintering crops, maize, maize and overwintering crops, soybean, soybean and overwintering crops, cotton and cotton and overwintering crops.



In different phenological periods, there were significant differences in remote sensing images and vegetation index of different crops, which provided the theoretical premise for the extraction of spatial distribution patterns of the main crops. We used 1651 samples to obtain the reflectance of thirteen land-cover types: woodland, construction land, bare land, grassland, water body, cultivated land, single rice, double-cropping rice, cotton, soybean, maize, rapeseed and winter wheat, with 127 sample points for each type (Figure 4). The sampling method is to select the areas where a certain crop has been planted continuously from 1990 to 2020 through visual interpretation and field survey. In addition, we calculated vegetation index mode for typical features in different phenological periods (Figure 5).




2.2.3. RSPDCM for Main Crop Planting Extraction


In this study, based on long time series Landsat-MODIS fusion data, we developed a RSPDCM to combine crop rotation patterns with dynamic changes of vegetation index curves.



Firstly, we extracted first-level land-use types, including woodland, construction land, bare land, grassland, water body and cultivated land. June to September was the proper time window to distinguish water body, construction land and bare land. At this period, all kinds of vegetation grew vigorously and the area with low NDVI [39] and EVI [40] values was water body or construction land, meanwhile the area with high MNDWI [41] value or no EVI value was water body. November–January was an important time window for identifying woodland and grassland. At this time, the summer and autumn crops were not sown, and the overwintering crops were in the overwintering or seedling stage, so the green vegetation with the highest NDVI and EVI values are woodland and grassland.



Secondly, we used EVI curves variation differences to extract overwintering crops. The appropriate period to extract rapeseed and winter wheat areas was between mid-March and early April. In this period, rapeseed and winter wheat showed different colors on true-color satellite images that rapeseed at flowering was yellow, and winter wheat at booting and heading was dark green.



Thirdly, we used the time window of irrigated field or rice transplanting period to extract paddy field and dryland. Late April, mid-June and mid- to late-July were the periods of paddy fields soaking or transplanting early rice, single rice and late rice.



Fourthly, we used NDVI curves differences to extract various summer and autumn crops. From early May to mid-August, the NDVI curves of the plots planted with single rice were unimodal, while those of double-cropping rice were bimodal [15]. Mid-June to early July was the window to distinguish cotton from other dryland crops. At this time, cotton was in the budding and bolting stage, during which cotton plants grew fastest with a higher NDVI value. Spring soybean and maize were in podding stage, tasseling or milk ripening stage, while summer soybean and maize were in the seedling, tillering and stem elongation stages, during which the NDVI value was lower. Mid-July to early August and mid-August to late September were good windows for distinguishing maize from soybeans. There were differences among varieties of maize and soybean for the vegetation index during the growing season [42], and the NDVI value of maize was higher at those times.



Finally, according to crop rotation patterns, we manually corrected the preliminary extraction results of main crop planting. Different summer and autumn crops or overwintering crops were spatially independent of each other in the year; for example, a plot of cultivated land already planted with winter wheat could not be planted with rapeseed. Furthermore, a plot planted with overwintering crops also were planted with summer and autumn crops in the same year. The main steps of extracting typical features of the MYP were summarized in Figure 6.



The statistical data of various crops in the MYP were sorted out and compared with the remote sensing identification results to calculate the relative errors (Table 1). The relative errors between the remote sensing extraction data and statistical data of main crops in the MYP from 1990 to 2020 were all less than 20%. Verification samples are used to verify the classification results (Figures S1 and S2), and the accuracy results of the confusion matrix are shown in Table 2. The classification results of main crops in the MYP were quantitatively analyzed by classification confusion matrix, with the overall classification accuracy being higher than 89%, and the Kappa coefficient was higher than 0.8. Compared with other years, the planting area of main crops in 1990 and 2005 was lower, and the average plot area in 2015 and 2020 was smaller and more dispersed. Therefore, the low planting area of crops, the fragmentation of cultivated land and the presence of mixed pixels led to the low accuracy of these years.




2.2.4. Spatio-Temporal Patterns Change Characteristics of Main Crop Planting


The spatio-temporal dynamics characteristics of main crop planting were analyzed in terms of the overall spatial distribution, intensification, scale and agglomeration characteristics in 1990–2020. We first compared the main crop distribution planting maps for individual years to determine the change trends in their spatial distribution at different stages.


  A r e a   p r o p o r t i o  n k  =   A r e  a k   /  A r e  a  t o t a l     ∗ 100 %  



(5)






  A n n u a l   a r e a   c h a n g e   r a t e =   ( A r e  a i  − A r e  a j  )  /  A r e  a i    ∗ 100 %  



(6)






  V a r i a b l e   d y n a m i c   a t t i t u d e =   ( A r e  a  i n   − A r e  a  o u t   )  /  ( A r e  a  i n   + A r e  a  o u t   )   ∗ 100 %  



(7)




where  k  represents different kinds of crops, including rice, cotton, maize, soybean, winter wheat and rapeseed.   t o t a l   represents the whole main crops.  i  and  j  represent different years, including 1995, 2000, 2005, 2010, 2015 and 2020.   i n   represents other land-use types transferred to this calculation type, while   o u t   is opposite.



Main crop intensification planting was primarily the production of two or more crops per year on the same plot of land, manifested in the narrowing of the exploitable gap between average actual planting area and genetic planting area potential [43]. In this study, the measurement indexes of characteristics of main crop intensive planting were cropping system (including single, double and triple cropping per year) and multi-cropping index.


  C r o p p i n g   i n d e x =   A r e  a  s i n g l e   + 2 ∗ A r e  a  d o u b l e   + 3 ∗ A r e  a  t r i p l e     A r e  a  s i n g l e   + A r e  a  d o u b l e   + A r e  a  t r i p l e     ∗ 100 %  



(8)




where   A r e  a  s i n g l e    ,   A r e  a  d o u b l e     and   A r e  a  t r i p l e     represent the areas of single, double and triple cropping per year and the cultivated area where main crops are grown, respectively.



The large-scale use of cultivated land is contrary to the fragmentation of cultivated land. From 2009 to 2018, about 73% of China’s land plots area reached more than 3.33 ha, and the median land plots circulation area reached 13.33 ha [44]. We assumed that vector surface size was the area of each plot according to the results of raster data extraction of main crop planting. Considering regional crop-planting differences, the maximum plot area, the average plot area, the total area of a plot exceeding 10 ha and its proportion of main crop planting area were selected to reflect the scale of crop planting.



Finally, in order to reveal the spatial agglomeration characteristics of main crops in the MYP, we used Global Moran’s I index to distinguish the Global spatial autocorrelation of main crops in different townships, and revealed the clustering characteristics of local spatial distribution by the Hot Spot Analysis method [45].


  I =   n   ∑  i = 1  n     ∑  j = 1  n    w  i , j    z i   z j        (   ∑  i = 1  n     ∑  j = 1  n    w  i , j     )     ∑  i = 1  n    z i 2       



(9)






   G i ∗  =     ∑  j = 1  n    w  i , j    x j    −  X ¯    ∑  j = 1  n    w  i , j             ∑  j = 1  n    x j 2     n  −   (  X ¯  )  2        [ n   ∑  j = 1  n    w  i , j  2  −   (   ∑  j = 1  n    w  i , j     )  2    ]   n − 1        



(10)






   X ¯  =     ∑  j = 1  n    x j     n   



(11)




where    x i    and    x j    are attribute values for features  i  and  j .    z i    and    z j    are the deviation of an attribute for feature  i  and  j  from their mean (   x i  −  X ¯    and    x j  −  X ¯   ).    w  i , j     is the spatial weight between features  i  and  j .  n  is equal to the total number of features.  I  is the Global Moran’s I index.    G i ∗    is the Getis-Ord Gi* statistic.






3. Results


3.1. Main Crop Distribution Mapping


From 1990 to 2020, the spatio-temporal patterns of main crop planting in the MYP have changed frequently, with the average annual planting area of 5.14 million ha and the average annual cultivated area of main crops of 2.94 million ha (Figure 7). Rice was the largest crop in the MYP, with an annual planting area of 3.04 million ha and an area proportion of 58.3% (Figure 8). Rapeseed followed with 0.84 million ha, accounting for 16.45% (Figure 9). The annual planting area of cotton, maize and soybean was about 0.35 million ha, accounting for about 6.5%. The winter wheat planting area was the smallest, with an annual planting area of 0.22 million ha, accounting for 4.45%.



During the past 30 years, the planting area of main crops in the MYP showed a trend of fluctuation and decline, with the planting area decreasing from 6.54 million ha to 3.73 million ha and an annual decrease of 93,696 ha. The change of trend of cultivated area and the total planting area of main crops was basically consistent, but cultivated area fluctuated less, with an average annual decrease of 33,083 ha. The overall change of planting area of main crops was divided into three stages: 1990–2005, 2005–2015 and 2015–2020, respectively. The planting area of main crops in the MYP was in a continuous transition state in 1990–2005 and 2015–2020. The planting structure of crops was constantly adjusted, which the area proportion of rice and rapeseed was constantly decreasing and of winter wheat and soybean was greatly increasing. The planting area of main crops in the MYP rose briefly in 2005–2015. From 1990 to 2020, rice, cotton and rapeseed were the crops with decreasing planting area and area proportion, with the annual area decrease of 74,728 ha, 10,981 ha and 15,353 ha and the area proportion of 10.58%, 3.16% and 0.05%, respectively. The planting changes of winter wheat were characterized by a rapid decrease in the area, but a slight increase in the area proportion, with an annual area decrease of 1836 ha and the area proportion increase of 2.22%. Maize and soybean were the crops with increasing planting area and its proportion, with the annual planting area of 7438 ha and 1762 ha and the area proportion of 8.42% and 3.14%, respectively.



In conclusion, the main crop planting area in the MYP fluctuated significantly in 1990–2020, during which the change of rice and rapeseed planting area basically determined a total variation trend. However, due to the area proportion decrease in rice and rapeseed, winter wheat, maize and soybean tended to have significant substituting effects. Cotton, as a cash crop with great fluctuation in market price, was an important time point for its change in 2010, and its area decreased by nearly 60% in the past 10 years. In addition, the decrease difference between planting area and cultivated area of main crops reflects the important impact of main crop intensification planting on agricultural production in the MYP.




3.2. Characteristics of Main Crop Intensification Planting


From 1990 to 2020, the cropping intensification of main crops in the MYP showed a trend of fluctuating decline, and the multi-cropping index decreased from 195.37% to 158.23%, with an average annual decline of 1.24% (Figure 10). The multi-cropping index and area decreased rapidly in 1990–2005 and 2015–2020. The lowest area proportion of double and triple cropping per year was 46.10% (2005) and 0.38% (2020), respectively. From 2005 to 2015, the multi-cropping index and area briefly increased, the area proportion of single cropping per year decreased to 14.81% and the area proportion of double cropping per year increased to 72.54%. In the past 30 years, the cropping system changed from mainly double cropping per year to single cropping per year.



From 1990 to 2005, the multi-cropping index of cultivated land among townships in the MYP decreased rapidly, with a big difference. The annual average of the multi-cropping index was 175–250% in the PYLP and DTLP, 150–225% in the EHRP and 100–200% in the JHP. From 2005 to 2015, the change of trend of the multi-cropping index of cultivated land among townships was different. Most townships in the DTLP, PYLP and JHP showed an upward trend, while the multi-cropping index of cultivated land in the urban center showed an obvious downward trend. From 2015 to 2020, the multi-cropping index of cultivated land among most townships of the MYP decreased by 5–50% compared with the previous period, and the number of townships with the multi-cropping index over 200% was further reduced. From 1990 to 2020, the high values of cropland multi-cropping index were mainly in Xiangyin, Yuanjiang, Hanshou and Yueyang counties (districts) of the south of the DTLP, Nanchang, Xinjian, Nanchan, Jinxian and Duchang counties (districts) of the PYLP and Wuxue city in the EHRP, while the low values were mainly in the urban center (Figure 11). In conclusion, in the past 30 years, the intensification degree of main crops in the PYLP was characterized by high intensity and small decrease, while that in the JHP and EHRP was low intensity and large decrease and that in the DTLP was high intensity and large decrease.




3.3. Characteristics of Main Crop Large-Scale Planting


China has traditionally adopted labor-intensive cultivation practices with small land areas, high costs and low labor productivity, which has utilized labor-intensive cultivation practices compared to developed countries [46]. From 1990 to 2020, the large-scale cultivation of main crops in the MYP showed a state of polarization (Figure 12). On the one hand, the fragmentation degree of decentralized cultivation plots of each household increased; on the other hand, the number and area of plots operated by new farmer cooperative organizations and large enterprises increased significantly. We found rice was the best crop species in large-scale cultivation in the MYP, with an average plot area of 1.05 ha and a maximum plot area of 27,467 ha, and a plot area over 10 ha accounted for 29.29% of the total rice planting area from 1990 to 2020. Rapeseed and winter wheat followed, with an average annual area of 0.48 ha and 0.49 ha, the maximum area of 7242 ha and 4003 ha and plot area over 10 ha accounting for 22.09% and 41.68%, respectively. Cotton, maize and soybean were the worst crop species in large-scale cultivation, with an average annual plot area of about 0.2 ha, a maximum plot area of about 800 ha and a plot area over 10 ha accounted for about 13%. In the past 30 years, the degree of fragmentation of cultivated land for rice and cotton increased by a large margin, rapeseed, maize and soybean decreased and winter wheat changed little. From the analysis of spatial distribution, the plots with the largest areas of rice and rapeseed are mainly distributed in Nanchang and Jianli counties of the PYLP, Yuanjiang and Anxiang counties of the DTLP and so on, while the plots with the largest areas of cotton, winter wheat, maize and soybean are mainly distributed in Jingzhou Center District, Tianmen City, Wuxue City, Jiangling County and so on.




3.4. Characteristics of Main Crop Agglomeration Planting


We analyzed the overall agglomeration of the spatio-temporal patterns of main crop area (Table 3). The spatial distribution of the main crops in the MYP showed a very significant positive spatial aggregation, which was not random. With the development of time, the spatio-temporal patterns of the main crops were consistent with the change of trend of planting area. The positive spatial aggregation of rice was the most significant, followed by rapeseed and cotton, and maize, soybean and winter wheat were the worst. Local autocorrelation showed that the high-yielding areas of rice and rapeseed were concentrated in the JHP, the central DTLP and the southwest PYLP as well as a small amount in the central EHRP (Figure 13). The hot spots of maize, soybean and winter wheat are concentrated in the JHP and Wuxue City of the EHRP. The low-yield townships of crops gathered in the urban center, and their spatial distribution was stable and their range was obviously expanded. During the past 30 years, the planting area of rice and rapeseed hot spots decreased in the JHP, but increased in the PYLP and EHHP. The planting area of cotton, maize, soybean and winter wheat hot spots mainly occurred around Jingzhou City and Wuhan City.





4. Discussion


4.1. Main Crop Planting Situation in Typical Counties


In order to explore the regional differences in the spatio-temporal patterns of the main crops in the MYP, we selected six counties to analyze the driving factors in typical regions, namely, Jianli City, Xiantao City, Nanchang County, Poyang County, Dingcheng District and Qichun County (Figure 1). Among them, under the background of agricultural production, local government financial pressure and national food security, Nanchang County, Poyang County, Jianli city and Xiantao City have been listed as China’s top grain-producing counties (districts) since 2005 [37].



Nanchang County is located in the southwest of the PYLP, which has been awarded as the National Grain Production Advanced County, National Modern Agriculture Demonstration Area, National Rural Reform Pilot Area, etc. From 1990 to 2020, the agricultural production in Nanchang County had the characteristics of high intensification and agglomeration with the spatial distribution of crop planting, mainly in paddy field rotation. During the 30 years, the average annual planting area of main crops was 0.17 million ha, and the multi-cropping index of cultivated land was 201.67%. The area proportion of rice and rapeseed was 97.16% annually. Only double-cropping rice was the main crop planting structure, accounted for 62.9% of the total cultivated area of main crops, followed by single rice + rapeseed, double-cropping rice + rapeseed, only single rice, with an average annual area proportion of about 10%. Compared with Nanchang County, Poyang County had poor agricultural topographic conditions, with low mountains and hills accounting for 45% of the total area of the county. The degree of intensification and agglomeration of main crop planting was slightly lower. The multi-cropping index averaged 191.41% annually. The area proportion of only double-cropping rice was 43.4%, and the proportion of single rice + rapeseed and only single rice was about 15% annually. The profit of agricultural industry was low, which the added value of the primary industry in the region was only RMB 35,100 Chinese (RMB 47,300 in Nanchang County) in 2019.



Jianli City, located in the middle JHP, was selected as one of the first batch of agricultural modernization demonstration zones of China in 2021. From 1990 to 2020, the average annual planting area of main crops in Jianli City was 0.26 million ha, and the multi-cropping index was 158.23%. The area proportion of rice and rapeseed was 83.32%. The proportion of cultivated land for only single or double-cropping rice was 26.8%. During the past 30 years, the cultivated area of only single rice as well as single rice and rapeseed increased significantly, while the cultivated area of only double-cropping rice and double-cropping rice and rapeseed decreased. Compared with Jianli City, Xiantao City, as a central city in the west wing of the Wuhan metropolitan circle, had rich rural labor resources, high agricultural mechanization, well-equipped facilities and rich profits in its agricultural industry. In 2019, the total power of agricultural machinery was 6.89 kW/ha (5.2 kW/ha in Jianli City), and the added value of the primary industry was RMB 42,700/ha (RMB 37,300/ha in Jianli City). From 1990 to 2020, the area proportion of rice and rapeseed in Xiantao City was 60.25% annually. The area proportions of only single rice or single rice and rapeseed were 25.03% and 14.31% annually, respectively. The area proportions of only double-cropping rice, only maize, maize + rapeseed, soybean + winter wheat were each about 8.5% annually. Compared with Jianli City, the planting structure of main crops in Xiantao City was more diversified, and the areas of paddy field rotation, paddy-upland rotation and dryland rotation were more similar. The planting conditions of cotton and other crops had a greater impact on the overall agricultural production.



As the Hunan Province grain production model area, Dingcheng District of Changde City is a typical area representing the agricultural production characteristics of the DTLP. From 1990 to 2020, the average annual planting area of main crops was 0.12 million ha, and the multi-cropping index was 189.9%. The area proportion of rice and rapeseed was 92.53% annually. The area proportion of only double-cropping rice was higher than that in Jianli City and Xiantao City, though lower than that in Nanchang City and Poyang County, with an annual average of 39.8%, while the cultivated area for only single rice, single rice and rapeseed, double-cropping rice and rapeseed accounted for about 15% of the annual average while only cotton or cotton and rapeseed accounted for about 6%. In the past 30 years, the proportion of non-agricultural cultivated land in this district (37.8%) was higher than that in the average level of the MYP (29.41%), and the area proportion of cash crops (including cotton and rapeseed) (25.6%) was higher than that in those top grain-producing counties (18.7%). We found the characteristics of crop planting in Dingcheng District directly reflected the results of the interaction between urban economic development and agricultural production development, which was, with the development of economy, the non-grain and non-agricultural phenomenon of cultivated land, becoming more significant.



As one of the areas with the greatest agricultural production potential in the MYP, Qichun County is a typical county representing the agricultural production characteristics of the EHRP. From 1990 to 2020, the planting area of main crops averaged 71,550 ha per year, and the multi-cropping index averaged 173.3%. The area proportion of rice and rapeseed was 63.21% annually. Compared with the above five regions, the area proportion of only single rice or double-cropping rice in this region was closer, accounting for 43% totally. The planting area of single rice and rapeseed, maize and winter wheat accounted for about 10% annually, and the area of only cotton or cotton and rapeseed accounted for about 6% annually. Over the past 30 years, the area of single rice in Qichun County increased from 1280 ha to 14,790 ha, while the area of double-cropping rice decreased from 18,070 ha to 3450 ha. In 2019, the total power of agricultural machinery was only 2.75 kW/ha (the average in the MYP was 5.39 kW/ha). We found that by adjusting the crop-planting structure and improving the degree of agricultural mechanization, the area of crop planting and the intensity of cultivated land use in this county had a great space to increase.



Above all, compared to the DTLP and PYLP, multi-cropping index was larger, the double-cropping rice having smaller advantages, and the conversion to single rice being more prominent in the JHP and EHRP. In addition, the change of planting condition of non-food crops had a relatively great influence on the overall planting condition of main crops. Within each plain, the areas with complex topography or good economic development had worse intensification of main crop planting. In this area, the non-agricultural and non-food conversion of cultivated land was more significant, with the rice and rapeseed planting area smaller and the crop planting structure more complex.




4.2. Potential Driving Forces of Spatio-Temporal Patterns Change of Main Crop Planting


Physical geographical conditions (climate, topography, hydrology, etc.) determine the suitability of crop planting. Water and heat resources had a great influence on main crop intensification planting in the MYP. We found the multiple cropping patterns, whose area accounted for a high proportion, had obvious regional advantages in areas with precipitation higher than 1500 mm and accumulated temperature of 10 °C higher than 5600 °C. Topographic conditions had a great influence on the distribution of crop planting species. For example, rice had a significant geographical advantage in areas with an elevation of less than 25 m, a slope of less than 6°, and a topographic relief of less than 30 m. Compared with the hilly areas of the EHRP and the western JHP, the terrain was flat and suitable for large-scale mechanized cultivation in the DTLP, the PYLP and the middle and eastern JHP, which created positive conditions for intensification, large-scale and agglomeration planting of bulk agricultural products. In the past 30 years, the areas with high intensification, scale and agglomeration of main crops have been mostly distributed in these regions.



The main crop planting trends in the MYP were closely related to agricultural production conditions, agricultural input-output and government policy changes. China’s agricultural production moved toward commercialization, specialization and modernization in 1990–2005. During this period, the state’s macro-agricultural policies mainly included implementing the grain governor responsibility system, implementing the grain protection price system and reforming the grain circulation system [47]. The agricultural production conditions in the MYP have been improved constantly. The total power of agricultural machinery has increased from 1.63 kW/ha to 3.32 kW/ha, and the amount of chemical fertilizer has increased from 1.96 kg/ha to 3.44 kg/ha. However, with the rapid development of industrialization and urbanization, the internal incentives of cultivated land property rights have been released, and the response capacity of agricultural production to crops price changes has been enhanced [48], and net profit of agricultural products has presented drastic fluctuation change (Figure 14). At the same time, there was a massive migration of rural labor to cities, with an annual decline of 31,700 in the MYP. The growth of agricultural economy was weak, with the added value of the primary industry on average of only 4.33% in the MYP. Therefore, we found the fluctuation of crop planting profit and the loss of rural labor force in this period resulted in insufficient labor supply in rural areas, which directly led to a significant decrease in crop planting area and the reduction of agricultural intensification, large-scale and agglomeration.



From 2005 to 2015, China was in a new period of agricultural production development, in which achieving “zero burden” for farmers, breaking the urban-rural dual system and deepening the overall development of urban and rural areas. In 2005, China abolished agricultural taxes in Hunan, Hubei and Jiangxi provinces, implemented policies of incentives for top grain-producing counties, direct subsidy, comprehensive input subsidy, high-quality seed subsidy and agricultural machinery subsidy, and established Policy of Price Floor on Grain as well as the temporary purchase and storage policy [49,50]. China had continuously expanded subsidies for grain production to further protect and mobilize farmers’ enthusiasm for growing grain. Over the past decade, agricultural modernization has been enhanced, and the number of people employed for main crop planting has dropped by about 75 ha/day on average. Agricultural and rural economies were performing well, with the annual growth rate of average primary industry in the MYP rising to 18.36%. The output value of agricultural products increased significantly and reached its peak around 2015. Especially, the net profit of rice planting was at a high level, reaching RMB 3,175.64/ha. Therefore, during this period, we found farmers’ enthusiasm in planting rice, maize and winter wheat have warmed up, and the intensification, large-scale and agglomeration of crop planting have increased accordingly. In addition, cotton, rapeseed and soybean planting conditions in the MYP were also affected by domestic and foreign agricultural trade. With the continuous development of global trade and the widening gap between domestic and foreign prices, the foreign trade deficit of China’s oil industry has become increasingly serious, and the soybean and rapeseed planting industries in the MYP have encountered a crisis [51,52,53]. The mechanization of cotton planting in the Yangtze River Basin has been advanced slowly, resulting in high production cost, large number of labor, low production efficiency and low planting income. Although China implemented temporary purchase and storage policy of cotton in 2011–2014 and rapeseed in 2008–2014, it temporarily protected the profits of cotton and oil farmers but caused high production costs and even worse net profit losses [54,55]. In 2015, China implemented the cotton target price policy in Xinjiang, which further reduced the cotton planting advantage in the MYP [56]. We found that the area and scale of rapeseed, soybean and cotton planting decreased in 2005–2015. Policy interventions combined with falling international prices have increased the price gap between cotton, rapeseed and soybean markets in the MYP and domestic and international markets. Therefore, the fluctuation of agricultural cost and income caused by the implementation of benefit farming policies and the changes of domestic and foreign markets became the main driving factor for the change of crop planting status in the MYP.



China deepened supply-side structural reform in agriculture in 2015–2020. The average gross output value of cultivated crops has shown negative growth as production costs have increased. Except for rice, other main crops showed negative net profit value. The degree of main crop intensification and aggregation planting decreased significantly, the structure of crop planting tended to be diversified, and the phenomenon of non-agricultural and non-food conversion of cultivated land was remarkable in the MYP. We found the effect of agricultural and grain policies on increasing sown area and improving living income has weakened and the degree of main crop intensification and agglomeration planting has decreased in the past five years [57]. However, in order to invigorate rural resources and revitalize rural economy, in addition to increasing investment in agricultural technology and resources, the Chinese government has constantly promoted land consolidation [58] and new agricultural production methods, such as the emerging integrated rice-crawfish farming system [59], and built new types of agricultural management systems, such as specialized large households, family farms, specialized farmer cooperatives and agricultural enterprises that combined intensification, specialization, organization and socialization. We found under the influence of these factors, although farmers were not enthusiastic about planting crops, and the planting area and intensification degree of main crop planting were greatly reduced in the MYP in the past five years, the scale of crop planting was relatively high, with the area proportion of plots exceeding 10 ha being increasing. In addition, the output value of the primary industry on average maintained a medium-high growth rate, with an annual growth rate of 8.83%.




4.3. Uncertainties and Improvement


This study provides an efficient mapping approach and basic information of driving mechanism on the spatio-temporal patterns dynamics change of main crop planting in the MYP in 1990–2020. Based on crop rotation patterns, spectral and phenological characteristics, using the RSPDCM, spatial distribution of main crops in the MYP can be mapped with high accuracy. The ESTARFM is the primary and basic method to process remote sensing data, which was adopted for the fusion of Landsat and MODIS data, and well captured spatial details and vegetation phenological changes of uniform regions, and has high accuracy for heterogeneous and fragmented regions in the MYP. However, the uncertainty of research and its future direction should be recognized. In this study, the classification and extraction process had a low degree of automation. Cultivated land was generally small and fragmented, so omission classification using Landsat images with 30 m spatial resolution was inevitable. Furthermore, the Google Earth Engine platform could be used to conduct complete time series and large-scale studies with higher spatial resolution. As the existing statistical data at the county (or district) level were short in terms of years and data types, the quantitative driving mechanism could be studied through a questionnaire survey in the future.



In recent years, China has made agricultural production a priority in its agricultural work, ensuring the supply of chemical fertilizer and other agricultural materials and raising the level of agricultural equipment, thus strongly supporting and guaranteeing grain production. Most of the young and middle-aged rural labor force went out for work, and the quality of agricultural labor force declined. The comparative benefit of grain growing was low for a long time, with the contribution of input growth to output being large, and the economic growth mode being mainly extensive [60]. The implementation of national policies has accelerated or slowed down the decline of crop planting area to a certain extent. With the weakening effect of grain subsidies, land consolidation and agricultural large-scale operation become the new reform direction to break through the bottleneck of agricultural productivity and stimulate agricultural vitality.





5. Conclusions


As an important grain, cotton and oil production base in China, the spatio-temporal patterns of main crop planting in the MYP changed frequently. Based on the Landsat-MODIS fusion data, we used the RSPDCM to map the planting patterns of the main crops (including rice, cotton, maize, soybean, rapeseed and winter wheat) from 1990 to 2020 (with a time interval of 5 years). Then, we analyzed from the perspectives of overall change trends, intensification, large-scale and agglomeration of spatio-temporal patterns of main crop planting. The results showed that the RSPDCM had good overall accuracy, more than 89%.



From 1990 to 2020, as a high intensification area of main crop planting, mainly in paddy field rotation, the main crop planting area in the MYP showed a trend of dynamic decrease from 6.54 million ha to 3.73 million ha. The annual average of the multi-cropping index was 173.27%, and the annual area proportion of double cropping per year was 63.14%. During the past 30 years, the main crop planting situation in the MYP was divided into three stages, in which the main crop planting showed a continuous downward state in 1990–2005 and 2015–2020, while the main crop planting area showed a temporary upward trend in 2005–2015. The trend of the degree of intensification of main crop planting was basically consistent with that of planting area. As the two most important crops, the increasing and decreasing trend of rice and rapeseed planting area determined the overall change of trend of main crops in the MYP. Rice and rapeseed were also the crops with the highest degree of intensification, large-scale and agglomeration. Large-scale and hot planting areas were mainly distributed in Nanchang and Poyang counties of the PYLP, Anxiang and Yuanjiang counties of the DTLP, and Jianli County of the JHP. In the past five years, due to the proportion of planting area and scale increasing, the substitution effect of maize, soybean and winter wheat on rice and rapeseed was enhanced. The planting hot spots were mainly the JHP and Qichun County, Wuxue City and other places in the EHRP. There were cold spots for crops cultivation around the urban areas, and their intensification, scale and agglomeration declined significantly.



Superior physical and geographical conditions were the basis of agricultural production in the MYP. Hydrothermal conditions directly affected the spatial distribution of cultivated land use intensity, and topographic factors were the main driving factors for the spatial distribution of crop planting. From 1990 to 2020, factors such as labor mobility, agricultural policy and agricultural economic benefits had a great impact on the planting conditions of main crops in the MYP. Our findings contribute to a better understanding of the past dynamic characteristics of main crop cropping patterns in the MYP, which is crucial for optimizing the allocation of agricultural production resources, managing major grain producing areas and extracting the spatial structure of bulk crops in areas with complex crop rotation patterns by remote sensing.
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Figure 1. Location and physical geographical conditions of the MYP: (a) spatial distribution of annual mean precipitation and location of Hubei, Hunan and Jiangxi provinces in China; (b) spatial distribution of annual mean temperature in Hubei, Hunan and Jiangxi provinces and location of the MYP; and (c) spatial distribution of elevation in the MYP. (MYP: Middle Yangtze Plain, DTLP: Dongting Lake Plain, JHP: Jianghan Plain, EHRP: Eastern Hubei Riverside Plain, PYLP: Poyang Lake Plain, similarly hereinafter). 
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Figure 2. Comparison of original Landsat data and Landsat-MODIS fusion data: (a) NDVI values of the original Landsat image with path/row number 124/39 on 21 March 2020, (b) NDVI values of the Landsat-MODIS fusion data of the Landsat image with path/row number 124/39 on 21 March 2020, (c) EVI values of the original Landsat image with path/row number 124/39 on 21 March 2020 and (d) EVI values of the Landsat-MODIS fusion data of the Landsat image with path/row number 124/39 on 21 March 2020. 
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Figure 3. Phenological calendar of main crops in the MYP: Day of Year (DOY) represents the end time of the phenological period. Due to the temporary sudden weather change or the planting time arrangement of individual farmers, the planting phenology of certain crops in some areas might be advanced or delayed by up to 5 days. 






Figure 3. Phenological calendar of main crops in the MYP: Day of Year (DOY) represents the end time of the phenological period. Due to the temporary sudden weather change or the planting time arrangement of individual farmers, the planting phenology of certain crops in some areas might be advanced or delayed by up to 5 days.



[image: Remotesensing 14 01141 g003]







[image: Remotesensing 14 01141 g004 550] 





Figure 4. Distribution map of sample points for construction of crop vegetation index curves in the MYP. 
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Figure 5. Vegetation index change curves of typical features in the MYP: (a,b) are the NDVI and EVI change curves of first-level land-use types; (c) is the NDVI change curves of summer and autumn crops; and (d) is the EVI change curves of overwintering crops. 
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Figure 6. Technical route of the RSPDCM. The figure reflected the basic idea of extracting the spatial distribution of main crops. Due to remote sensing images quality and other aspects, individual thresholds were slightly adjusted. 
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Figure 7. Main crop planting condition in the MYP in 1990–2020: (a) the planting area and the area of cultivated land for main crops; (b) area proportion of main crop planting; (c) annual area change rate of main crop planting; and (d) variable dynamic attitude of main crop planting. 
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Figure 8. Spatial distribution of summer and autumn crop planting in the MYP in 1990–2020. Figure (a–g) represent the spatial distribution of rice, cotton, maize and soybean in the MYP in 1990, 1995, 2000, 2005, 2010, 2015 and 2020, respectively. 
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Figure 9. Spatial distribution of overwintering crop planting in the MYP in 1990–2020. Figure (a–g) represent the spatial distribution of winter wheat and rapeseed in the MYP in 1990, 1995, 2000, 2005, 2010, 2015 and 2020, respectively. 
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Figure 10. Changes of main crop intensification planting in the MYP in 1990–2020: (a–c) are the area proportion of cultivated land with single, double and triple cropping per year, respectively; (d) is the multi-cropping index of cultivated land. 
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Figure 11. Spatial distribution of main crop intensification planting in the MYP in 1990–2020. Figure (a–g) represent the spatial distribution of single cropping per year, double cropping per year and triple cropping per year in the MYP in 1990, 1995, 2000, 2005, 2010, 2015 and 2020, respectively. 
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Figure 12. Situation of main crop intensification planting in the MYP in 1990–2020: (a) is the average plot area of main crop planting; (b) is the maximum plot area of main crop planting; (c,d) are the total area of a plot exceeding 10 ha and its proportion of main crops. 
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Figure 13. Getis-Ord Gi statistic of main crops area among townships in the MYP in 1990–2020: (a1)–(f1) are the hot spot analysis results of rice, cotton, maize, soybean, winter wheat and rapeseed in 1990–2005, respectively; (a2)–(f2) are the hot spot analysis results of rice, cotton, maize, soybean, winter wheat and rapeseed in 2005–2015, respectively; (a3)–(f3) are the hot spot analysis results of rice, cotton, maize, soybean, winter wheat and rapeseed in 2015–2020, respectively. 
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Figure 14. Agricultural production costs and benefits in China from 1990 to 2020: (a) the total output value of main crop planting; (b) the net profit value of main crop planting; (c) the net profit rate value of main crop planting; and (d) the number of agricultural workers value of main crop planting. 
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Table 1. Accuracy assessment of main crop spatial distribution maps in 1990–2020 in comparison with statistical data.
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Types

	
1995

	
2000

	
2005

	
2010

	
2015

	
2020






	
Cultivated land

	
SA

	
3.51

	
3.36

	
3.29

	
3.17

	
3.25

	
2.85




	
RE

	
−5.70

	
−12.60

	
−14.56

	
−6.45

	
−11.12

	
−17.13




	
Single rice

	
SA

	
1.08

	
1.36

	
1.10

	
1.74

	
1.33

	
1.20




	
RE

	
−15.58

	
−14.21

	
16.43

	
−11.35

	
−16.05

	
−11.63




	
Double-cropping rice

	
SA

	
2.77

	
1.41

	
1.39

	
1.21

	
2.02

	
1.17




	
RE

	
17.58

	
16.05

	
−14.81

	
−13.31

	
−15.35

	
−14.55




	
Cotton

	
SA

	
0.37

	
0.57

	
0.37

	
0.46

	
0.28

	
0.22




	
RE

	
−13.39

	
−11.43

	
11.05

	
−10.86

	
−16.53

	
−24.52




	
Maize

	
SA

	
0.22

	
0.20

	
0.16

	
0.27

	
0.39

	
0.38




	
RE

	
14.69

	
12.55

	
18.51

	
15.33

	
13.85

	
15.50




	
Soybean

	
SA

	
0.17

	
0.20

	
0.30

	
0.15

	
0.18

	
0.17




	
RE

	
20.02

	
12.41

	
16.59

	
18.56

	
19.36

	
16.94




	
Winter wheat

	
SA

	
0.32

	
0.35

	
0.38

	
0.47

	
0.42

	
0.30




	
RE

	
12.50

	
17.44

	
13.08

	
12.56

	
−10.65

	
−11.39




	
Rapeseed

	
SA

	
0.88

	
0.79

	
0.58

	
0.76

	
1.20

	
0.73




	
RE

	
5.05

	
5.37

	
7.57

	
12.71

	
−15.77

	
−16.95




	
Mean value

	
RE

	
4.39

	
3.20

	
6.73

	
2.15

	
−7.56

	
−8.63








SA is the statistical area and its unit is millions of hectares. RE is the relative error and is expressed as a percentage. Double-cropping rice planting area is the sum of early rice and late rice planting areas. Due to problems in obtaining statistical data, this table did not include the statistical data of the MYP in 1990 and Yugan County and Poyang County in Jiangxi Province from 1990 to 2020.
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Table 2. Accuracy assessment of main crop spatial distribution maps in 1990–2020 in comparison with validation samples.






Table 2. Accuracy assessment of main crop spatial distribution maps in 1990–2020 in comparison with validation samples.





	Year
	1990
	1995
	2000
	2005
	2010
	2015
	2020





	Overall accuracy/%
	89.6
	93.4
	94.3
	93.1
	93.6
	94.1
	93.8



	Kappa coefficient
	0.81
	0.86
	0.87
	0.86
	0.86
	0.87
	0.86



	Producer’s accuracy/%
	82.3
	86.5
	89
	86.1
	87.1
	87.5
	87.2



	User’s accuracy/%
	93.5
	96.5
	98.5
	96.8
	97.3
	98.1
	97.5



	Sample numbers
	13,506
	14,003
	13,956
	14,102
	13,821
	13,987
	14,222







The accuracy evaluation results in this table are the mean values of the accuracy evaluation results of cultivated land, rice, cotton, maize, soybean, winter wheat and rapeseed in a year.
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Table 3. Global Moran’s I index of main crop area among townships in the MYP in 1990–2020.
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	Year
	Main Crops
	Rice
	Cotton
	Maize
	Soybean
	Winter Wheat
	Rapeseed





	1990
	0.577
	0.5653
	0.3179
	0.215
	0.2409
	0.2997
	0.3494



	1995
	0.6017
	0.5636
	0.2285
	0.2753
	0.2434
	0.2189
	0.4898



	2000
	0.5514
	0.469
	0.3028
	0.2199
	0.2755
	0.2297
	0.4902



	2005
	0.5285
	0.4739
	0.284
	0.2835
	0.2813
	0.2474
	0.41



	2010
	0.5289
	0.4451
	0.2883
	0.3138
	0.2839
	0.2947
	0.3531



	2015
	0.5717
	0.5049
	0.3874
	0.2856
	0.2392
	0.2516
	0.4256



	2020
	0.5116
	0.4619
	0.3081
	0.2575
	0.2031
	0.1895
	0.3903







The Z value of Global Moran’s I in the table is much higher than 2.58, and the P value is much less than 0.01, which has passed the significance test at the 1% level.
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