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Abstract

:

Cropland abandonment (CRA) is an extreme case of cropland marginalization. With the continuous development of global industrialization and urbanization, the phenomenon of CRA gradually spreads from developed countries such as eastern and western European countries and the United States to developing countries such as China, especially in regions with poor geographical conditions such as mountainous areas. However, research on CRA in developing countries is sparse, and adequate identification methods and spatial distribution information are lacking in China, impeding the comprehensive understanding of the status quo of CRA as well as the formulation of related policies and measures. Therefore, taking Wushan County in Chongqing as an example, we developed a CRA extraction method to identify cropland. Landsat 8 OLI_TIRS remote sensing images were adopted in the extraction. Subsequently, Google Earth images were used to verify the extraction results, and the extraction accuracy of abandoned cropland plaques reached 89.33%. The CRA rate in Wushan between 2011 and 2016 was 28.71%, and abandoned cropland was highly scattered across the region. In areas above 800 m and with slopes of more than 15°, large areas were abandoned. However, an increasing irrigation radius resulted in higher labor costs and, ultimately, larger abandoned areas. Using the Conversion of Land Use and its Effects-Small (CLUE-S) model, the CRA status under different scenarios was simulated, and under the scenario of economic development, the CRA rate in the next 20 years was as low as 28.84%, while under the scenario of natural growth, the rate reached 33.54%. When the model used the scenario of ecological protection, the cropland area in Wushan County decreased significantly, and the CRA rate reached 42.11%.
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1. Introduction


Cropland abandonment (CRA) is an extreme phenomenon of cropland marginalization [1,2,3]. CRA has first been found in Europe mountainous areas in the early 20th century [4,5,6]. After the middle of the 20th century, with the transition of social and economic development, CRA began to spread gradually to the global scope including some developing countries such as China [7,8,9]. As a result, CRA has attracted increasing attention from scholars all over the world. In general, scholars are concerned with three aspects of researches of CRA i.e., identification of CRA, influencing factors of CRA, and the forecast of CRA.



The remote sensing technique is the most commonly used method to identify abandoned cropland. According to the spatial resolution of satellite images, moderate-resolution imaging spectroradiometer (MODIS) data (250 m) and Landsat TM images (30 m) are the two main data sources utilized to identify abandoned cropland. For example, Alcantara et al. [10] acquired CRA information for eastern Europe between 2003 and 2008, using a combination of time series and phenological information extracted from MODIS data. Using Landsat TM images, He et al. [11] investigated the CRA in some regions of Russia and Georgia during 2003–2008 by a time division method while Baumann et al. [12] identified the abandoned cropland of western Ukraine between 1986 and 2008 via the support vector machine (SVM) classification method.



CRA is a comprehensive result of multiple factors [13]. In different regions, the determined factors of CRA changed from each other. In southern Chile, both the natural factors such as soil quality and the social and economic indicators such as farming costs, traffic convenience, the number of centers of agricultural and sideline products, and agricultural subsidies, were found to be important factors influencing CRA [14]. In China, along with the adjustment of rural industrial structures, the number of agricultural products, the changes in structural characteristics of agricultural production, and the population flow led to significant changes in CRA [15]. The causes of CRA in China can be summarized as the increase of labor off-farm employment [16], the lack of rural labor forces [17], the decrease of net income of crop plantations [18], the pool land quality [13], wildlife damages [19], and policy effects [7].



CRA has both positive and negative effects on the environment. To avoid the negative effects such as the threat of food security, it is necessary to predict the scenarios of CRA after identifying the abandoned cropland and discerning the driving factors of CRA. For example, Silber and Wytrzens [20] analyzed the risks of CRA in Austria using a logistic regression model. Similarly, Price et al. [21] assessed the risks of CRA in Switzerland in 2035 and found that the mountainous areas of the Alps and Jura face high risks of CRA due to the rapid urbanization and increased grazing. In Europe, the forecasted abandoned cropland ranges from 0.7% of land area by 2020 to 6.7% by 2030 [22].



Due to the development of the economy and society, CRA is increasingly serious in China. For the limited cropland and large population base, CRA can threaten the regional food security to some degree. Identifying the abandoned cropland, understanding the driving forces of CRA, and predicting the abandoned cropland in the future could help create related policies to reduce the negative effects of CRA. However, since the phenomenon of CRA in China appeared relatively late, the researches concerning the identification and predication of abandoned cropland in China are few.



In previous researches, the time series method was usually adopted to identify abandoned cropland based on satellite images [10,11,20]. MODIS data can provide favorable support for abandoned cropland identification for high temporal resolution [10,23]. However, the spatial resolution of MODIS data is as low as 250 m which means that the fragmentized abandoned cropland cannot be identified. In China, the cropland areas per capita is as low as 0.09 hectare [24,25,26]. When using MODIS data to identify a cropland in China, the CRA will be greatly underestimated. Landsat TM image is an appropriate kind of image data for identifying abandoned cropland due to the high spatial resolution [27,28]. Nevertheless, the time series method needs a lot of data images covering different periods of crop growth. The temporal resolution of the Landsat TM image is as low as 16 days and a lot of TM images cannot be utilized due to the influence of clouds. Therefore, the previous time series method will encounter great challenges in China when identifying abandoned cropland using TM images. In this paper, we developed a new method to identify the abandoned cropland in China which did not need long-sequence TM images. On this basis, we developed several scenarios to assess the future CRA in the study area. The prediction will be beneficial for the detection and management of abandoned cropland.



The rest of the paper is organized as follows. Section 2 presents the situations of research area and the data sources. Section 3 outlines the methods we utilized to identify the abandoned cropland. Section 4 and Section 5 present the result and discussion of the research. We conclude the paper in Section 6.




2. Research Area and Data Sources


2.1. Research Area


Wushan County is located in the northeast of Chongqing, the vital part of the Three Gorges Reservoir Area, and is also known as the “Chongqing Northeast Portal”. Its territory covers 109°33′–110°11′ E and 30°45′–31°28′ N (Figure 1). Three large mountains, the Dabashan Mountain, Wushan Mountain, and Qiyueshan Mountain intersect in the territory of Wushan. The region is mainly mountainous, with few flat areas, and the terrain is high in the north and low in the south. At the end of 2015, Wushan covered an area of 2958 km2, with a forest coverage of 53.2%. The area has a humid subtropical monsoon climate with abundant rain and relatively mild temperatures. The average annual temperature is 18.4 °C, with an average annual rainfall of 1041 mm.




2.2. Data Sources


We used four types of data for the simulation of CRA. The first type of data was the land use status chart of Wushan with a scale of 1:10,000 in the SHP format for 2011, which was acquired from the Land and Resources Bureau, Wushan County, Chongqing, and was used to obtain the cropland border in the initial research year. The data were from the national second land use survey of China, which was completed in 2011. The remote sensing data sources used in this survey were artificially interpreted high-resolution data with a high accuracy; these databases contained the most accurate cropland border among China’s domestic land use data [18].



The second type of data consisted of two Landsat satellite images from 2016, downloaded from the geospatial data cloud [29]. Landsat 8 OLI_TIRS satellite data had a spatial resolution of 30 m, with a return cycle of 16 days. The two images were spliced seamlessly and subsequently tailored along the border of the study area. The graph containing the land use types of Wushan in 2016, including cropland, grassland, forest land, water areas, construction land, and unused land (natural land i.e., sandy land, gobi, salina, wetland, bare soil, and bare rock) [30], was extracted by the CART decision tree classification method.



The third type of data included population, Gross Domestic Product (GDP), river data, and other driving factor data from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences [31], which were used to preliminarily explore the influencing factors of CRA in the study area.



The fourth type of data was the digital elevation model (DEM) data with a resolution of 30 m. These data were downloaded from the geospatial data cloud and used to extract elevation and slope information in the study area.





3. Methods


3.1. Extraction of CRA Data


Due to the characteristics of gradual change, complexity, and instability of abandoned land, it is difficult to define whether cropland is abandoned or not. As a consequence, there are large differences in the definition and understanding of the concept of CRA, and no overall acceptable definition of CRA has been established [9,15,22,27]. According to previous research, this article regards cropland that has not been cultivated for at least 5 years as abandoned cropland.



Previous research has shown that the species diversity of abandoned cropland under the natural state cannot significantly be improved within a period of 5 years, making it difficult to establish forest systems on such land [3,32,33,34]. Therefore, this study considered abandoned cropland during the 5 years from 2011 to 2016 converted into grassland and unused land, as well as abandoned cropland converted into grassland, forest land, and unused land in the next 20 years. Taking the past 5 years as an example, we extracted grassland and unused land data for 2016 and subsequently conducted spatial overlay analysis on the cropland layer in 2011 to extract the overlapping part as abandoned cropland. The specific process is shown in Figure 2.



Three steps were designed to identify the cropland (Figure 2). First, we adopted ENVI software to perform data pre-processing of Landsat 8 images including extracting all band layers, NDVI layers, and ISODATA layers. Afterwards, the band combination was finished. Second, we extracted the training plot that was utilized to perform land use classification using Cart Extension Tool. Cart model is a tree-based algorithm which utilizes statistical procedures which combine the merits of statistically-based techniques and learning algorithms [35]. Then a decision tree was established to classify the land use of Wushan. After these works, we acquired the land use map of Wushan in 2016. Last, we overlapped the land use map in 2016 with the land use map in 2011 acquired from Land and Resources Bureau of Wushan and extracted the converted land from cropland to grassland and unused land using ArcGIS software. Thus, we acquired the abandoned cropland map of Wushan from 2011 to 2016. The effects of elevation, slope, irrigation, and road distance on CRA were also analyzed in ArcGIS.



3.1.1. Extraction of Land Use Data for Wushan County in 2016


The traditional remote sensing interpretation is based on the spectral characteristics of the ground and can analyze and identify ground objects via electromagnetic radiation information characteristics received from remote sensing sensors. However, this interpretation mode tends to be limited by the phenomenon of “same object but different spectra, same spectrum but different objects” [10,11,23]. Excessive dependence on the ground object spectral characteristics in remote sensing interpretation often leads to incorrect or omissive extraction [10,11,23,32]. In contrast to the traditional interpretation mode, the decision tree classification method makes full use of the remote sensing image data and other spatial data and can effectively avoid the phenomenon of “same object but different spectra, same spectrum but different objects”, thereby obtaining more precise interpretation results when compared to traditional interpretation methods [10,11].



Among the common decision tree algorithms of ID3, C4.5, and CART, we selected the CART decision tree algorithm. This method was first proposed by Breiman et al. [36] and then widely used in several fields such as statistics and technical mining. First, the known multivariate data were used to construct the prediction criteria for classification and regression, and then a variable was predicted according to the values of other variables. Compared with other decision trees, the CART decision tree mode is more concise and can determine the classification threshold according to the sequence sample. On this basis, a decision tree can be built automatically without the effects of other factors. Besides, the more complex the data and the more variables, the better the algorithm will be. The CART model builds the prediction criterion in the form of a binary tree and uses the Gini Index in economics as the criterion of selecting the best testing variables by using the sample with the highest “purity degree” [10,23,32]. The Gini Index is defined as follows [36]:


Gini(S)=1−∑jJp2(j/h)



(1)






p(j/h)=nj(h)n(h),∑jJp(j/h)=1



(2)




where p (j/h) is the probability of a sample randomly selected from the training sample set belonging to the J-th category of samples when the value of a certain testing variable is h; nj (h) is the number of samples belonging to the J-th category of samples when the value of a certain testing variable is h; n (h) is the number of samples in the training sample set when the value of the testing variable is h; j is the category number.



In this study, remote sensing images were first preprocessed, and subsequently, full-color bands, NDVI layers, and ISODATA layers were selected for an unsupervised classification iteration (10 categories, 10 times) to synthesize multi-source data. At the same time, we extracted six categories of training sample areas including cropland, grassland, forest land, water areas, construction land, and unused land through the false-color layer and then built the CART decision tree in ENVI Classic. On this basis, we conducted remote sensing interpretation by the decision tree and obtained the land use graph of Wushan for 2016. The classification accuracy in our study was as high as 94.64%, with a Kappa coefficient of 0.92, enabling adequate identification of abandoned cropland.




3.1.2. Identification and Verification of Abandoned Cropland


According to our definition, land converted from cropland into grassland and unused land can be viewed as abandoned land from the perspective of land use change. Hence, we conducted spatial overlay analysis on the historical data and the grassland and unused land layers in current-status data to extract the parcels of abandoned land. In addition, we downloaded Google Earth images of Wushan for 2016 from the Satellite Map software to verify the accuracy of CRA identification. The images had a resolution of 0.52 m, with distinct textures, meeting the basic requirements to determine whether the land parcels were abandoned. Thus, using Create Random Points in the ArcGIS software, we established 50 random sampling points in Wushan and selected three plaques of abandoned land in the surroundings of each sampling point. Subsequently, we searched the images corresponding to these 150 plaques on Google Earth to determine whether each plaque was abandoned or not. After verification, we found that only 16 of these 150 plaques were farmed, and the prediction accuracy was 89.33%.





3.2. Future Evolution Simulation of the Abandoned Land


The Conversion of Land Use and its Effects (CLUE) model is a kind of dynamic multiscale model based on the system theory and is generally used for wide-range spatial distribution simulation of land use changes. The CLUE model has two merits compared to the previous land use change models which can reflect the system theory adopted in the research and development process. The first merit of CLUE is the integrity. Compared to most empirical models, CLUE could simulate multiple land use types simultaneously [37]. The second merit of CLUE is the dynamic. Compared to the previous static models, CLUE can simulate the dynamic changes of land use. The model comprehensively integrates the natural, social, and cultural factors in land use and can spatially reflect the regional land use change status, with a high credibility and interpretation ability. Thus, this model is widely used in numerous fields [37,38,39,40]. The Conversion of Land Use and its Effects at Small region extent (CLUE-S) model was established by scientists at Wageningen University, Netherlands, and is based on the empirical quantitative relationship between land use and its driving factors as well as the competitive dynamic change model for different land use types. The model assumes that land use change in certain regions is affected by the corresponding land use driving factors; at the same time, the spatial pattern of land use in these regions is in a relatively stable state under the comprehensive effects of natural, social, and cultural factors.



Under the hypothesized conditions, the CLUE-S model adopts the method of system theory to determine the mutual evolution relationships between different land use types, with the aim to synchronously simulate different land use changes [38,39]. This model can be divided into two modules, namely a non-space requirement module and a spatial distribution module. The non-space requirement module is used to predict the land use demand, while the spatial distribution module can comprehensively analyze the spatial distribution probability of land use, the land use change rules, and the land use status graph in the study base year, and allocates the land use requirement data under different scenarios to adequate spatial locations in the study area, according to the total probability calculated by the binary logistic regression method, thus realizing the spatial layout simulation of land use change [37,41].



In the binary logistic regression method, the independent variables represent the predicted values to calculate the occurrence probability of a certain event, which can be used to explain the quantitative relationship between the spatial distribution of various land use types and the driving factors. The computation formula is as follows [37,38,39,41]:


Log(Pi1−Pi)=β0+β1X1,i+β2X2,i+…+βnXn,i



(3)




where Pi is the probability of a certain land use type i appearing in each grid unit, with a value between 0 and 1; X represents the driving factors; and β is the regression coefficient of the driving factor.



The influences and controlling effects of different driving factors on land use change vary greatly. To define these influences, this study selected the DEM, population, GDP, distance to rivers, distance to county roads, distance to provincial roads, distance to highways, and slope as the factors driving land use changes. Among these factors, DEM was utilized to extract the elevation and slope. The GDP factor refers to the spatial distribution of the gross domestic product of Wushan. Population factor refers to the spatial distribution of population density of Wushan. The distance to county roads, provincial roads, and highways refers to the Euclidean Distance of a certain grid cell to the different levels of roads (county and provincial roads) and to highways (Figure 3).



Subsequently, by using stepwise regression, we conducted regression computation on each land type and each driving factor and excluded the variables that cannot explain the spatial pattern of land use based on the regression results. In addition, we conducted the receiver operator characteristic (ROC) curve test on the fitting degree of regression equations of various land types and determined the consistency of the computed land type probability distribution pattern with the real land use pattern according to the area under the curve [37,38,39,41]. According to previous researches [37,38,39,41], when the ROC value was greater than 0.7, the selected driving factors adequately explained the spatial changes for this land use type. Based on our results, the average of ROC test values of driving factors for the eight land use types were 0.74, indicating that all selected driving factors had a good explanation ability and could be used for accurate prediction.





4. Results


4.1. CRA Situation


4.1.1. Land Use in 2016


The main land use type of Wushan in 2016 was forest, accounting for 49.33% (Figure 4), with a decrease of 1.36% compared to 2011. Grassland was the second most common land use type, accounting for 21.18% and had a decrease of 1.66% compared to 2011; followed by cropland, which covered 20.84% and increased by 1.12% compared to 2011. Cropland was mainly distributed near urban land and concentrated in the central, southern, and western parts of Wushan. Forested land in Wushan County was distributed from eastern to western areas; water sources were mainly represented by rivers. Urban land was mostly distributed along rivers and cropland and grassland were staggered and also distributed within urban areas. Unused land had the lowest area proportion and was concentrated in the northeast corner of Wushan.




4.1.2. Identification of Abandoned Cropland


In this study, by using the spatial overlay analysis, we extracted abandoned land data, i.e., the land parcels that were converted into grassland and unused land, from the historical cropland data to obtain the spatial distribution data of abandoned cropland in the study area from 2011 to 2016 (Figure 5).



In 2011, the total cropland area of Wushan County was 608.60 km2. In 2011–2016, the area of abandoned land was 174.76 km2, with an abandonment rate of 28.71%. Figure 5 shows that abandoned cropland was concentrated in the northwestern, southwestern, and north central regions of Wushan County. The spatial distribution of abandoned cropland was scattered and fragmented. In Figure 5, the zones with a darker color represent less abandoned cropland, while the zones with an obvious color change represent abandoned cropland and a more concentrated distribution.





4.2. Analysis of the Factors Influencing CRA


Based on the cropland marginalization theory which refers to cropland’s exclusion from agricultural use in mountainous areas because of the limitations of some factors such as undulating terrain, fragmentation of cropland, and inconvenient transport conditions [42], CRA can be attributed to the combined effects of various driving factors including economic, political, and natural factors. Therefore, in this study, from the perspective of farming, we analyzed the regional CRA situation considering four driving factors, namely elevation, slope, irrigation radius, and distance to roads.



4.2.1. Elevation Factor


Geomorphology is the main factor determining cropland quality and one of the main preconditions affecting cropland revenue. The elevational gradient in Wushan County is 2600 m, with a high topographic relief. To determine the influences of elevation on CRA, the zone in the elevation range from 152 to 2008 m, where the cropland is distributed, was divided into nine elevation intervals of 200 m, and the CRA rate in each interval reflected the influencing degree of different elevations on CRA, as shown in Figure 6.



In 2011, the cropland of Wushan County was mainly distributed in the trough valley and the plain areas, at an elevation of 400–1000 m, and in the relatively low-lying areas of mountainous regions. The cropland area was 330.69 km2, which accounted for more than half of the total cropland area. In the medium mountainous areas above 1000 m, the cropland area gradually decreased and was below 20 km2 in regions above 1400 m. The abandoned cropland area showed an increasing trend in low mountainous areas from the trough valley and plain areas to the regions below 1000 m, with a subsequent decrease in the medium mountainous areas. It should be noted that the areas of abandoned cropland cannot accurately reflect the influence of elevation on CRA due to the interference of the cropland area baseline. In the areas distributing more cropland, the area of abandoned cropland could be larger.



The CRA rate refers to the ratio of abandoned cropland areas to the total areas. The CRA rate can accurately reflect the influence of elevation on CRA. The CRA rate increased at higher elevations and had a peak of 44.93% at 1400 m, followed by a slow decrease. It is worth mentioning that the CRA rates below an elevation of 800 m were all around 20%, with a subsequent increase to 29.42% at the boundary of low and medium mountainous areas at 1000 m; they further increased to 40.45% at an elevation of 1200 m, with an increasing range of 11.03%. The increasing range of the CRA rate between 1000 m and 1200 m was the largest, indicating that farmers were most inclined to abandon cropland within this elevation range. At the same time, the average CRA rate in the medium mountainous areas reached 38%, which was considerably higher than that in low mountainous areas; the lowest abandonment rate in the interval of 1800–2008 m was 30.82%, which was also slightly higher than the highest value in the low mountainous areas. Based on this, elevation increase and CRA rate were significantly positively correlated.




4.2.2. Slope Factor


Geomorphology is a key element influencing agricultural activities. In mountainous areas, the slope is an important factor and, according to the sloping field classification method of the Geomorphological Survey and Geomorphologic Mapping Commission of the International Geographical Union, the slope in our study area can be partitioned into six categories, namely 0–2, 2–6, 6–15, 15–25, 25–45, and 45°. The classification results were then compared with the changes in abandonment rate, and the cropland area and abandoned land area at each slope category were extracted respectively to compute the abandonment rate (Table 1).



Similar to the relationship between elevation and abandonment rate, the relationship between slope and abandonment rate over the past 5 years was first positive and then negative. The abandonment rate increased with increasing slopes in the 0–25° interval; especially in the 6°–15° interval, this increase was most pronounced with 4.85%. In contrast, the abandonment rate decreased with increasing slopes in the 25° interval; especially at slopes of more than 45°, the abandonment rate decreased by 4.84%. Previous research has shown that soil erosion is more severe at steeper slopes, impeding farming activities. Hence, in the zones with slopes of more than 25°, the slope conditions had negative effects on farming activities.




4.2.3. Irrigation Radius Factor


Irrigation condition is an important factor affecting cultivation and determining cropland quality. To determine the relationship between abandoned land and irrigation conditions in the study area, we established a set of buffer zones with an interval of 50 m, 500 m away from the boundaries of water areas, and overlaid the buffer zone layer with the cropland layer and the abandoned cropland layer for comparison to obtain the abandonment situation under different irrigation conditions (Figure 7).



Figure 7 shows that with the increase of the irrigation radius, the abandonment rate showed a continuously increasing trend from the initial 22.73% to 26.05%, with a variation rate of 3.32%. The increasing abandonment rate slightly varied in the same interval of 50 m, with a variation rate below 1%. In the interval of 350–400 m, the variation rate was highest, but only increased by 0.66%. The abandonment rate was therefore positively correlated with the irrigation radius; however, the decreased irrigation had a limited impact on the aggravation of CRA.




4.2.4. Road Distance Factor


Road distance determines the labor costs of land parcels to some extent. Hence, in this study, we established a set of buffer zones with an interval of 50 m within the range of 500 m from the provincial roads, highways, and county roads in the study area and overlaid the buffer zone layer with the abandoned cropland layer for comparison to obtain the abandonment situation under different buffer zone radii (Figure 8).



The CRA rate increased significantly from 13.16 to 25.75% with increasing road distance and varied most significantly within the range of 50–100 m, with an increase by 7.37%. In contrast, the abandonment rate in the range of 50–500 m cumulatively increased by 5.22%, indicating that the cultivation conditions within the range of 50 m on both sides of the roads are obviously better than those beyond the range of 50 m. Therefore, the abandonment situation within the range of 50 m was relatively moderate. With an increasing distance from roads, the cultivation conditions deteriorated, resulting in an increased abandonment rate. However, this increase was relatively small and the rates gradually stabilized. At a distance of 250–500 m, the variation range was around 0.5%. For most of the distance interval, the variation range was smaller than 0.5%, indicating that beyond a distance of 250 m, increasing distance to roads has no impact on abandonment rates.





4.3. Future Development Trend of Abandoned Cropland Based on the CLUE-S Model


4.3.1. FFuture Land Use Distribution under Scenario Simulation


Land use change is a combined result of socioeconomic development and ecological environment protection [43]. When projecting land use change in the future, the uncertainty of socioeconomic development and the policies of ecological environment protections is the largest challenge [25,44]. These uncertainties cannot be decreased in simulation only using one scenario. Therefore, when projecting land use changes, different scenarios were usually adopted to better reflect the multiple possibilities of land use change in the future. According to the previous researches [41,45,46,47,48], three kinds of scenarios were usually developed to reflect the different policy priorities of the government. In general, the first scenario was designed in reference to past land use changes. The second and third scenario usually moderately adjust the land use structures of the first scenario based on the priority for economic development or ecological protection. Therefore, in this study, we conducted simulations mainly under the following three scenarios:

	(1)

	
Natural growth scenario. Under this scenario, the land use change status of Wushan in 2036 was simulated according to the variation rate of the cropland area during 2011–2016, based on the land use data obtained in the Second National Census of China. The area allocation situation for different land use types under this scenario was as follows: 21.96% cropland, 47.85% forest land, 19.52% grassland, 2.84% water areas, 6.27% construction land, and 1.55% unused land.




	(2)

	
Economic development scenario. Under this scenario, economic development is given priority to, and the areas of construction land and cropland would increase greatly. At the same time, the areas of forest land and grassland would decrease accordingly. The area of allocation for different land use types under this scenario was 42% cropland, 20% forest land, 10.13% grassland, 2% water areas, 25% construction land, and 0.87% unused land.




	(3)

	
Ecological protection scenario. Under this scenario, the development of tourism resources and the protection of the ecological environment are given priority to, resulting in an increase in forest and grassland areas. Cropland area would decrease accordingly, and the area of construction land would increase slowly. The area allocation for different land use types under this scenario was 11% cropland, 55% forest land, 25.13% grass land, 3% water areas, 5% construction land, and 0.87% unused land. Figure 8 shows the specific results.









Based on the simulated prediction results, the simulation results differ significantly under these three scenarios (Figure 9). Under the natural growth scenario, compared with 2016, in the central and northwestern parts, the construction land area does not change significantly, while in the southwestern parts, the construction land area slightly increases. The grassland area shows a downward trend in the southern and northern parts. Under the economic development scenario, compared with 2016, construction land and cropland areas experience significant expansion; especially in the northwestern, southeastern, and southwestern parts, construction land area shows an obvious increase. Cropland area mainly increases intensively in the three east–west direction low-lying areas in the northwestern, central, and southeastern parts; at the same time, the area of forest land decreases slightly, whereas the grassland area experiences large area degradation. Under the ecological protection scenario, compared with 2016, the construction land area decreases obviously, with a more concentrated distribution. Cropland area decreases greatly, while the forest land area significantly expands in the border region; in the central part, a large amount of cropland is converted into grassland, resulting in an increased grassland area.




4.3.2. Future Development Situation of Abandoned Cropland


Based on the simulated land use distribution data of Wushan County in 2036 under the above three scenarios, and according to the definition of abandoned cropland, spatial analysis was conducted on the layers of grassland, forest land, and unused land in 2036, and the cropland layer in 2016 was conducted to obtain the future spatial distribution of abandoned cropland under different scenarios, as shown in Figure 10.



As shown in Figure 10, abandoned cropland was mainly distributed in regions with drastic elevation changes, namely the zones with obvious color change. However, in northern and southern areas with the highest terrain, there was no or little historical cropland, and no obvious CRA could be observed.



Between 2016 and 2036, most of the abandoned cropland in Wushan County will be grassland, accounting for about 70% of the abandoned cropland area, followed by forest land. Under the natural growth scenario, the area of abandoned land in Wushan County will amount to 208.02 km2, with an abandonment rate of 33.54%. In the future, abandoned cropland will be relatively concentrated, and abandoned areas will expand from inferior cropland with large topographic relief at a higher terrain to a superior cropland at low-lying positions with relatively flat terrain. Under the economic growth scenario, the area of abandoned land will be 178.89 km2, with an abandonment rate of 28.84%. Since the cropland area under this scenario will increase, the area of abandoned cropland will be the smallest among the three scenarios. Abandoned cropland will still mainly represent the inferior cropland with drastically varied terrain, such as the central and southern parts, but rarely regions with flat terrain. Under the ecological protection scenario, the area of abandoned cropland will reach 261.20 km2, with an abandonment rate of 42.11%. Such a high rate is mainly the result of the conversion of a large amount of cropland into grassland and forest land, and CRA is no longer restricted to inferior areas with poor cultivation conditions, but massively concerns superior cropland in the flat regions such as the low-lying regions in the central part.






5. Discussion


5.1. CRA Status and the Driving Factors


With the continuous development of the global economy, CRA presents a trend of rapid diffusion and extension. In recent years, CRA in China has become increasingly serious [7,9]. In China, the human–land relationship has always been tense, and the cropland area per capita is only 40% of the world level, confirming the severe food security problem [24]. How to obtain the accurate spatial distribution of abandoned cropland and quantitatively analyze the pattern situation is of great importance in ensuring national food security, formulating relevant policies, establishing a rural industrial structure layout, and developing the region in a sustainable manner.



In this study, the area of abandoned land in Wushan between 2011 and 2016 was 174.76 km2, and the CRA rate reached 28.71%. An estimation of the national abandoned rate in mountainous counties of China reached 28% in 2010 [7]. The rate of CRA of this research is very similar to our research (28.71%). A household survey from the mountainous areas of Southwest China showed that more than 30% of the sample plots have been abandoned [9]. The survey result is also very close to our research. Comparing to the rate of CRA in middle and eastern Europe (about 20%) [4,6], the CRA rate of our research is a little higher. There might be two reasons for this difference. First, the assessment of Europe adopted MODIS data to detect CRA [4,6], which could significantly underestimate the abandoned cropland. Second, our study area is a mountainous area which would have a higher CRA rate than the other areas. In Asia, Japan’s national CRA rate ranges from 9.66% to 12.14% with a highest county value of 27.13% [49]. It can be seen that the CRA phenomenon of China is more serious than that of Japan. In the U.S., the CRA rate showed changes from 31.6% in 1850 to 25.8% in 2000, which is similar to the CRA rate of our research.



It was found that the CRA in Wushan was significantly affected by elevation, slope, and irrigation radius. The CRA rate in the high elevation areas (above 1000 m) was much higher than that in low elevation areas, indicating that elevation is an important factor influencing CRA. The CRA rate showed a significant increased trend with the increase of gradient. These two findings are similar with the previous researches [5,27,50]. However, the influence of road distance on CRA was not significant in Wushan which was similar to the research of Hatna et al. [4]. In this paper, for the lack of available data, the influences of a lot of socio-economic variables on CRA were not analyzed. According to the previous researches, population, income, off-farm employment, and social and economic reform have been proved to be key factors influencing CRA. Rural depopulation can reduce the supply of the rural labor force and increase the risks of CRA [51]. The increase of agricultural income means the improvement of the competitiveness of agriculture production, which would have a negative effect on CRA [9]. Off-farm wage income could increase the loss of labor engaging in the agricultural production and thus, increase the risks of CRA [9,52]. In some regions, socioeconomic reform and political restructuring have crucial effects on CRA. For example, in Western and Southern Russia, the collapse of the Soviet Union resulted in agricultural subsidies being stopped, which led to substantial CRA [53]. The policy of Less Favoured Areas (LFAs) implemented in Europe aimed to improve the agricultural viability using subsidies. In mountainous areas of Europe, LFAs can help reduce the risks of CRA [54], while in other regions, the effects of LFAs on CRA varied among different Europe countries due to the unequal support of LFAs for farmers [55].



Mountainous areas have always been areas with a high rate of abandoned cultivated land. Affected by the terrain and other factors, the distribution of cultivated land resources in the region is uneven and the quantity of high-quality cultivated land is limited. Therefore, the land with steep slope that was not suitable for cultivation was usually reclaimed. However, the poor farming conditions and low income of farmers make these areas prone to abandonment. In China, the government usually reclaimed new cropland in mountainous areas to guarantee a certain number of cropland areas due to the pressure of food security. However, the newly developed cropland in mountainous areas will face great risks of abandonment according to our search. If a newly reclaimed cropland in mountainous areas was abandoned, it is a kind of resource waste. Therefore, we suggest to stop the cropland development program in mountainous areas in China.




5.2. Spatial Distribution Simulation of Future CRA Based on the CLUE-S Model


When cropland is spontaneously abandoned by farmers, the natural vegetation in cropland will gradually be converted from crops to grasses, woods, or bare land (unused land). However, according to the previous researches, the forest restoration in abandoned agricultural land will take at least 10 years at natural conditions [33]. In this paper, we identified the CRA of Wushan within 5 years. Without the man-made interferences, the abandoned agricultural land cannot be changed into forestry areas. Therefore, we defined the CRA as the conversions from cropland into grassland or unused land to reduce the identification errors. When forecasting the future CRA of Wushan, we also adopted the same definition to ensure the consistency of the research.



To predict the future CRA in Wushan County, this study selected eight driving factors for CRA and then conducted scenario simulations based on the CLUE -S model. The results show that by 2036, in the study area, under the economic development scenario, due to the rapid expansion of cropland, the abandonment rate will be relatively stable, and abandoned cropland will mainly consist of inferior areas with a relatively steep terrain. Especially in the central and southern parts, abandoned cropland is distributed in the up-and-down belts of the mountains; at the same time, population growth and urbanization promote the significant expansion of cropland and construction land, resulting in the reduction of grassland areas. Hence, the CRA rate under this scenario is the smallest with only 28.84%. Under the natural growth scenario, without human intervention, the area of cropland increases slightly, while that of grassland decreases slightly. Hence, the abandonment rate under this scenario is higher than that under the economic development scenario, reaching up to 33.54%. Under the ecological protection scenario, the abandonment rate is highest; along with the decrease in cropland area, forest land and grassland expand greatly, resulting in a further deterioration of the CRA situation, with an abandonment rate increasing to 42.11%. Nowadays, the Chinese government attaches great importance to the protection of the ecological environment. In this new socio-economic context, many marginal croplands could be returned to grassland or forestry to reduce the negative ecological effects such as soil erosion. Therefore, under the ecological protection scenario, the CRA rate is the highest among the three scenarios.



A lot of researches have demonstrated that converting grassland to agricultural lands can potentially reduce the soil organic carbon and impair soil health in the long term [56,57]. However, the conversions from abandoned cropland to grassland in CRA usually can help increase the biodiversity [58]. Some researchers found that CRA has a positive impact on reducing soil erosion due to the vegetation recovery in CRA. Pointereau et al. [2] also suggests that the CRA of intensive agriculture often results in ecological benefits. In this paper, we designed three scenarios to simulate the CRA of Wushan in the future. However, there are still some potential policy factors we did not consider. The production of biofuel crops is an important approach to guarantee energy security. The biofuel crops could be planted into cropland or the marginal land. Due to the large pressure of food security, the Chinese government intends to utilize the marginal land that was not suitable for cultivation to produce biofuel crops [59,60]. If the production of biofuel crops substantially grows in the future, many abandoned croplands would be reutilized again, thus decreasing the predicted CRA rate. The production of warm season perennial grasses is beneficial for increasing forage supply [61]. If warm season perennial grasses were popularized and planted in croplands in China, the CRA rate forecasted in this paper will be underestimated.




5.3. Merits and Limitations of This Study


In this study, based on the image data with a resolution of 30 m, we developed an interpretation method of the CART decision tree and extracted the spatial distribution information of abandoned cropland through combining the land use data with interpretations of the remote sensing data of larger-scale resolution. In 2016, the remote sensing interpretation accuracy of the study area was 94.64%. According to the verification by Google Earth images, for the 150 randomly selected abandoned land parcels, 134 land parcels were identified as abandoned land parcels, with a precision of 89.33%. These results show that the method is reliable and feasible and that the extraction of abandoned cropland data in mountainous areas, based on the proposed method, has some advantages. At the same time, the scenario prediction of CRA, based on the CLUE-S model, can provide information about the future CRA risk situation in the study area, thereby offering valuable references for regional sustainable development.



Due to the lack of relevant statistical data on CRA, comparisons are complex, limiting the applicability of this method. Moreover, this study involves field research, which may lead to incorrect classifications of some fallow land as abandoned cropland. In addition, it is difficult to obtain social and economic data, impeding the determination of the driving factors. In this sense, more detailed studies are necessary.





6. Conclusions


From 2011 to 2016, the CRA rate in Wushan County of Chongqing reached 28.71%, and abandoned cropland was highly scattered throughout the region. According to the preliminary analysis on those driving factors; elevation, slope, and irrigation radius were significantly correlated with the CRA rate, while the distance to the road only played a minor role. In terms of elevation and slope, the abandonment rate first increased and then decreased with increasing elevation or slope, whereas the irrigation radius was positively correlated with the abandonment rate. Abandoned cropland in Wushan County was mainly distributed in the elevation range of 1200–1400 m in the initial section of the mid-mountainous areas, as well as in regions with obvious relief ups and downs and steep slopes. The increase of the irrigation distance greatly reduced the enthusiasm of farmers for farming, and the deterioration of geographical conditions became an important factor affecting the abandonment rate.



Under the economic development scenario, the cropland area only slightly increased, while under the natural growth scenario, the areas of cropland, forest land, and grassland significantly fluctuated, with a moderate CRA rate. In contrast, under the ecological protection scenario, human intervention in natural environments was greatly reduced; the decrease in cropland and the increase in forest land and grassland resulted in the significant increase in an abandoned cropland area. In the new context that the Chinese government could put increased emphasis on ecological protection, the CRA rate in mountainous areas of China in the future will be very high. Therefore, it is necessary to stop new cropland reclamations in mountainous areas which used to be adopted to increase the cropland inventory to guarantee the food security of China.
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Figure 1. Geographical location of Wushan County, China. 
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Figure 2. Description of abandoned cropland data extraction. 
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Figure 3. Driving factors utilized to predict cropland abandonment in Wushan. 
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Figure 4. Land use map of Wushan County for 2016. 
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Figure 5. Spatial distribution of abandoned cropland in Wushan County. 
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Figure 6. Relationship between elevation and abandoned cropland in Wushan County. 
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Figure 7. Relationship between irrigation distance and abandoned cropland in Wushan County. 
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Figure 8. Relationship between road distance and abandoned cropland in Wushan County. 
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Figure 9. Land use change simulation for Wushan County in 2036 under different scenarios. (a) Natural growth scenario, (b) Economic development scenario, and (c) Ecological protection scenario. 
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Figure 10. Simulation of future distribution of abandoned cropland in Wushan County under different scenarios. (a) Natural growth scenario, (b) Economic development scenario, and (c) Ecological protection scenario. 
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Table 1. Abandoned cropland at different slope ranges in Wushan County.
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	Slope (°)
	0–2
	2–6
	6–15
	15–25
	25–45
	45–78





	Abandoned cropland
	0.91
	6.94
	47.27
	72.11
	46.27
	1.18



	Cropland
	4.02
	28.08
	159.90
	243.22
	166.47
	5.13



	abandonment rate (%)
	22.74
	24.71
	29.56
	29.65
	27.79
	22.96
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