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Abstract

:

Implementation of the Grain for Green program (GGP) intensifies land use/cover change (LUCC) in the loess hilly-gully region. Clarifying the response of LUCC to the GGP and its driving forces are basic premises to implement the GGP more effectively for alleviating soil erosion in this region. This study analyzed the spatio-temporal characteristics of conversion of cultivated land to forest land and grassland in two study periods of 2000–2010 and 2010–2018. The transition matrix model and the dynamic degree model were utilized to explore changes among cultivated land, forest land, and grassland based on the remote sensing (RS) and monitoring data of land use in 2000, 2010, and 2018. Secondly, further detection on driving forces of increase of forest land and grassland was conducted through the logistic regression model. Fourteen driving factors were selected: the GGP, elevation, slope, population density, GDP per land area, distance to city, distance to residential area, etc. The results revealed that: (1) Area of cultivated land was mainly transferred to forest land and grassland during two study periods. The conversion of cultivated land to forest land and grassland occupied 21.48% and 68.01% of outward-transferring area of cultivated land from 2000 to 2010, and accounted for 13.26% and 74.3% from 2010 to 2018; (2) From the results of the logistic regression model, elevation, the GGP, annual mean temperature, slope III (6–15°), and GDP per land area were the main driving forces from 2000 to 2010. Moreover, the most prominent driving forces were the GGP, elevation, rural population density, slope III (6–15°), and soil pH from 2010 to 2018. The findings of this study can help us better understand the conversion of cultivated land to forest land and grassland under the GGP and provide a scientific basis to facilitate sustainable development of land resources in the study area.
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1. Introduction


Due to soaring population growth and economic development, increasing demands for land resources, along with excessive consumption of virgin forests and grasslands, has resulted in overly rapid transformation of land cover and irreversible degradation of the ecological environment [1,2,3]. A deteriorated environment not only causes decline of regional land productivity, but also imposes risks on social economy and people’s livelihoods [2,4]. In order to address these environmental problems and ensure security of food and life for human beings, the Chinese government has carried out a series of ecological restoration projects [5]. Among them, the GGP with the largest scale and highest level of participation, was piloted in Sichuan, Shaanxi, and Gansu in 1999. It was officially launched nationwide in 2002, and a new round of this project was restarted from 2014 [6,7]. The aim of implementing this project was to slow down water and soil erosion and improve rate of vegetation cover by converting cultivated land on steep slopes to either forest or grassland [4,8]. By 2018, nearly 133,333 ha of cultivated land had been gradually converted to forest land and grassland, and total investment has reached 500 billion yuan [9]. Later, research revealed that the GGP has made remarkable achievements in alleviating soil erosion and sandstorm [8,10,11], reversing the trend of ecological deterioration, and promoting harmonious development between humans and nature through 20 years of construction [12,13,14]. This ecological restoration project will lead to large-scale, transformational land use changes and produce profound environmental and socio-economic impacts at both regional and national scales [15]. Furthermore, land use/cover change (LUCC) is a focal issue of global environmental change and sustainability since it is closely related to nature and human activities, influencing the sustainable development of cities, societies, and people’s daily life [16,17,18,19]. However, the impact of the GGP on LUCC remains largely unknown at the regional scale since recent studies did not focus enough on the new-round implementation of the GGP. Therefore, it is essential to explore the impact of the GGP on the process of land use change for understanding and assessing the effectiveness of large-scale ecological restoration efforts at both regional and national scales.



Scholars have conducted numerous researches on the impact of the GGP on LUCC. Some scholars selected specific research areas and established calculation models of land use change to conduct related studies. Specifically, changing situations, rationality, and development of land use and cover and landscape characteristics of different regions after implementing the GGP were explored [20,21,22,23,24]. Moreover, some scholars analyzed spatial distribution and change trajectory of land use in the area based on background of the GGP’s implementation, assessed its impact on landscape architecture, vegetation cover, carbon sequestration capacity, soil erosion and other ecological benefits before and after the implementation of the project, and discovered that launching the GGP can not only influence LUCC, but also increase vegetation coverage rate, increase carbon sink reserves, and significantly improve the effect of soil and water conservation [14,25,26,27,28]. In addition, the implementation of this project has improved the efficiency of ecosystem management to meet the needs of protecting the ecological environment, promote more effective land resource planning and management, and alleviate the conflict between humans and land [24]. In summary, previous studies used natural science, Geographic Information Systems (GIS) and RS technology as tools to study the conversion of cultivated land to forest land and grassland, which can reflect change dynamics, magnitude, and intensity of land use more objectively, truly, and intuitively. The above-mentioned researches have also affirmed the benefits of the GGP, and provided scientific and reasonable suggestions for the development of land policy, sustainable use of land resources, and subsequent implementation of the GGP. However, most studies only focused on the first round of the GGP and its impact on land use change (2002–2014), and did not delve into the impact of the second round of the project (2014 till now) on LUCC [20,21,22,23,24]. Therefore, it is impossible to learn about changes in land use caused by the second round of the GGP to evaluate the implementation effect of this project. It is also unable to provide a theoretical foundation and application value for the improvement of a new round of the GGP. In addition, most studies regarded the ecological conversion of cultivated land as the macro-background of analysis, only analyzed land use change in terms of quantity and spatial distribution, and lacked attention to regional land-use change and their driving factors. Figuring out the law of regional land use change and its influencing factors is particularly important for rational use of land resources and the sustainable development of ecological environments.



In order to further explore the driving mechanism of land use change under influence of the GGP, scholars described spatio-temporal changes of land use first, and by constructing practical econometric models to explore the driving factors of different land use types based on the background of the GGP. Topics including the spatial pattern and driving forces of land use change in China, the driving forces of the GGP at different scales, the pattern evolution and internal driving mechanism of the GGP, the characteristics and influencing factors of cultivated land before and after ecological restoration, and the impact of the policy driving force of the GGP on land use changes has been explored [24,29,30,31,32]. The study results show that the policy of GGP drove land use to change, which not only depended on implementation status of the project, but was also affected by local economic development level, demographic and social factors, and natural conditions [4]. Due to the fixed land base and different demands of various production activities for land resources, the direction and scale of LUCC caused by the above driving factors may also be different [33]. In summary, scholars analyzed the driving factors of land use change caused by the GGP, provided a basis to balance the process of urbanization and ecological restoration, and construct a sustainable land use structure and optimization model of typical regions [24,29,30,31,32]. However, regional land use changes are affected by a combination of social, economic, natural, geographical factors, and the GGP [4]; scholars did not further explore other factors and mechanisms that lead to spatio-temporal differences in land use changes based on their prior studies [34]. At the same time, these studies failed to measure the contribution of the policy of the GGP to regional land use changes effectively; it is impossible to effectively estimate whether it is a natural factor or a policy factor of the GGP that has an impact on the change of land use in this region.



This study mainly aimed at analyzing the response of land use change to impact of the GGP and driving forces of conversion from cultivated land to forest land and grassland in the loess hilly-gully region of two study periods—2000–2010 and 2010–2018. To achieve this goal, we first evaluated land use changes after implementation of two rounds of the GGP. Second, the logistic regression model was used to explore the driving forces of GGP’s influence on conversion of cultivated land to forest land and grassland, comparing and analyzing the results of two rounds of the GGP. The index system and driving factors selected in this paper can more comprehensively reflect the change of land use pattern during implementation of this project, and manifest the contribution of the GGP on land use changes more effectively. Moreover, this study may support regional decision-making on how to rationally run the GGP in the hilly-gully region of the Loess Plateau and improve regional development of land use.




2. Materials and Methods


2.1. Study Area


The loess hilly-gully region, located in the middle of the Loess Plateau, is the most typical geomorphic type and spatial unit in the Loess Plateau [35]. The loess hilly-gully region covers 14,000,000 ha with the main landforms consisting of ridge-shaped and beam-shaped hills. It includes the south part of Inner Mongolia, western Shanxi, northern Shaanxi, southern Ningxia, and central part of Gansu (Figure 1).



The loess hilly-gully region is full of fragmentized terrain and ravines crossbar. Human beings had immoderately reclaimed land and conducted severe deforestation in the region. This kind of behavior resulted in vegetation destruction, soil erosion, and water and soil loss. The loess hilly-gully region belongs to a warm temperate semi-arid continental monsoon climate zone, which results in concentrated precipitation, warm and dry climate, and scarce water resources. The average annual rainfall in the study area is 513.8 mm, and more than 90% of rainfall is concentrated in May to September. The distribution of surface runoff during the year is concentrated, and the runoff in the flood season (June to September) accounts for more than 70% of annual runoff, even concentrated in a few heavy rains. Due to the rapid population growth and declining land carrying capacity, the loess hilly-gully region is designated as a key area for the GGP.




2.2. Data Sources and Preprocessing


Landsat TM, ETM+ and OLS remote sensing image datasets utilized in 2000, 2010, and 2018 were all sourced from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDS) (http://www.resdc.cn/, accessed on 29 January 2021). By conducting manual visual interpretation and field verification, the comprehensive, high-precision evaluation on land showed more than 93% accuracy at the first-level classification of land use types [36,37,38]. According to the Chinese land resource classification system established by the “National Remote Sensing Survey and Dynamic Research on Resources and Environment” project [39], six first-level types of land use were identified in this region, namely cultivated land, forest land, grassland, water area, construction land, and unused land (Table 1). Figures of these land use types are displayed in Appendix A.



Based on the ArcGIS platform, this study conducted spatial analysis on the three-phase data of land use (2000, 2010, and 2018), and divided three phases into two research periods of 2000–2010 and 2010–2018, respectively. The conversion of cultivated land to forest land and grassland in 2010 compared with 2000 was set as 1, the invariant of forest land and grassland was set as 0, and other data types were set as no-data. Compared with 2010, the conversion of cultivated land to forest and grassland in 2018 was set as 1, the invariant of forest land and grassland was set as 0, and other data types were set as no-data. Figures of land use changes of two study periods can be seen in Appendix B.



Based on the results of similar research [29,30,31,32] and the actual characteristics, data representation and accessibility of the loess hilly-gully region, this paper selected four categories of driving factors including investment of the GGP, nature, social economy, and geographical location (Table 2). The data sources and pretreatment methods of each specific indicator were as follows:



2.2.1. Natural Data


This data mainly included two topographic factors of elevation and slope, two meteorological factors of annual mean temperature and annual mean precipitation, soil organic matter (SOM), and soil pH. The data of elevation and slope were dated from the Geospatial Data Cloud (http://www.gscloud.cn/, accessed on 29 January 2021). Moreover, according to the grade standard of cultivated land slope stipulated in the third national land survey technical regulation (TD/T 1055–2019), this study divided the slope of the study area into five grade classes, namely < 2°, 2~6°,6~15°,15~25°, and >25°, and regarded the land with a slope < 2° as flat land. The data of meteorological factors originated from the annual data set of Chinese surface climate data provided by the China Meteorological Science Data Service Center (https://data.cma.cn/, accessed on 29 January 2021). The annual mean precipitation and temperature in two study periods (2000–2010 and 2010–2018) were calculated according to the annual climate data of 49 meteorological stations in the loess hilly-gully region and nearby areas from 2000 to 2018. In addition, this study used ArcGIS 10.3 software to implement the spatial simulation of meteorological factors based on the inverse distance weight interpolation. Furthermore, the data of soil pH and total organic carbon (TOC) (2009, 1 km × 1 km) derived from the Harmonized World Soil Database (http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/, accessed on 29 January 2021), and the value of soil organic matter (SOM) was calculated based on the data of total organic carbon (TOC).




2.2.2. Socio-Economic Data and Investment of the GGP


The socio-economic data mainly includes total population density, rural population density, and GDP per land area from 2000 to 2018. The data of total population, rural population, and GDP per land area of every county in the loess hilly-gully region came from the statistical yearbook of Shanxi, Inner Mongolia, and Shaanxi. The data of cumulative investment of the GGP came from national park administration of national forestry and grassland administration (http://www.forestry.gov.cn/, accessed on 29 January 2021). The socio-economic data and investment of the GGP of each county were collected by Excel and spatialized by ArcGIS 10.3 software.




2.2.3. Geographical Data


It mainly includes the distance to the nearest road, the distance to the nearest city, the distance to the nearest residential area, and the distance to the nearest river. Among them, the data on road and river came from the 1:1 million national basic geographic database published by the National Basic Geographic Information Center (http://www.webmap.com, accessed on 29 January 2021). Data on residential area and city are extracted from land use data in the loess hilly-gully region of 2018. The spatial distance calculation of each factor was completed by using the Euclidean distance tool in ArcGIS 10.3 software.



The scope of the hilly-gully region of the Loess Plateau originates from the “Comprehensive Management Planning Outline of the Loess Plateau region (2010–2030)” issued by China. Vector data about 62 administrative districts came from the national 1:1,000,000 database of the National Fundamental Geographic Information System (http://www.webmap.com, accessed on 29 January 2021). The spatial resolution of data was resampled to 90 m×90 m, and uniformly converted to Krasovsky_1940_albers projection to ensure the consistency of all data in space. All visualized driving factors of conversion of cultivated land to forest land and grassland are shown in Appendix C.





2.3. Analytic Tools and Equations


2.3.1. Spatial Calculating Analysis Model


This study focused on characterizing quantity, direction, and spatial form of the conversion of cultivated land to forest land and grassland in the loess hilly-gully region from 2000 to 2010 and 2010 to 2018. To achieve this, dynamic indexes were used to describe change range and speed of the conversion of cultivated land to forest land and grassland. In addition, this study analyzed the conversion with the transition matrix to reveal the law and characteristics of this type of land use change in the study area.



Single land use dynamic degree:



The dynamic degree of land use reflects the quantity change of land use types in a certain period of time [40]. The single dynamic degree of land use refers to the change of a certain land type in the study area in a certain period of time, which is used to represent the change speed and range of a certain land use type in a certain period [40]. The formula is as follows:


  K =    (   U b  −  U a   )     U a    ×  1 T  × 100 %      



(1)




where  K  is the dynamic degree of a certain land use type during the study period;    U a    and    U b    are area of a certain land use type during the initial period of the study and the end of the study, respectively;  T  is the study duration, when time period of  T  is set to years at time, the value of  K  is annual rate of change of a certain land use type in the study area. Based on analysis of the land use transition matrix, this study analyzed the conversion of cultivated land to forest land and grassland during 2000 to 2010 and 2010 to 2018 to show the dynamic change of cultivated land to forest land and grassland more intuitively.



Land use transition matrix:



The land use transition matrix reflects dynamic process of the mutual transformation between all kinds of land-use types at the beginning and the end of a certain period in a certain region [41]. It can specifically reflect the structural characteristics of land use change and the direction of conversion among various types [42]. This study conducted statistical analysis of two-phase data of land use change with overlay analysis function in the ArcGIS software, and obtained the land use conversion relationship matrix of the loess hilly-gully region during two study intervals of 2000–2010 and 2010–2018. The formulas are as follows:


   D  i j   =   ∑   i j  n   [     S  i − j      S i     ]  × 100 %        



(2)




where    D  i j     is the ratio of conversion from land-use type  i  to  j  in the research period;    S i    is the initial area of land-use type  i  in the study area;    S  i − j     is the conversion area from land-use type  i  to land-use type  j  during the study period;  n  is the quantity of land-use types transformed in the study area.



A land-use conversion matrix is generated to capture the multidirectional change among types of LUCC; the formula is as follow:


   S  i j   =  [       S  11        S  12      ⋯     S  1 j          S  21        S  22      ⋯     S  2 j        ⋮   ⋮   ⋯   ⋮       S  i 1        S  i 2      ⋯     S  i j        ]           



(3)




where  S  represents the area;  n  represents the quantity of land use types before and after the transformation;   i , j   (  i , j   = 1, 2,..., n ) represent land use types before and after the transformation, respectively;     S  i j     represents the area that the land type  i  transfer to the land type  j . Each row element in the matrix represents flow information of the  i  land category before the transfer to each category after the transfer, and each column element in the matrix represents the source information of the  j  land category area after the transfer from each category before the transfer. The number of land use types before and after the transfer can be different. At this time, the number of rows and columns of    S  i j     is different, which is a general matrix. For research convenience, the same classification system and classification accuracy are usually used before and after the transfer, so that the number of rows and columns of    S  i j     is the same, and it is an n-order square matrix.




2.3.2. Logistic Regression Model


The binary logistic regression (BLR) model can be applied in the analysis of two-category dependent variable, which can be used to analyze the relationship between probability of land use change and socio-economic factors, natural factors, and geographical factors effectively [43,44]. In this paper, the conversion between cultivated land and forest land and grassland (Y) is a dichotomous variable, that is, when cultivated land is converted to forest land and grassland, Y = 1, and, when forest land and grassland remains unchanged, it is 0. Based on the sampling data, regression coefficients are generated for the respective variables. These coefficients can be used to explore the relationship between dependent and independent variables in the model. P is set to the probability of event occurrence, and the value range is 0~1, then 1-P is the probability that the event will not occur. We built the binary logistic regression model to identify the relationship between multiple variables of driving forces and the LUCC [43]. This probability can be calculated by logistic function, the formula is as follows:


  P =  (    Y = 1 |  x 1  ,  x 2  , … ,  x  n      )  =   exp  (   β 0  +   ∑      β i   x i   )     (  1 + exp  (   β 0  +   ∑      β i   x i   )   )           



(4)







Equation (4) is usually transformed into a linear equation (5) by logistic transformation:


  log  (     P i    1 −  P i     )  =  β 0  +  β 1   x  1 i   +  β 2   x  2 i   … +  β n   x  n i    



(5)




where    P i    represents the probability that a certain land use type  i  may appear in each grid unit;    x i    represents the impact factor;  β  coefficient is the relationship coefficient diagnosed by the Logistic regression equation, where    β 0    is a constant,    β 1   ~   β n    represent the impact factors, respectively. The correlation between    x  1 i    ~   x  n i     and land use type  i , the greater the value of  β , the higher the correlation is. exp β  represents odds ratio of the event, and represents change in the occurrence rate of land type for each additional unit of the independent variable (impact factor). exp β  < 1, the incidence rate decreases; exp β  = 1, the incidence rate remains unchanged; exp β  >1, the incidence rate increases.      P i    1 −  P i      is referred to as the odds ratio and   log  (     P i    1 −  P i     )    is the logs of the odds ratios or “logit”.



  W a l d  χ 2    is significance test statistic of the regression coefficient, which is used to evaluate the degree of explanation of each independent variable to the dependent variable [45]. This study used   W a l d  χ 2    statistic to test regression coefficients of the model. The significance level is 0.05, if the significance value corresponding to the   W a l d  χ 2    statistic of the independent variable > 0, it is considered that the regression coefficient of the independent variable is not significantly different from null hypothesis and should be removed; otherwise, it is retained [45]. The likelihood ratio chi-square test is performed on the regression equation, and when the value of probability P is less than the given significance level, it indicates that parameter estimation is effective, and the model can be used. In addition, the modeling results should also be evaluated [43]. The ROC curve is often used to measure goodness of the logistic regression model [46]. The value of the area under ROC curve is between 0.5 and 1.0. The higher the value, the better the goodness of the logistic regression analysis model is, and vice versa. The ROC value of a completely random model is 0.5, if it is completely correlated, the value is 1.0. The analysis indicates that the model has a relatively high level of good explanatory ability with the ROC above 0.5 [46].





2.4. Sampling Process


To ensure a sufficient number of samples and avoid spatial autocorrelation of data since results of logistic regression model are closely related to sample selection [43,44], this paper used stratified random sampling to extract a total of 6000 samples evenly distributed throughout the study area for two study periods of 2000–2010 and 2010–2018, respectively. These samples included 2000 points of unchanged forest land and 2000 points of unchanged grassland, 1000 points of conversion of cultivated land to forest land, and 1000 points of conversion of cultivated land to grassland. In the ArcGIS platform, the vector point layer was established by using the sampling point, and the vector point was used to extract the value of dependent variables and independent variable, respectively. Finally, attributes obtained from the sampling point were merged to provide basic data for the logistic regression model.





3. Results


3.1. Land Use Change in the Loess Hilly-Gully Region


3.1.1. The Characteristics and Topographic Factor of LUCC


In 2000, 2010, and 2018, the area of cultivated land accounted for 36.94%, 33.85%, and 33.69% of the total area; the area of forest land occupied 16.51%, 17.76%, and 17.63% of the total area; and grassland made up 40.2%, 41.58%, and 40.83% of the total area, respectively. These three land types reached up to 93.65%, 93.2%, and 92.15% of the total area in 2000, 2010, and 2018, respectively. However, the remaining land use types including water area, construction land and unused land occupied only 6.35%, 6.8%, and 7.85% of this region, respectively. In terms of spatio-temporal characteristics of land use change, the areas for conversion of cultivated land to forest land and grassland in 2000–2010 and 2010–2018 were mainly located in the north part and southwest of the study area.



Based on the slope classification above, this paper utilized the area tabulation tool in ArcGIS software to conduct spatial superposition calculation of the slope classification maps and the land use spatial transfer maps including two phases of 2000–2010 and 2010–2018, and obtained the conversion area of cultivated land to forest land and grassland in the range of different grades of slope of two study periods (2000–2010 and 2010–2018). Moreover, excel software was used for conducting statistics and making figures, which illustrated that the outward-transferring areas of cultivated land to forest land and grassland were different based on the changes of slope in the loess hilly-gully region. Conversion of cultivated land to forest land and grassland represented upward and then a downward trend from 2000 to 2010 and 2010 to 2018. The largest area transferred from cultivated land to forest land and grassland within the slope range of 6–15°. The area of 102,041.37 ha and 55,814.67 ha from 2000 to 2010, and the area of 368,211.42 ha and 321,989.58 ha from 2010 to 2018 were converted to forest land and grassland, accounting for 44.61% and 50.85%, and 51.05% and 52.57% of the total converted cultivated land in different slope grades, respectively. The results revealed that the GGP was implemented vigorously on the slope range of 6–15° in the loess hilly-gully region.




3.1.2. Land Use Change Magnitude and Dynamic Degree


The results of change magnitude and dynamic degree of LUCC in the loess hilly-gully region from 2000 to 2010 and 2010 to 2018 were presented in Table 3.



During the study period of 2000–2010, Table 3 indicated that forest land, grassland, and water area represented rising tendencies while the area of cultivated land, construction land, and unused land decreased from 2000 to 2010. Specifically, the total area of cultivated land reduced from 5,150,440 ha in 2000 to 4,720,762 ha in 2010; the decreased part of cultivated land was 429,678 ha, and the annual change rate of cultivated land was 0.91% in 10 years. The area of cultivated land maintained an outward-transferring trend, and net loss of cultivated land made up 9.1% of the total cultivated land in 2010. As for forest land and grassland, the area grew from 2,303,072 ha and 5,607,521 ha in 2000 to 2,477,076 ha and 5,799,496 ha in 2010, respectively. The incremental portions were 174,004 ha and 191,975 ha, and annual change rates of forest land and grassland were 0.70% and 0.344%, respectively. The net increases in forest land and grassland were 174,004 ha and 191,975 ha respectively, accounting for 7.02% and 3.31% of the total forest land and grassland in 2010, respectively. In addition, water area and unused land represented downward trends while the construction land increased significantly. The area of water area and unused land reduced from 152,960 ha and 579,841 ha in 2000 to 140,446 ha and 518,362 ha in 2010, net loss of these two types of land use were 125,145 ha and 61,479 ha, and the annual change rates were −0.89% and −1.19%, respectively. In contrast, construction land increased from 152,211 ha in 2000 to 289,720.8 ha in 2010; the annual change rate was 2.56%.



During the study period of 2010 to 2018, the results revealed that the area of cultivated land, forest land, grassland, and unused land all showed declining trends whereas water area and construction land increased. Specifically, the total area of cultivated land reduced from 4,720,762 ha in 2010 to 4,697,968 ha in 2018. The decreased part was 22,793 ha, the annual change rate of cultivated land was −0.06% within eight years. The area of forest land and grassland dropped dramatically from 2,477,076 ha and 5,799,496 ha to 2,457,994 ha and 5,693,177 ha, respectively. The reduced portions were 19,082 ha and 106,318 ha, and the annual change rates of forest land and grassland were −0.1% and −0.23%, respectively. The decreased parts accounted for 0.49% of total cultivated land, 0.78% of the forest, and 1.51% of grassland in 2018, respectively. Above all, areas of cultivated land, forest land, and grassland maintained outward-transferring trends in eight years. Furthermore, the area of water area and construction land increased from 140,446 ha and 289,721 ha in 2010 to 146,266 ha and 453,314 ha in 2018; the growing parts occupied 3.98% and 36.09% of the total water area and construction land in 2018, respectively. In contrast, unused land dropped from 1,692,429 ha in 201 to 3,219,077 ha in 2018; the decreased part was 22,886 ha, making up 4.62% of the area of unused land in 2018.




3.1.3. The Land Use Conversion Matrix


Figure 2 shows the trajectories of land-use change in the loess hilly-gully region from 2000 to 2010. The three most important types of land-use change in the loess hilly-gully region were cultivated land, forest land, and grassland. Cultivated land underwent the greatest change among all categories of LUCC by mainly converting 1,065,131 ha area to other types of land use in 10 years. The biggest area of 724,370 ha was converted to grassland, accounting for 68.01% of the total outward-transferring area of cultivated land. Grassland was the land type with the maximum inward-transferring area under the influence of the biggest conversion area from cultivated land, which made up 78.54% of the total area that converted to grassland. Besides, the area of forest transferred to grassland accounted for 10.79% of the total area that transferred to grassland. The grassland was mainly converted into cultivated land and forest, the converted areas were 493,169 ha and 149,155 ha in 10 years, accounting for 67.54% and 20.43% of the total outward-transferring area of grassland, respectively. Grassland was also the land type with the most area that converted to the forest and cultivated land. The area transferred from grassland to cultivated land and forest land accounted for 77.59% and 38.64% of the region that converted to cultivated land and forest land, respectively. As for construction land, water area and unused land, both water area and construction land transferred the most area into cultivated land, transferred parts made up 44.77% and 58.4% of the total outward-transferring area of water area and construction land, respectively, and 73.82% of unused land transferred into grassland.



Figure 2 shows the directions of land use change in the loess hilly-gully region from 2010 to 2018. The main types of land use change in the loess hilly-gully region were cultivated land, forest land, and grassland. Among them, cultivated land was the land with the most land conversion, which mainly transferred an area of 722,434 ha into forest land and grassland. 613,038 ha of cultivated land was converted into grassland in eight years, accounting for 84.86% of the outward-transferring area of cultivated land, which also occupied 78.5% of the inward-transferring area of grassland. Moreover, grassland converted the most area to cultivated land and forest land. Cultivated land and forest obtained the greatest conversion area from grassland, making up 76.37% and 46.08% of the total inward-transferring area, respectively. Furthermore, 109,396 ha of cultivated land was converted to forest land in eight years, accounting for 13.26% of the outward-transferring area of cultivated land. The area of forest was mainly converted to cultivated land and grassland, conversion areas were 117,275 ha and 110,859 ha, accounting for 45.27% and 42.79% of outward-transferring areas of forest, respectively. As for water area, construction land and unused land, both water area and construction land transferred the most area into cultivated land; the transferred parts made up 37.56% and 52.40% of the total outward-transferring area of construction land and water area, respectively. 44.72% of unused land transferred into grassland.



During two study periods of 2000–2010 and 2010–2018, the greatest change among land use types was the conversion of cultivated land to forest land and grassland. The GGP changed the structure and pattern of regional land use, which in turn changed the local land cover status; additionally, green vegetation coverage has been increased significantly in the loess hilly-gully region.





3.2. Results of the BLR Models


This study conducted the multi-collinearity diagnostic analysis for respective variables before constructing a logistic regression model of driving factors that influenced the conversion from cultivated land to forest land and grassland. Tolerances of independent variables were between 0.5~0.95 and Variance Inflation Factor (VIF) was less than 10, which shows that collinearity between the independent variables was not serious and they can all be included in the logistic regression model.



In the regression model of the conversion of cultivated land to forest land and grassland, four dummy variables were employed to represent slope grade II (2–6°) and slope grade III (6–15°), slope grade IV (15–25°), slope grade V (>25°), and the referent was slope grade I (< 2°).



3.2.1. Results of the BLR Model from 2000 to 2010


Table 4 demonstrated the results of the logistic regression model for the conversion of cultivated land to forest land and grassland from 2000 to 2010. The observed value of likelihood ratio chi-square test was 667.755 (p = 0.000), which demonstrated that building the whole regression model was of great significance. Besides, the value of the area under the ROC curve (AUC) was greater than 0.7, indicating that the chosen variables can adequately explain the conversion from cultivated land to forest land and grassland. According to the value of   W a l d  χ 2   , elevation, investment of the GGP, annual mean temperature, slope III (6–15°), GDP per land area, soil pH, distance to river, distance to residential, distance to city and rural population density were the 10 most important spatial determinants of the conversion of cultivated land to forest land and grassland from 2000 to 2010.



The significance level of regression coefficient (p < 0.05) and statistics illustrated that elevation was the most vital explanatory variable. The regression coefficient of elevation was −0.00194 and the odds ratio was 0.9981, indicating that the probability of conversion of cultivated land to forest land and grassland decreased by nearly one time with an increase in elevation by 1 degree. Therefore, cultivated land with a lower elevation was more easily transferred to forest land and grassland. The positive coefficients of the GGP’s investment, slope III (6–15°), soil Ph, and rural population density led to the increase in the probability of conversion of cultivated land to forest land and grassland with the growth of these independent variables. For every growth in the GGP’s investment, the probability of conversion to forest land and grassland rose by nearly one time. The significance level of slope III (6–15°) was 0.00054 < 0.05, the occurrence rate was 2.889, illustrating that the probability of conversion to forest land and grassland was 88.9% higher at the slope range of 6–15° than the reference level of slope grade I (< 2°) in the first stage. In addition, the odds of forest land and grassland expansion increased by 24.1% for every unit increase in soil pH; with an increase in rural population density, the likelihood of cultivated land converted to forest land and grassland increased by 1.0122 times.



In contrast, annual mean temperature, GDP per land area, distance to river, distance to residential area, and distance to town had negative influences on the conversion of cultivated land to forest land and grassland from 2000 to 2010. To be more specific, for every 1% increase in annual mean temperature, the occurrence ratio of the conversion of cultivated land to forest land and grassland decreased by roughly 50.24%; for every 1% increase in GDP per land area, the probability of conversion from cultivated land to forest land and grassland dropped to approximately one time. As for geographical factors, the probabilities of the forest land and grassland expansion increased by nearly one time for every meter decreased in distance to river, to residential area, and to town. In summary, natural factors, the GGP, and socio-economic factors deeply influenced the conversion from cultivated land to forest land and grassland.




3.2.2. Results of the BLR Model from 2010 to 2018


Table 5 demonstrated the results of the logistic regression model for the conversion of cultivated land to forest land and grassland from 2010 to 2018. The observed value of likelihood ratio chi-square test was 428.682 (p = 0.000), which demonstrated that building the whole regression model was of great significance. Besides, the value of the area under the ROC curve (AUC) was greater than 0.7, indicating that the chosen variables can adequately explain the conversion from cultivated land to forest land and grassland. According to the value of   W a l d  χ 2    and significance level of regression coefficient(p < 0.05), investment of the GGP, elevation, rural population density, slope III (6–15°), soil pH, GDP per land area, annual mean precipitation, and distance to road were the eight most important spatial determinants of the conversion of cultivated land to forest land and grassland from 2010 to 2018.



Investment of the GGP, slope III (6–15°), soil pH, annual mean precipitation, and GDP per land area all showed positive influences towards the conversion of cultivated land to forest land and grassland. Specifically, the probability of the conversion from cultivated land to forest land and grassland increased with the growth of the GGP’s investment. For every capital increase in investment, the probability of conversion to forest land and grassland rose by one time. The area of cultivated land was 59.15% more likely to convert to forest land and grassland on the slope grade III (6–15°) compared with reference level of slope grade I (< 2°). Moreover, the probability of conversion to forest land and grassland rose with the increase in soil pH, annual mean precipitation, and GDP per land area. For every 1% increase in soil pH and annual mean precipitation, the odds ratios of forest land and grassland expansion grew by 1.2102 times and 1.0036 times, respectively. Besides, the probability of conversion from cultivated land to forest land and grassland would be increased to approximately one time with every 1% increase in GDP per land area.



On the contrary, the model predicted inverse relationships between the conversion of cultivated land to forest land and grassland and the independent variables including elevation, rural population density, and distance to roads. To be more specific, every increase in elevation by 1 degree decreased the odds of conversion to forest land and grassland by 0.9987 times; for every 1% increase in rural population density, the occurrence ratio of the conversion to forest land and grassland decreased by roughly 2%.; for every 1% increase in the distance to road, the probability of conversion to forest land and grassland would be dropped to nearly one time. In summary, the GGP natural, and socio-economic factors influenced the conversion to forest and grassland more deeply compared with geographical factors.






4. Discussion


4.1. The Impact of the Grain for Green Program (GGP) on Land Use Change


The Grain for Green Program (GGP) is a nationwide ecological project with the largest investment-scale in China [47]. Land use and cover has undergone large-scale and transformative changes under the effective implementation of the project [48,49]. According to the study results, a total of 88.65% of cultivated land was converted to forest land and grassland, and the area of forest land and grassland occupied 56.72% and 58.46% of the total area in 2000 and 2018, respectively. However, land use changes in the two study periods were different. In the first stage of project implementation (2000–2010), the area of cultivated land declined the most, and the outward-transferring area accounted for 22.56% of the total area of cultivated land in 2010. Among them, the area converted to grassland occupied 68.01% of the outward-transferring area of cultivated land, and the area converted to forest land accounted for 21.48% of the outward-transferring area of cultivated land. From 2010 to 2018, the area of cultivated land, forest land, and grassland all declined. Since China only restarted a new round of the Grain for Green Program (GGP) in 2014, the speed of the GGP slowed down in the second study period. However, grassland still obtained the largest area that converted from the cultivated land, accounting for 74.30% of the outward-transferring area of cultivated land, and the area converted to forest land only accounted for 13.26% of the outward-transferring area of cultivated land. In addition, results of land use changes in two research periods both illustrated that implementation of the GGP has promoted the conversion of cultivated land to forest land and grassland effectively, which was highly consistent with goal of the project and with other studies [22,47]. At the same time, this study found that the area of cultivated land converted to grassland increased steadily while the area converted to forest land showed a downward trend by comparing two study periods, and the total area of cultivated land that converted to grassland was larger than that transferred to forest land, which were as much as three times and six times of the area of reforestation in 2000–2010 and 2010–2018, respectively. The main reason was that the loess hilly-gully region lacked abundant conditions of water and heat, and the climatic vegetation zone was generally more suitable for grassland than forest land [50]. This was also mutually corroborated with the research conclusions obtained by a previous study [51].



The Grain for Green Program (GGP), which is also called the Sloped Land Conversion Program (SLCP), mainly focused on planting trees and converting cropland or bare land on steep slopes to trees and grasslands [52,53]. Therefore, from the perspective of response of the GGP to topographical factors (Figure 3), the largest area of cultivated land converted to forest land and grassland at the slope range of 6–15° in the loess hilly-gully region during two study periods. Within this slope range, cultivated land converted area of 228,746 ha to forest land, the converted area was as much as five times of that converted to construction land, water area, and unused land; cultivated land converted the area of 724,074 ha to grassland, the converted area was as much as 18 times of that converted to construction land, water area, and unused land. The GGP has increased the area of forest land and grassland in the loess hilly–gully region to a certain extent, and the ecological environment of this area has also been significantly improved [7,54]. However, this result was different from the research conclusions [12,21], and the standard originally formulated for the implementation of the project in China. According to the implementation standards of the GGP, cultivated land with severe soil erosion and desertification on the slope above 25° are included in the plan of returning cultivated land [12]. In the process of actual implementation of the project, farmers would return cultivated land with a slope range of less than 15° to plant economic forests such as date trees, apples, and walnuts, and many barren cultivated land and fields were converted into giant cedar and Chinese pine proactively to strive for government subsidies and improve income [20]. Therefore, majority of cultivated land was converted to forest land on the slope range of 6–15°. In addition, compared with the first study period (2000–2010), reduction of cultivated land in the second study period (2010–2018) showed a downward trend, indicating that parts of forest land and grassland were converted to cultivated land to ensure food supply of the loess hilly-gully region, accounting for 71.36% and 45.27% of the outward-transferred area of forest land and grassland, respectively.




4.2. The Impact of the Driving Mechanism on Conversion of Cultivated Land to Forest Land and Grassland


Based on the results of BLR, this study identified dominant factors affecting the conversion of cultivated land to forest land and grassland in the loess hilly-gully region during the two periods after the implementation of the GGP. Investment of the GGP was an important explanatory variable for the change of cultivated land to forest land and grassland. This paper used the logistic regression model to measure contribution of the investment to regional change of land use to characterize the impact of the GGP on land use change. Investment of the GGP had significant impacts on the conversion of cultivated land to forest land and grassland in both two study periods. That is, as the investment increased, the probability of conversion from cultivated land to forest land and grassland grew. This is mainly related to the better implementation of the GGP in the loess hilly–gully region: Farmers needed to convert the sloping land originally planted with crops to plant trees since they were main bodies of action for the GGP, which played an indispensable role in promoting effective implementation of this project. Moreover, the Chinese government introduced an ecological compensation method in which farmers are provided with money, grain subsidies, and seedling fees. By doing so, the lifestyle, income structure, and level of farmers who returned from farming have been changed, and their overall income has been improved as well. This was not only a fundamental guarantee of the interests of farmers who joined the GGP, but also helped increase the trust of farmers in the government and compensation policies. Therefore, farmers in this area were more willing to participate in the GGP actively [55,56]. Increase in investment of the GGP will drive the conversion of cultivated land to forest land and grassland.



In addition, elevation and slope also had significant impacts on the conversion of cultivated land to forest land and grassland. Firstly, as the elevation increased, the logistic model results of the two study periods show that the probability of conversion from cultivated land to forest land and grassland decreased gradually. Specifically, the probability of conversion from cultivated land to forest land and grassland decreased with the increase in elevation. This was related to the fact that the implementation of ecological restoration projects is mostly concentrated in the middle and low elevation areas that are easier to develop at lower costs. The water and heat conditions in this area are relatively abundant, and implementation of the project can increase regional forest land and grassland in a short time. Therefore, it is more effective to achieve the goal of ecological restoration [57]. This conclusion is also consistent with that obtained in these research works [58,59]. In addition, by classifying the slope, this study found that the possibility of converting cultivated land into forest land and grassland at a slope range of 6–15°is greater than the referents (slope <2°) in the two study periods, and this slope range has the largest contribution; thus, its positive impact on the GGP was also the most significant. This is consistent with the highest conversion area from cultivated land to forest land and grassland in the slope range shown in Figure 3, and with the research conclusion [60]. The reason is that shallow gully erosion on steep farmland in the hilly area of the Loess Plateau is a key factor for serious slope erosion. According to the data on the formation of shallow trenches on sloping cultivated land, the critical slope range of the initial slope of shallow trenches is 15° to 20°, with an average of 18.2°. Therefore, in order to prevent the formation of shallow gullies, and to alleviate soil erosion more effectively, the critical slope of compulsory ecological conversion of cultivated land in the Loess Plateau is generally controlled within the critical slope of shallow gullies [60]. Therefore, the area with a slope of 6–15° is the focal area for the GGP in the loess hilly–gully region. As for soil pH, the probability of cultivated land being transformed into forest and grassland increased with the increase in soil pH. Since the suitable pH range mainly affects soil microbial activities, in a neutral to slightly alkaline soil environment, vigorous microbial activities can easily mineralize soil organic matter, which is beneficial for the release of more effective soil nutrients. [61]. Soil pH in the loess hilly-gully area is weak alkaline, indicating that the soil has sufficient nutrients and is suitable for vegetation growth. Therefore, with increase of the soil pH value in this area, the possibility of conversion of cultivated land to forest and grassland grew; the annual average temperature also had a negative impact on the conversion of cultivated land to forest and grassland during the period of 2000 to 2010. A moderate increase in temperature is conducive to the growth of vegetation, but too-high temperature will inhibit the expansion of forest and grassland [62]. Therefore, as the temperature rose, the possibility of cultivated land transferring into forest and grassland would decrease.



Apart from above influencing factors, socio-economic and geographical factors were also important factors affecting the Grain for Green Program (GGP) in loess hilly-gully region. The GDP per land area and rural population density selected in this paper had important impacts on the conversion of cultivated land to forest land and grassland. In the first study period (2000–2010), GDP per land area had a negative impact on the increase of forest land and grassland. Continuous acceleration of urbanization driven by economic development leads to a soar in construction land, in addition to phenomena such as arbitrary occupation of cultivated land, forest land, and frequent occurrence of lake reclamation [63]. The contradiction between socio-economic development and ecological construction in the loess hilly-gully region was also more prominent [64]. Therefore, as the GDP per land area increased, the possibility of converting cultivated land into forest land and grassland would decrease. In terms of the increase of grassland, the decline in GDP per land area has led to an increase in the ratio of conversion of cultivated land to grassland. The reason was that farmers in areas with slow economy growth are more inclined to venture out as migrants to improve their incomes. This increases the possibility of farmland degrading into grassland. In addition, the possibility of converting cultivated land into forest land and grassland rises with the increase in rural population density. This is consistent with the conclusion of a previous study [65], since implementation of the GGP can guarantee the income of farmers continuously [66], and farmers in this area have gradually strengthened their environmental awareness and volunteered to participate in ecological restoration projects [67]. Therefore, as the rural population density increases, the probability of converting cultivated land into forest land and grassland will also rise. In the second study period (2010–2018), GDP per land area was positively correlated with the conversion of cultivated land to forest land and grassland, while rural population density was negatively correlated with the change in land use. This is consistent with the findings of existing research conclusions [68,69]. With the improvement and depth of the GGP, the project utilizes subsidies, logging restrictions and other methods to influence and change the employment desire of farmers, and promote transfer of labor forces to non-agricultural industries. On one hand, it can promote local socio-economic development and reduce the pressure on land resources caused by growing demands; on the other hand, with the proportion increase of non-agricultural income in the total income of farmers, transfer of non-agricultural labor is also conducive to reducing the phenomenon of imbalance between income and expenditure [70]. Therefore, rural population density decreased (with the GDP per land area increase), and the possibility of cultivated land being converted to forest land and grassland was greater. In addition, geographical factors including the distance to river and the distance to city only have negative impacts on the conversion of cultivated land to forest land and grassland in the first period, while the distance to residential areas has a negative impact on land use changes in both periods. That is, the closer the distance of cultivated land to river, city, and residential areas are, it would be more likely to be converted into forest land and grassland. With rapid development of social economy and urbanization, although the rising demand for expansion of construction land would occupy a large area of forest land and grassland [69], under the guidance of a series of ecological protection policies such as ecological civilization construction, the local government is paying more attention to the protection and management of ecological environment, and is pursuing the coordinated development of environment and economy. By planting trees around the city and roads, the coverage of forest land and grassland around city has increased, and the ecological environment has improved [71].





5. Conclusions


Using GIS and spatial analysis technology, this paper first analyzed changes of land use in loess hilly-gully region between 2000 to 2010 and 2010 to 2018 from the aspects of quantity and spatio-temporal changes. Secondly, the logistic regression model was established from a natural, socio-economic, geographical aspect and the GGP to explore the driving forces of the conversion of cultivated land to forest and grassland. The main research conclusions are as follows:



Three types of land use including cultivated land, forest land, and grassland changed significantly in the loess hilly-gully region under influence of the GGP from 2000 to 2010 and from 2010 to 2018. Among them, the area of cultivated land was mainly transferred out; increase in the area of forest land and grassland mainly came from the conversion of cultivated land. According to analysis results of land use change, enforcement of the GGP in the first round (2000–2010) and its impact on land use change were greater than that in the second round. In addition, the main method for restoring vegetation coverage is planting grass combined with moderate forest plantation in the loess hilly-gully region.



The main influencing factors of the conversion of cultivated land to forest land and grassland in the two study periods (2000–2010 and 2010–2018) were different, and the contribution degree of different influencing factor was also different. Although investment of the GGP, natural factors, socio-economic factors, and geographical factors were important driving factors in both two study periods, the annual mean temperature, the distance to river, and the distance to city were only more important than natural factor and geographical factor in the first period. In terms of socio-economic factors, from 2000 to 2010, GDP per land area had a greater impact on the conversion of cultivated land to forest land and grassland; while the rural population density played a more vital role in the conversion of cultivated land to forest and grassland in the second period. Comparing the logistic regression model results of the two study periods, we discovered that driving forces in the first period had greater contributions to the conversion of cultivated land to forest land and grassland than that in the second period under impact of the GGP, indicating that scale of implementation was larger and the afforestation effect was better in the period of 2000–2010.



The Chinese government should adjust existing planning guidelines of the GGP, applying the principle of large concentration and small dispersion into implementation of the GGP and determining whether to return cultivated land to forest land or grassland based on types and patterns of land use in different regions, climate, topography, socio-economic conditions, etc. Furthermore, in order to realize sustainable development of regional land use, the government should also allocate land resources rationally, control the area of returning cultivated land, alleviate the contradiction between humans and land, optimize industrial structure, and raise income of peasant households practically. More importantly, our research results offer a reference to other developing countries on carrying out ecological restoration projects on alleviating soil erosion and sandstorm and improving vegetation coverage.







Author Contributions


Conceptualization, X.Z. and S.Y.; methodology, X.Z.; software, Y.D. and M.H.; validation, S.Y., Y.D. and X.Z.; formal analysis, X.Z.; investigation, X.Z.; resources, Y.D.; data curation, X.Z., Y.D. and M.H.; writing—original draft preparation, X.Z.; writing—review and editing, Y.D. and M.H; visualization, Y.D. and S.Y.; supervision, S.Y.; project administration, X.Z.; funding acquisition, S.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Special Fund for Scientific Research of Forestry Commonwealth Industry, grant number 201504424 and National Natural Science Foundation of China, grant number 71473195, 71773091.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Please refer to suggested Data Availability Statements in section “MDPI Research Data Policies” at https://www.mdpi.com/ethics, accessed on 29 January 2021.




Acknowledgments


I am sincerely appreciated for students from the Research Center of Resource Economics and Environmental Management on their contributions to the fund arrangement and calculation of the Grain for Green Project.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Land 10 00194 g0a1 550] 





Figure A1. Land use types of the loess hilly-gully region in 2000 (a), 2010 (b) and 2018 (c). 
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Figure A2. Conversion of cultivated land to forest and grassland in the loess hilly-gully region from 2000 to 2010 (a) and 2010 to 2018 (b). 






Figure A2. Conversion of cultivated land to forest and grassland in the loess hilly-gully region from 2000 to 2010 (a) and 2010 to 2018 (b).
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Figure A3. Driving factors of conversion of cultivated land to forest land and grassland from 2000 to 2010 and 2010 to 2018. All figures represent investment of the GGP from 2000 to 2010 (a); investment of the GGP from 2010 to 2018 (b); elevation (c); slope (d); soil organic matter (e); soil pH (f); annual mean temperature from 2000 to 2010 (g); annual mean temperature from 2010–2018 (h); annual mean precipitation from 2000 to 2010 (i); annual mean precipitation from 2010–2018 (j);change of population density from 2000 to 2010 (k); change of population density from 2010 to 2018 (l); change of rural population density from 2000 to 2010 (m); change of rural population density from 2010–2018 (n); change of GDP per land area from 2000 to 2010 (o); change of GDP per land area from 2010 to 2018 (p); distance to road (q); distance to river (r); distance to residential area (s); distance to city (t). 
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Figure 1. The geographical location of the loess hilly-gully region. All figures represent borders of China (a); location of the loess hilly-gully region (b); different regions of the Loess Plateau (c). 
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Figure 2. Trajectories of land use changes in the loess hilly-gully region from 2000 to2010 (a) and 2010 to 2018 (b). 
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Figure 3. Conversion of cultivated land to forest and grassland at different slope ranges of 2000–2010 and 2010–2018. 
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Table 1. Classification of land use types of the loess hilly-gully region.
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	Land Use Type
	Specification





	Cultivated land
	Refers to the land for planting crops, including mature cultivated land, newly reclaimed wasteland, recreational land, wheel rest, grassland rotation crops; land for fruit, mulberry, agriculture and forestry mainly planted with crops; and beach and tidal flats for more than three years.



	Forest land
	Refers to forest land used for growing trees, shrubs, bamboos, and coastal mangrove land. Includes natural forest with canopy closure greater than 30%, shrub wood with canopy closure greater than 40%, open woodland with canopy closure of 10–30%, and other forests.



	Grassland
	Refers to all types of grasslands that are dominated by growing herbaceous plants and have a coverage of more than 5%, including shrub grasses dominated by grazing and sparsely forested grasslands with a canopy closure below 10%.



	Water area
	Refers to natural or artificial land and land used for water conservancy facilities, including rivers, lakes, reservoir pits, etc.



	Construction land
	Refers to urban and rural residential areas, industrial and mining, transportation and other land outside the country, including urban, rural residential areas, and other construction land.



	Unused land
	Refers to unused land and hard to use land, including bare rocky gravel and bare land.
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Table 2. List of independent variables used in logistic regression modeling.
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	Variables
	Description
	Types of Variables
	Unit





	the GGP
	Total Cumulative investment of the GGP from 2000 to 2010 and 2010 to 2018
	Continuous variable
	ten thousand yuan



	Natural variables
	
	
	



	Elevation
	Digital elevation model (DEM)
	Continuous variable
	m



	Slope
	Slope gradient derived from DEM
	Dichotomous variable
	°



	SOM
	Soil Organic Matter
	Continuous variable
	%



	Soil pH
	pH values of soil
	Continuous variable
	NA



	Annual mean temperature
	Average mean temperature from 2000 to 2010 and 2010 to 2018
	Continuous variable
	℃



	Annual mean precipitation
	Average mean precipitation from 2000 to 2010 and 2010 to 2018
	Continuous variable
	mm



	Socio-economic variables
	
	
	



	Population density
	Changes of population density from 2000 to 2010 and 2010 to 2018
	Continuous variable
	persons/km²



	Rural population density
	Changes of rural population density from 2000 to 2010 and 2010 to 2018
	Continuous variable
	persons/km²



	GDP per land area
	Changes of GDP per land area of 2000 to 2010 and 2010 to 2018
	Continuous variable
	ten thousand yuan



	Geographical variables
	
	
	



	Dis_ road
	Euclidean distance of each pixel to the closest major road
	Continuous variable
	m



	Dis_ river
	Euclidean distance of each pixel to the closest major river
	Continuous variable
	m



	Dis_ residential area
	Euclidean distance of each pixel to the closest residential area
	Continuous variable
	m



	Dis_ city
	Euclidean distance of each pixel to the closest city
	Continuous variable
	m
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Table 3. Quantitative changes of land use in the loess hilly-gully region of 2000–2010 and 2010–2018.
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Cultivated Land

	
Forest Land

	
Grassland

	
Water Area

	
Construction

Land

	
Unused Land




	
Magnitude of LULC Change

	

	

	

	

	

	






	
Decreased part/hm²

	
2000–2010

	
106,5131.37

	
212,411.16

	
730,227.96

	
38,277

	
25,077

	
109,096




	
2010–2018

	
825,070.05

	
259,053.39

	
887,063.4

	
26,116.02

	
40,619.88

	
78,554.61




	
Increased part/hm²

	
2000–2010

	
784,662

	
386,031.42

	
922,339.71

	
25,730.46

	
161,757

	
47,998.98




	
2010–2018

	
802,691.37

	
240,603.21

	
780,929.1

	
32,488.29

	
204,238.26

	
55,527.12




	
Annual change rate (%)

	
2000–2010

	
−0.91%

	
0.70%

	
0.33%

	
−0.89%

	
4.75%

	
−1.19%




	
2010–2018

	
−0.05%

	
−0.08%

	
−0.19%

	
0.40%

	
3.61%

	
−0.46%




	
LULC total area/hm²

	

	

	

	

	

	




	
2000

	
5,150,440.08

	
2,303,072.19

	
5,607,520.65

	
152,960.4

	
152,210.34

	
579,840.93




	
2010

	
4,720,761.81

	
2,477,076.39

	
5,799,495.51

	
140,445.9

	
289,720.8

	
518,361.93




	
2018

	
4,697,968

	
2,457,994

	
5,693,177

	
146,266

	
453,314

	
495,476.19
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Table 4. Driving factors analysis of conversion of cultivated land to forest and grassland in the loess hilly-gully region from 2000 to 2010.
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	Driving Factors
	Parameter Estimation (β)
	Standard Error (S.E)
	Test Statistic Waldχ2
	Significance

(p)
	Odds Ratio

exp(β)





	Constant
	2.358
	0.703
	11.245
	0.001 ***
	10.565



	the GGP
	0.000
	0.000
	149.330
	0.000 ***
	1.000



	Elevation
	−0.002
	0.000
	181.567
	0.000 ***
	0.998



	Slope
	—
	—
	42.862
	0.000
	—



	Slope II (2–6°)
	0.784
	0.324
	5.870
	0.015 **
	2.190



	Slope III (6–15°)
	1.297
	0.314
	17.115
	0.000 ***
	3.659



	Slope IV (15–25°)
	1.061
	0.307
	11.947
	0.001 ***
	2.889



	Slope V (>25°)
	0.821
	0.310
	7.025
	0.008 ***
	2.274



	SOM
	−0.049
	0.068
	0.514
	0.473
	0.952



	Soil pH
	0.216
	0.047
	21.378
	0.000 ***
	1.241



	Annual mean temperature
	−0.407
	0.038
	114.379
	0.000 ***
	0.666



	Annual mean precipitation
	0.002
	0.001
	5.235
	0.022 **
	1.002



	Pop_ density
	0.004
	0.002
	3.514
	0.061
	1.004



	Rural pop_ density
	0.012
	0.005
	5.703
	0.017 **
	1.012



	GDP per land area
	0.000
	0.000
	36.456
	0.000 ***
	1.000



	DIS_ road
	0.000
	0.000
	0.119
	0.730
	1.000



	DIS_ river
	0.000
	0.000
	14.401
	0.000 ***
	1.000



	DIS_ residential area
	0.000
	0.000
	13.961
	0.000 ***
	1.000



	DIS_ city
	0.000
	0.000
	8.611
	0.003 ***
	1.000







Notes: **, *** represent significance at 5% and 1%.













[image: Table] 





Table 5. Driving factors analysis of the conversion of cultivated land to forest and grassland in the loess hilly-gully region in 2010–2018.
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	Driving Factors
	Parameter Estimation (β)
	Standard Error(S.E)
	Test Statistic Waldχ2
	Significance

(p)
	Odds Ratio

exp(β)





	Constant
	−2.073
	0.648
	10.224
	0.001 ***
	0.126



	the GGP
	0.000
	0.000
	113.083
	0.000 ***
	1.000



	Elevation
	−0.001
	0.000
	96.363
	0.000 ***
	0.999



	Slope
	
	
	28.763
	0.000
	



	Slope II (2–6°)
	−0.035
	0.140
	0.064
	0.801
	0.965



	Slope III (6–15°)
	0.465
	0.141
	10.842
	0.001 ***
	1.591



	Slope IV (15–25°)
	0.531
	0.182
	8.480
	0.004 ***
	1.700



	Slope V (>25°)
	0.512
	0.352
	2.110
	0.146
	1.668



	SOM
	0.062
	0.064
	0.929
	0.335
	1.064



	Soil pH
	0.191
	0.049
	15.255
	0.000 ***
	1.210



	Annual mean temperature
	−0.066
	0.038
	2.943
	0.086
	0.936



	Annual mean precipitation
	0.003
	0.001
	10.101
	0.001 ***
	1.003



	Pop_ density
	0.000
	0.002
	0.019
	0.891
	1.000



	Rural pop_ density
	−0.020
	0.002
	67.531
	0.000 ***
	0.980



	GDP per land area
	0.000
	0.000
	13.089
	0.000 ***
	1.000



	DIS_ road
	0.000
	0.000
	5.495
	0.019 **
	1.000



	DIS_ river
	0.000
	0.000
	0.342
	0.559
	1.000



	DIS_ residential area
	0.000
	0.000
	7.404
	0.007 **
	1.000



	DIS_ city
	0.000
	0.000
	0.008
	0.929
	1.000







Notes: **, *** represent significance at 5% and 1%.
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