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Abstract

:

The Gully Land Consolidation Project (GLCP) was launched to create more arable land by excavating soil from the slopes on both sides of gullies, combined with simultaneous comprehensive gully prevention and control measures. The purpose of the GLCP is to increase crop production and reduce soil erosion to achieve ecological and agricultural sustainability. In this study, we assess the effects of the GLCP on soil erosion and crop production by studying the BaoChengGou Watershed in the Loess Plateau, primarily by means of high spatial-resolution satellite images (taken by the GF-1 and ZY-3 satellites) combined with the InVEST model and field investigations. Sloping cropland, sparse forestland, and natural grassland are the main land use types in the study area. After implementing the GLCP, consolidated land in the cropland increased by 7.35%, an increase that has come largely at the expense of grassland and forestland. The GLCP has markedly reduced soil erosion in the BaoChengGou Watershed, especially in the sense that soil erosion intensity was also reduced significantly in the project region on the whole, despite intensifying in certain places, such as excavated slopes; furthermore, it has improved crop yields in the study area by 10.9%. Comprehensive measurement shows the GLCP to be scientific, reasonable, and clearly efficacious. This study presents findings regarding the positive significance of the GLCP in promoting ecological and agricultural sustainability in the Loess Plateau.
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1. Introduction


Ensuring global food security and environmental sustainability has been included in the United Nations Millennium Development Goals [1]. Food security is closely related to food availability, which not only emphasizes quality but also the quantity of the food supply. The sustainable availability of food is dependent on the degree of the food stability, which, in turn, is strongly affected by “food resilience and environmental sustainability” [2,3]. At present, on the one hand, the impact of ecosystem degradation on human well-being and economic development is increasing [4]. On the other hand, more reasonable management of the ecosystem has also provided a rare opportunity for mankind to eradicate poverty and realize sustainable development [5]. Therefore, the Millennium Ecosystem Assessment of the United Nations has put forward that, because of the great demand for natural resources, coordinating the advantages and disadvantages of various human activities has become an important principle of sustainability [6,7].



Land consolidation has a long history around the world, and it first appeared in Medieval Europe (Germany is the birthplace of modern land consolidation [8]). Later, land consolidation also occurred in The Netherlands, Russia, Canada, Japan, and Korea [9,10,11]. From the perspective of the development of land consolidation, it has gradually shifted from the traditional form of single goal, low-level rectification to multi-objective and high-level rectification. The goals and methods of land consolidation in different countries and regions vary in accordance with their specific conditions, states of political and social development, natural geography, and historical context [12]. However, so far, most scholars have generally conducted research on land remediation in plains. This study conducts research in the Loess Plateau, and it is of great significance for global land consolidation research.



The Loess Plateau has been paid special attention by Chinese government and academia, because of the considerable degree to which it has been affected by soil erosion [13,14,15]. Extensive soil erosion has depleted the amount of fertile land in the area, which means that a wider area needs to be reclaimed to support population growth; regional poverty has increased, as well as water scarcity, and still more serious land deterioration may result from inaction [16,17]. To cope with these worsening ecological problems, the Chinese Central Government has implemented the ‘Grain for Green’ (GFG) project in the Loess Plateau since 1999 [18,19], and the ecological environment of the Loess Plateau has recovered somewhat as a result [20,21]. Yan’an, as one of the first cities to participate in a national project for controlling soil erosion in China, converted more than 0.61 × 106 ha of farmland into grassland and forestland between 1992 and 2012, which resulted in a twofold the increase in forests and grassland coverage, from 30.9% to 67.0% [22,23]. However, in terms of the implementation of afforesting or restoring grassland of degraded farmland, the total area under cultivation has also been decreased by more than half of its original area by this project. Evidently, it remains uncertain whether the GFGP will benefit all peasants and universally improve local rural living conditions [24]. Furthermore, concerns that farmers may reclaim land again due to fewer subsides received have risen with the adjustment of the subsidies for the GFG project by the government [25,26]. The integrative approach taken to land rehabilitation on the Loess Plateau has efficiently achieved sustainable development. Thus, more time needs to be devoted to finding a solution to the conflicts between agricultural development and ecological protection in the Loess Plateau.



The “Gully Land Consolidation Project” is a project that was implemented initially by the Chinese governments in 2010, with the aim of finding an acceptable solution to the conflict between food security and ecological protection in the Loess Plateau, such as that arising from reducing the GFG subsidies. The GLCP was intended to create more land suitable for farming in gullies while restoring barren slope land to vegetation in its stead. Then, it spread and brought some benefits such as saving water, creating farmland for the sake of food security, and reducing flooding [27]. Shaanxi Province, a province in northern China that encompasses 12.68% of the Loess Plateau area, developed a program titled the “Plan for Filling Gullies to Create Farmland on the Loess Plateau” in 2010 [28]. The Ministry of Land and Resources and the Ministry of Finance ([2013] 914) have formally approved the implementation of this project, which covers an area of 33,700 ha, entails total investment of 4832 million Yuan, and will be implemented in the period between 2013 and 2020 [29]. The project has been underway in the “Red Capital of China”, Yan’an City, since 2013. The suggested approach taken by the project would be removing soil from the higher hills, flattening their ridges in the process, and then pushing the soil into the gullies and compacting it to reduce the possibility of it being affected by tunneling and subsidence until the resulting fields are flat or gently sloping. At the same time, rich topsoil is applied to make it suitable for crop growth [30]. Using the flat fields that are created in channels for cultivation will ultimately increase the cultivation land area in the Loess Plateau.



However, the GLCP requires excavation of the surrounding hills, which may destroy the stability of vegetation and slopes. The possibility that this process will destroy the environment or exacerbate soil erosion has even been raised [28].



In this study, we quantitatively analyze the effects of the GLCP on the two aspects of ecological and agricultural development. The typical watershed selected in this research is representative of the entire GLCP. Taking the project of the BaoChengGou Watershed as an typical watershed, the impact of soil erosion and crop production before and after the implementation of GLCP is evaluated by the InVEST-sediment delivery model and field investigation, and we discuss whether it is feasible to turn the crisis of soil erosion into opportunities to increase the quantity of high standard cultivated land available on the Loess Plateau. This paper attempts to reveal how the GLCP helps to alleviate the contradiction between farmers’ well-being and ecological sustainability, benefitting both sides by both increasing local crop production and decreasing soil erosion.




2. Materials and Methods


2.1. Study Area


The BaoChengGou Watershed is situated between 36°56′35″ N and 37°4′52″ N latitude, and 107°54′18″ E to 107°58′48″ E longitude in the northwest of Wuqi County, Yan’an City, Shaanxi Province, China (Figure 1). The Baochenggou Watershed has typical climate and geomorphological characteristics of the Loess Plateau. Selecting such a typical Watershed as the study area can show the effect of the whole GLCP in the Loess Plateau to the greatest extent possible. The total area of the watershed is 5400 ha, and the length of its main channel is 15 km. The watershed belongs to the II area of the hilly and gully region of the Loess Plateau, with elevations ranging from 1309 to 1689 m above sea level. Over the long term, water and wind erosion has given rise to a hilly land fragmentation, gullies, hills, and gully landforms. It has a continental monsoon with four distinct seasons, namely, spring (March–May), summer (June–August), autumn (September–November), and winter (December–February). The annual average precipitation in the area is 483.4 mm, and precipitation in the flood season (June–September) constitutes 79.3% of the area’s total annual precipitation. The average annual temperature, evaporation capacity, solar radiation, and frost-free period are 7.8 °C, 891.23 mm, 117.24 kCal/cm2 and, 138 days, respectively.




2.2. Project Introduction


The Gully Land Consolidation Project, located in the middle reaches of the BaoChengGou Watershed, was mainly funded by the central government and implemented by the local government. The project in the BaoChengGou watershed began in November 2014 and ended in June 2015. It consisted mainly of five sections, covering a total area of 90.18 ha.



The design of the project makes full use of the topography and geomorphology of the area. Numerous engineering disciplines were integrated in this project, including dam system engineering farmland and ecological environment protection engineering, rural roads engineering, irrigation and drainage engineering, and land consolidation engineering.



A dam system is considered the most effective way of conserving soil and water, because it can filter all floods and flows [31,32,33], while carrying the natural fertilizer and abundant silt that will be accumulated in the fields and in front of the dams [34]. Besides, water may also be accumulate in front of the dams [35], ensuring that plenty of natural fertilizer will gradually fill the dam lands in front of the dam, which may increase the fertility of nearby fields. Continuous flatlands were of course formed, which makes it possible to realize agricultural mechanization in the area [36,37]. Certain positive effects have been recognized: conserving water, and increasing the area of farmland that is available (thus improving food security and reducing disaster).




2.3. Data Sources


Land use data: Land use is a major factor influencing the ecosystem, and the accuracy of land-use data will greatly affect the findings of this study. The land-use data in this paper has been acquired by interpreting high-resolution No. 1 satellite (GF-1) images with a spatial resolution of 2 m.



The GF-1 is the first satellite of China’s high spatial resolution earth observation system, and its full-color band has a spatial resolution of 2 m [38]. The GF-1 multispectral data contain 4 spectral bands including blue, green, red, and near-infrared spectra, and it has the advantages of having high temporal resolution and wide coverage [39,40]. Because of the increasing spatial resolution of remote sensor data, modern remote sensing images contain more abundant spatial information than those previously available [41]. The remote sensing image data captured by GF-1 used in this paper comes from RSCloudMart (http://www.rscloudmart.com/en).



An image taken in July 2013 provides the most up-to-date land use data available before the project began and another image taken in June 2016 shows land use after the project ended. By using an object-based remote sensing image analysis algorithm in combination with field survey data, a precise land use map of the study area is obtained [42,43]. According to China’s current land use classification scheme, this paper divides the land use of BaoChengGou into 10 categories.



DEM: The digital elevation model (DEM) is derived from Resources No. 3 satellite (ZY-3), which can be used to create high-precision DEM data simply and quickly using The Environment for Visualizing Images (ENVI)’s DEM automatic extraction module [44].



The Resources No. 3 satellite (ZY-3) is a newly launched civilian high-resolution mapping satellite, occupying a station over China. The satellite carries with 4 cameras: 1 front-view full-color TDI CCD camera with ground resolution higher than 2.2 m and 2 front-view and rear-view full-color TDI CCD cameras with ground resolution higher than 3.5 m, in addition to a forward-looking multispectral camera with a resolution higher than 5.8 m, which is able to sense four bands of blue, green, red, and near-infrared spectra. The main imaging payload of ZY-3 for stereo mapping is a three-line camera, including a forward camera, a backward camera, and a nadir camera [45]. ZY-3 can acquire stereo full-color images, multi-spectral images, and ancillary data in a long-term, continuous, and stable manner [46].



The DEM data used in this study has been extracted from the stereo pair of nadir and forward-view images, which can achieve the most accurate results [47]. This study used satellite data collected between 2 July 2013 and 18 June 2016 with resolution of DEM equal to 2.38 m. The remote-sensing image data of Resources No. 3 satellite (ZY-3) used in this paper comes from RSCloudMart (http://www.rscloudmart.com/en).



Crop yield data: Crop yield and crop planting type data used in the study area were obtained through household surveys combined with interpretation of high spatial resolution remote-sensing images.



Rainfall erosivity (R): R is the main factor causing soil erosion, which increases in direct proportion to rainstorm intensity and duration (InVEST_3.5.0_Documentation). The R is a GIS raster dataset, and it depends on the intensity and duration of rainfall in the area of interest. This study uses Wischmeier’s monthly scale calculation Equation (1) [48,49] using the inverse distance weight interpolation method, based on meteorological data such as rainfall


    R =   ∑   i = 1   12    (  1.735 ∗   10    (  1.51 g    p i 2   p  − 0.8188  )     )     



(1)




in which R is the rainfall erosivity factor; pi is average monthly rainfall; and p is annual rainfall. The rainfall data required to calculate p is taken from the National Meteorological Information Center (http://data.cma.cn/).



Soil erodibility (K): K is a measure of the susceptibility of soil particles to detachment and transport by rainfall and runoff [50]. This study uses the calculation method proposed by Williams [51,52]. According to Equation (2), soil type and soil texture data were used to calculate the K factor for the study area.


   K =  (  0.2 + 0.3 ∗  e  − 0.0256 S A N  (  1 −   S I L   100    )     )  ∗    (    S I L   C L A + S I L    )    0.3   ∗  (  1 − 0.25 ∗  C  C +  e   (  3.72 − 2.95 C  )       )  ∗     (  1 = 0.7 ∗   S  N 1    S  N 1  +  e   (  22.9 S  N 1  − 5.51  )       )      



(2)




in which SAN, SIL, and CLA are sand fraction (%), silt fraction (%), and clay fraction (%), respectively. C is organic matter content in soil (%), and SN1 is equal to 1-SAN/100. The soil texture and soil organic matter in the formula are derived from the second national soil survey data and literature review.



Biophysical table: The biophysical table includes a Crop Management Factor (C) and Conservation Practice Factor (P), in which C reflects the extent to which the soil is protected by different types of vegetation cover. The latter is greatly affected by human activities, so different land use types have different C values. When the local surface is completely exposed, the C value is 1, and when the local surface is well protected, C = 0.001. C is calculated using Cai Chongfa’s C-factor research method [53,54]. P is the ratio of soil loss after taking measures to soil loss when no measures are taken [55]. When no soil conservation measures are taken in an area P is 1, and the minimum possible value of P is 0.01. The P value is obtained by combining the local soil and water conservation bulletin and land use types. In this study, previous research results and the status of local land use types are combined to determine the Crop Management Factor (C) and Conservation Practice Factor (P) [56,57].




2.4. Sediment Delivery Model


The InVEST model is a quantitative assessment of ecosystem services, which is made using land-use data. Beyond expressing the status of ecosystem services spatially, it can also be combined with scenario simulation software to evaluate the value of various ecosystem services in a future scenario. The InVEST model is simple and easy to operate, and yields comprehensive results. The InVEST model can flexibly adjust some parameters according to the actual situation of the study area, so it is suited to the assessment of ecosystem services in different areas. In addition, the final evaluation result of the model is expressed spatially in the form of a map, which can be compared with time and space analysis [58,59,60]. Researchers can choose specific-use modules, input corresponding data and parameters, and carry out multi-service and multi-target evaluation according to their own needs and the actual situation of the research area. The InVEST model is helpful to understand the spatial-temporal distribution and changes of ecosystem services in a specific region, and has important guiding significance for formulating relevant management policies [61,62].



The Sediment Delivery Model is a module of the InVEST model, which is able to calculate the actual soil erosion for each grid. Soil erosion in the study area is mainly determined by rainfall intensity, soil properties, topography, and vegetation. Change in land-use types and land-management practices may significantly alter the amount of sediment produced in a given area [63,64,65,66].



Soil erosion is calculated based on the universal soil loss equation (USLE), in which soil loss is related to vegetation cover, current land use, and soil conservation management. The information on land use patterns, rainfall, soil characteristics, and topography was prepared to estimate soil erosion on grid level i as follows:


      USLE  i  =    (  R · K · LS · C · P  )   i     








in which R is the rainfall erosivity (MJ·mm (ha·h−1), K is the soil erodibility (ton·ha·h (MJ·ha·mm)−1), LS is the slope length–gradient factor, C is the cover-management factor, and P is the support practice factor [64].



The model-driven data includes land-use data, rainfall erosivity factor R, soil erodibility factor K, topographic factor LS, vegetation cover and management factor C, and soil conservation measure factor P. Its results are exported in the form of maps, which make the spatial distribution of soil erosion and soil conservation and their changes easy to read.





3. Results


3.1. Land Cover Change


Land cover types of the study area is mainly affected by topography, and climate characteristics such as rainfall and temperature [67,68]. Land cover types of the study watershed include grassland (43%), forestland (35%), cultivated land (16%), garden plots (4.6%), and built-up land (1.4%). An analysis of the land-cover types of the study area yields the following conclusions.



The vegetation in the project region is of the sparse forest shrub grass vegetation type, characterized by sparse forestland, shrub forestland, and natural grassland. Sparse forestland has been degraded by natural secondary forest; it is shrub-dominated and has few trees. It comprises mainly poplars and locusts planted artificially in recent years and distributed in blocks. Shrub forestland is mainly distributed in the valley and mountain ridges, and is the main achievement of returning farmland to forests, being populated by species such as Amorpha and sea buckthorn. The natural grassland within the project region is mainly distributed in the channels on both sides of gullies, on slopes of gradient greater than 25 degrees, and within channels abandoned by local people.



The main type of cultivated land in the study area is slope cropland. The cultivated land-use type indicates land used to cultivate drought-tolerant crops, including corn, buckwheat, millet, and sunflower, of which corn constitutes the largest proportion. Cultivated land is mainly distributed on gentle slopes and terraces on both sides of the trench. A classified land-use map and the percentage of the total area under all 10 land-use classes before and after consolidation are presented in Figure 2.



As shown in Table 1, new cultivated land within the project region has mainly come from grassland and forestland. Overall, cultivated land in the project region directly increased by 27.15 ha after the implementation of the project. Between 2013 and 2016, grassland was converted into cultivated land, resulting in an overall decrease of 30.7 ha. Forestland areas also decreased from 30.58% to 11.89%, representing an area of 16.86 ha with in the project region. At the same time, some of the new cultivated land was converted into artificial forest, artificial grassland, rural roads, and other soil and water conservation measures. The total area thus converted is about 25.46 ha. In general, almost all the lost forestland and grassland was converted to cultivated land; the reduced land was mainly converted into new cultivated land and the corresponding protective land, which increased by 52.61 ha. Therefore, including the original sloping land, the total area of consolidated land is 54 ha (7.35% in being cropland).




3.2. Estimating Soil Erosion by GLCP


The marked difference in spatial distribution of soil erosion is shown in Figure 3. In the watershed, soil erosion remains high in spite of the evident efficacy of the GFG [14,69], largely owing to the extensive degree of landform change within the area, the concentration of rainfall, and the high erodibility of loess. Soil erosion varies greatly between the bottom of the gully and the top of the slope (from the minimum of 5 ton/ha to the maximum of 382 ton/ha). Rainfall occurs intensively in the summer; therefore, sediment retention also decreases in this season and is directly correlated with precipitation in the summer. The characteristic soil composition of the Loess Plateau renders the loess vulnerable to rainfall.



Estimation of soil erosion before and after consolidation shows that the annual differences in soil erosion were very small, but the average annual soil erosion in the project region varied greatly. The average soil erosion of the entire watershed decreased slightly from 87 ton/ha in 2013 to 82 ton/ha in 2016, indicating that the GLCP had not exerted impact on sediment erosion in the whole watershed.



Changes in sediment erosion were analyzed at the regional scale throughout the BaoChengGou Watershed. Following this regional analysis, we then analyzed and compared sediment erosion in the project region in order to determine how the GLCP has affected sediment erosion. As shown in Figure 3, soil erosion of the project region decreased from 59 ton/ha in 2013 to 48 ton/ha in 2016; this marked decline indicates that the GLCP has significantly improved water and soil conservation ability. In order to better evaluate the effects of soil and water conservation, we categorize the observed sediment erosion (0–415 ton/ha/year) into six grades, including slight (0–10 ton/ha/year), mild (10–25), moderate (25–50), intense (50–80), extremely intense (80–150), and severe (>150). This classification is based on the Standards for Classification and Gradation of Soil Erosion established by The Ministry of Water Resources of the People’s Republic of China [70].



Most of the area studied is classified as being subject to slight erosion is first, before the GLCP, accounting for 67.24% of the project region, and even increasing by up to 86.05%, retaining its position after the GLCP. The areas of mild, moderate, and severe erosion were characterized by reduced erosion, while erosion increased in areas of intense and extremely intense erosion. The spatial variation of sediment erosion intensity is presented in Figure 4. The slight erosion area expands dramatically in the project region. Another obvious change is the emergence of certain linear erosion zones, due to the excavation of slope forming new, steeper, slopes. It is obvious that the expansion of the slight erosion area was accompanied by a decrease in slope cropland and a resultant increase in new level land. Correspondingly, liner erosion emerged mainly in slop-excavated regions, which suffered intense, extremely intense, and even severe erosion.




3.3. Estimating Crop Production by GLCP


The marked difference in spatial distribution of crop production throughout the Watershed is shown in Figure 5. In the watershed, cropland was mainly distributed in areas of gentle slope (<25°); these cropland regions were of low quality because of their scattered fields, low soil fertility, and insufficient rainfall. There is almost no continuous smooth cropland, mainly due to the undulating topography of the area. Serious soil erosion and unreasonable farming management result in low soil fertility, exacerbated by low annual rainfall and inadequate irrigation, which further limit crop production in the study area.



Estimation of crop production before and after consolidation showed that the annual differences in crop yield were very large; in particular, the crop yield in the project region increased significantly. Table 2 shows the crop yield change in the study area. The overall crop production of the entire watershed increased from 28.7 × 105 kg before consolidation to 32.1 × 105 kg after the GLCP, an increase of 10.9%, which indicated that the GLCP had significantly increased crop yields. As indicated in the table, consolidated land had been increased by 54 ha over the course of the project. Meanwhile, the crop production capacity of the project region had increased from 4500 kg/ha to 6600 kg/ha.



These results indicate that the effect of the GLCP on grain productive capacity has been substantial, resulting in an increase in unit yield of approximately 46.7%. In short, it has been found that the GLCP has not only significantly increased the area under cultivation but also increased the unit yield of cropland.




3.4. Estimating Comprehensive Measure System by GLCP


Due to the special landform and vegetation characteristics of the Loess Plateau, the GLCP of the BaoChengGou watershed is quite unlike a traditional land consolidation project. During the Gully Land Consolidation Project, managers implemented comprehensive measures adapted to this special situation (Figure 6).



Dam system engineering, mainly including the construction and repair of large and medium-sized flood dams and warping dams, determined the possibility, feasibility, and reliability of the GLCP. The dam system of the GLCP could ensure that each dam will remains stable in a given rainstorm, and could also ensure that the growth of crops is not affected by flooding. Most importantly, the vast majority of the flood and sediment present in the area can be intercepted in the dam, so that the water and sand resources in the gully valley can be fully utilized.



Land consolidation engineering, also called land levelling engineering, refers to the use of digging machinery to excavate soil from the slope on both sides of gullies and fill them with excavated soil so as to increase the area of effective cultivated land available. The project adopted slope consolidation measures and ecological greening measures to ensure the stability of the excavated slopes.



Irrigation and drainage engineering, the establishment of various types of reservoirs and rain collecting cellars, could not only stop surface runoff and dissipate floods and flood pressure to a certain extent but also make full use of the soil flow of the loess layer and the channel water, develop water- saving irrigation, and play the dual role of stagnant water and water storage and increasing irrigation. Appropriate drainage channels were built in the farmland beside the dam to eliminate erosion and cutting of the dam and cultivated land.



Rural road engineering could be conducive to agricultural mechanization and facilitate transportation of agricultural products, thus greatly reducing farming costs and improving farming efficiency.



Farmland and ecological environment protection engineering work done in the GLCP involved establishing windbreak forests and taking ecological restoration measures to achieve sustainable development of farming and enhance the ability of the project region to withstand natural disasters. The project adopted the comprehensive plant protection measures including plant protection at the source of eroded gully, excavated slope, and dam slope ridge, in order to ensure the ecological safety of project area.





4. Discussion


Within the context of this research, sustainability is defined as the ability of land to provide a relatively consistent supply of ecological services and human well-being in the long term, without degrading the environment within which these services are provided [71]. The comprehensive measures of Nature-based solutions aim to enhance soil function and reduce connectivity of flows. Nature-based solutions can enhance the soil health and soil functions through which local eco-system services will be maintained or restored. Making the flows less connected, facilitating less rainfall to be transformed into runoff and therefore reducing flood risk, increasing soil moisture, and reducing droughts and soil erosion, we can achieve sustainability [72,73]. Enhanced ecosystem services contribute directly to the achievement of the United Nations sustainable development goals [74]. In conclusion, the Gully Land Consolidation Project demonstrates a method of balancing agricultural development and environment protection. Due to its integrated implementation, the GLCP tends to bring about varied favorable effects.



4.1. The Impact of the GLCP on the Ecological Environment


The uniform tendency towards slightly increased soil retention before and after consolidation indicates that the GLCP did not increase soil erosion intensity in the watershed. A relatively low intensity of soil erosion was observed in certain parts of the region, mostly in those areas characterized by relatively high levels of vegetation, such as sparse forestland and shrub forestland. High intensity of soil erosion was associated with cropland, especially unmanaged slope areas. An empirical investigation of soil erosion before and after the GLCP is shown in Figure 7.



In the project region, total soil erosion was reduced by 18.6%, mainly due to topographic changes and soil and water conservation measures taken after consolidation. The area of slight and mild erosion intensity expanded by 18.18%, mainly at the expense of the area subject to intense and extremely intense erosion. However, the area of land subject to severe erosion has also increased, mainly on the excavated slopes on both sides of the gully due to a certain degree of slope stability degradation caused by extensive slope excavations, although fairly comprehensive slope protection measures have been taken. In general, the GLCP has improved the quality of the ecological environment, especially in terms of soil and water conversation in the watershed.



On the other hand, the GLCP has not only reduced soil erosion but also achieved the objectives of the GFGP: It has greatly increased the area of vegetation coverage while significantly reducing the area of slope farmland [18,27]. Although the local government has given some financial subsidies to farmers, it has still found itself unable to solve the local poverty problem. In the late stage of the GFGP, signs of lands unsuitable for planting being reclaimed again gradually appeared in a few areas. The GLCP’s work has greatly eliminated the need for ecologically fragile slopes by creating additional flat and productive farmland in the valleys. Therefore, the GLCP has also played a positive role in the sustainable development of ecology by ensuring the effectiveness of the GFGP.




4.2. The Impact of the GLCP on Agricultural Developemnt


A large quantity of high-yield flat farmland has been created to improve crop production and the efficiency of farming. The findings of this research show that there will be significant benefits arising from the development of areas previously unsuited to agriculture and degraded lands, and, if such areas are managed appropriately, a chance to transform a problem into an opportunity will appear. [75,76]. The undertaking of the GLCP is intended to provide as much land as farmers farmed before removing land from agricultural management by the GFGP. Additionally, relatively perfect conditions such as expansive levelling land and efficient irrigation and drainage facilities would promote agriculture and other related industries on a greater scale, raising the income of peasants through the gradual development of efficient agriculture.



Most importantly, the productivity of new cultivated land is much greater that the sloping farmland it has replaced. The continuous flat farmland created by the project has created a powerful condition for farmland mechanization and agricultural modernization. In particular, within the context of the current Chinese government’s strategy of precise poverty alleviation, the GLCP has greatly solved the problem of local poverty by improving the productivity of land and reducing the cost of production. In this way, agricultural sustainability could be realized while achieving the win-win benefits of ecological restoration and efficient use of land resources.




4.3. Evaluation of the Comprehensive Measures System


Overall, this project has formed a gully control system by establishing a dam system combined with warping dam and gully head protection, forming a plant protection system for slope and farmland through the artificial planting of “arbor shrub herb”, and forming slope- and farmland-flow grooming systems through the combination of reservoirs and drains, irrigation, and drainage measures. Through a series of omni-directional measures, the project will eventually achieve the goal of “harnessing the ditches to protect the ecology, levelling the land to achieve the benefits of the people’s livelihood” (Figure 8).



Since 1978, the Chinese government has implemented 16 major sustainability programmes aimed at improving the ecological environment and sustainable development of people’s livelihood. This effort is unprecedented globally and has indeed brought great benefits to the natural environment and the people’s living environment around the country. The national land consolidation program is an important part of the 16 major sustainability programmes [77]. Since the GLCP in Yan’an was approved by the Chinese Government with an area of 33,733 ha in 2010, total investment in the project has reached to 4.83 billion Chinese Yuan.



The scope of the project is expected to be expanded to other suitable areas of the Loess Plateau in the future. It is estimated that by 2025, the Gully Land Consolidation Project may create 6.7 × 104 ha of basic farmland [78].




4.4. Methodological Limits and Future Research


In general, data of higher spatial resolution is more conducive to small-scale spatial variation studies [79]. In our research, we obtained land use and DEM data before and after consolidation, with spatial resolutions of 2 m and 4 m, respectively, through the high-resolution No. 1 (GF-1) satellite and the resources No. 3 (ZY-3) satellite. In future research, it is suggested to use UAV Low Altitude Surveying to acquire data of higher spatial resolution for the sake of greater accuracy [80,81].



Perhaps most importantly, our research only studied the situation before and after consolidation, and did not examine the process of consolidation itself. The process of the GLCP may cause considerable soil and water loss, due to the great surface soil disturbance it entails, to the extent of causing landslides in specific areas [28]. At the same time, it proved impossible to guarantee the incomes of local peasants during the GLCP process, which poses a great challenge to the sustainable development of the local ecology and agriculture. Therefore, the consolidation process itself could be examined in greater depth in future, affording a more comprehensive evaluation of the GLCP.



In addition, the evaluation of this study after consolidation was limited to 2 years after the end of the project. Due to the particularity of local site conditions, plant measures cannot exert their control effects in full over such a short period of time [82]. Therefore, the sustainable comprehensive impact of the project on the region could also benefit from examination over an extended period.





5. Conclusions


The Gully Land Consolidation Project is a very influential project in China, which has greatly affected the ecological sustainability and economic sustainability of the Loess Plateau.



Through high spatial resolution, remote-sensing image data, this paper analyses the effect of the GLCP on soil erosion and crop production in the BaoChengGou Watershed and evaluates its effects. The key findings of this study are summarized as follows:



Sloping cropland, sparse forestland, and natural grassland are the main land use types in the study area. After the GLCP, a large quantity of degraded sloping cropland and grassland has been converted into cultivated land. The proportion of consolidated land in the cropland increased by 7.35% and the flatness and continuity of the farmland in the project region showed clear improvement.



This study analyzed the effects of the GLCP on soil erosion using the InVEST-SD model. It is obvious that the GLCP has reduced soil erosion in the BaoChengGou Watershed, especially in that it also markedly reduced soil erosion intensity in the project region.



The effects of the GLCP on crop production have been analyzed by interpreting high-resolution images, combined with field research and questionnaires. The GLCP has improved crop production by 9.7% and has done much to ensure food security, promote precision poverty alleviation, and achieve sustainable development.



This study analyzed the practical effect of the GLCP in the BaoChengGou Watershed. As a result, an integrated control system combining engineering measures with plant measures has been found to ensure ecological safety and increase crop production. The GLCP can make important contributions to promoting ecological and agricultural sustainability and achieving harmony in human, land, and natural relations.
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Figure 1. Location of the study area and project region. 
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Figure 2. Land cover type before and after GLCP (2013–2016). 
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Figure 3. Soil erosion in the study area before and after GLCP (2013, 2016). 
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Figure 4. Soil erosion intensity in the project region before and after GLCP (2013, 2016). (a) Before the GLCP and (b) after the GLCP. 
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Figure 5. Crop yield in study area before and after GLCP (2013, 2016). 
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Figure 6. Images (GF-1) of comprehensive measure system by GLCP in one of the project region (2013, 2016). 
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Figure 7. Comparative effects of ecological sustainability before and after the GLCP (a) Gully with intense soil erosion before the GLCP; (b) gully with slight soil erosion after the GLCP. 
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Figure 8. Implementation effect of comprehensive measures (a) Continuous consolidated land, (b) excavated slope and protective measures, (c) drainage ditch, and (d) rural roads and plant protective measures. 
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Table 1. Temporal changes of land use in the project region (Unit: ha).
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	Land Use
	2013 (Before the GLCP)
	2016 (After the GLCP)
	Δ2013–2016 1





	Irrigation land
	0
	54
	54



	Slope cropland
	26.85
	0
	−26.85



	Orchard
	4.04
	0
	−4.04



	Closed forest land
	1.92
	1.04
	−0.88



	Shrub land
	3.48
	7.97
	4.49



	Sparse forest land
	22.18
	1.71
	−20.47



	Natural grassland
	30.7
	0
	−30.7



	Artificial grassland
	0
	6.47
	6.47



	Construction land
	1.01
	0
	−1.01



	Water
	0
	0
	0



	Soil and water conservation measures
	0
	18.99
	18.99







1 Δ2013–2016 represent the land use difference between 2013 and 2016.
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Table 2. Crop yield change in the study area before and after the GLCP.
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Grain Productive Capacity (kg/ha)

	
Cropland Area (ha)

	
Crop Yield (kg)




	
Before the GLCP

	
After the GLCP

	
Before the GLCP

	
After the GLCP






	
3600

	
107.55

	
108.81

	
3.8 × 105

	
3.9 × 105




	
4050

	
225.08

	
231.64

	
9.1 × 105

	
9.4 × 105




	
4500

	
353.06

	
340.28

	
15.8 × 105

	
15.3 × 105




	
6500

	
0

	
54

	
0

	
3.5 × 105




	
total

	
685.69

	
734.73

	
28.7 × 105

	
32.1 × 105
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