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Abstract

:

The large-scale Grain for Green project on the Loess Plateau of China significantly changes the regional landscape pattern, which has a profound impact on runoff and sediment process. The relationship between landscape pattern and runoff and sediment in the Dali River watershed is established. Cropland and grassland areas in the watershed show a downward trend, whereas the woodland and building land increases continuously. The Number of Patches (NP), Patch Density (PD) and Landscape Diversity (SHDI), Landscape Division Index (DIVISION) increase significantly. The Largest Patch Index (LPI) and Landscape Shape Index (LSI) show overall change in the rising and falling rule. The Contagion Index (CONTAG) and Cohesion Index (COHESION) first increase, then decrease. A decreasing trend is shown by runoff and sediment. The annual runoff in 2010 was 29.76% less than in 1960, and the annual sediment load was 84.87% less. NP, PD, COHESION, DIVISION and SHDI have a significant negative correlation with runoff and sediment, and CONTAG and runoff sediment are positively related. This study could provide theoretical support for guiding watershed land use and landscape planning to effectively reduce runoff and sediment transport.
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1. Introduction


The ecological environment of the Loess Plateau of China is fragile. Affected by natural factors such as broken terrain, loose soil, and concentrated rainfall in summer, soil erosion is serious in this region [1]. In recent years, the frequent human activities, overgrazing, excessive reclamation, deforestation, and other human factors have been intensifying the regional ecological environment deterioration, resulting in the soil erosion area on the Loess Plateau region expanding year by year [2]. The Yellow River transported about 0.1–0.2 billion tons of sediment annually since 2010 [3,4]. Serious soil erosion on the Loess Plateau not only affects the ecological security of the Yellow River, but also restricts the sustainable development of regional social economy for a long time [5].



Since the 1980s, the Chinese government has successively developed a series of water and soil conservation measures, including vegetation recovery, terracing, and check dam constructions [6]. Especially, the implementation of the Grain for Green project starting in 1999 plays an important role in controlling the slope soil erosion and improves the regional ecological environment [7,8]. Vegetation restoration on the Loess Plateau is a key factor for driving land use and land cover change [9]. The large-scale artificial afforestation has improved the regional surface vegetation coverage remarkably [10]. Vegetation plays an important role in reducing soil erosion through water retention and soil fixation [11]. The increase of vegetation coverage can intercept rainfall, increase surface infiltration, and reduce surface runoff [12].



The change of watershed land use and land cover is also the direct drive of landscape pattern evolution [13]. Landscape patterns are the embodiment of the heterogeneity of patch space of different types, and also represent the way and state of land use. The interaction between landscape spatial pattern change and ecological process is one of the core contents of landscape ecology research [14]. The study of landscape patterns and runoff and sediment processes can provide a basis for optimization, regulation, and watershed management of landscape patterns. The change of mosaic characteristics of landscape components in space can change the hydrological structure and erosion system, thus affecting the interception ability of the landscape to reduce both the runoff and the sediment transport [15]. Based on the regression analysis of a conventional landscape index and soil erosion, it is concluded that the decrease of grassland patch size and the increase of patch boundary lead to the decrease of erosion [16]. From the perspective of landscape spatial configuration and type composition change, it is possible to reveal the impact of human activities on runoff and sediment processes through studying the landscape change and runoff and sediment process response [17]. The change of land use type has a great influence on runoff process and the increase of forestland reduces the runoff during flood season [18,19]. The vegetation restoration project has significantly changed the pattern of the underlying surface, and the change of watershed landscape pattern has a significant impact on runoff and sediment export [20].



Studies on runoff and sediment on the Loess Plateau region have received extensive attention, which mainly focuses on the impact of slope vegetation restoration, land preparation, and other projects on hydrologic processes [5,12]. In arid and semi-arid areas, the unreasonable landscape pattern configuration will cause a series of negative effects on the ecological environment. The analysis of the influence of land use changes on runoff and sediment transport processes from the perspective of watershed landscape pattern change, connects the natural environment and human activities. Therefore, it is necessary to fully understand the relationship between the evolution of watershed landscape pattern and soil erosion. The Dali River watershed is located in the hilly and gully Loess region. The annual sediment delivery from Dali River watershed to Yellow River is 7.22 million t. Therefore, this watershed was selected to (1) analyze the spatial-temporal evolution of watershed land use and landscape pattern from 1980 to 2010; (2) search sensitive landscape index factors and establish their relationship with runoff and sediment; and (3) provide theoretical support for guiding watershed land use planning.




2. Materials and Methods


2.1. Description of the Study Area


The Dali River watershed (109°14′–110°13′ N and 37°30′–37°56′ E) is located in the middle of the Yellow River which is the second longest river in China and the 5th longest in the world (Figure 1). The Dali River is the largest tributary of Wuding River, with a total length of 159.9 km. It originates from Qiaogouwan, Jingbian County, Shaanxi province, runs through Hengshan, Zichang, Zizhou, and Mizhi counties, and flows into Wuding River in Suide County. The overall terrain is high in the west and low in the east. The elevation is between 796 m and 1744 m. The soil type is mainly loessial soil, which has a weak cohesion [21]. The region belongs to the semi-arid continental monsoon climate in the warm temperate zone, with an average annual precipitation of about 420 mm. The precipitation is mainly concentrated in summer. The rainfall lasts for a short period of time and is of great intensity, often in the form of heavy rain.




2.2. The Data Collected


This study uses Chinese 1:100000 land use data (seven maps of 1980, 1985, 1990, 1995, 2000, 2005, and 2010), from Resources and Environment Science Data Center of Chinese Academy of Sciences (http://www.resdc.cn). The data using Landsat TM remote sensing image is obtained by experts with visual interpretation, and the interpretation accuracy is above 95% after the field investigation [22]. The runoff and sediment data of Dali River from 1960 to 2010 is obtained from monitoring values of gauging station located at the outlet of the watershed.




2.3. Data Analysis


ArcGIS 9.5 software is used to analyze spatio-temporal changes of different land use types. This study adopts the first-level classification of land use, and the land use types in the study area include cropland, forestland, grassland, building, and water. The spatial pattern parameters of watershed landscape are extracted with FRAGSTAT 3.3 software and relevant landscape indexes are calculated. According to the FRAGSTAT 3.3 Operation Manual, the landscape index can be divided into three different metrics: (1) patch metrics: reflecting the structural characteristics of patches in the landscape; (2) class metrics: reflecting the structural characteristics of different landscape types; (3) landscape metrics: reflecting the overall structural characteristics. Landscape pattern indexes can quantitatively indicate landscape pattern information such as the structural composition and the spatial configuration [23]. For the quantitative evaluation of land use and landscape pattern changes, eight landscape pattern indexes are selected (Table 1): Number of Patches (NP), Patch Density (PD), Largest Patch Index (LPI), Landscape Shape Index (LSI), Contagion Index (CONTAG), Cohesion Index (COHESION), Landscape Division Index (DIVISION), and Shannon’s Diversity Index (SHDI). These indexes are sensitive to changes of the landscape structure and spatial configuration, and can also influence the runoff and sediment discharge process [13].



The Pearson correlation method is used to analyze the relationship between the landscape pattern index, the runoff, and the sediment. A linear regression method is adopted to determine the quantitative relationship of interdependence among variables, in which the independent variable is runoff or sediment amount, and the dependent variable is the landscape pattern index. The Pearson correlation and linear regression analysis are conducted under SPSS16.0 software.





3. Results


3.1. Changes of Land Uses and Landscape Pattern of the Watershed


The Dali River watershed has a controlled area of 3851.52 km2, and cropland and grassland are the main land use types (Figure 2). In 2010, the cropland area accounted for 53.07%, and the grassland area accounted for 39.79% (Figure 3). Forestland is an important land use type in the region, accounting for 6.85% of the area, and 0.15% of proportion the water area and construction land area. From 1980 to 2010, the area of cropland shows a trend of fluctuation and decline. In 1990, the cropland area was the largest, reaching 2046.62 km2, and it was smallest in 2005, only 2011.92 km2. During the 30 years, 6.70% of the cropland is converted to grassland (the grassland converted from cultivated land was evenly distributed in the watershed), and 0.93% of the cropland is converted to forestland (forestland converted from cropland was mainly in the western part of the watershed). The Grassland area shows a gradually declining trend, which is mainly related to the conversion of grassland into woodland. In particular, the policy of returning farmland to forest was carried out on the Loess Plateau in 1999. The areas of cropland and grassland decreased significantly, while the area of forestland increased significantly. The area of buildings in the watershed shows a trend of gradual growth, which is mainly due to the acceleration of urbanization with the development of economy, and the buildings mainly increased in the vicinity of cities (such as Zichang county, Zizhou county, Mizhi county and Suide county). The water area decreased year by year, from 8.12 km2 in 1980 to 5.80 km2 in 2010, a decrease of 28.57% in 30 years.



Landscape pattern metrics can quantitatively describe the change of landscape pattern, and the correlation between the pattern and the ecological process can be established by a using relevant landscape index [24]. During the six periods from 1980 to 2010, NP and PD in the Dali River watershed show an increasing trend year by year. NP increased from 2348 in 1980 to 2639 in 2010, and PD also increased from 0.609 in 1980 to 0.685 in 2010 (Figure 3). Especially after 2000, the inter-annual changes of NP and PD are more drastic, which is consistent with the implementation of returning cropland to forestland. A large number of cropland is converted into forestland, and more small patches appeared, increasing the number and density of patches in the watershed. SHDI in the watershed increased by 4.2% in 30 years, indicating that the proportion of each patch type in the watershed was more balanced (Figure 4). LPI and LSI generally show the change rule of decreasing first and then increasing. In 2000, these indexes decreased sharply, indicating that the degree of landscape fragmentation in the study area was intensified. CONTAG and COHESION increase first and then decrease, in 2000 to a minimum. DIVISION shows a trend of rising and fluctuation, indicating that landscape connectivity between the internal advantage patch decline and resistance of material and energy transfer processes in the system increase. In recent years (2005–2010), under the influence of human activities, LPI, LSI, CONTAG, COHESION, and SHDI in river basin presented a downward trend, leading to the development of regular and decentralized landscape types.




3.2. Changes of Runoff and Sediment in the Watershed


From the 1960s to 2010, the annual runoff and sediment transport in the watershed showed a trend of decreasing fluctuation, and the peak of runoff and the sediment load corresponded well (Figure 5). In 2010, the runoff in Dali River watershed was 8.04 × 107 m3, which was 29.76% less than in 1960, and the annual runoff decreased by 681,500 m3. By 2010, the sediment load in Dali River watershed was 3.30 × 106 t, which was 84.87% less than in 1960, and the annual sediment reduction reached 377,800 t.



Through correlation analysis, a power relationship between annual runoff and annual sediment transport in Dali River watershed is shown (sediment amount = 0.127 × Runoff2.49), and the correlation is significant (P < 0.01), with a correlation coefficient of 0.925 (Figure 6). The results are similar to the relationship between runoff and sediment in the other main tributaries of the Yellow River on the Loess Plateau in recent years. The annual runoff in the Dali River watershed in the 1980s and 1990s decreased by 30.2% and 21.8% respectively compared with that in the 1960s, while the sediment transport decreased by 65.9% and 36.9%, respectively. Since 1986, the measured runoff and sediment transport of the Yellow River have decreased significantly.




3.3. The Response Relationship Between Landscape Pattern Change and Runoff and Sediment


The landscape pattern index comprehensively reflects the spatial characteristics of the landscape. In this study, the Pearson correlation analysis and regression analysis are used to further study the impact of landscape pattern on runoff and sediment. It is found that NP, PD, LPI, LSI, COHESION, DIVISION, and SHDI have a negative correlation relationship with runoff and sediment transport, CONTAG presents a positive correlation with runoff and sediment (Table 2). PD, NP, SHDI, CONTAG, COHESION and DIVISION are closely related to runoff, with the correlation coefficient of −0.56, −0.55, −0.55, 0.42, −0.30, and −0.19, respectively, and the correlations are significant (P < 0.05). The correlation of PD, NP, SHDI, CONTAG, COHESION, DIVISION, and sediment are −0.53, −0.54, −0.43, −0.50, −0.41, and −0.20, respectively, and the correlations are significant (P < 0.05). The correlations between LPI and LSI with runoff and sediment are low and not significant (P > 0.05). The results of regression analysis and correlation analysis are similar, and NP, PD, CONTAG, COHESION, DIVISION, and SHDI have closer relations with runoff and sediment. The decision coefficient of NP, PD, CONTAG, COHESION, DIVISION and SHDI and the runoff are 0.489, 0.171, 0.422, 0.304, 0.186 and 0.555, respectively, and P values are less than 0.05. The decision coefficient of NP, PD, CONTAG, COHESION, DIVISION, SHDI, and sediment are 0.591, 0.536, 0.498, 0.407, 0.202, and 0.431, respectively, and P values are less than 0.05 (Table 3). Returning cropland to forest increases the number and density of patches in the watershed, which in turn increases the landscape’s ability to resist erosion. COHESION indicates the degree of spatial connection of adjacent plaque. As the dominant patch, the extensive distribution of woodland will reduce the connection degree of the erosion patch, thus reducing runoff and sediment. SHDI depends on the uniformity of the distribution of various types of patch, and the increase of this index reflects the enhancement of landscape heterogeneity, thus affecting runoff and sediment transport. The increase of DIVISION will strengthen the division of forestland and grassland on the landscape of erosion source of arable land, thus significantly reducing runoff and sediment. CONTAG is positively correlated with runoff and sediment, with the determination coefficients of 0.422 and 0.498, respectively. CONTAG reflects the aggregation degree of patch in the landscape. If a few large patches are dominant in the landscape and highly connected, the value is relatively large, indicating that the erosion chain action caused by large area concentration and distribution of erosion patch should be avoided in the process of soil erosion control.





4. Discussion


Land use and land cover on the Loess Plateau have gone through great changes in the last 30 years, especially in the influence of the policy of large-scale projects such as the Grain for Green [3]. The cropland in the Dali River watershed shows a declining trend, and the forestland obviously increased. With the development of urbanization, the building area increased gradually, showing that human activities and related ecological restoration measures play a vital role in the underlying surface change. Landscape pattern refers to the spatial distribution and combination of landscape elements, reflecting the change of land use under human influence [13]. The landscape pattern reflects the spatial heterogeneity of different patches. In order to find the potential meaningful order or rule from the seemingly disordered patch mosaic landscape, quantitative analysis can be conducted on the number, size, shape, spatial position, and relevant spatial characteristics of patches in the landscape by adopting landscape indexes and spatial statistics methods [25]. In this study, through calculating the landscape pattern index, it is found that the project of Grain for Green within the watershed has a significant impact on the spatial configuration of the landscape. The number and density of patches in the watershed increase significantly. Affected by human activities, national policy adjustment, and other factors, the land use type in the watershed is undergoing significant changes, especially the conversion of a large number of arable land into woodland, affecting the spatial mosaic structure of the landscape pattern, and further influencing the occurrence and development of ecological processes [26].



The interrelation between pattern and process is one of the core issues in landscape ecology research, and it is also the frontier area of current geography, ecology, soil, and water conservation research and other areas [27,28]. The landscape pattern is the result of the comprehensive action of human activities and natural evolution. The spatial distribution of landscape patterns can profoundly affect and change the ecological process [29]. Different landscape types affect the erosion process by changing the surface characteristics. Different surface landscape coverage has different effects on rainfall interception, absorption, and infiltration, directly affecting the runoff coefficient and sediment transport modulus [30]. The spatial configuration of different landscape types can significantly affect the process of runoff and sediment in the watershed. Under the influence of returning farmland to forest, a large number of connected erosion patches within the basin lead to the increase of patch density, landscape fragmentation degree, and landscape diversity [31]. The landscape connectivity decreases and thus directly affects the runoff erosion, sediment yield and sediment transport process of hydrological units in the watershed [32]. The NP, PD, DIVISION, COHESION, and SHDI index show significant negative correlations with runoff and sediment in the watershed. The results obtained in the study are similar to those obtained by others [33,34]. The enrichment of land use types, the intensification of fragmentation, and the weakened connectivity of erosion patches have an obvious interception effect on runoff and sediment. Therefore, in the process of soil and water loss control in the basin, it is necessary to avoid the concentration and continuous distribution of landscape with high sediment yield intensity (such as sloping farmland). Studies have shown that the forestland–grassland–farmland along the slope is a good landscape structure, which is conducive to reducing runoff erosion and achieving the effect of soil and water conservation [35].



The spatial configuration of the landscape pattern plays a critical role in determining the hydrological process. Regression analysis shows that NP, PD, LPI, LSI, COHESION, DIVISION, and SHDI have a negative response relationship with runoff and sediment, and CONTAG has a positive response relationship with runoff and sediment. The result of the regression analysis is consistent with the Pearson correlation analysis. These landscape pattern metrics are sensitive to landscape structure changes. These selected effective metrics can be used to indicate runoff and sediment discharge process. However, the determination coefficient (R2) of both landscape index and regression analysis is less than 0.6. There are many factors such as climate change [36], topographic parameters [37], and vegetation coverage [38], which are not considered, leading to the low regression coefficient of the landscape index and runoff and sediment. The weakness of this study is seldom considered the physical mechanism of the hydrological process. In future studies, a more comprehensive landscape pattern index can be designed to incorporate factors such as terrain, vegetation, and precipitation, so as to comprehensively reflect the spatial changes of landscape patterns and better couple with runoff and sediment. In addition, the regression analysis results of this study can serve as a reference of landscape index screening, the regression coefficient of runoff and NP, CONTAG, COHESION, DIVISION, and SHDI is higher, the regression coefficient of sediment and NP, PD, CONTAG, COHESION, DIVISION and SHDI is higher, which can better indicate the relationship between landscape pattern and runoff and sediment.




5. Conclusions


The large-scale conversion of farmland to forests on the Loess Plateau has a profound impact on the regional land use/land cover pattern. From 1980 to 2010, the area of cropland in Dali River watershed decreased by 134.29 km2, and 7.63% of cropland was converted into grassland and forestland. The change of land use type within the watershed significantly changes the distribution of landscape pattern. In the past 30 years, NP and PD in the Dali River watershed increased 291 and 0.076, respectively. SHDI in the watershed increased by 4.2% in 30 years. DIVISION was fluctuating and increasing. LPI and LSI decreased firstly and then increased, while CONTAG and COHESION showed opposite trends. The change of landscape pattern index indicates that due to the increasing influence of human activities on the watershed, landscape types tend to develop in the direction of uniform distribution of dominant patches and high aggregation. The landscape pattern has a profound impact on runoff and sediment generation and transport process. NP, PD, COHESION, and SHDI had a significant negative correlation with runoff (the correlation coefficients are −0.55, −0.56, −0.30, and −0.55, respectively). Similarly, NP, PD, COHESION, and SHDI are closely related to sediment, with the correlation coefficients of −0.54, −0.53, −0.41, and −0.43, respectively. Returning cropland to forest increases the number of woodland patches, leading to the increase of watershed landscape heterogeneity. Meanwhile, the extensive distribution of woodland landscape strengthens the segmentation of cultivated land and improves the blocking effect of landscape on runoff and sediment. The landscape contagion index is positively correlated with runoff and sediment, reflecting the concentrated distribution of dominant patches. In the process of soil and water conservation and treatment, the concentrated and contiguous layout of erosion patches should be avoided. In a word, after years of ecological construction in Dali River watershed, the regional soil erosion was significantly improved. In the process of soil erosion prevention and control in the future, it is necessary to further optimize the spatial configuration of landscape pattern, increase the density of forest and grass, avoid the concentrated distribution of landscape with high sediment yield intensity, and improve the diversity of landscape, so as to effectively block runoff and sediment transport.
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Figure 1. The location of Dali River watershed (gray area) on the Loess Plateau. 
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Figure 2. The land uses of Dali River watershed in 1980, 1985, 1990, 1995, 2000, 2005, and 2010. 
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Figure 3. The percentages of different land use types of Dali River watershed in 1980, 1985, 1990, 1995, 2000, 2005, and 2010. 
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Figure 4. The landscape pattern metrics of Dali River watershed in 1980, 1985, 1990, 1995, 2000, 2005 and, 2010. 
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Figure 5. The runoff and sediment in the Dali River from 1960 to 2010. 
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Figure 6. The relationship between runoff and sediment. x is the runoff and y is the sediment 