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Ecological conservation and high-quality development of the YRB (Yellow River Basin) has been adopted as a national strategy. However, the ecological environment of the YRB is fragile and it has degraded in recent years. Here we proposed an ecological degradation index system based on the Pressure-State-Response (PSR) model and evaluated trends in ecological degradation of the YRB using the Mann-Kendall trend test. We found an upward-downward-upward trend in the ecological degradation index (EDI) during the period of 2000–2019. We also observed an intensifying degradation of eco-environment from the upper to the lower YRB. Meanwhile, 69.9% of the YRB is under degraded eco-environment, while 29.5% of the YRB is dominated by improved eco-environment. Specifically, the ecological degradation intensity of Henan and Shandong Province with dense population and rapid economic development is the highest. Due to active and effective improvement measures taken by the government, the degradation intensity has been having a decreasing tendency. However, higher degradation intensity of eco-environment of the YRB should arouse human concerns. As to the driving factors, human activities can be regarded as the major driving factors for degraded eco-environment, and water stress and economic development exert increasing impacts on the eco-environment of the YRB. Our finding can provide a decision-making basis for the ecological management and high-quality development of the YRB.
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INTRODUCTION
The Yellow River is the second largest river in China and is an important ecological safety barrier. It plays a crucial role in Chinese economic development and food security. It directly supports 12% of the national population, feeds 15% of the irrigation area, and contributes to 9% of China’s GDP (Miao et al., 2010; Chen et al., 2012). At the same time, there are rich mineral resources, where coal and petroleum mining volume account for 50% and 25% of the total production in China (Wen et al., 2008). The Central Chinese government issued the “Ecological Protection and High-Quality Development Plan for the Yellow River Basin” on 8 October 2021. Therefore, the ecological protection and high-quality development of the YRB have become major national strategies and it is the great revival and sustainable development target of China.
In recent years, rapid population growth, booming urbanization and industrialization, and warming climate combine to afflict the ecosystem of the YRB (Li et al., 2017; Zhang et al., 2017). The continuous degradation of watershed ecological environment may eventually inflict damaging effects on the ecosystem structure, loss of ecosystem service functions (Heinrichs et al., 2016). Ecological fragility is a challenging issue for the YRB with low vegetation coverage, severe wind and sand, serious soil erosion (Huang et al., 2012), excessive development of agriculture (Liu et al., 2019), as well as the long-term overuse of land resources by increased urbanization and population boom (Zhang et al., 2022), which have resulted in expanding ecologically vulnerable areas in the YRB. The ecological degradation and ecological sustainable development have aroused widespread human concerns. Therefore, for the ecological protection and sustainable development of the YRB, it is of great significance to comprehensively understand the evolution of landscape or ecosystem and identify the ecologically-degraded areas and relevant driving factors.
Nowadays, ecological environment issues have aroused widespread concerns. A large body of studies addressed the factors affecting ecological environment, including human activities (Song et al., 2014), soil erosion (Zhao et al., 2013), biological integrity (Niu et al., 2021), etc. Song et al. (2014) believed that human activities usually exert remarkable impacts on fluvial ecosystems. Previous studies have shown that human activities have changed one-third to half of the Earth terrestrial surface. If the impact of human activities is ignored, the structure and function of ecosystem cannot be properly grasped (Vitousek et al., 2008). Zhao et al. (2013) investigated the evolution of the ecological environment by analyzing changes in soil erosion in the YRB. Patil et al. (2018) analyzed flow and sediment deposition to anatomize mechanisms behind changes of the fluvial ecosystem and ecological degradation. Niu et al. (2021) quantitatively evaluated the ecological health at the headwater region of the YRB by analyzing the biological integrity of bacterial communities, and found that grazing pressure was the leading factor in ecological degradation. In addition, the rising demand of energy leads to an increase in hydropower production, which will also cause more pressure on the fluvial ecosystem (Gorla & Perona, 2013). Wohlfart et al. (2016) argued that the adverse consequences of unreasonable continuous development of watershed resources not only offset the benefits of economic development, but also threatened social stability. Due to the complexity of ecosystem structure and driving factors of ecological degradation of the YRB, a multitude of studies attempted to address the ecological degradation at different spatial scales. Zhang et al. (2018) found that the ecological risk was lower in the upper YRB and was higher in the lower YRB by analyzing the hydrological changes over the YRB. Moreover, researchers used various methods to analyze ecosystem quality and ecosystem evolution. Pettorelli et al. (2005) reasoned that using NDVI (Normalized Difference Vegetation Index) to monitor vegetation distribution and dynamic changes can better reflect the impact of environmental changes on ecological degradation and fragmentation. Das et al. (2020) and Wang et al. (2021) used the Pressure-State-Response (PSR) model to assess the quality of ecosystems. Zhang et al. (2017) proposed a Pressure-Support-State-Response (PSSR) model and used a single-factor evaluation method to reflect the dynamic changes in the vulnerability of the YRB Delta wetland ecosystem. However, most studies are based on single influencing factors to explore the driving factors behind the ecosystem degradation, but these studies usually did not compare degradation evolution characteristics in respect of spatial distribution under the same standard. Therefore, here we integrated the impacts of climate change, underlying surface changes, human activities, economic development and government response measures on the ecological degradation. We analyzed the temporal and spatial characteristics and identified the influencing factors of ecological degradation in the YRB.
The YRB (95°53′-119°05′E, 32°10′-41°50′N) (Figure 1) is sourced from the Bayan Har Mountains of the Qinghai-Tibet Plateau and flows into the Bohai Sea. It is of 795,000 km2 in drainage area with a river length of 5,464 km (YRCC, 2020). The terrain is high in the west and low in the east and runs through arid and semi-humid climate regions. The precipitation decreases from southeast to northwest and monthly precipitation is extremely spatially uneven. In addition, the flood and drought disasters occur frequently. In the past 20 years, the temperature of the YRB has increased under 1°C. The area accounts for 8.3% of the country’s land area, and the per capita water consumption of the YRB is 23% of the national per capita water consumption (YRCC, 2020).
[image: Figure 1]FIGURE 1 | Spatial distribution map of land use in the Yellow River Basin in 2019.
Therefore, we integrated aforementioned factors and developed a comprehensive indicator system of ecological degradation based on the PSR model. We formulated the following objectives: 1) to develop a comprehensive ecological degradation indicator system in the YRB; 2) to incorporate the landscape ecological risk index into the assessment of ecological degradation intensity, divide ecological units with the same scale, and consider the impact of the landscape scale on ecological degradation; 3) to identify key driving factors affecting the ecological degradation of the YRB; and 4) to analyze the ecological degradation trend of the YRB during 2000–2019 and identify the degradation area within the YRB.
DATA AND METHODS
Data
The precipitation data was sourced from the China Meteorological Administration Land Data Assimilation System (CLDAS) and is a grid data at daily scale with spatial resolution of 0.0625°×0.0625° during January 2000 to December 2019. The dataset was sourced from http://data.cma.cn/. We used the precipitation data to calculate the annual rainstorm days, annual heavy rain days, annual dry days, and precipitation intensity in the YRB.
The land use data was issued by ESA (European Space Agency) with spatial resolution of 300 m×300 m from 2000 to 2019 which was sourced from http://maps.elie.ucl.ac.be/CCI/viewer/. In this study, land use types were classified into six categories: woodland, grassland, arable land, water, construction land, and unused land, which were used to calculate the proportion of different land use types.
The population density, urbanization rate, GDP per capita, number of reservoirs, total reservoir capacity, area of soil erosion control and proportion of environmental protection expenditure were obtained from the 2000–2019 statistical yearbooks of provinces within the YRB.
Ecological Degradation Index System
The Pressure-State-Response model (PSR) was proposed by the Organization for Economic Cooperation and Development (OECD) and the United Nations Environment Programme (UN-EP) which has been widely used for environmental quality evaluation (Xu et al., 2017; Clab et al., 2018). In this study, the PSR model (Wang et al., 2018; Qiu et al., 2022) was applied to establish the indicator system of ecological degradation in the YRB. It can strengthen the correlation between the indicators (Wolfslehner & Vacik, 2008), so that the index system has a strong theoretical basis.
Pressure increases the vulnerability of ecological environment. The pressure layer included seven indicators: the annual rainstorm, annual heavy rain days, annual dry days, precipitation intensity, urbanization rate, population density, and per capita GDP. Due to the large latitude and longitude span of the YRB, precipitation has spatial and temporal heterogeneity. In order to reflect the impact of climatic variations on the ecological environment of the YRB, we chose the annual dry days and precipitation intensity to reflect the dry and wet conditions and rainfall intensity in different areas of the YRB. The climate in the upper YRB is dry, the middle YRB is affected by rainfall and the terrain of the Loess Plateau, and the soil erosion is serious. The lower YRB is prone to floods due to the low terrain. So the annual rainstorm and the annual heavy rain days are selected to reflect the impact of different intensities of rainfall on the ecological environment. Among them, the rainstorm refers to the consecutive 24-h rainfall of more than 50 mm, heavy rain refers to the consecutive 24-h rainfall of more than 20 mm, and drought refers to the consecutive 24-h rainfall of less than 1 mm (i.e., no rain). The precipitation intensity is the ratio of total daily precipitation to 24 h. The population density of the YRB is 143 persons per km2, which is higher than the national average of 134 persons per km2 (YRCC, 2020). Considering the widespread impact of population growth (Sun et al., 2018), We chose the population density index to reflect the population pressure carried by the ecological environment of the YRB. After 2000, the average annual growth rate of GDP in the YRB was as high as 14.1%, which was also higher than the national average (YRCC, 2020). The rapid economic development, accompanied by the continuous expansion of cities, has brought about tremendous changes in the landscape and ecosystem structure of the YRB. Therefore, the per capita GDP indicator and the urbanization rate indicator are also included in the pressure indicator.
State represented the structure of the ecological environment. The land use is both the cause and the result of environmental change (Turner et al., 2007), and it is an important source of information for understanding the interaction between human activities and the ecological environment (El-Hamid et al., 2020). The landscape pattern based on land use determines the distribution form of the environment and it has a significant impact on the stability of the ecological environment (Paukert et al., 2011; Liu et al., 2012). Landscape ecological risk is the adverse consequence of the interaction between landscape patterns and ecological processes under the influence of natural or human factors (Xu et al., 2021). Landscape ecological risk index is often used to assess and predict the impact of human activities and natural disasters on the structure and function of regional landscapes (Peng et al., 2015). Therefore, we selected the landscape ecological risk index and the proportion of woodland, grassland, cultivated land, water, construction land, and unused land to represent the actual ecological environment state of the YRB.
Response refers to the environmental protection and some improvement measures taken by the government to solve the problem of ecological degradation (Sun et al., 2016). The construction of reservoirs not only brings huge social and economic benefits to the YRB in terms of water storage, power generation, flood control and irrigation, but also can change the fluvial morphology and the spatial-temporal distribution of water resources. This directly or indirectly affects the ecological environment (Qiu et al., 2019). Reservoir dispatch management has important practical significance for further improving the ecological health of the YRB (Bai et al., 2020). In this paper, we chose the number of reservoirs and the total capacity of reservoirs to represent the government’s response to the protection of ecological environment quality in the YRB. Since soil erosion is the most important ecological problem in the YRB, we chose the area of soil erosion control to represent the positive feedback from the government. In addition, we use the proportion of environmental protection expenditure to directly reflect the government’s investment in ecological protection of YRB. The above four indicators construct the response layer index. The ecological degradation index system of the YRB based on the PSR model included three layers and 18 secondary indicators (Table 1).
TABLE 1 | Selection of indicators for ecological degradation assessment in the Yellow River Basin.
[image: Table 1]According to the impact of indicators on ecological degradation, it can be divided into positive indicators and negative indicators. The higher the positive index value, the greater the impact on ecological degradation, and vice versa. Because the pressure indicators accelerate the degradation of ecological environment in the YRB, they are all positive indicators. In the state layer, since woodland, grassland, and water bodies contribute to the conservation of soil and water in the ecological environment, they are negative indicators. Unused land does not change the structure of the ecosystem, and its state is relatively stable, so the area of unused land is also a negative indicator. However, cultivated land and construction land have a high degree of land reclamation, which seriously damages the original structure of the ecosystem and promotes ecological degradation. Therefore, cultivated land and construction land are positive indicators. Similarly, landscape ecological risk describes the fragmentation of landscape structure, which is also a positive indicator. Here we attached remarkable importance to the role of reservoir in the ecological environment. On the one hand, the reservoir can divert water and have positive effects on flood control and drought mitigation. On the other hand, the water quality of the water storage area deteriorates and submerges the surrounding land, which has a negative effect on the ecological environment. However, in our study area, the reservoir is mainly for irrigation, regulation of water and sediment, generation of electricity and flood control (Zhang et al., 2021), the positive effects outweigh the negative effects. Therefore, we defined the number of reservoirs and the total reservoir capacity as negative indicators. Then, the secondary indicators were dimensionless processed by extreme standardization method. The indices with positive ecological impacts were standardized using Eq. 1, the indices with negative ecological impacts were standardized using Eq. 2:
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where [image: image] refers to the raw data; [image: image] refers to the maximum value in the ith indicator; [image: image] refers to the minimum value in the ith indicator; and [image: image] refers to the non-dimensionalized data.
Determination of Indicator Weights and Calculation of the EDI
In this paper, the weight of each index was obtained, based on the principal component analysis (PCA) method, which can eliminate the influence of commonality between variables, and automatically and objectively assign the weight according to the contribution of each factor to the principal component (Hu and Xu, 2018). The subjectivity of human decision can be greatly reduced. If the cumulative variance contribution rate of the principal component factors is greater than 70%, it means that the principal component has a good explanatory ability to the total difference with convincing reliability of the data. The cumulative variance contribution rate calculation equation is as follows:
[image: image]
Where [image: image] is the cumulative variance contribution rate of the principal component, [image: image] is the eigenvalue of the index correlation coefficient matrix, and [image: image] is the corresponding ith principal component.
In this paper, the cumulative contribution rate of the principal components calculated by SPSS software (https://www.ibm.com/analytics/spss-statistics-software) is above 84% (As shown in Table 2), implying the reliability of analysis of this current study. Therefore, we used SPSS software to calculate the weights of indicators. The method of calculating the index weight using the principal component analysis method is as follows:
a. Calculate the coefficient of the corresponding indicator in each principal component. The specific calculation equation is as follows:
[image: image]
Where [image: image] is the coefficient of the index corresponding to the kth principal component obtained from SPSS software, [image: image] is the eigenvalue corresponding to the principal component index, and [image: image] is the eigenvector corresponding to the principal component index.
b. Use the cumulative variance contribution rate of the principal components to determine the comprehensive score coefficient. The specific calculation equation is as follows:
[image: image]
Where [image: image] is the comprehensive coefficient of each index, [image: image] is the cumulative contribution rate of the principal component index, and [image: image] is the coefficient of each principal component index.
c. Calculate indicator weights. The specific calculation equation is as follows:
[image: image]
Where [image: image] is the weight of the ith index, and [image: image] is the comprehensive coefficient of each index.
TABLE 2 | Cumulative variance contribution rate (%) of principal components obtained by principal component analysis from 2000 to 2019.
[image: Table 2]Then, the normalized value of each indicator was multiplied by the corresponding weight to calculate the final Ecological Degradation Index (EDI). The specific calculation equation is as follows:
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Where [image: image] is the intensity of ecological degradation in the YRB, [image: image] is the standardized value of the ith indicator, and [image: image] is the weight of the ith indicator.
The greater the value of EDI, the higher the degree of ecological degradation, indicating the worse quality of the ecological environment. The EDI is divided into five grades to compare the ecological degradation intensity in different parts of the YRB.
Landscape Ecological Risk Index
The landscape ecological risk assessment focuses on spatiotemporal heterogeneity and its scale effect, and risk zoning is an important step to improve the accuracy of ecological risk indicators and the spatial visualization of ecological risk (Fan et al., 2016). Landscape metrics vary with scale (or size) (Gal et al., 2007). In this paper, we considered the resolution of CLDAS data (0.0625°×0.0625°) and the size of the study area, and it was found that 0.125°×0.125° could better reflect the spatial differences of the ecological degradation areas in the YRB and facilitate the unified calculation of indicators. Therefore, we performed equidistant sampling based on ArcGIS, and divided the study area into 5,671 units with a scale of 0.125° × 0.125°. In data processing, grids were used as small research units for spatial sampling, and the landscape ecological risk index value for each ecological unit was calculated from the landscape pattern index. The Fragstats software (https://fragstats.software.informer.com/) was used to calculate the landscape pattern: Edge Density (ED), Area-weighted Mean Shape Index (SHAPE_AM), Patch Cohesion Index (COHESION), Aggregation Index (AI), Interspersion Juxtaposition Index (IJI) Largest Patch Index (LPI). They can reflect ecological changes between different regions.
The landscape fragmentation index (Fi), landscape disturbance index (Di), and landscape dominant index (Doi) were constructed, based on the landscape pattern indices selected above. The landscape vulnerability index (Vi) was superimposed to calculate the final Landscape Ecological Risk Index (ERI) (Peng et al., 2010). The landscape fragmentation index (Fi) represents the process of landscape type transformation from a single continuous entirety to a complex discontinuous patch (Llausas and Nogue, 2012). The larger the value, the lower the stability of the corresponding landscape ecosystem. The landscape pattern index obtained based on Fragstats software represents the influence of different land object types and their structure, distribution and other characteristics on the landscape, and is multiplied by the corresponding weight to calculate the Di (Peng et al., 2010), where Di represents the degree of separation between different patches in the landscape type, and the larger the value, the more complex the corresponding spatial distribution of the landscape. The landscape dominance index (Doi) indicates that a region takes a single or multiple landscape types as the overall landscape, which directly reflects the impact of this landscape type on the landscape pattern (Liu et al., 2020). The landscape vulnerability index (Vi) reflects the vulnerability of different ecosystems, and the vulnerability level can reflect the sensitivity and resilience of the landscape to external risk disturbances. The greater the vulnerability of the landscape, the greater the ecological risk. The landscape ecological risk index is as follows:
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where [image: image] is the landscape ecological risk index of a unit k and the larger the value, the higher the ecological risk of the ecological unit; N is the number of landscape types; [image: image] is the area of landscape type i in unit k; and [image: image] is the total area of the ecological unit k. The calculation of the landscape disturbance index (Di) is as follows:
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where a, b, c, d, e, and f are the weights of the corresponding landscape indices, which are calculated by the CRITIC objective weighting method. The formula for calculating the weight of the CRITIC method is as follows:
a. Calculate the standard deviation of the jth indicator. In the CRITIC method, the standard deviation is used to represent the difference and fluctuation of the internal values of each indicator. The larger the standard deviation, the greater the numerical difference of the indicator, the more information it can reflect and the more weight should be assigned to the indicator. The specific calculation is as follows:
[image: image]
Where [image: image] is the standard deviation of the jth indicator, [image: image] is the standardized indicator value calculated in formula (1) and formula (2), [image: image] represents the average of the normalized values of the jth indicator, and n is the total number of indicator values.
b. Carry out the conflict test of the indicators, the conflict between the indicators is represented by the correlation coefficient. The stronger the correlation with other indicators, the less conflict between the indicator and other indicators and the more evaluation content can be reflected. The repetition will weaken the evaluation strength of the indicator to a certain extent, and the weight assigned to the indicator should be reduced. The specific calculation is as follows:
[image: image]
Where [image: image] represents the conflict between indicators, [image: image] represents the correlation coefficient between indicators i and j, [image: image] represents the total number of indicators.
c. Calculate the information flux of the indicator. The larger the value of information flux, the greater the role it plays in the entire indicator system, and more weights should be assigned to it. The specific calculation formula is as follows:
[image: image]
Where [image: image] represents the information flux of the jth indicator, [image: image] is the standard deviation of the jth indicator, and [image: image] is the conflict value of the jth indicator.
d. Weight calculation. The specific calculation formula is as follows:
[image: image]
Where [image: image] is the objective weight of the jth indicator, and [image: image] is the information flux of the jth indicator.
The weight and ecological significance of the landscape ecological risk index we selected are shown in Table 3.
TABLE 3 | Landscape index weights and their ecological significance.
[image: Table 3]Landscape vulnerability index (Vi) refers to the vulnerability of the landscape ecosystem when encountering different factors. Generally, the lower the ecosystem level, the higher the internal vulnerability of the system. It was generally obtained through expert scoring. Generally speaking, the vulnerability of unused land, water, cultivated land, grassland, woodland, and constructed land was 6, 5, 4, 3, 2 and 1. Then normalization was performed to obtain the respective vulnerability indices Vi (Qiao et al., 2021).
Finally, after analysis of the landscape ecological risk index value of 5,671 ecological units, mapping of the landscape ecological risk index was done by the Kriging interpolation method in ArcGIS (https://www.esri.com/). The landscape ecological risk index value was classified using the natural breakpoint method: the lowest ecological risk (7.0–7.8), the lower ecological risk (7.8–8.2), the medium ecological risk (8.2–8.5), the higher ecological risk (8.5–8.8), and the highest ecological risk (8.8–9.2).
Mann-Kendall Trend Test
In this study, the Mann-Kendall trend test method (Jiang et al., 2015) was used to decide the ecological degradation index and the trend of the six land use types. Trends were divided into three grades: increasing trend (Zs>0), decreasing trend (Zs<0), and no trend (Zs=0). Significance was quantified at the 0.05 significance level.
RESULTS
Pressure Layer Index
From 2000 to 2019, the pressure index of the YRB continued to rise, indicating increasing pressure, and the spatial pattern of pressure index showed decreasing pressure from upper to lower YRB. The pressure intensity was the greatest in Henan and Shandong provinces with the highest population density and high level of economic development (Figure 2A). For the secondary indicators of the pressure layer, the number of heavy rain days and the precipitation intensity showed the same spatial distribution as the pressure index, and gradually increased from northwest to southeast of the YRB (Figures 2B,C), while the number of dry days gradually decreased from north to south of the YRB. Inner Mongolia and northern Ningxia province had the highest average number of dry days (Figure 2D), while Sichuan province had the least number of dry days. The urbanization level across the YRB was higher in the middle and lower YRB and lower urbanization in the upper YRB. Inner Mongolia had the highest urbanization rate, and Qinghai Province had the slowest urbanization rate (Figure 2E). The spatial pattern of urbanization rate was in line with that of per capita GDP (Figure 2G). Therefore, we found that the higher the urbanization rate and per capita GDP, the higher the pressure index value, such as in Shandong Province in the lower YRB, while the upper YRB was dominated by lower urbanization rate and per capita GDP, and hence lower pressure index, implying that urbanization was conducive to economic development, but it would also bring greater pressure on the ecological environment. Meanwhile, the population density of Shandong Province was much higher than that of other provinces (districts) over the YRB, and the spatial distribution of population density was similar to that of the pressure index (Figure 2F), indicating that population density had remarkable impacts on pressure.
[image: Figure 2]FIGURE 2 | Spatial distribution of pressure index (A), spatial distribution of pressure layer indicators (B–G), Mann-Kendall test results of pressure index at the 0.05 significance level (H), the trend of pressure layer indicator weight over time (I).
The pressure in the Yellow River Basin showed an increasing trend during 2000–2019 (Figure 2H). The largest magnitude of trends of pressure can be found in Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong Province and even 99.93% of the YRB was dominated by increasing pressure, indicating that the ecological environment of the YRB was under enormous pressure. Therefore, it is critical to take reasonable and effective measures to alleviate the pressure on the ecological environment of the YRB. It can be seen from Figure 2I that the weight of population density indicator is the highest, indicating the greatest impact of population density on the pressure. Among climatic factors, before 2013, precipitation had a greater impact than drought on pressure, meanwhile the impact of drought on pressure was enhancing. After 2013, the weight of the drought indicator exceeded the weight of precipitation intensity and the number of heavy rain days, indicating that the drought had an amplifying impact on the ecological pressure (Gampe et al., 2021). Therefore, negative impacts of dry weather on the ecological environment of the YRB should arouse considerable concern.
State Layer Index
In the past 20 years, the spatial distribution of the state index increased from east to west of the YRB, and the difference between the north and the south of the YRB was obvious (Figure 3A). Grassland is the dominant land use type in the YRB, which is mainly distributed in the upper YRB and specifically the Mu Us Sandy Land, accounting for 49.96% of the total area of the YRB. Cultivated land and woodland accounted for 30.25 and 15.03% of the YRB. The cultivated land is mainly distributed in the Hetao Plain in the upper YRB, the Fenhe-Weihe Basin in the middle YRB, as well as the plains and valley basins in the lower YRB with good water and heat conditions in Shaanxi Province and southern Shanxi Province.
[image: Figure 3]FIGURE 3 | Spatial distribution of state index (A), spatial distribution of landscape ecological risk index (B), Mann-Kendall test results of state layer indicators at the 0.05 significance level (C–H), the trend of weights of each indicator over time (I). Note: The weight values of grassland, arable land and woodland correspond to the left axis of Figure 3I, and the weight values of construction land, water body and unused land correspond to the right axis of Figure 3I.
The land use of the watershed changed significantly in its spatial distribution and area during the study period. Based on the results of the Mann-Kendall trend test, the increased woodland area accounted for 25.37% of the total watershed area., while the decreased woodland area reached 59.71%, of which 39.9% passed the 0.05 significance level. Among them, Alxa, northwestern Ordos City, southern Shaanxi Province, Luliang City, Linfen City, Heze City, and Jining City showed an increasing trend of woodland (Figure 3D). Changes in the woodland area followed a “decreasing-increasing-decreasing” temporal pattern during the past 20 years, and the overall area of the woodland had decreased by 0.8%. The decrease of woodland was started by early agricultural reclamation activities, and vegetation restoration due to environmental protection policies, such as the project of Grain for Green which triggered the increase of woodlands, which was followed by decrease of woodland due to increased demand for land for agricultural development, urban construction, etc.
We found increasing grassland area over 50.29% of the YRB, located in upper YRB, specifically the Mu Us sandy land (Figure 3E). Under the influence of natural factors and various ecological protection projects, the vegetation of the Mu Us Sandy Land has basically been restored (Xiu et al., 2018). The area with decreasing grassland accounted for 39.18% of the YRB, mainly concentrated in the lower YRB. In order to promote rapid economic development, grassland and cultivated land were continuously converted into construction land. As a result, the construction land area in the lower YRB increased dramatically (Figure 3G). Meanwhile, 56.2% of the regional construction land in the entire YRB had an increasing tendency, no evident changes in 43.7% of the regional construction land and a decreasing tendency in only 0.1% of the regional construction land.
We also found decreasing ​​arable land which accounted for 65.97% of the YRB. In the upper YRB and the Loess Plateau, the conversion of land types from arable land to woodland and grassland is remarkable due to ecological protection projects initiated by Chinese government, while the arable land in the lower YRB was mainly converted to the construction land. The area of the ​​increased cultivated land accounted for 22.68% of the YRB (Figure 3F). Specifically, the Hetao Plain is of flat terrain and good soil quality with an irrigation area of ​​11 million acres (HIAAB/BWCB, 2007). It is one of the three largest irrigation areas in China and an important commercial grain base in Ningxia and Inner Mongolia (Kerschbaumer et al., 2015), where the area of ​​arable land increased significantly. In addition, the area of cultivated land is increasing in Yulin City, Shaanxi Province, which is located in the agricultural and animal husbandry interlaced belt in North China. This is mainly due to the implementation of land engineering (Wu et al., 2019) in Yulin City, where agriculture is the main industry for the growing demand of food. In addition, 11.36% of the regional cultivated land area is relatively stable and no changes can be detected.
We found little changes in 55.95% of the unused land area within the YRB, while an increasing tendency was detected in 19.59% of the unused land area. Another 24.46% of the unused land showed a decreasing trend (Figure 3H). The decreased unused land areas were mainly distributed in the Hetao Plain and the Ningxia Plain, and most of them were converted into woodland and arable land.
The landscape Ecological Risk Index (ERI) witnessed a persistent decrease from 2000 to 2016, and shifted to increase from 2016 to 2019. The increase of ERI was mainly due to the conversion of landscape types. The expansion of construction land and traffic roads encroached large areas of woodland and arable land, and the shape of the landscape pattern became irregular and diversified, resulting in a decrease in the anti-interference ability. In terms of the spatial distribution, areas with the lowest ecological risk accounted for 4.43%, the lower ecological risk areas accounted for 11.16%, medium ecological risk areas accounted for 21.02%, higher ecological risk areas accounted for 29.48%, and highest ecological risk areas accounted for 33.91% of the YRB, respectively (Figure 3B). Among them, the source of Yellow River, Ordos city’ Xi’an city, Weinan city, and the Henan province had the highest landscape ecology risk.
The larger the value of the state index, the more complex the structure of the ecological landscape. Based on Figure 3I, we found that grassland, cultivated land, and woodland were assigned a larger weight, indicating large contributions of these land types to the state index, while water bodies, construction land, and unused land had minor contribution to the state index. It is due to the fact that the landscape structure of the YRB is mainly grassland, cultivated land, and woodland, and these land types account for 94.65% of the YRB with high vulnerability to external driving factors. Land use and land cover conversion amongst these three land types have remarkable impacts on the state index. From 1999 to 2012, the total woodland area of Ningxia, Shaanxi, and Shanxi provinces accounted for 11.20% of the total area of these three provinces (Xiao, 2015). The vegetation coverage of the Loess Plateau almost doubled. Large-scale afforestation and ecological protection projects tended to green the YRB (Fu et al., 2016).
Response Layer Index
The response index had an increasing tendency during a period from 2000 to 2019 (Figure 4G), indicating that the government have been responding positively to the ecological degradation of the YRB. Figures 4B,C show that the Aba Prefecture and Shandong Province had the largest number of reservoirs, Qinghai Province, Henan, and Shandong Province had the largest total reservoir capacity, indicating that reservoirs played a great role in water governance in the upper and lower reaches in the YRB. The upper reaches of the YRB is mainly used for water conservation and the lower reaches of the YRB for water and sediment regulation. The area of ​​soil erosion control in the middle and lower YRB is significantly higher than in the upper YRB (Figure 4D), indicating that the ecological protection measures in the middle and lower YRB are mainly for soil erosion control. The proportion of environmental protection expenditures in the upper and middle YRB is significantly higher than in the lower YRB (Figure 4E), indicating that the environmental protection in the downstream YRB is not enough, the investment in environmental protection should be increased and the restoration of ecological environmental should be strengthened. Among all the response indicators, the area of soil erosion control was assigned to the largest weight (Figure 4H), indicating that the control of soil erosion is the most critical measure for the ecological protection of the YRB. The second is the influence of reservoirs in significantly changing the hydraulic conditions of the natural rivers (Xu et al., 2018). In order to store and use water efficiently, the government has carried out large-scale reservoir construction activities and achieved relatively high benefits. However, because of severe soil erosion and excessive sediment production in the YRB, the long-term safe storage capacity of reservoirs is at risk of being reduced (Liu et al., 2018).
[image: Figure 4]FIGURE 4 | Spatial distribution of response index (A), spatial distribution of response layer indicators (B–E), Mann-Kendall test results of response index at the 0.05 significance level (H), time change of stress index (G), and change of each indicator weight over time trend (H).
EDI
We divided the ecological degradation indices into 5 grades to evaluate the magnitude of degradation intensity: grade I (0–0.42), grade II (0.42–0.52), grade III (0.52–0.62), grade IV (0.62–0.72) and V grade (>0.72) (Figure 5). From the perspective of time scale, the EDI of the watershed increased from 2000 to 2002 (Figure 5I), and the ecology continued to degrade. From 2003 to 2005, the ecological degradation was alleviated and it showed a downward trend. The main reason is that in 2002, the government fully launched the ecological protection project of returning farmland to forests. At the same time, policies and measures, such as pollution control and soil erosion control, were conducted, which jointly promoted the improvement of the ecological environment quality of the YRB. However, as the poverty elimination goal stimulated economic development and exacerbated man-land relations, the area of woodland and grassland showed a decreasing trend in 2005 with increased built-up areas. In addition, due to the imperfect compensation mechanism for returning farmland to forest and grassland, some farmers had converted woodland for agricultural purposes (Bennett, 2008; Song et al., 2014). Affected by the climate, there occurred rainstorms in 2005, where the precipitation intensity was high. Multiple factors led to the increasing trend of EDI in 2005 and the decline of the ecological environment quality of the YRB. We detected moderate changes in EDI during a period from 2005 to 2012. The increase of EDI occurred since 2013, reaching its peak value in 2019. On the one hand, it is due to pressure of human activities and the economic development. On the other hand, the compensation forest species in Grain-to-Green project ended in 2011 for more agricultural production and economic development and crop planting was resumed. These lands may undergo repeated logging and land type replacement, making the ecosystem structure of the YRB more fragile (Guo & Gong, 2016).
[image: Figure 5]FIGURE 5 | Spatial distribution of ecological degradation index EDI in 2000, 2003, 2008, 2012, 2013, 2016 and 2019 (A–G), Mann-Kendall test results at the 0.05 significance level of EDI (H), and the trend of ecological degradation index over time (I).
Although the government started the second phase of the Grain-to-Green project in 2014, the grassland has continued to increase. Recent years witnessed increasing impacts of human activities, alongside the rapid economic growth, on degradation of ecological environment quality. In terms of spatial distribution, the EDI intensity is the highest in the lower YRB because of the massive pressure on population and economic development. The upper reaches of the YRB are least affected by human activities and have the lowest EDI intensity.
Approximately 69.9% of the regional ecological environment further degraded from 2000 to 2019, while 29.5% of the regional ecological environment improved (Figure 5H). The intensity of ecological degradation in different times and spaces was affected by the comprehensive effects of climate change, human activities, socio-economic development, and land use and land cover conversion. Although Hebei and Shandong provinces had the highest intensity of ecological degradation, they also had a higher degree of response to ecological degradation, so the intensity of ecological environment degradation gradually decreased. The EDI of Gansu Province, Shaanxi Province, southern parts of Shanxi Province, eastern parts of Bayannur City, Inner Mongolia, and Baotou City had a decreasing tendency, and the ecological environment gradually improved, while in most areas of Qinghai Province, Lanzhou, Ningxia, Ordos City, and Yulin City, Taiyuan City and Yangquan City, the intensity of ecological degradation continued to increase.
DISCUSSION
In this paper we found that population density was proportional to the pressure index. The rapid population growth was the main factor driving the increase in pressure, and the contribution rate of population density to the pressure index is 54.5%. The contribution of precipitation to the pressure index was second, with a contribution rate of 21.2%. The impact of drought on the pressure index continued to increase, which can be attributed to drought-induced water shortage, enhancing vegetation degradation and land desertification, modifying the structure and stability of the ecological environment, rendering the YRB more prone to degradation. The implementation of ecological protection projects, such as Grain-to-Green project, has greatly increased the vegetation coverage, which has played a key role in controlling soil erosion. However, Chen, 2015 believed that continued expansion of vegetation would potentially exert negative impacts on eco-environment because of the introduction of exotic plant species and high-density planting. Therefore, in order to ensure the sustainable and high-quality development of the YRB, attention should be paid to the balance between food supply and vegetation coverage suitable for climatic conditions, water supply and soil erosion, so as to maintain a good historical landscape in the YRB.
CONCLUSION
In this current study, we used 18 indicators to develop a comprehensive evaluation index system for ecological degradation assessment and grade zoning. By mapping of the EDI in the YRB, the intensity of ecological degradation in different regions can be visually presented. Moreover, the Mann-Kendall trend test was used to determine the areas where the degree of ecological degradation was enhanced or improved. The main conclusions of this paper are as follows:
(1) From 2000 to 2019, the pressure on the ecological environment of the Yellow River Basin has continued to increase, and the rapid population growth is the main driving factor. The stimulus of economic development and the increase of drought days under the background of climate warming have an increasing impact on the ecological pressure of the YRB. The government should strengthen the allocation of resources in various cities, especially in the densely populated lower reaches of the YRB in Henan Province and Shandong Province, and carry out rational control between population and resources. For green spaces and forests that have not yet been developed or have been slightly damaged by humans, natural restoration is the main focus, and human intervention is minimized. Optimize the development pattern of land resources, and limit economic activities to the range that the resources and environment can bear. Strengthen the construction of flood control facilities in the lower reaches of the YRB, and strengthen the conservation and utilization of water resources in the upper reaches of the YRB, such as Ningxia Province and Inner Mongolia, and optimize the water use structure.
(2) During 2000 to 2019, the area of grassland and construction land increased in an accelerating way, while the arable land decreased, and the area of woodland also decreased slowly. These four land use types are dominant over the fluvial landscape of the YRB, accounting for 96.5% of the total area of the YRB. In addition, due to no coordination amongst food demand, ecological protection demand, and ecological compensation, there occurred frequent conversions between land use types. With the enhancement of human activities, the landscape diversity gradually decreased and the landscape fragmentation increased, and the intensity of ecological degradation in the YRB was increasing. It is necessary to strengthen the modernization of agriculture according to local conditions. For example, we should strengthen centralized grain production in areas with suitable climate and sufficient water resources, such as the Hetao Irrigation Area, the Fenwei Basin, and the Ningxia Plain, and develop these areas into key grain bases. Convert other areas with scattered arable land and normal crop planting conditions into forest land or nature reserves. Especially Gansu and Shaanxi provinces should continue to expand the construction of forest land and grassland.
(3) In the process of ecological degradation governance, soil erosion control is the most critical ecological improvement measure, and downstream areas of the YRB need to increase investment and construction for ecological environmental protection. Strengthen the utilization efficiency of reservoirs, develop new functions of reservoirs and promote major projects such as embankment construction, river regulation, floodplain management, and ecological restoration as a whole.
(4) The overall ecological environment of the YRB presents an obvious trend of degradation, and the EDI in the lower YRB is the highest. The ecological environment of Qinghai Province, Lanzhou City, Ningxia, Ordos City, and Yulin City, Taiyuan City and Yangquan City are further degraded. The protection is far from enough, and more and more reasonable protection measures must be taken to curb the ecological degradation as soon as possible. For example, the construction of artificial afforestation and nature reserves has been increased in Ningxia and Gansu provinces, and comprehensive environmental management has been strengthened in Henan and Shandong provinces in the lower reaches of the YRB.
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