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Abstract

:

China has set up ecological protection and high-quality development of the Yellow River Basin as its national strategy. However, the fragile natural ecosystem and intensive human disturbances pose challenges to it. This study evaluates habitat quality change and analyzes its drivers in a representative county of this region, aiming to provide scientific basis for ecological protection and sustainable development. We took Liulin, a representative county of middle Yellow River Basin as the study area and evaluated the spatiotemporal variation of habitat quality from 2000 to 2020 with the InVEST model. Further, the influencing factors of habitat quality pattern were explored using GeoDetector, and their gradient ranges dominating the habitat quality change were determined by gradient analysis. The results showed that: (1) Areas of low and medium-low habitat quality grades were distributed interactively in the whole county; medium grade areas were scattered in the northeast and southwest parts of the county; and medium-high and high grades area were distributed sporadically along the Yellow River and its branches. (2) Habitat quality of the county almost unchanged from 2000 to 2010. However, from 2010 to 2020, with the rapid expansion of construction land (increased by 9.62 times), the area proportion of medium, medium-high, and high habitat quality grades decreased from 7.01% to 5.31%, while that of low and medium-low habitat quality grades increased from 92.99% to 94.69%. (3) The habitat quality was influenced by multiple natural-human factors. The main influencing factor was land use, followed by elevation. (4) Most changes of habitat quality occurred in areas with lower elevation, gentler slope, and higher vegetation coverage, which were affected by intensive human activities. These results suggest that in future land use policy making and the construction land expansion in Liulin County should be restricted, and differentiated ecological protection and restoration strategies should be implemented in areas with different habitat quality.
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1. Introduction


In 2019, China proposed the major national strategy of ecological protection and high-quality development of the Yellow River Basin [1]. On 9 October 2021, Outline of the Yellow River Basin’s Ecological Protection and High-quality Development Plan was issued, and the land use planning in these areas will continue prioritizing environmental protection instead of economic growth [2]. As China’s second-longest river, the Yellow River and its branches flow through nine provinces, with a population of 0.16 billion and an area of 1.3 million km2, contributing about a third of the country’s grain and meat output. The Yellow River Basin is an important area with ecological functions such as water conservation, wind prevention and sand fixation, climate regulation and biodiversity protection, which plays an important role in maintaining regional ecological security [3,4]. However, due to the fragile ecosystem and strong disturbance of both natural and human factors, this region suffers from severe soil erosion and biodiversity reduction, therefore, the evaluation and regulation of ecological service functions are of great significance.



As the foundation of ecosystem services [5], biodiversity is the guarantee of human survival and development [6,7]. Habitat quality is an ideal indicator for the ability of maintaining biodiversity of an area [8] and represents ecosystem service function and ecological security to a certain extent [9]. Early studies utilize biodiversity and habitat data acquired through field investigation to assess habitat quality [10,11,12], but its application is usually restricted to small areas and short time scale due to the time-consuming and laborious field investigation [13,14]. In recent years, with the development of 3S technologies, ecological models, such as the Habitat Suitability Index model (HIS) [15,16,17], the SoLVES model [18,19,20,21] and the InVEST model [22,23,24], are developed to quantitatively assess regional habitat quality. In particular, the InVEST model is the most popular among these models due to its advantages of ready data availability, accurate analysis ability and spatial visualization of assessment results [13,25,26], which enable the assessment to be conducted at large scales and within long-time span [14]. It has been widely used in habitat quality assessment, spatiotemporal changes and prediction of land consolidation projects [27,28], nature reserves [29,30] and urban agglomeration [31,32], and the study scale varies based on county [13], city [13,33], province [34,35] and watershed [36,37].



Habitat quality is affected by multiple natural-human factors [38,39], including common natural drivers of elevation, slope, rainfall and temperature [36,38], and intensive human activities. For example, land use affects habitat quality by influencing landscape fragmentation and material and energy flows among patches [5,40]. Identifying influencing factors of habitat quality can provide scientific basis for biodiversity protection, ecological environment improvement and ecosystem service function enhancement [41]. Statistical models, such as Geodetector and GWR, are used to explore the driving mechanism on habitat quality [36,42]. Geodetector is a widely used spatial analysis model to measure the degree of spatial stratification heterogeneity [43,44,45]. It can not only explore the influence degree of driving factors, but also detect the interactive influence of two factors on dependent variables, with the advantages in analyzing combined natural-human driving forces of habitat quality [46].



In the Yellow River Basin, some researches have investigated the habitat quality of the Yellow River delta [2,30], wetland [47], areas affected by the South–North Water Transfer Project [38] and the whole Yellow River Basin [26,36], in terms of habitat quality assessment [26,30,38], prediction [30] and driving factors analysis [36,38]. Whereas, there are few relative studies on the loess hilly and gully area, which is located in the middle reaches of the Yellow River Basin. This area is peculiar for its dramatic topographic relief, severe soil erosion and water shortage, making the ecosystem fragile and easy to degrade [48,49,50]. Habitat quality protection in this region play an important role in maintaining ecosystem functions, so it is necessary to study the characteristics of habitat quality and the influencing process of habitat quality. However, the current research on habitat quality mainly focuses on the correlation analysis between habitat quality and influencing factors, the contribution difference of influencing factors in habitat quality and its spatial regions are still unclear.



This study takes Liulin County, a representative county of the loess hilly and gully region of Yellow River Basin as the research area. The InVEST model was employed to evaluate the habitat quality of 2000, 2010, and 2020, and the Geodetector was used to analyze the driving mechanism of the change of habitat quality. The specific objectives of this study were to (1) reveal the temporal and spatial evolution of habitat quality in recent 20 years. (2) explore the contribution difference of influencing factors in habitat quality. (3) analyze the main gradients of influencing factors on habitat quality, and (4) propose differentiated ecological protection and restoration strategy in the different habitat quality areas for governments and policy makers.




2. Materials and Methods


2.1. Study Area


Liulin County is located in middle the Yellow River Basin in the west of Shanxi Province (110°39′45″–110°05′33″ E, 37°08′53″–37°37′28″ N) (Figure 1), belonging to loess hilly and gully region. Liulin County includes 15 towns (Liulin town, Mucun town, Xuecun town, Mengmen town, Chengjiazhuang town, Zhuangshang town, Liuyu town, Sanjiao town, Chenjiawan town, Jinjiazhuang town, LiJiawan town, Jiajiayuan town, Gaojiagou town, Shixi town and Wangjiagou town) with a total area of 1287.29 km2. The area has a warm temperate monsoon climate. The annual average temperature is 10.5 °C and the average annual rainfall is 472.3 mm. The main soil types are yellow loamy soil, skeleton soil, and chestnut-brown soil. Liulin is located along the banks of the Yellow River, and the Sanchuan River, a first-level tributary of the Yellow River flows through the country. The elevation of the study area decreases gradually from east to west with ranges of 598–1472 m, forming four types of landforms: mountains area, hills area, platforms area, and plains area. The area of hills and gully occupies more than 70% of the total area. The exposed loess in the loess hilly and gully area has caused serious soil erosion and low vegetation coverage, resulting in a fragile ecological environment. Liulin County is also a typical area where industrial development and ecological environment conflict with each other, facing great challenges in the ecological protection and restoration.




2.2. Data Sources


The analysis of this study is mainly based on land use datasets, vector datasets (China vector, the vector of Yellow River Basin, Liulin County vector, Vector data of the towns in Liulin), socioeconomic datasets (Population density data and GDP data), DEM, Meteorological data, and NDVI. The data involved in this research comes from Resource and Environment Science and Data Center of the Chinese Academy of Science (http://www.resdc.cn/, accessed on 21 November 2021). The land use data in 2000, 2010, and 2020 in this study was 30 × 30 m grid data. The spatial distribution data of 1 km grid was used for the population density. The GDP data with spatial distribution of 1 km grid was adopted. Elevation adopted 90 m DEM data generated by sorting and splicing based on SRTM V4.1 data. The slope data was obtained from DEM data. Meteorological data includes annual rainfall and average temperature, the spatial interpolation data sets of annual average rainfall and the annual average temperature were used, respectively. The NDVI with spatial data of 1 km was used.




2.3. Research Methods


2.3.1. Habitat Quality Assessment


InVEST is a model system developed by the U.S. Natural Capital Projects Group to evaluate ecosystem services and their economic value, and to support ecosystem management and decision-making [51]. The Habitat Quality module of the InVEST model can be used to evaluate the conservation status of habitats which is important to biodiversity [51,52]. The Habitat Quality Module estimates habitat quality by analyzing land use maps and threats to species habitats [22,51,53]. Therefore, this study needs to determine the impact distance of threat factors, weight of threat severity, spatial attenuation characteristics, and relative sensitivity of habitat threat. Habitat quality is calculated by Equations (1)–(4) [51,52].
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where Dxj is the habitat degradation degree of x grid in habitat type j, R is the number of threat factors, Yr is the number of grids in the threat layer on the ground layer, Wr is the weight of threat factors (0–1), rj is the intensity of threat factors, irxy is the thret distance of threat factors to habitat, βx is the degree of legal protection, Sjr is the sensitivity of j land types to threat factors r, dxy is the distance between grid x (habitat) and grid y (threat factor), dr max is the maximum influence range of threat factors. Where Qxj is the habitat quality index of x grid in habitat type j, K is a semi-saturation constant, which was 0.5 in this study; Z is the default parameter of the model (Z = 2.5), Hj is the habitat suitability of j (0–1).



According to the actual situation of Liulin County, dry land and construction land which are greatly influenced by human beings are selected as threat sources, so dry land, urban land, rural residential areas, and other construction land were taken as threat factors. Different threat factors have different threat parameters to land use types, and different land use types have different sensitivities to threat factors. If the threat degree of the threat factor gets greater, its maximum impact distance and weight will increase; similarly, the greater the threat ability of the threat factor, the greater the sensitivity of the land use type to the threat factor [51]. Threat factor parameters were determined based on empirical values and expert knowledge (Table 1). Referring to the InVEST instruction manual [51] and the related papers [13,23], sensitivity parameters were determined (Table 2). In this study, ArcGIS 10.4 was used to process and analyze shp and tif data, InVEST model 3.7 was used to evaluate and simulate the degree of habitat degradation and habitat quality, and GeoDetector_2015 was used to analyze the influencing factors of habitat quality.



The range of habitat quality index is from 0–1 representing biodiversity. The higher habitat quality index, the more conducive to the maintenance of biodiversity. In order to facilitate the study of the temporal and spatial variation of habitat quality, natural breakpoint method was used to divide habitat quality index into five grades: Low (0–0.2), Medium-low (0.2–0.5), Medium (0.5–0.7), Medium-high (0.7–0.8), and High (0.8–1).



In order to explore the change range of Liulin habitat quality from 2000 to 2020, the change map of habitat quality was obtained by subtracting the grid maps of 2020 and 2000. The “+”value represented the improvement of habitat quality, and the “−”value represented the decline of habitat quality.




2.3.2. Exploration on Influencing Factors of Spatial Distribution of Habitat Quality


Geodetector model is a spatial statistical method to detect the spatial heterogeneity of variable factors and analyze the driving forces [36]. Geodetector is used to explore the relationship between independent variable (type quantity x) and dependent variable (numerical quantity y): the explanatory power of x to y. The explanatory power of two x combination to y increases or decreases, whether there is significant difference in the attribute mean of the two sub-regions; x has significant differences on the spatial distribution of attribute y [46]. The unique advantage of Geodetector is that it not only sorts order the influence degree of each influencing factor, but also analyzes the strength, direction, and linearity of the interaction between the two factors [46,54]. In this study, factor detection and interaction detection were used to explore the relationship between habitat quality and human-natural factors. This study selected human factors of land use (land use dynamics represents land use), population density and GDP, and natural factors of elevation, annual average rainfall, annual average temperature, and slope and NDVI to analyze the driving mechanism of spatial heterogeneity of habitat quality.



Factor detection can measure the spatial divergence of the x factor on the habitat quality (y) and can also detect the magnitude of the influence of the x factor on the habitat quality (y). The calculation formula of q value is as follows (Equation (5)) [46,54].
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where q is the influence degree of an influencing factor on the spatial and temporal distribution of habitat quality, L is the sample number of influencing factors, Nh and N are the units of sub-region N and the whole study area, respectively, and σh2 and σ2 are the discrete variance of habitat quality of sub-region h and study area, respectively. The value range of q is [0, 1], and the larger the value, the greater the influence of zoning factors on the spatial distribution of habitat quality in the study area; otherwise, the influence is smaller.



Interaction detection is to identify the interaction of different influencing factors, and evaluate whether the combined effect of influencing factors x1 and x2 will increase or decrease the interpretation ability to habitat quality (y), or whether these influencing factors have independent influences on habitat quality. The evaluation method is to calculate the values of q(x1∩x2), q(x1), and q(x2), and then compare them. The interaction relationship types are shown in Table 3 [46].




2.3.3. Gradient Analysis of Influencing Factors of Spatial Distribution


Based on the analysis of the driving force of habitat quality change by GeoDetector, the single-factor influence degree and the two-factor interaction influence on the habitat quality had been obtained. In order to further determine the gradient range of the impact of the single factor on the habitat quality, a gradient analysis of the influencing factors was conducted. The influencing factors of elevation, annual average rainfall, annual average temperature, NDVI, and slope were divided into five gradients by natural breakpoint method. The change of habitat quality from 2000 to 2020 was divided into three habitat conditions: deterioration, no-change, and improvement. The results of gradient analysis were obtained by superposition of habitat quality change map and reclassification impact factor map.






3. Results


3.1. Habitat Quality Assessment


3.1.1. Land Use Change Analysis


Arable land, forest land and grassland accounting for more than 90% of the total land area were dominant land use types and the main components of landscape matrix of Liulin (Table 4, Figure 2). From 2000 to 2020, the area of arable land decreased 1210.22 hm2, with a minimum decrease of 2.4%. The decline rate in the first 10 years was greater than that in the past 10 years. The area of forest land decreased 2325.72 hm2, with a maximum reduction of 38.04%. The area of forest land remained relatively stable from 2000 to 2010, but decreased by 38.04% from 2010 to 2020, indicating that the ecological land was well protected in the first 10 years. From 2000 to 2020, the area of grassland decreased 1850.83 hm2, which decreased by 2.66%. The area of grassland first increased 0.12% in the first 10 years, and then decreased 2.77% in the past 10 years. From 2000 to 2020, the area of construction land increased significantly 858.35%, with a maximum increase of 5328.97 hm2. The area of construction land increased by 845.17% between 2010 and 2020, indicating that the city developed quickly, and the construction land expanded rapidly in the past 10 years. The area of water area increased 56.5 hm2, with a minimum increase of 2.89%. There were relatively large-scale beaches distributed near the water area, and the area was expanding constantly. The land use types of the water area were mainly reservoirs and ponds.



In the past 20 years, the land change in the first 10 years was slowed, but the land use change in the past 10 years was more intense. From 2000 to 2010, the conversion of arable land and construction land was the largest. About 82.01 hm2 and 8.82 hm2 of arable land were converted into grassland and construction land, respectively. Approximately 64.66 hm2 and 4.91 hm2 waters were converted into arable land and grassland, respectively. From 2010 to 2020, the conversion of arable land, forest land, and grassland was the largest. Approximately 2751.15 hm2 and 1895.48 hm2 of arable land were converted into grassland and construction land, respectively. About 1201.26 hm2 and 1320.48 hm2 of forest land were converted into arable land and construction land, respectively. Approximately 2503.39 hm2 and 2036.83 hm2 of grassland were converted into arable land and construction land, respectively. These changes were directly related to the local population growth, economic development, social development, and the laws and regulations.



According to the land types change of Liulin in the past 20 years, the area of forest land and grassland with ecological functions was declining, while the area of construction with man-made landscape was increasing greatly.




3.1.2. Temporal Variation of Habitat Quality


On the time scale, the mean habitat quality value of the whole study from 0.318 in 2000 to 0.319 in 2010, and then decreased to 0.298 in 2020 (Figure 3, Table 5). The habitat quality first increased 0.31% and then decreased 6.58%, but the habitat quality showed a declining trend as a whole with a decline rate of 6.29%. In the three stages, the proportion of medium-low and low grades area of habitat quality was over 90%, and it can be seen that the mean habitat quality of Liulin was not good. From 2000 to 2020, the area of lower level (medium-low and low grades) increased, while the area of higher-level (medium, medium-high and high grades) decreased (Table 5). In 2000 and 2010, the higher-level habitat quality area accounted for 6.92% and 7.01%, respectively, while the lower-level area accounted for 93.08% and 92.99%, respectively, and the habitat quality was improved to a lesser extent. By 2020, the proportion of higher-level area reduced to 5.31%, the proportion of lower-level area increased to 94.69%. And the proportion of higher-level habitat quality area reduced by 24.31% from 2010 to 2020, the maximum reduction of medium-high grade was 44.29%. The above changes indicated that the habitat quality of Liulin had deteriorated, reducing by 6.29% in the past 20 years.



According to the change map of Liulin habitat quality from 2000 to 2020 (Figure 4), the most obvious reduction in habitat quality was in the urban areas along the Sanchuan River in Liulin, as well as Chenjiawan town, Zhuangshang town, and Liuyu town. The habitat degradation in these areas was that the medium-high grade habitat quality was converted into medium-low and low grades habitat quality. However, the habitat quality improved in the middle of Chenjiawan town and Jinjiazhuang town, and the area of the promotion was relatively small.




3.1.3. Spatial Variation of Habitat Quality


On the spatial scale, the spatial differentiation of habitat quality was basically consistent with the land use. The habitat quality of urban land and rural residential land of man-made landscape type was poor, while the habitat quality of forest land and grassland of natural landscape type was better. The habitat quality pattern of the county was that low grade and medium-low grade distributed interactively, while medium, medium-high, and high grades were scattered (Figure 3). Medium-low and low grades habitat quality were the main habitat types in the county (Table 5). The medium grade areas concentrated in the northeast and southwest of Liulin. The medium-high grade areas distributed in the villages and towns along the Yellow River and the Sanchuan River in Liulin. The high-grade areas scattered in Zhuangshang town in the middle of Liulin.



There was a certain correlation between the spatial distribution of habitat quality and landform characteristics. The habitat quality varied with topography (mountains > hills > platforms > plains). The habitat quality in mountainous area was mainly of medium grade; The habitat quality in plain area was mainly medium–low and low grades habitat quality.





3.2. Influencing Factors of Spatial Differences in Habitat Quality


3.2.1. Single Factor Analysis of Detection Factors


According to the results of GeoDetector, there were differences in the interpretation ability (q value) of different influencing factors to the change of habitat quality, but the q value of the decisive factor was not high. In Liulin County, the order of interpretation ability of influencing factors on habitat quality change was land use > elevation > annual average rainfall > population density > annual average temperature > GDP > NDVI > slope (Table 6). So, land use change was the important driving force of habitat quality change, followed by elevation. The q value of elevation was greater than annual average rainfall, annual average temperature and GDP, indicated that topographic factors had more obvious influence on the spatial change of habitat quality.




3.2.2. Interaction of Detection Factors


According to the interactive detection results (Table 7), the interaction relationship between annual average temperature, annual average rainfall, GDP, NDVI, population density, and slope, and any other factors was non-linear enhancement. This showed that the habitat quality of Liulin County was not affected by a single factor, but was the result of a combination of multiple factors. The six groups interactive factors with high interpretation ability of habitat quality change were annual average rainfall ∩ elevation > annual average rainfall ∩ land use > annual average temperature ∩ land use > annual average rainfall ∩ population density > elevation ∩ land use > population density ∩ land use. It can be found that the change of habitat quality was most affected by the interaction of annual average rainfall and elevation, followed by the interaction of annual average rainfall and land use. Although the interaction between annual average rainfall and elevation was the greatest among the results of the interactive detection, the interaction between natural factors and human factors was wholly stronger than that between natural factors. The interpretation ability to habitat quality was stronger only under the combined action of natural and human factors. The interaction ability between land use and any other factors in Liulin County was relatively high.



According to the single factor analysis of detection factors, human factors, and natural factors in Liulin County significantly affected the evolution of habitat quality and spatial distribution pattern. Interactive detection and single-factor detection showed that the influence degree of two-factor interaction was greater than that of single-factor (Table 6 and Table 7). If the interpretation ability of single factor was large, the interpretation ability of the corresponding two-factor interaction was also large. It can be inferred that the change of habitat quality was affected by multi-factor influence.





3.3. Gradient Analysis of Influencing Factors


The gradient of habitat quality change was different among influencing factors (Table 8 and Table 9); 58.67% of the areas with deteriorated habitat quality distributed DEM gradients II and III, and 61.53% of the areas with improved habitat quality distributed DEM gradients II and III. The change of habitat quality occurred in 810–1025 m elevation areas, and the area of habitat change showed a decreasing trend with the increase of elevation; 54.11% of the areas with deteriorated habitat quality distributed slope gradient II and III, and 50.88% of the areas with improved habitat quality distributed slope gradient II and III. The change of habitat quality mostly occurred in the gentle slope zone. With the increase of slopes, the changing area of habitat showed a decreasing trend.



In terms of annual average temperature and annual average rainfall, about 70% of the habitat quality deterioration areas distributed both the gradients II, III, and IV, about 75% of the habitat quality improvement areas also distributed the gradients II, III, and IV. This reflected that the change of habitat quality did not occur in the areas with the highest or lowest climate factors, but in the areas with moderate climate factors (annual average rainfall of 478.97–483.56 mm and annual average temperature of 10.02–10.2 °C).



Also, 68.38% of the areas with deterioration habitat quality distributed gradient III and IV of NDVI, and 66.03% of the areas with improved habitat quality distributed gradient III and IV of NDVI. Habitat quality change occurred in high vegetation coverage areas with NDVI of 0.48–0.57.





4. Discussion


4.1. Temporal and Spatial Variation of Habitat Quality


From 2000 to 2020, construction land rapidly expanded and forest land, grassland and arable land continuously decreased in the study area. Land use change led to the spatial-temporal heterogeneity of habitat quality distribution. The habitat quality spatial pattern of the county was that low grade and medium–low grade areas distributed interactively, accounted for 90% of the whole county; while medium, medium-high, and high grades area scattered among them. This spatial pattern is different from the aggregation pattern found by other studies. For example, Tang, F et al. found that the habitat quality was high around the county boundary and low in the central regions in Changli County [13], and Berta Aneseyee, A et al. found in Winike Watershed, the eastern part had a higher habitat quality than its western part [24]. The special spatial pattern of habitat quality in Liulin, which was different than other areas, was mainly caused by the unique terrain, limited water resources and intensive disturbances. Due to low precipitation, severe soil erosion and intensive human disturbances over the years, the vegetation cover is sparse, and relatively high in the gullies than on the slopes, leading to an alternating distribution of medium-low and low grades habitat quality. Some small patches with high vegetation coverage distributed sporadically in the county, and hence medium, medium-high, and high grades of habitat quality were scattered in this area.



The habitat quality varied with topography, with an order of mountains > hills > platforms > plains. Due to the special geographical conditions of mountainous areas, human beings have less ecological intrusion in mountainous areas with high vegetation coverage, and the habitat quality in this area is higher. In plain areas, rapid expansion of built-up areas and intrusion of various artificial landscapes seriously threatens the surrounding environment, resulting in low habitats quality. This phenomenon, i.e., habitat quality was higher in mountain areas than in plain areas, is consistent with previous studies in other areas, such as the Taihang Mountains in Hebei Province [35], Changchun City [55].



Our research results showed that land use was the main influencing factor of habitat quality changes. The habitat quality decreased mainly due to the conversion of forest land, water area, arable land, and grassland to construction land and the conversion of forest land to arable land (Figure 5). Owing to the Grain for Green Project and the Fragile Ecosystem Protection of Lvliang Mountain, a fraction of arable land and grassland were converted to forest land, and a fraction of arable land was converted to grassland and water area (Figure 5). In these areas, the habitat quality was improved. This is consistent with the findings of many existing studies that different land-use changes have different spatial and temporal effects on habitat quality, that is, conversion from other land-use types to forest land and grassland is positively correlated with habitat changes, while conversion to construction land is negatively correlated with habitat changes [23,56]. On the whole, although Liulin County has implemented a series of ecological protection and restoration projects, such as the Grain for Green Project, three North Shelterbelt Project, the Fragile Ecosystem Protection of Lvliang Mountain, mined land reclamation, and ecological restoration, the destruction of ecologically functional land by human activities outweighed the positive effects of these projects, leading to the habitat quality decrease of the whole county. Therefore, the government should not only promote artificial ecological restoration projects, but should also appropriately restrict human activities that destroy the ecological environment.




4.2. Influencing Factors of Habitat Quality


In the single factor detection of this study, the dominant factor of habitat quality change was land use, which was consistent with the previous research results [38,42,57]. Elevation was the second dominant factor of habitat quality, which is different from Zhu et al. study [42]. In the same period, the vegetation coverage and the intensity of human activities are also different for different altitudes. As the altitude increases, the vegetation coverage decreases and human activities decrease. The elevation of Liulin ranges from 598 to 1472, with an elevation difference of more than 900 m. The special topography of the Liulin will lead to differences in vegetation coverage and human activities, which in turn leads to differences in habitat quality. Therefore, elevation is the second dominant factor in the change of habitat quality. According to interaction detection, the interpretation ability of land use interacts with any other factors was greater than other factors interaction, which further proved that land use was the core factor of habitat quality change. Human factors played a leading role in the process of habitat quality change [42]. In order to protect the habitat quality and maintain a healthy ecosystem, it was necessary to control the spatial differences in habitat quality caused by human as far as possible. Therefore, the change of habitat quality was affected by multiple factors including natural, social, and human, and so on [36,38]. The impact of comprehensive factors on the change of habitat quality was multiple and complex, and the relationship between factors was interactive. In the future, multi factor coupling driving analysis of habitat quality will be considered.



This study attempted to further determine the gradient range dominating the change of habitat quality of different influencing factors on the basis of the above analysis. The study found that most of the change of habitat quality mainly occurred in the areas with low elevation, gentle slope, moderate temperature, and moderate rainfall and high vegetation coverage, where human activities are intensive. Yao et al. [58] found that most of the changes in the habitat quality of the Sanjiang Plain occurred in areas with high vegetation coverage, low altitude, gentle slopes, and moderate temperature and precipitation. The results of this study are consistent with Yao et al. research results. The low-altitude and gentle slope area is dominated by construction land, and the expansion of construction land has severely damaged the quality of the habitat. At the same time, the government has proposed ecological restoration policies to improve the quality of the habitat in response to the ecological impacts of urban expansion. Therefore, changes in habitat quality mainly occur in flat areas. In areas with high vegetation coverage, the quality of habitats has been reduced due to man-made destruction of forests and degradation of woodlands, while the establishment of ecological protection zones and the implementation of ecological projects have led to higher quality of habitats. Therefore, changes in habitat quality mainly occur in areas with high vegetation coverage. To improve habitat quality in the future, the government and relevant departments need to actively guide human activities in the change of habitat quality.




4.3. Implications for Habitat Quality Improvement and Ecological Protection


This paper revealed the spatial-temporal variation and influencing factors of habitat quality of Liulin County, where is a typical vulnerable eco-environmental area of the Middle Yellow River Basin. Our results have important implications for habitat quality improvement and ecological protection in this area.



The government should strengthen territorial spatial planning and reasonably regulate the scale of construction land transformation. Since 2010, the construction land of Liulin has expanded sharply to 9.62 times, resulting in a reduction of the average habitat quality of 6.29%, so it is necessary to strictly limit the intensity of land development. At present, China is carrying out the demarcation of “three zones and three lines (Three space areas of urban space, agricultural space and ecological space; and the corresponding three control lines of urban development boundary, permanent basic farmland protection red line and ecological protection red line)”. The government needs to strengthen territorial spatial planning, reasonably plan the delimitation of “three areas and three lines”, strictly implement the spatial planning and use, and prevent the extensive utilization and disorderly expansion of construction land.



Differentiated strategy for ecological protection and restoration should be developed. Ecological restoration measures should be taken to improve regional vegetation coverage and habitat quality in the lower-level habitat quality area of Liulin. The results show that due to the poor ecological background of the hilly and gully area and frequent human activities in the Liulin, the lower-level habitat quality area accounts for more than 90% of the total area of the county. Therefore, the government needs to take measures to reduce the proportion of areas with lower-level habitat quality. In areas of lower-level habitats with intensive human activities, we must persist in greening around urban areas and towns, and intensive and economical utilization. In the hilly and gully areas of lower-level areas, the small watershed should be taken as a unit for systematic management, and the ditch-slope-arable land should be regarded as a whole. Due to the lack of water resources, shrubs and grass should be replanted on slopes to form a shrub-grass multi-layer structure and increase biological diversity, and farmland protection measures should be integrated in cultivated land remediation, such as configuring ecological corridors, integrating ecological design in infrastructure improvement, and increasing ecological connectivity and connectivity. Ecological conservation measures should be improved and ecological protection areas should be designated in the higher-level habitat quality area of Liulin. We found that areas with higher-level habitat quality are scattered across the county and account for 10% of the county. These areas account for a relatively small proportion, and the destruction of human activities and the natural degradation of forest land have led to a reduction in the quality of habitats. Therefore, it is necessary to strictly adopt a strategy of protection prior to restoration to increase the area of higher-level habitats. In higher-level habitat quality areas where human activities are intensive, restoration measures such as ecological replanting and low-efficiency forest quality and efficiency improvement should be adopted, and protection measures for ecological protection areas should be constructed in higher-level habitat quality areas with fewer human activities.





5. Conclusions


This study takes Liulin as the study area, which is a representative county of the Loess hilly and gully area in the Yellow River Basin. The spatiotemporal variation of habitat quality, influencing factors and their gradient ranges dominating habitat quality change were revealed with the InVEST model, GeoDetector, and gradient analysis. The results show that the mean habitat quality of Liulin decreased by 6.29% from 2000 to 2020. The area of lower-level habitat quality accounted for more than 90%; while the higher-level scattered among them. Our results could provide scientific basis for developing differentiated ecological restoration and protection strategy in this area. The lower-level habitat quality was mainly distributed in areas with hilly and gully terrain and built-up areas. In these areas, human disturbances should be restricted and artificial ecological restoration should be implemented to enhance habitat quality. Especially, as the major cause of habitat quality decrease in the past decade, construction land expansion should be rationally controlled by promoting land intensive and economical use and strictly implement land use planning. For areas with higher-level habitat quality, efforts should be put on ecological protection to prevent vegetation degradation, and ecological preservation areas should be established when necessary.



In the future, more research should be conducted on habitat quality variation and driving factors in larger scales in the Yellow River Basin, to better guide biodiversity protection and sustainable development in this area. Also, the processes and mechanism of human activities’ effects on habitat quality change needs further investigation, especially in ecologically fragile areas, which are basis for coordinating economic development and ecological protection.
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Figure 1. Location map of the Study area. 
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Figure 2. Land use transfer matrix (unit: hm2). The arrow in the figure indicates the direction of land type converted, and the thickness of the arrow represents the size of the converted area. 
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Figure 3. Spatiotemporal patterns of habitat quality from 2000 to 2020. (a) habitat quality in 2000, (b) habitat quality in 2010, and (c) habitat quality in 2020. 
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Figure 4. Spatial distribution of the changes of habitat quality from 2000 to 2020. In the figure, the value of 0–1 represents an increase in habitat quality, and the value of -1–0 represents a decrease in habitat quality. 
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Figure 5. Habitat quality change map based on land use conversion analysis from 2000 to 2020. In the figure, the value of 0–1 represents an increase in habitat quality, and the value of −1–0 represents a decrease in habitat quality. Different colors represent different land conversions. 
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Table 1. Habitat threat factors and threat degree.
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	Threat Factor
	Maximum Impact Distance (km)
	Weight
	Decay Type





	Dry land
	6
	0.6
	linear



	Urban land
	10
	1
	exponential



	Rural residential area
	8
	0.8
	exponential



	Other construction land
	9
	0.9
	exponential







Note: Other construction land includes industrial and mining land, transportation land and specially-designated land.
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Table 2. Sensitivity parameters of land use types to threat factors.
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	Land Use Type
	Habitat Suitability
	Dry Land
	Urban Land
	Rural Residential Area
	Other Construction Land





	Forest
	1
	0.6
	0.8
	0.8
	0.8



	Shrub
	0.8
	0.5
	0.7
	0.6
	0.7



	Sparse forest
	0.6
	0.4
	0.5
	0.4
	0.55



	Other forest
	0.6
	0.2
	0.2
	0.2
	0.45



	High coverage grassland
	0.9
	0.4
	0.65
	0.6
	0.4



	Medium coverage grassland
	0.7
	0.3
	0.55
	0.5
	0.6



	Low coverage grassland
	0.5
	0.2
	0.5
	0.4
	0.55



	Canal
	0.8
	0.65
	0.8
	0.7
	0.9



	Reservoirs pond
	0.8
	0.65
	0.8
	0.7
	0.9



	Tidal flat
	0.5
	0.2
	0.3
	0.2
	0.3



	Beach
	0.5
	0.2
	0.3
	0.2
	0.3
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Table 3. Types of two-factor interaction of interaction detection.
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	Description
	Interaction





	q(x1∩x2) < Min(q(x1), q(x2))
	Weaken, nonlinear



	Min(q(x1), q(x2)) < q(x1∩x2) < Max(q(x1), q(x2))
	Weaken, uni-



	q(x1∩x2) > Max(q(x1), q(x2))
	Enhance, bi-



	q(x1∩x2) = q(x1) + q(x2)
	Independent



	q(x1∩x2) > q(x1) + q(x2)
	Enhance, nonlinear
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Table 4. The area of land use type from 2000 to 2020 (unit: hm2).
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	Year
	Arable Land
	Forest
	Grassland
	Waters
	Construction





	2000
	50,394.99
	6113.86
	69,683.16
	1956.98
	620.84



	2010
	50,371.40
	6113.88
	69,766.52
	1887.25
	629.50



	2020
	49,184.77
	3788.14
	67,832.33
	2013.48
	5949.81
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Table 5. Proportion of habitat quality area of different grades in Liulin County from 2000 to 2020.
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Grade

	
Habitat Quality

	
2000

	
2010

	
2020




	
Proportion of Area

(%)

	
Mean Habitat Quality

	
Proportion of Area

(%)

	
Mean Habitat Quality

	
Proportion of Area

(%)

	
Mean Habitat Quality






	
Low

	
0–0.2

	
39.73

	
0.318

	
39.72

	
0.319

	
42.90

	
0.298




	
Medium–low

	
0.2–0.5

	
53.35

	
53.27

	
51.79




	
Medium

	
0.5–0.7

	
2.59

	
2.59

	
2.60




	
Medium–high

	
0.7–0.8

	
3.80

	
3.84

	
2.14




	
High

	
0.8–1

	
0.52

	
0.58

	
0.57
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Table 6. q value of influencing factors of habitat quality change of Liulin.
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	Influencing Factors
	Annual Average Temperature
	Annual Average Rainfall
	GDP
	NDVI
	Population Density
	Slope
	Land Use
	Elevation





	Interpretation ability(q)
	0.0117
	0.0210
	0.0106
	0.0068
	0.0141
	0.0056
	0.0326
	0.0219
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Table 7. Interactive detection of habitat quality.
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	Factors
	Annual

Average Temperature
	Annual Average Rainfall
	GDP
	NDVI
	Population

Density
	Slope
	Land Use
	Elevation





	Annual average temperature
	0.0117
	
	
	
	
	
	
	



	Annual average rainfall
	0.0434
	0.0210
	
	
	
	
	
	



	GDP
	0.0320
	0.0370
	0.0106
	
	
	
	
	



	NDVI
	0.0398
	0.0442
	0.0242
	0.0068
	
	
	
	



	Population density
	0.0448
	0.0507
	0.0263
	0.0293
	0.0141
	
	
	



	Slope
	0.0355
	0.0407
	0.0339
	0.0271
	0.0493
	0.0057
	
	



	Land use
	0.0520
	0.0555
	0.0452
	0.0431
	0.0500
	0.0436
	0.0326
	



	Elevation
	0.0431
	0.0565
	0.0401
	0.0452
	0.0441
	0.0416
	0.0505
	0.0219
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Table 8. Influencing factors classification of habitat quality.
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	Influencing Factors
	Gradient I
	Gradient II
	Gradient III
	Gradient IV
	Gradient V





	DEM (m)
	598–810
	810–923
	923–1025
	1025–1149
	1149–472



	Slope (°)
	0–7.14
	7.14–12.2
	12.2–17.17
	17.17–23.07
	23.07–55.48



	Annual average rainfall (mm)
	477.04–478.97
	478.97–480.6
	480.6–482.1
	482.1–483.56
	483.56–486.36



	Annual average temperature (°C)
	9.94–10.02
	10.02–10.08
	10.08–10.14
	10.14–10.2
	10.2–10.33



	NDVI
	0.3–0.42
	0.42–0.48
	0.48–0.52
	0.52–0.57
	0.57–0.7
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Table 9. Proportion of habitat quality condition in different gradients of each factor (%).
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Influencing Factors

	
Habitat Condition

	
Gradient I

	
Gradient II

	
Gradient III

	
Gradient IV

	
Gradient V






	
DEM

	
Deterioration

	
14.85

	
26.84

	
31.83

	
20.49

	
6.00




	
Improvement

	
12.57

	
29.92

	
31.61

	
21.65

	
4.24




	
Slope

	
Deterioration

	
18.01

	
26.77

	
27.34

	
19.82

	
8.06




	
Improvement

	
21.83

	
24.76

	
26.12

	
19.46

	
7.83




	
Annual average rainfall

	
Deterioration

	
13.83

	
25.64

	
27.13

	
21.43

	
11.96




	
Improvement

	
13.50

	
28.04

	
29.72

	
19.30

	
9.45




	
Annual average temperature

	
Deterioration

	
19.45

	
26.07

	
21.91

	
21.86

	
10.70




	
Improvement

	
17.31

	
23.89

	
23.23

	
27.09

	
8.49




	
NDVI

	
Deterioration

	
4.91

	
15.69

	
39.81

	
28.57

	
11.03




	
Improvement

	
6.28

	
18.04

	
34.63

	
31.40

	
9.64
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