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Abstract

:

Ecological restoration is an important implement to avoid land degradation and improve the sustainability of ecosystems. As a spatial definition of ecological restoration, ecological restoration space (ERS) is recognized to have a positive impact on the environment. However, its spatiotemporal pattern and magnitude of contribution to ecosystem services (ESs) remain uncertain. In this study, an ecological restoration trajectories model was developed to investigate the spatiotemporal pattern and evolution of ERS. The InVEST model and geographically weighted regression were used to evaluate the dynamic relationship between ERS and crucial ESs. Results demonstrated that from 1990 to 2015, the cumulative area of ERS in the Yellow River Basin (YRB) was 184,197.05 km2, with Inner Mongolia, Qinghai, and Shaanxi having the largest distribution. The change in geographical center of three subcategories, forest restoration space (FRS), grassland restoration space (GRS), and shrub restoration space (SRS), showed a pronounced geographical migration. Meanwhile, the distribution of ERS significantly improved the conditions of habitat quality (HQ), carbon storage (CS), and soil conservation (SC) on 75.48%, 71.86%, and 56.75% of the grids, respectively. This study provides a scientific foundation for the ecosystem conservation and land management of the YRB.
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1. Introduction


With the continuous advance of industrial civilization, the land-use caused by unreasonable human activities is continuously shrinking, splitting, and degrading the natural ecosystem, becoming a significant driver of a range of ecological problems such as land degradation, biodiversity loss, climate warming, and ecosystem services decline [1,2,3,4]. As a crucial corrective measure to reverse the trend in ecosystem degradation, many countries have driven ambitious targets for ecosystem restoration and carried out ecological restoration widely and intensively. The United Nations has declared 2021 to 2030 the decade of ecosystem restoration to encourage global governments to sustain their green-earth initiatives [5]. In the late 20th century, the Chinese government began to attach great importance to ecological restoration in ecologically fragile areas and laid out projects such as the Three-North Shelter Forest Program (TNSP), The Beijing–Tianjin Sandstorm Source Control Program (BTSSC), the Natural Forests Conservation Program (NFCP), and the Grain for Green Project (GGP), which have achieved remarkable results in improving regional soil erosion, land desertification, biodiversity barrenness, and carbon emissions [6,7,8].



However, the effects of ecological restoration are still significantly different within and among different ecosystems. Studies have shown that afforestation effectively reduces carbon emissions [9]. However, the afforestation of nonforest biomes may impact native biodiversity [10], while new stands significantly increase regional evapotranspiration, reduce groundwater levels, and threaten regional water balance [11]. From the regional perspective, ecological restoration did not increase the value of ecosystem services in Northeast China, which was not due to the failure of ecological restoration to improve regional ecological quality, but because other land conversions offset the effectiveness of ecological restoration [12].



This study focuses on quantitatively identifying and detecting ecological restoration space (ERS), which was seen as a spatial definition of ecological restoration to evaluate ecological restoration’s effectiveness in different regions. ERS is a “Green space” formed by natural recovery and anthropogenic intervention [13]. It is emphasized that the positive succession process of ecosystem degradation–restoration has already taken place in space. Identifying and monitoring the ERS spatiotemporal pattern is a crucial aspect of quantifying the effectiveness of ecological restoration and scientifically distributing the practice of ecological restoration. To date, the identification of the ERS is often described by the mathematical operation of various ecological index models such as the normalized difference vegetation index (NDVI) [14], net primary productivity (NPP) [15], gross primary productivity (GPP) [16], and physical structural integrity (PSI) [17], which are based on multisource remote-sensing-image data. Although the indirect extraction method can effectively identify high-value areas of ecological index models, namely ecological hotspots, on a spatial scale, it ignores the dynamic evolution process of restoration practices and the structural transformation of land cover which, is emphasized by ERS. An ecological hotspot may be a new area created by an ecological restoration project [18], but it may also be an area of outstanding ecological quality that already exists or has developed its quality without human intervention. This bias in quantitatively describing the regional restoration effect needs to be addressed. Ecosystem services (ESs), as the benefits directly or indirectly obtained by human beings from the ecosystem, are to some extent an important representation of ecosystem quality, which is used to evaluate the effectiveness of ERS [19]. Based on the quantitative expression of crucial ESs such as habitat quality (HQ), carbon storage (CS), soil conservation (SC), water yield (WY), and water purification (WP), related to ecological information flow and transport in the study area, the spatiotemporal evolution characteristics of regional ecosystem quality are discussed [20,21,22]. Scholars have explored the relationship mostly around the characteristics of spatial agglomeration and highlighted regional hotspots to discuss the heterogeneous mode of interaction between ERS and ESs [23]. However, the spatial response of ERS and ecosystems remains to be discussed. Moreover, the scale issue should not be ignored. Most studies provided insufficient information on the extraction of ERS and ecosystem changes before 2005, and the difference in ecosystem time heterogeneity was ignored [24,25]. On the spatial scale, the research mainly focuses on the units based on administrative divisions such as counties, cities, and provinces. The understanding of ecological restoration activities in specific plots is not clear, which limits the overall cognition of regional ecosystems from the perspective of geography.



The Yellow River Basin (YRB) is one of China’s most important ecological barriers, which plays a vital role in the macrolayout of ecological security patterns. The Chinese government put forward a major strategy for the ecological protection and high-quality development of the YRB, making ecological protection and development a national priority strategy in 2019. However, problems such as soil erosion, desertification, poor habitat quality, and spatial mismatch of human–land distribution have always existed in the YRB. It is time to assess the effectiveness of ecological restoration and provide scientific support for future policy changes. The overall objectives of the study were as follows: (1) to use the ecological-restoration-trajectories method and geographic-center calculations to investigate ERS and subcategory dynamics, in terms of its quantity and spatial distribution from 1985 to 2019; (2) to clarify the spatiotemporal evolution of ESs and its dynamic trend; and (3) to evaluate spatial response characterization between ERS and ESs.




2. Materials and Methods


2.1. Study Area


The YRB is located in the transition zone of alpine, arid, semi-arid, and semi-humid areas in China, with a diverse climate, topography, and vegetation [26]. It flows through Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong provinces, spanning the three major areas of east, middle, and west China, with a total length of about 5464 km and a watershed area of 795,000 km2. There are ecologically fragile areas and important ecological function areas such as the Loess Plateau, Mu Us Sandy Land, and Kubuqi Desert. There are also important grain-producing areas and areas rich in resources and energy, such as the Fenwei Plains, Hetao Irrigation area, and Ningxia irrigation area. Based on the natural YRB and considering the integrity of administrative divisions and the direct relationship between regional economic development and the YRB, this paper defines the study area as nine provincial administrative divisions, with a total of 73 prefecture-level cities (Figure 1).




2.2. Data Processing


The LUCC data from 1985 to 2019 were from the China land-cover dataset (CLCD), with a spatial resolution of 30 m. It covers nine land-use types: crop, forest, shrub, grassland, water, snow and ice, barren, impervious surface, and wetlands [27]. The overall classification accuracy is 76.45% for larger land areas, such as crop, forest, and grassland, showing a better classification effect. It has better classification accuracy and wider time coverage than the existing land-cover products. Digital Elevation Model (DEM) data were from the Geospatial Data Cloud (http://www.gscloud.cn/search (accessed on 10 July 2022)) ASTER GDEM 30 m dataset with spatial resolution of 30 m. Soil erodibility data were calculated from the Harmonized World Soil Database (http://data.tpdc.ac.cn (accessed on 22 August 2022)) for soil texture, sand content, silt content, clay content, and soil organic-carbon content. Rainfall erosion data were from the European Commission (https://esdac.jrc.ec.europa.eu/content/global-rainfall-erosivity (accessed on 22 August 2022)), with a spatial resolution of 1 km. The spatial resolution of the ERS distribution map extracted from the CLCD dataset was 30 m. Because the computing grid of ESs contains different spatial resolutions from 30 m to 1 km, the resampling tool was used to unify the input grid into 1 km to analyze the spatial expression of ESs. The data were transformed into a unified projected coordinate system (Lambert Conformal Conic).




2.3. Methods


2.3.1. Trajectory Analysis to Map Ecological Restoration Space


Referring to the definition of ecological land by relevant scholars [28] and policy documents (http://www.gov.cn/zhengce/2017-02/07/content_5166291.htm (accessed on 22 August 2022)), this study defines ecological land as forest, grassland, and shrub. ERS spatial identification is defined by pixel-scale CLCD product land-use conversion, that is, the spatial expansion and quantity increase caused by the conversion of other land types to ecological land.



This study used to the temporal-segmentation and change-detection methods [29]. We propose a spatial recognition method of “Ecological restoration trajectories” based on the interannual ERS dynamic identification research targets. These research targets include two objectives: (1) Spatial distribution and physical location of ERS in the YRB; (2) Dynamic evolution characteristics of ERS in a long time sequence. In particular, given that when a pixel changes from cropland, barren land, and construction land to ecological land at a given time, it remains ecological land for the rest of the time, we call them “Ecological restoration trajectories”. Considering the time effect of land-type conversion and the long growth period of vegetation restoration, we detected LUCC time series at 5-year intervals. ERS was divided into three subcategories: forest restoration space (FRS), grassland restoration space (GRS), and shrub restoration space (SRS). Taking the identification of FRS as an example (Figure 2), the procedure includes these core steps: first, all the pixels in the land-cover sequence were set to 1, and all other land-cover classes were set to 0. If the pixel is a nonforest pixel (that is, a value of 0) that changes to a forest-cover type after five years and remains a forest-cover type in subsequent years, then the pixel has undergone forest restoration in a particular year; the exact year of forest restoration is defined as the first year in which the pixel becomes forest. Considering the importance of the contribution of different land covers to the ecosystem [30], when identifying SRS to eliminate forest pixels, we must identify GRS to eliminate forest and shrub pixels. When forest changed into shrub or grassland, seen as the natural-evolution-induced types referring to the gradual changes in the evolution process of the natural ecosystem or the indirect interference of human beings, such as the land degradation led by desertification and salinization [31], we do not consider ecological restoration to have occurred.




2.3.2. Ecosystem Services Assessment and Mapping


Three key ESs were selected for quantitative evaluation: (1) HQ; (2) CS; and (3) SC. The selection was based on the following criteria: (1) The availability of complete data and significant correlation with restoration practices in the study area; (2) Taking into account the focus of the study and the dynamics of the long time series of ESs, the ESs were selected from the supply modules of the three main ecosystem types (supply, regulation, and cultural services) described in the Millennium Ecosystem Assessment [32].




	(1)

	
Habitat quality









We used the habitat-quality module in the InVEST model to calculate habitat quality in the YRB to quantify the biodiversity. The formula is as follows.


   Q  x j   =  H j    1 −      D  x j  z     D  x j  z  +  k z         



(1)




where    Q  x j     is the habitat quality of the  x  grid in class  j  land cover, ranging from 0 (unsuitable habitat) to 1 (optimum habitat);    H j    is the habitat suitability of class  j  land cover;    D  x j       is the threat level of grid  x  in class  j  land cover;  z  is the scale parameter, default 2.5;  k  is the semisaturation constant, initially set to 0.5. The  k  value is usually set to half the maximum    D  x j    . We used the default  k  value to run the program and found that the maximum    D  x j     in the study area is 0.30, so we set the  k  value to 0.15. The related factors are listed in Table S1.




	(2)

	
Carbon storage









We used the carbon storage and sequestration module in the InVEST model to calculate carbon-storage content in the YRB. The formula is as follows:


   C   i      =  C   i - a b o v e      +  C   i - b e l o w      +  C   i - s o i l    +  C   i - d e a d       



(2)






       C   t o t a l      =    ∑   i = 1  n    C i  ×  S i       



(3)




where i is the type i of land cover,    C i    is the total carbon density of soil and organism, Mg hm−2;    C   i - a b o v e        is the aboveground-part carbon density (from all plant materials above the soil), Mg hm−2;    C   i - b e l o w        is the underground-part carbon density, (from living plant root systems), Mg hm−2;    C   i - s o i l      is the soil-carbon density, (from organic and mineral soils), Mg hm−2;    C   i - d e a d        is the soil-carbon density for the density of dead organic carbon, (from litter or standing dead trees), Mg hm−2;    C   t o t a l        is total carbon storage, Mg;    S i    the total area of the i land cover, hm−2; and  n  is the number of land-cover types. The carbon density of each land cover can be seen in Table S2.




	(3)

	
Soil Conservation









The calculation of soil conservation is based on the sediment-delivery-ratio module of the InVEST model, which is mainly derived from the soil-loss equation (USLE). The formula is as follows:


  S C = A p − A r = R × K × L S ×   1 − C × P    



(4)




where SC is the soil-holding capacity (Mg hm−2), 𝐴𝑝 is potential soil erosion, and 𝐴𝑟 is actual soil erosion. R is rainfall erosivity derived from the published global dataset, MJ·mm·hm−2·h−1·yr−1. K is the soil-erodibility factor, which is calculated by the erosion-productivity-evaluation model (EPIC) proposed by Williams and Arnold [33]. LS is the slope-length factor. C is the vegetation-cover and -management factor; P is the factor of soil-conservation measures. In the model, P and C values are fixed values used to adjust the actual deviation of the calculated SC (Table S3).




2.3.3. Global-Spatial-Autocorrelation Analysis


The Moran’s I statistic has demonstrated its effectiveness in measuring the potential interdependence and heterogeneity of geographic data within the same distribution area [34]. We used global spatial autocorrelation to explore the spatial autocorrelation and aggregation of ERS in global space. Combining the size of the study area with the actual results, the study area was divided into 15 km × 15 km grids, which enabled us to mine LUCC information and detect spatial heterogeneity on a more microscale than a different administrative boundary. At the same time, it solved the natural conflict between the basic unit of the ecosystem and the boundary of the administrative division. The formula is as follows:


  I =   N   ∑  i    ∑  j   w  i j      x i  −  x ¯       x j  −  x ¯          ∑  i    ∑  j   w  i j       ∑  i       x i  −  x ¯     2     



(5)




where  I  is the Global Moran’s I, the range of values is [−1, 1], and  I  > 0 is the positive spatial correlation of ERS in the global space. The closer the correlation is to 1, the more significant the correlation is. If  I  = 0, there is no spatial correlation.  N  is the number of grids.    w  i j     is the spatial-weight matrix,    x i      is the total area of ERS in a grid, and   x ¯   is the average of ERS in all grids.




2.3.4. Spatial-Response Characterization


The geographically weighted-regression (GWR) model, an improvement in the traditional linear-regression model, is used to calculate the response characteristics of different ESs to grid-scale ERS. It applies spatial-weight matrices to linear-regression models so that the relationships between variables vary with spatial location, playing an excellent role in exploring spatial nonstationarity [35]. The formula is as follows:


   y i  =  β 0     u i  +  v i    + ∑  β j     u i  +  v i     x  i j   +  ε i   



(6)




where    y i    is the ESs change in different years of the grid  i ; (   u i  ,  v i   ) is the geographical coordinates of grid  i ;  j  is the number of independent variables;  i  is the number of grids;    β 0     u i  +  v i      is the intercept of grid  i ;    β j     u i  +  v i      is the spatial regression coefficient of grid  i ;    x  i j     is the value of the variable  j  on grid  i ; and    ε i    is the random-error term.



A significant spatial correlation of independent variables is a prerequisite for applying the GWR model [36]. Bandwidth significantly impacts the accuracy of the GWR model, and inappropriate bandwidth results in data redundancy or overfitting [37]. In this study, the Akaike Information Criterion (AIC) method was used to determine the optimal bandwidth, which considers the degree-of-freedom differences in different models and can solve the problem quickly and easily [38].






3. Results


3.1. Spatiotemporal Pattern and Evolution of Ecological Restoration Space


From 1990 to 2015, the total area of ERS in the YRB was 184,197.05 km2 (Table S4). GRS was the largest subcategory of restoration space, accounting for 73.14% of the total area of ERS, followed by FRS (26.08%) and SRS (0.78%). As shown in Figure 3, Inner Mongolia, Qinghai, and Shaanxi were the three provinces with the largest area of ERS, where restoration space reached 41,012.76 km2, 32,329.98 km2, and 28,430.48 km2, respectively (Figure 4g). Henan and Shandong, located in the middle and lower reaches of the YRB, were the provinces with the least restoration space, accounting for 2869.04 km2 and 1801.84 km2, respectively, less than 10% of the largest provinces.



As shown in Figure 4a–f, we found significant differences in spatiotemporal distribution among subcategories from 1990 to 2015. The spatial pattern of FRS was clustered in the eastern region and remains basically unchanged in the time series. It is mainly distributed in the middle reaches of the YRB, including the Qilian Mountains, Qinling Mountains, and Lvliang Mountains throughout the western Shanxi province, and the Taihang Mountains, Funiu Mountains, and Loess Plateau in the northern Guanzhong Basin, which had the largest area distribution, at 7517.94 km2 in 2015. The variation in GRS was severe, with the coefficient of variation in inter-annual distribution being 42.34%. In 1990, the area was only 2736.93 km2, distributed locally in northern Gansu and Qinghai. It may be that the grassland restoration before 1990 was mainly spontaneous by individuals and did not rise to government behavior. The distribution area in 2015 was 31,449.88 km2, which was directly related to the BTSSC launched in 2002. The Kubuqi Desert, the Mu Us Sandy Land of the Ordos Plateau, and the Loess Plateau had large GRS areas. This is evidence of China’s soil and water conservation in the Loess Plateau. SRS was mainly distributed in the Qilian Mountains and Qinling Mountains, but a small amount was distributed in the Lvliang Mountains and Taihang Mountains. The least distributing year was 1990, with 11.90 km2. By 1995, the area had increased by 12.13 times, but only to 144.19 km2. In the following 20 years, the area of SRS increased year by year and reached 447.73 km2 in 2015. Evidently, the status of drought and water shortage in the Yellow River Basin is not suitable for shrub restoration.



Furthermore, the changing trend in all subcategories was reflected by the positioning of the spatial-distribution geographic center of each ERS subcategory in different years. The interannual variation in the geographic center of the ERS showed an obvious migration rule (Figure 4h). Affected by extensive ecological restoration in the northern Loess Plateau and Taihang Mountains, the geographic centers of FRS and GRS fluctuated from southwest to northeast. The migration trend in FRS is obvious, and the migration distance was 179.39 km. Due to the continuous expansion of SRS in the Qilian Mountains and Qinling Mountains in the southwestern YRB, the migration path of SRS showed the opposite rule compared with FRS and GRS. It generally moved southwest, and then northeast again twice.




3.2. Spatial Variation Characteristics of Ecosystem Services


The YRB pixel-level ESs map for 2015 and the grid-scale dynamic-change map for 1990–2015 were generated (Figure 5). The three ESs’ distribution had a certain consistency and showed similar spatial patterns (low value in northwest and southeast areas, and high value in south and central areas) (Figure 5b,e,h). The high-value areas were concentrated in the Qinling Mountains, the eastern extension of the Taihang Mountains, and the Lvliang Mountains. The low-value areas were mainly located in the urban built-up areas, including Xi’an, Zhengzhou, Taiyuan, Qingdao, and other major cities in the YRB. In addition, there were large barren areas in the west of Inner Mongolia and northwest of Qinghai, which are the reasons for the low ESs value. From the perspective of heterogeneity, in Qinghai Lake, located in the northwestern Qinghai Province, the value of HQ was high, while the value of CS and SC were low. In the north of the YRB, the value of HQ and CS were medium, while the value of SC was low.



The dynamic changes in HQ, CS, and SC grid-scale from 1990 to 2015 are shown in Figure 5c,f,i. According to the results of spatial statistical analysis, the average HQ increased significantly since 1990, from 0.4076 in 1990 to 0.4135 in 2015, with an increase of 48.33% at grid-scale (Figure 5a,c). The total amount of CS increased dynamically (Figure 5d). In stages, 2010 was an important node year for total CS changes. From 1985 to 2010, the CS increased by 78.83 × 106 Mg. After 2010, the YRB’s CS fell sharply, down 29.39 × 106 Mg in 5 years, with an annual decline of 5.87 × 106 Mg. The shrinking of grassland and the rapid expansion of construction land are the main reasons for the rapid decline of total CS. The average SC in 2015 was 1849.38 Mg hm−2 (Figure 5g), while the highest SC was 75,538.30 Mg hm−2. From 1990 to 2015, the area where SC significantly increased was 51.90% at grid-scale (Figure 5i).




3.3. Spatial Response of Ecosystem Services on Ecological Restoration Space


The global Moran’s I was used to test the spatial aggregation relationship of ERS. The ERS Moran’s I from 1990 to 2015 is shown in Table S5. The ERS in the YRB showed significant aggregation characteristics in space in each year, and the standardized test Z values were greater than 2.58, which passed the significance test (p < 0.01).



There were significant spatial differences in the effects of ERS on ESs in different geographical grids (Figure 6). The distribution of ERS significantly improved the conditions of HQ, CS, and SC on 75.48%, 71.86%, and 56.75% of the grids, respectively. Among the three ESs, ERS had the most significant effect on SC. From 1990 to 2015, the maximum regression coefficients were all greater than 1. From 1990 to 1995, the maximum regression coefficient reached 45.74. Relatively, the effect of ERS on HQ is not obvious, although it had a wider positive influence scope (Table S6).



From the perspective of space, the spatial-response pattern of ESs on ERS has certain homogeneity. ERS had a significant effect on HQ and CS in western Qinghai, along the Yinshan Mountains in Inner Mongolia, northern Ningxia, and northwestern Henan. The regions where ERS had a significant promotion effect on SC showed obvious latitude characteristics, mainly distributed along both sides of 35° N, and a large number were concentrated in Qinghai, Shaanxi, Henan, Shandong, and other provinces. Sichuan, Shanxi, and other provinces also had extremely fragmented distribution. The contribution of subcategories of ERS to different ESs showed certain distribution rules. For example, the GRS widely distributed in Inner Mongolia, western Qinghai, Ningxia, and other places were spatially consistent with the distribution of the positive significant indigenous contribution of ERS to HQ. The FRS widely distributed in southern Gansu, Shanxi, Shaanxi, and northwestern Henan were consistent with the spatial distribution of ERS’ positive contribution to SC. In addition, we noted that when the area of ERS was too small, its contribution to ESs was mostly negatively correlated. In 1990–2015, in area where ERS had a negative effect on HQ, the average area of ERS was only 26.21% of the total average area of ERS. However, in area where ERS was large, the impact of ERS on ESs was not obvious or even weakly negatively correlated. The maximum regression coefficient of the grids with the first 20% of the ERS area to HQ was only 4 × 10−5, and 11.91% of the grids were less than or equal to 0. This indicates that the area of ERS in the grids had a threshold effect on ES. When the area of ERS in the grids was small or too large, the ecosystem resisted the ecological restoration behavior.





4. Discussion


4.1. Implications of the Obtained Results


Our research results showed that the spatial heterogeneity of ecological restoration intensity and type in different regions leads to different ecosystem changes, which, in turn, emphasizes the necessity of adopting different ecological-restoration intensities and types in ecosystem changes in different geographical units. By binary superposition of the cumulative area of ERS with the change values of ESs from 1990 to 2015, we divided the YRB for ecological restoration and green development into several situations (Figure 7).




	(1)

	
Ecological restoration significantly improves ecosystem services. This type of area is the most powerful evidence of the positive impact of ecological restoration on ESs, and is more concentrated in the Loess Plateau. Considerable research has shown that the quality of the ecological environment in the Loess Plateau improved significantly due to ecological restoration [39,40,41].




	(2)

	
Unobvious changes in ecosystem services accompany ecological restoration. Unfortunately, although large-scale ecological restoration had been carried out, the improvement trend in the environment in some regions was not apparent; in some cases, ecological degradation still occurred. We believe that although ecological restoration delays or hinders the trend in ecological degradation in ecologically fragile areas to some extent, its spatial quantity or time-series length is insufficient to reach the threshold of reversing degradation, that is, the lag effect of ERS on ESs. Although site-specific ecological-restoration activities, such as afforestation and grain for green, are being continuously implemented, it will be difficult and require a significant amount time to transform the structure of land properties and ecological functions due to the fragile nature of the region’s ecosystem. Intraspecific trade-offs in ESs may also be an important cause of this phenomenon [42]. Afforestation effectively reduces soil erosion and significantly enhances ESs such as SC and HQ, but deeper root systems of forest can utilize water stored in deeper soils under drought conditions [31], which significantly reduces water purification and causes trade-offs among ecosystem services in the region. In addition, the negative impacts of human activities such as overgrazing and reclamation also offset the positive effects of ecological restoration to a certain extent [20].




	(3)

	
Obvious improvement in ecosystem services without ecological restoration. It should be noted where no ecological restoration activities were detected, but ESs tended to improve. The ecosystem quality in western Inner Mongolia and northwestern Qinghai improved significantly, but the cumulative area of ERS was tiny. From the perspective of time scale, ERS in western Inner Mongolia may have experienced a cycle of “degradation-restoration-redegradation” [43]. From a socioeconomic perspective, measures such as logging and grazing restrictions may lack necessary compensation for farmers and herdsmen, or the compensation amount provided may fall short of expectations. This has led to a negative impact on these projects, as some farmers and forestry workers have been dissuaded from participating in them, ultimately resulting in unsustainable ecological restoration activities [44]. From the natural perspective, the unsuccessful recruitment of dominant tree species in forests can trigger a process of vegetation succession, leading to the replacement of trees by understory species, and potentially even leading to desertification. Statistics showed that the survival rate of afforestation in arid and semi-arid regions of northern China since 1949 is only 15% [44], and the restoration of this unsustainable cycle was not recognized by our identification model. On the other hand, the weak basic foundation of ESs in the region had been greatly improved in phased and fragmented restoration activities, but the overall quality was still poor.




	(4)

	
Ecosystem services continued to deteriorate without ecological restoration. This was roughly distributed in major urban agglomerations such as the Fenwei Plains and the middle and lower reaches of the YRB. With the continuous expansion of the urban built-up area, taking some provincial capitals in the middle and lower reaches of the YRB as examples, the construction land area of Zhengzhou City and Jinan City increased by 1179.90 km2 and 881.30 km2, respectively, from 1990 to 2019, and the land-use structure changed dramatically (Table S7), which led to the inevitable degradation and fragmentation of ecological land and damaged the complete material information flow process of the ecosystem. In addition, southern Inner Mongolia and the northern Loess Plateau also had some distribution. This part of the region belongs to ecologically fragile areas, which can lead to continued deterioration in the ecological environment when the value of ESs is insufficient to maintain the self-circulation of the system [45].










4.2. Suggestions for Ecological Restoration in the Yellow River Basin


We found that the spatial distribution of ERS in the YRB and its spatial response characteristics to ESs showed significant spatial heterogeneity, which was also verified in other existing studies [46,47]. The uneven spatial distribution of ERS and the spatial difference in the intensity of the ERS response to ESs can lead us to propose specific environmental-management strategies and green-development concepts for regional situations, and the one-size-fits-all management should not apply to all regions [48].



In the upper reaches of the YRB, the primary ecological restoration direction is the management of barren land and the implementation of desertification control. It is noteworthy that vast expanses of sandy land are distributed in the west of Inner Mongolia and northwest of Qinghai Province. While these two provinces have the largest cumulative ERS distribution areas among all provinces, the ERS cumulative areas account for less than 5% of the total administrative area of the provinces. Additionally, afforestation areas or grazing prohibition areas must be supplemented with appropriate ecological restoration measures to enhance the sustainability of ecological restoration, such as selecting tree species suitable for the local ecological environment and avoiding excessive grazing and other forms of human intervention.



In the middle and lower reaches of the YRB, the implementation of ecological restoration in urban built-up areas has high costs and little effect, and the rapid expansion of urban built-up areas is bound to occupy the niche of ERS, which is also consistent with our conclusion. With relatively high GDP, Henan and Shandong are the two provinces with the lowest cumulative area of ERS in the nine provinces. Despite the continuous expansion of urban built-up areas, the development of urban forests, such as urban parks, street trees, and green infrastructure can still effectively increase the supply of regional ecosystem services and urban resilience as ecological restoration measures within urban agglomerations [49]. How to find the Nash equilibrium point of ERS and other economic development occupation spaces will be an important proposition for green development and environmental management in the middle and lower reaches of the YRB.




4.3. Limitations and Future Work


Although some valuable results have been achieved, there are also some limitations. For example, ecological restoration includes natural recovery and anthropogenic intervention [50,51,52], while the ecological-restoration-trajectory model does not effectively divide the boundaries between natural recovery and anthropogenic intervention to define the contribution degrees of the two aspects. Vegetation changing from abandoned to fully regenerated can be detected by satellite with a period of delay [53]. This delay may cause misjudgment of ERS extraction and affect the accuracy of the extraction. In addition, the ecological restoration is a systematic project that involves human participation in decision-making and implementation. It is a multilevel structure practice coupled with nature, society, and ecology [54]. Therefore, further research is needed to understand how to better integrate socioeconomic factors into the optimization results.





5. Conclusions


The accurate identification of ERS and spatiotemporal pattern contributes to a more effective understanding the dramatic ecological-restoration practices occurring in the YRB. In this study, the ecological-restoration-trajectories model based on the CLCD dataset was integrated to analyze the spatiotemporal pattern and evolution of ERS. Supported by the ESs maps and the distribution of ERS, the GWR model was used to precisely measure the spatial relationship between ERS and ESs. The main contribution of this work can be summarized as follows:




	(1)

	
During 1990–2015, the spatial distribution of ERS continued to expand. By 2015, the cumulative area of ERS reached 184,197.05 km2. Of the three ERS subcategories, GRS accounted for the largest area (73.14%), followed by FRS (26.08%) and SRS (0.78%). Afforestation was widely implemented in the Loess Plateau region, especially in Inner Mongolia, Qinghai, and Shaanxi provinces. The geographic centers of FRS, GRS, and SRS occurred in differential migration patterns, as FRS and GRS fluctuated from southwest to northeast, but the migration of SRS generally moved southwest.




	(2)

	
The spatiotemporal heterogeneity of the three ESs at the regional and grid scales showed that HQ, CS, and SC experienced a significant increase during the past 30 years, but they all showed a downward trend in 2010. ERS modifies the land-use structure and information flow pattern of the ecosystem in the YRB, which has a significant effect on the different ecosystem services.




	(3)

	
Our findings demonstrated that the distribution of ERS significantly improved the conditions of HQ, CS, and SC on 75.48%, 71.86%, and 56.75% of land across the YRB, respectively. Regional differentiation distribution of ERS can improve integrated ecosystem quality.









This study provided management experiences for meticulous ecological-restoration-zoning management and promoted sustainable land development in the YRB and other ecologically vulnerable areas with analogous ecological problems.
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Figure 1. Location and topography of the YRB, China. 
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Figure 2. The schematic diagram of ERS dynamic identification method. 
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Figure 3. The temporal variation in (d) ERS and three subcategories((a) FRS, (b) GRS, (c) SRS) in different provinces of the YRB. 
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Figure 4. Spatiotemporal pattern and evolution of ERS. (a–f) spatial distribution pattern of ERS in 1990, 1995, 2000, 2005, 2010, and 2015, respectively; (g) the cumulative area of ERS by province for 1990 to 2015, km2; (h) distribution of interannual migration pattern of geographic center of GRS, FRS, and SRS from 1990 to 2015. 
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Figure 5. Spatial patterns and trends in ESs changes in YRB from 1985 to 2015 in (a) average habitat quality (d) total carbon storage, Mg (g) average soil conservation, Mg hm−2; Black line is the fitting curve of ESs interannual variation, point represents the regional observed values and predicted values for the year with 95% CI in gray. Residual is the absolute value of predicted values minus observed values; (b,e,h) pixel-scale habitat quality, carbon storage, and soil-conservation-distribution maps in 2015, respectively; (c,f,i) change trends in average habitat quality, carbon storage, and soil conservation by grid from 1990 to 2015, respectively. 
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Figure 6. Spatial-response characteristics of different ESs to ERS from 1990 to 2015. (a) habitat quality; (b) carbon storage; (c) soil conservation. Regression coefficients greater than 0 represent a positive correlation between the cumulative area of ERS in different grids and the variation value of ESs. The darker the color, the higher the degree of influence of ERS on ESs. 
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Figure 7. Overlaying the cumulative area of ERS on the changing values of ESs ((a) habitat quality; (b) carbon storage; (c) soil conservation) from 1990 to 2015. The color red indicates the cumulative area of ERS, with darker shades representing larger accumulated areas within each grid. The color blue denotes the changing value of ESs from 1990 to 2015, with darker shades indicating more pronounced changes. The percentage in the legend is the proportion of the number of grids in the corresponding interval. 
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