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Abstract

:

Revealing trade-off and synergistic relationships among ecosystem services plays a key role in ensuring a stable ecosystem for long-term development. It is the crucial precondition for realizing watershed protection and high-quality development. The variations in land use during 1990–2020 are investigated by taking the typical areas for returning farmland to forests as an example. The spatiotemporal distributions of six key ecosystem services, namely carbon storage, water yield, net primary productivity (NPP), soil conservation, habitat quality, and forest recreation are quantified by the InVEST model and statistical data. We also uncover the spatial difference in the ecosystem in Loess Plateau, located in northern Shaanxi, with hot spot analysis and probe the trade-off and synergistic correlations among the investigated ecosystem services. The results show that: (1) the farmland decreased dramatically. On the contrary, the forests and orchards increased significantly. (2) During the same period, carbon storage and habitat quality increased, and water yield, NPP, soil conservation, and forest recreation initially declined, but subsequently rose to higher values than that in 1990. All these services in the southeastern part of the research area surpass those found in the northwest. (3) The ecosystem services relationships in northern Shaanxi are mainly characterized by synergistic correlations, which became stronger from 1990 to 2020. The trade-off effects mainly occur among the water yield and other ecosystem services and are distributed in the west and north of the investigated area. Based on these findings, this work provides scientific principles for improving the ecological environment and enhancing the resource sustainability of the study area.
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1. Introduction


The products and conservation functionalities furnished by an ecosystem, such as climate adjustment, soil and water conservation, carbon capture, and other functions that are difficult to commercialize, are denoted as ecosystem services [1,2]. However, ecosystem services are decreasing because of global climate change and human intervention [3,4]. Meanwhile, the situation leads to complex trade-off and synergistic effects among competing economic and environmental targets [5,6,7]. For many years, humans have been involved in natural ecosystems to maximize the economic benefits by sacrificing ecosystem services [8]. Such trade-offs have negative effects on the environment and human society [9,10]. Therefore, revealing the spatiotemporal evolution characteristics of trade-offs and synergies between different types of ecosystem services is the precondition for ensuring long-term ecosystem services. More importantly, the revealed mechanisms provide a valuable foundation for sustainable decision making.



Recently, the trade-off and synergistic relationships among ecosystem services on a global scale have attracted extensive attention [11,12,13]. Prior studies have indicated that environments pose complex effects on ecosystem services and trade-offs [14]. Such influences have a scale effect. Therefore, it is crucial to simulate and quantify the spatiotemporal features of the trade-off and synergistic effects among ecosystem services [15]. Previous works have revealed some ecosystem services’ spatial and temporal patterns on global, continental, country, regional, and watershed scales. For example, Wang et al. [16] investigated the trade-offs among different ecosystems in the Shiyang River basin on whole basin and subbasin scales from 2005 to 2015. Pan and Li [17] also estimated the trade-off and synergistic effects of arid inland river basins during 2000–2010. However, most previous works have only focused on the trade-offs and synergies among ecosystem services for two time points during 2000–2015 [16,18]. Therefore, a thorough and systematic understanding of the matter based on long timescales is highly desired. Such investigations are of vital importance to improve the reliability of trade-off results and to avoid misjudgments caused by unforeseeable factors and time lags during the evolution of ecosystems [19]. Currently, popular models to evaluate ecosystem services are SWAT [20], ARIES [21], RUSLE [22], SolVES [23], and InVEST [24], among which the InVEST (Integrated Valuation of Ecosystem Services and Trade-offs) model includes multiple ecosystems and is more flexible, stable, and user friendly than the alternatives [25,26]. Because of these merits, this model provides essential technical support to the management of ecosystems and attracts extensive applications for the assessment of the ecological environment [27]. Also, trade-off and synergy analysis are widely employed to probe the interactions among different ecosystem services [28,29,30,31].



At the end of the last century, China initiated a massive ecological restoration project, also denoted as the Grain for Green Project (GGP), in the Loess Plateau, aiming to increase the vegetation coverage and alleviate soil erosion by transforming farmlands on steep slopes to forests and grasslands [32]. Over the past 20 years, massive changes have appeared in land cover, and such changes have captured researchers’ attention, who aim to uncover the effects introduced by the GGP on ecosystem services [33]. Previous studies have indicated that the GGP has improved the ecosystem conditions and increased the vegetation coverage, carbon sequestration, and the organic carbon in the soil [34,35]. However, earlier researchers normally placed their focus on carbon storage, soil conservation, and water yield [36]. An in-depth understanding of the interactions among more types of ecosystem services for longer timescales is still lacking. The underlying mechanisms for alleviating the trade-offs and strengthening the synergies are of paramount importance for the sustainable development of the ecosystem in northern Shaanxi. The north of Shaanxi province is distributed with eco-sensitive Loess hilly–gully areas. Additionally, this region is representative and typical, being one of the initiation areas of the GGP. After the GGP’s initiation, northern Shaanxi experienced many changes in land use and ecosystem services. Thus, this study chooses the Loess Plateau in northern Shaanxi as the representative region to investigate the evolution of land use and six key ecosystem services by combining multivariate data, such as weather and soil, from 1990 to 2020. The researched ecosystem services in this work include carbon storage, water yield, net primary productivity (NPP), soil conservation, habitat quality, and forest recreation. We further analyze the distribution features of the temporal and spatial variations, as well as the hot and cold spots in the ecosystem services. Finally, the interactions among the ecosystem services are probed. This work provides scientific evidence for policymaking to enhance the sustainable and efficient utilization of natural resources in northern Shaanxi.




2. Materials and Methods


2.1. Study Area


The northern Shaanxi Loess Plateau (35°21′–39°35′ N and 107°28′–111°15′ E) is situated in the northwest of China (Figure 1). The study area includes two prefecture-level cities, Yulin and Yan’an, and a total of 25 districts and counties. Multiple land types can be found in this terrain as the elevation spans from nearly 400 m in the northeast to 1990 m in the southwest. In the northwestern part, one can find wind-blown sand, hilly and wide valley, hilly loess areas. Extensive loess hilly areas are located in the east region. The loess ridge dominates the central area, while the south area is occupied by earth–rock hilly and loess tableland areas. The regional climate is in the interzone between the continental monsoon semi-humid climate in the warm humid zone to a temperate semi-arid climate. Precipitation occurs mainly from July to September, which exhibits seasonal characteristics [37]. The land area of the study area is 79,951.5 km2, which is 38.88% of Shaanxi province and 12.59% of the entire Loess Plateau [38]. In 2020, the permanent population in northern Shaanxi was 5.91 million, with an urbanization rate of 61.51%, and the total regional gross domestic product (GDP) amounted to CNY 569.55 billion. The natural resource endowments of the counties and urban areas in the investigated region are quite different, and economic growth among the regions is unbalanced. Northern Shaanxi is a critical area for national ecological functions. After over 20 years of GGP projects, the spatial pattern of land utilization in this region has been noticeably improved [39,40], manifesting decreased farming and unused land, and increased areas of forests and orchards.




2.2. Data Collection and Processing


We used the data on the land-use coverage, DEM, NPP, meteorology, soil, and other geographical data at different time points before and after the GGP. Specifically, (1) the dataset on the land use incorporates classification maps for 1990, 1995, 2000, 2005, 2010, 2015, and 2020. Then, land use was reclassified by the “Chinese Land Use/Cover Remote Sensing Monitoring Data Classification System”. Based on this system, the land utilization in the Loess Plateau located in northern Shaanxi was classified into seven types, namely farmland, forest, grassland, orchard, water, construction land, and unused land. Based on Google imagery and field-collected land-use data from the study area in 2020, 1645 training samples with seven land-use types were retrieved. Landsat images were selected as the data source on the Google Earth Engine (GEE) platform, and samples were used as input data for land-use classification. The spectral, texture, terrain, and canopy features were extracted as indicators for random forest-based land-use classification. Such categories for the northern Loess Plateau in 2020 were obtained, achieving an overall classification accuracy of 89.62% or higher. The collected data were classified according to the established classification rules. The classified data were then compared with the 30 m land-use data downloaded from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences. Obvious misclassifications were identified and corrected. (2) The statistical data on the monthly rainfall, temperature, and evapotranspiration were used from the Loess Plateau Data Center. (3) The soil data were collected from the Harmonized World Soil Database version 1.1 (HWSD), supported by the FAO and IIASA. (4) The DEM data at a 30 m resolution from the Geospatial Data Cloud was used, with GDEM v3. (5) The NPP data were generated by the CASE model, based on the Global Resources Data Cloud during 1990–2020. (6) Other data types, including regarding the administrative districts, residential points, traffic, water systems, population density, and topographic maps, were available from the Loess Plateau Data Center and prior works.




2.3. Methods for Evaluating the Ecosystem Service


According to the Millennium Ecosystem Assessment, ecosystem services are classified into supply, regulation, support, and cultural services [41]. Considering the comprehensiveness, availability of data, and feasibility of the study, this paper selected water yield in the supply service, carbon storage, and NPP in the regulation service, soil conservation, and habitat quality in the support service, forest recreation in cultural services, respectively, and conducted quantification and an evaluation based on the InVEST model, the CASE model, and ArcGIS 10.6.



2.3.1. Carbon Storage


This type of ecosystem service describes the ability of ecosystems to fix and store CO2. Moreover, carbon storage was evaluated by calculating the summation of four carbon sources with different land-use types [42]. The specific equation is:


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



(1)




where   C  t o t , i    is the total sequestration amount of CO2 in the i-th pixel, with the unit of t/hm2. Moreover,   C  a b o v e , i   ,   C  b e l o w , i   ,   C  s o i l , i   , and   C  d e a d , i    is the carbon storage above the land surface, below the land surface, in the soil, and in dead organic matter. The data on the carbon density were collected from previous works on carbon storage in China and the Loess Plateau [43,44,45].




2.3.2. Water Yield


The water yield is commonly used to describe the difference between precipitation and evaporation, which is one of the parameters for evaluating the water supply capability of ecosystems. The water yield obtained from the InVEST model was computed with the water–energy coupling proposed by Budyko [46]:


    Y   x j    =     1 -      A E T   x j       P   x        ×      P   x      



(2)




where     Y   x j    ,     P   x    , and     A E T   x j     are the annual water yield, average precipitation, and actual annual mean evapotranspiration, respectively. The subscripts x and j denote the grid unit and land-use type, respectively. The biophysical coefficients and other parameters were acquired from previous research. The crop reference values were acquired from the Food and Agriculture Organization and were recommended by other models [42,47,48].




2.3.3. Net Primary Productivity (NPP)


The Carnegie–Ames–Stanford Approach (CASA) [49] model was used to calculate the NPP value:


  N P P    x ,   t     = A P A R     x ,   t       ×   ε     x ,   t     



(3)






  A P A R    x ,   t     = S O L     x ,   t       ×   0.5   ×   F P A R     x ,   t     



(4)






  ε    x ,   t     =       T     ε 1       x ,   t       ×       T     ε 2       x ,   t       ×      W   ε      x ,   t       ×       ε    m a x    



(5)




where NPP(x, t) is the NPP value (gC/(m2yr)), and x and t are the location and time, respectively; APAR(x, t) is the photosynthetically active radiation (MJ/m2);   ε   x ,   t     is the actual light use efficiency (gC/MJ); SOL(x, t) is the total solar radiation (MJ/m2); the coefficient of 0.5 is the ratio of the effective solar radiation against the total solar radiation; FPAR(x, t) is the fraction of photosynthetically active radiation absorbed by the vegetation canopy;     T   ε 1     x ,   t     and     T   ε 2     x ,   t     are temperature stress coefficients, and     W   ε     x ,   t     is the water stress coefficient. Moreover,     ε   m a x     is the maximal light use efficiency of the specific biome under ideal conditions.




2.3.4. Soil Conservation


We used the Sediment Delivery Ratio in InVEST to assess the soil conservation of the Loess Plateau in northern Shaanxi. This module thoroughly includes the sediment from the surface interception, and the vegetation reduces soil erosion and traps the sediment in soil conservation. By using equations for soil erosion, the loss value in all the square grids was calculated. The calculation process is as follows [42]:


   S E D R E T = P K L    S   x      -   U S L    E   x    + S E D    R   x    



(6)






  P K L   S   x    =       R    x      ×      K   x      ×   L    S   x    



(7)






  U S L   E   x    =       R    x      ×      K   x      ×   L    S   x      ×       C    x      ×      P   x    



(8)






  S E D   R   x    =  S   E   x     ∑   y = 1     x - 1     U S L   E   y       ∏   z = y + 1     x - 1     S   E   x        



(9)




where SEDRET is the conservation value of the soil;   S E D   R   x     and   S   E   x     are the conservation and the retention efficiency of the sediment in the x-th grid, respectively.




2.3.5. Habitat Quality


In a certain period, habitat quality is highly correlated with the regional structure and ecological function, and the level of habitat quality is dictated by the resources for the survival, reproduction, and development of living creatures, which is used to quantify biodiversity. Generally, a higher habitat quality leads to higher biodiversity. This work incorporated the land-use data. In addition, the suitability, influence distance, and the weight of threatening factors were adopted to quantify the habitat quality. Specifically, the habitat quality was obtained by the following calculation:


    Q   i    =       H    i      ×       1   -        D   i   z       D   i   z   +   k   z          



(10)




where     Q   i     is the habitat quality of the i-th pixel from 0 to 1. Generally, a higher     Q   i     denotes better habitat quality. Moreover,     H   i     denotes the habitat adaptability;     D   i     is the habitat degradation degree, which is correlated with threatening factors, the threat intensity, and the sensitivity of land uses to threats. In addition, k is the half-saturation constant, denoting half of the habitat deterioration degree. Also, z is used to represent the normalization constant in the model.




2.3.6. Forest Recreation


Forest recreation is an ecosystem service provided by the forest for tourism and recreation. The forest recreation ability can be quantified by the forest recreation indicator, which was calculated by estimating the recreational opportunities, forest habitat, population density, and road accessibility. The calculation is as follows:


    F R I   i    =       A    i    ∑      o p p   i    +    p o p   i      + r o a d    i        



(11)




where FRI is the forest recreation indicator; A, opp, pop, and road are the pixel areas, recreational opportunities, population density, and road accessibility, respectively.





2.4. Hot-Spot Analysis


This analysis was used to probe the intensity of various service values. The hot spots should have intensified high values. While the cold spots have gathered low values. In the spatial statistics, the Gi* coefficient was adopted to investigate the clustering location of the high and low spots in all the ecosystem services. Such coefficient is an effective factor in the local spatial autocorrelation index based on the total distance matrix, which was calculated by:


  G i  *     =      ∑  j   n      w   i j     x   j         ∑  j   n      x   j        



(12)







The statistical importance of G* can be examined by a normalized     Z ( G   i   * )  , and the normalization of G* was proceeded with:


  Z   G i *   =     G   j   − E ( G i * )    V A R ( G i * )     =      ∑  j      w   i j     x   j     −   x  ¯    ∑  j   n      w   i j       z    n   ∑  j   n      w   i j   z   −       ∑  j   n      w   i j         z       n − 1       



(13)






    X  -   =      ∑  j   n      x   j       n    



(14)






   S =       ∑  j   n      x   j   z       n      -         X  -      2    



(15)




where     w   i j     is the spatial weight matrix of plaque i and j. Moreover, xj is the value of plaque j, and X represents the mean value of all the attributes, while n denotes the quantity of the plaques. This investigation employed ArcGIS 10.6 to assign the raw ecosystem services data to the grid. The resolution of such a grid is 0.5 km × 0.5 km. Further analysis was performed using the Getis-Ord Gi* tools.




2.5. Evaluation Method for the Trade-Off and Synergistic Relationships


To reveal correlations between the ecosystem services in the study area and further uncover the detailed trade-offs and synergies, we randomly created 3000 points with the random points generation tool in ArcGIS 10.6. We also analyzed the correlations of every extracted point. If the correlation coefficient is positive, the relationship is defined as a synergistic correlation. In contrast, the trade-off relationship can be found with negative coefficients [50], and the correlations were analyzed in SPSS version 19. Specifically, the correlation and significance among different spatial ecosystem services during 1990–2020 were quantified using the Python code at the pixel scale. According to the calculated R and p values, the relationships are classified in Table 1.





3. Results


3.1. Evolution of Land Use and Land Cover from 1990 to 2020


As shown in Table 2, before 2000, grassland, farmland, and forest dominated the land use in northern Shaanxi, at around 90.02% of the total area. In contrast, the areas for orchards, water, construction land, and unused land were relatively small. After 2000, the area of orchards continued to increase, and now northern Shaanxi largely consists of grassland, farmland, orchards, and forests, accounting for 93.20% of the total area. After the initiation of the GGP in 2000, the size of farmland in northern Shaanxi decreased from 28,100 km² in 1990 to 19,700 km² in 2020, a decrease of 10.50%. Additionally, the city expansion increased the construction land area from 264.43 km² in 1990 to 1085.05 km² in 2020, an increase from 0.33% to 1.35% of the total area. At the same time, the size of unused land also had a corresponding decrease, from 5946.96 km² in 1990 to 3678.23 km² in 2020, a decrease of 2267.73 km². The area of water remained unchanged.




3.2. The Spatiotemporal Variation Characteristics of Ecosystem Services


3.2.1. Spatiotemporal Changes in Ecosystem Services


The spatiotemporal distributions and differences in six ecosystem services among the different land types are illustrated in Figure 2 and Figure 3, respectively. The results show that carbon storage increased from 0.51 to 0.55 billion tons during 1990–2020. Regarding the spatial distribution, the ecosystem services in the southeast are higher than those in the northwest. The forests, grasslands, and orchards in the south and east regions display the highest carbon storage, followed by farmland, construction areas, and water. In contrast, the water yield decreased and then increased, resulting in a higher value in 2020. Specifically, the water yield depth decreased to 33.04 mm in 2000 from 42.81 mm in 1990. After that, the depth of the water yield increased to 46.96 mm in 2020. Moreover, the increase in the southern region was more significant than in other areas. The NPP fluctuated during the study period. Specifically, the NPP decreased from 27.00 million tons (1990) to 18.20 million tons (1995). Then, the NPP expanded constantly to 27.95 million tons in 2020. Significant increases in NPP are observed in the south of the study area, and the northern part also showed an increase in NPP after 2000. The soil conservation ability reached the lowest value in 2000, which was around 1.27 billion tons, then increased to 1.97 billion tons in 2020, similar to the trend in the water yield depth. For the spatial distribution, the soil conservation in the center and south of the study area increased more prominently than in other areas. The habitat quality presented a monotonic increase from 0.64 in 1990 to 0.69 in 2020, indicating that the general conservation service of biodiversity was at an elevated level and shows a positive trend in the future. Additionally, a more significant growth in the habitat quality happened in the center of the study area. The forest recreation index shrank from 7.69 in 1990 to the bottom of 4.99 in 1995. After that, it was enhanced to 17.98 in 2020. In general, forest recreation increased notably in the north and east.



This work illustrates the functionalities of the different ecosystem services among the various land-use types with rose charts, as shown in Figure 3, to benefit the analyses and visualization. For the carbon storage, soil conservation, and NPP services, grassland, farmland, and forests dominated the service contributions. The service value of carbon storage and soil conservation increased with the increase in orchards. The water yield service was mainly provided by grassland, unused land, and farmland. The unused land provided less water yield during 2000–2005. The habitat qualities of orchards, forests, and grasslands showed relatively higher values. Such values in water areas, unused land, and farmland were lower. Moreover, the construction land barely provided the habitat quality service. The main contribution of forests and orchards lies in the forest recreation service.



Compared with previous research results, the results from this paper are reliable. For example, Li reported that the average water yield depth in northern Shaanxi during 2000–2020 was 41.39 mm, and the total yield was 3.33 billion m3. In our work, the value of the water yield depth and total water yield in the same period was 36.94 mm and 2.86 billion m3, respectively. Such deviations are understandable as the water yield depth and total water yield are calculated by averaging the values for 2000, 2005, 2010, 2015, and 2020, which is different from Li’s report [51]. The carbon storage and soil conservation in the middle reaches of the Yellow River basin in 2000, calculated by Ren [52], was 47.70 t/hm2 and 194.78 t/hm2, respectively. Our results in a similar region show that these values are 65.31 t/hm and 157.63 t/hm2, respectively. The difference between this work and Ren’s could be caused by the method for calculating carbon storage, as well as different data on the spatial heterogeneity and land use. The habitat quality and NPP of the Loess Plateau in 2018, as reported by Yang [53], were 0.684 and 336.99 gC/m2, very close to our results (habitat quality: 0.69; NPP: 344.76 gC/m2). Additionally, the results reported by Chen et al. [54] indicated that the outdoor recreation ability in Yan’an City decreased during 1990–2000 and increased after that, also consistent with our results. Though the ecosystem service values calculated in this work deviate from prior reports, they are still in the same order of magnitude, indicating good robustness in this work.




3.2.2. Hot and Cold Spots Analyses


The hot and cold spot patterns for the ecosystem services in northern Shaanxi are further analyzed. Similar spatial distributions are observed for the hot and cold area distributions among different types of ecosystem services from 1990–2020. Therefore, we analyze the spatial pattern of ecosystem services cold and hot spots in northern Shaanxi in 2020, as shown in Figure 4. The spots of carbon storage and habitat quality share a similar pattern. More specifically, the hot spots are distributed among the earth–rock hilly areas with abundant resources from forests, grasslands, and orchards. In contrast, most cold spots can be found in the wind−blown sand, hilly area, where the unused land is concentrated and is normally found with low service values. Different from the distribution of carbon storage, the cold spots of habitat quality can be found in the loess tableland area of the south region, the loess ridge area of the central part, and is concentrated in areas with threatening sources (farmland and construction land) in Yulin City. For the water yield service, the hot spots are located in the wind−blown sand, hilly area and in the towns of central Yan’an City. Such a phenomenon may be caused by the fast growth of local cities and the increase in impermeable ground caused by ground hardening. The cold spots are extensively distributed in the center of the investigated region. In the fields with lower city development, precipitation can be conserved by plants. The distribution of soil conservation is similar to that of the NPP. Specifically, the cold spots can be found in the flat areas where the wind−blown sand, hilly and wide valley, loess hilly areas dominate the terrain. The hot spots in the soil conservation service are found in the southeast of the study area, with serious soil loss and higher sediment output. In contrast, hot spots in the NPP are extensively distributed in earth–rock hilly regions in the south. The cold spots in forest recreation are relatively sparse, and the hot spots are mainly found in the center of the loess hilly area.





3.3. Synergy and Trade-Off Analysis


3.3.1. Temporal Changes in Trade-Off and Synergistic Correlations in the Ecosystem Service


The Spearman coefficients of 3000 randomly selected samples are calculated to reveal the correlation and strength of the six ecosystem services (see details in Figure 5). The six services in the study area are mainly synergistic with mutual gain. During 1990–2020, significantly positive correlations can be seen between carbon storage, soil conservation, habitat quality, and the NPP, in which the synergistic relationship among soil conservation and the NPP were more significant than the others in 2005. The correlation coefficient between soil conservation and the NPP reached the highest value in 2005 (0.72) and was above 0.67 after 2000. The synergistic relationship between carbon storage and habitat quality and between habitat quality and the NPP increased from 1990 to 2020, achieving 0.554 in 2020. The trade-off effects are mainly found between the water yield and other ecosystem services. Noticeably, a strong correlation between the water yield and soil conservation services was detected in 1995, and the trade-off between the water yield and carbon storage services was the strongest, with a correlation coefficient of −0.57. The relationships between forest recreation and other services were mainly synergistic, with weak correlations.




3.3.2. Spatial Distribution of the Trade-Offs and Synergies


We additionally calculated the correlation and significance level of the ecosystem services at the pixel scale, which were evaluated using the Spearman correlation coefficient. As depicted in Figure 6, during 1990–2020, significant synergies were found between soil conservation and the NPP, and between carbon storage and habitat quality. The areas with synergies between soil conservation and the NPP account for 94.37% of the total areas, and 20.08% of these areas in the central survey region are calculated with strong synergy relationships. Almost no areas are found with trade-off relationships between soil conservation and the NPP. In comparison, the trade-offs between carbon storage and habitat quality are sparsely distributed in earth–rock hilly and wind-blown sand, hilly areas, which are located in the southern and northeastern regions, respectively. Moreover, synergistic correlations can be found between soil conservation–water yield, carbon storage–habitat quality, NPP–water yield, forest recreation–carbon storage, and soil conservation–habitat quality. These areas account for around 60% of the total areas. More than 15.58% represent a strong synergy between forest recreation–carbon storage, as well as forest recreation–habitat quality, which can be found in the center and northwest of the study area. The rest of the areas are mainly found with weak synergies. Additionally, the trade-offs between water yield–carbon storage, water yield–habitat quality, and NPP–carbon storage are the main factors. The correlations between water yield and habitat quality/carbon storage show similar spatial patterns. The weak trade-off effect is more significant in these regions. The strong trade-offs are mainly found in the west of the loess hilly wide valley, loess ridge areas, the covered sand, loess hilly areas in the northeast, and the north of the loess hilly areas. In the center and south of the survey region, no significant correlations can be found. Moreover, weak trade-offs dominate the correlation between the NPP and carbon storage. The strong trade-offs are mainly found in the south (earth–rock hilly area). In comparison, strong synergies are distributed among the central (loess ridge) and northeast (loess hilly) areas.






4. Discussion


4.1. Evolution and Interrelationships of Ecosystem Services


The ecosystem environment is an interplay between the natural environment and social–economic activities [55]. Quantifying its temporal and spatial distribution is beneficial to boost the developing potential of local regions. This study shows that the ecosystem services shared similarities in regard to spatial distributions in the last 30 years (Figure 2), indicating strong correlations between ecosystem structure/functionalities and land-use patterns. From 1990 to 2020, with the implementation of the GGP, the area of farmland was largely reduced, the area of forests and orchards was increased largely (Table 1), and the values of ecosystem services also increased significantly (Figure 2). The high-value regions of soil conservation, carbon storage, NPP, habitat quality, and forest recreation are mainly in earth–rock hilly, loess ridge, and loess hilly areas, where forests and orchards are concentratedly distributed (Figure 3 and Figure 4). Forests can effectively alleviate soil erosion [56], increase carbon storage [57], maintain biological diversity, and provide recreation [58], and are a valuable land type for higher value ecosystem services [59,60]. The GGP enhances vegetation, such as planting trees, orchards, and grasslands. These land types incorporate well-developed root systems, manifesting strong absorbent capacity. Planting trees and new grass increase carbon storage and soil conservation capacity, which is conducive to the management of the natural climate, weakens erosion of loess by rainfall, and enhances the soil conservation capacity [61,62,63,64]. The service of soil conservation maintains the stability of biodiversity, promotes the development of habitat quality [65], and creates a better natural recreation environment [66]. As a threatening factor, the decrease in farmland boosts the improvement of habitat quality. Also, the ecological restoration measures in the GGP, and the decline of human interference in the ecosystem have similar effects. In comparison, the high-value region of water yield can be found in the wind-blown sand, hilly area in the northwest and towns in the middle of the study area. Moreover, construction land, farmland, and unused land are concentrated in these regions, where the increased hardened ground areas promote water yield (Figure 2 and Figure 3).



Ecosystem services are generally interdependent at the spatiotemporal scale, and the complicated relationships among ecosystem services lead to trade-off and synergistic effects. Nonetheless, the correlations between ecosystem services are distinct because of the heterogeneity of the landscape and differences in the usage and management of ecosystem services [67,68,69,70]. Our work quantitatively evaluates the main ecosystem services in the Loess Plateau in the north of Shaanxi, and the findings indicate that most correlations among the ecosystem services are synergistic (Figure 5). In particular, correlations among carbon storage, habitat quality, and soil conservation are noticeably synergistic, which agrees elegantly with previous studies [71,72,73]. The synergy degree among these ecosystem services increased after 2000 (Figure 5), indicating that the GGP displays positive effects on the Loess Plateau in northern Shaanxi. Besides, a synergy between water yield and soil conservation is found in this work (Figure 6), which shows excellent agreements with prior results [53]. Synergistic effects are achieved through the combined effects of rainfall and terrain. The trade-off correlations mainly exist between water yield and carbon storage/habitat quality (Figure 6), and the fundamental reason lies in the increase in the water requirements of the vegetation induced by the enhanced coverage of vegetation. Moreover, the main reason for the trade-off correlation between water yield and carbon storage/habitat quality is that the high root intensity of the planted forest after the implementation of GGP intensifies the soil dry layer. The main manifestations are: (1) the growth in vegetation coverage enhances the ecosystem water requirements, (2) the decrease in the water capacity of the soil, and (3) the formation of a dry soil layer. Typically, the trade-offs are more significant in the arid and semi-arid areas, which are located in the northern and western study region. Such phenomena show good consistency with previous reports [33,50,74]. Besides, Zhang’s and Yang’s results [75,76] show that, though carbon storage and NPP are both used to evaluate the carbon in an ecosystem, the former delivers the quantity, and the latter focuses on the rate of carbon fixation. The correlation between carbon storage and NPP is synergistic, which agrees well with our results.




4.2. Implications for Modeling Use and Policymaking


This work dives into the trade-off and synergistic effects of the Loess Plateau in northern Shaanxi from 1990 to 2020, based on multi-source data and models. Compared to other analytical methods, this article has the following advantages: (1) The adopted long-term dataset effectively increases the reliability of the trade-off correlations, avoiding the misjudgments caused by unpredictability and time lag effects during the long-term variation of the ecosystem services [19]. (2) At the pixel scale, we determine the spatial features of trade-offs and synergies of ecosystem services, effectively solving the challenges of quantifying spatial trade-offs. (3) We consider multiple ecosystem services and analyze them from the perspectives of different geographical regions, which guides the development direction for resources in different regions. The InVEST model is widely applied to evaluate individual and multiple ecosystem services at the global, intercontinental, national, and basin scales. For example, this model was used to investigate the karst area in southwest China [77], a typical ecologically fragile and sensitive area, similar to the Loess Plateau dissected in this work. These reports [68,78] show that the GGP positively affects the karst area’s ecosystem services and land use. In addition, Wang et al. [68] adopted the InVEST model to probe the water yield, NPP, and soil conservation, and their results show that the NPP displays a trade-off relationship with respect to water yield, agreeing with our discoveries from the loess ridge, loess hilly, and covered sand, loess hilly areas (Figure 6). Moreover, other regions, such as arid watersheds in northwestern China [79], the Qinghai-Tibet Plateau [80], North America [81], Europe [82], and Africa [83], were also investigated using the InVEST model. Challenges still exist in this work and can be solved in our future work. First, the InVEST model has its limitations. For instance, the required biophysical parameters are a generalization of the actual land surface. The water yield module adopts a simple Budyko water–energy equilibrium equation, but the complex equilibrium introduced by the underlying geology and complex land-use patterns is not included [42]. Additionally, the influence of climatic factors on the survival of species are not considered in the habitat module. Furthermore, though the range of ecosystem services investigated in this work is thorough and representative enough, more ecosystem services can be included in the future. Specifically, ecosystem services such as grain production, wind prevention, sand fixation, and water purification can be discussed in our subsequent studies. In addition, ecosystem services are highly correlated with variations in artificial and natural factors, including land use, climate, topography, etc. Thus, the driving mechanisms of ecosystem services can be determined. In short, researchers should focus on the perfection of model principles and parameter verifications, assess future trends with multiple scenarios, and simulate the driving mechanisms of the ecological environment [84,85], so that a reasonable scientific basis for ecosystem services and sustainable high-quality development of the Loess Plateau in northern Shaanxi can be provided.



Based on the results of this work, we propose the following suggestions by combining the status quo of land use and the distribution of ecosystem services in northern Shaanxi. These suggestions can further promote the sustainable utilization of the land resources and provide a reference for land usage and ecosystem protection. (1) Farmland management skills should be systematically improved, and uncontrolled reclamation should be especially depressed, preventing significant land degradation (which leads to soil erosion) in the farmland areas. (2) Our results indicate that trade-off relationships exist between annual water yield and other services, such as carbon storage, habitat quality, and forest recreation (Figure 5 and Figure 6). Such trade-offs can be attributed to the consumption of water resources by afforestation. Moreover, unsuitable types of plants could drain the water and induce dry soil [86]. Therefore, local governments should prioritize those plants with less water consumption when they launch vegetation restoration-related projects. Additionally, water retaining agents, conservation tillage, and agroforestry systems should be considered to reduce water consumption and improve ecosystem quality. (3) An effective, scientific, systematic, and standardized mechanism should be built to monitor, encourage, and punish the change in ecosystem services [87]. Moreover, a flexible ecological compensation method can be established according to the characteristics of land-use type and the importance of ecosystem services. (4) During our investigation, the construction of land has increased rapidly (Table 2), having negative effects on the habitat quality and many other ecosystem services. Therefore, environmental protection should be placed in a more important position when decisionmakers plan and design the construction land and economic goals. For example, construction land, homestead, and unused land should be classified, and detailed guidance on how to use these lands should be provided.





5. Conclusions


This work probes the features of land-use evolution by taking the typical area for the GGP in the Loess Plateau in northern Shaanxi as a sample. The spatial distribution of six key ecosystem services, namely carbon storage, water yield, NPP, soil conservation, habitat quality, and forest recreation, are calculated and analyzed using the InVEST model and statistical data. We also reveal the spatial difference in the ecosystem in the investigated region. The trade-off and synergistic relationships among the ecosystem services are discussed using correlation analysis. For the period 1990–2020, the carbon storage and habitat quality increased, and the water yield, NPP, soil conservation, and forest recreation decreased first and then increased to a higher value in 2020 than in 1990. These services in the southeast are higher than in the northwest of the research area. Meanwhile, the farmland decreased significantly and, consequently, the forests and orchards increased remarkably. The ecosystem services provided by the investigated region displayed synergistic correlations, and such correlations became stronger from 1990 to 2020. This trend further indicates that the GGP has multiple positive effects on local ecosystem services. The trade-off effect mainly occurred among the water yield and other ecosystem services and was distributed in the west and northeast of the investigated area. These regions with strong synergistic effects were generally located in the central and east of the study area.
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Figure 1. The location of the Loess Plateau in northern Shaanxi. 






Figure 1. The location of the Loess Plateau in northern Shaanxi.



[image: Land 13 00070 g001]







[image: Land 13 00070 g002] 





Figure 2. Spatiotemporal distribution of ecosystem services. 
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Figure 3. Changes in ecosystem services of different land types. 
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Figure 4. Spatial distribution of hot and cold spots in ecosystem services. 
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Figure 5. Correlation among ecosystem services in the Loess Plateau in northern Shaanxi during 1990–2020. 
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Figure 6. Spatial trade-off and synergistic correlations in ecosystem services. 
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Table 1. Classification of the correlations between ecosystem services.
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	Relation
	Strong Trade-Off
	Medium Trade-Off
	Weak Trade-Off
	Weak Synergy
	Medium Synergy
	Strong Synergy
	Irrelevant





	R
	<0
	<0
	<0
	>0
	>0
	>0
	0



	p
	<0.05
	0.05–0.1
	>0.1
	>0.1
	0.05–0.1
	<0.05
	










 





Table 2. Area and ratio of different land-use types in northern Shaanxi during 1990–2020 (unit: area 10,000 km2, proportion %).
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Year

	
1990

	
1995

	
2000

	
2005

	
2010

	
2015

	
2020






	
Farmland

	
Area

	
2.81

	
2.88

	
2.70

	
2.43

	
2.13

	
2.05

	
1.97




	
Proportion

	
34.98

	
35.82

	
33.65

	
30.24

	
26.47

	
25.55

	
24.48




	
Grassland

	
Area

	
3.37

	
3.52

	
3.22

	
3.01

	
2.90

	
2.79

	
2.72




	
Proportion

	
41.91

	
43.77

	
40.14

	
37.50

	
36.07

	
34.72

	
33.91




	
Forest

	
Area

	
1.05

	
0.99

	
0.95

	
1.07

	
1.06

	
0.94

	
1.07




	
Proportion

	
13.13

	
12.27

	
11.89

	
13.38

	
13.18

	
11.75

	
13.36




	
Orchard

	
Area

	
0.11

	
0.15

	
0.58

	
0.95

	
1.40

	
1.68

	
1.72




	
Proportion

	
1.32

	
1.83

	
7.22

	
11.80

	
17.41

	
20.96

	
21.45




	
Water

	
Area

	
0.07

	
0.08

	
0.07

	
0.07

	
0.07

	
0.07

	
0.07




	
Proportion

	
0.