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Abstract

:

The ecosystem services (ES) can be influenced by various environmental factors. In order to efficiently allocate resources and manage ecosystems, it is important to understand the mechanisms by which these environmental effects impact the interactions and trade-offs among different ES. While previous studies have primarily examined the impact of individual environmental factors on ES, the intricate mechanisms underlying the effects of multiple environmental factors have been largely overlooked. In this study, we adopted a path analysis approach that considered interactions among explanatory variables. We analyzed multiple geospatial datasets from various sources, including remote sensing and climate data, to examine the main drivers—precipitation, temperature, FVC (fractional vegetation cover), NPP (net primary productivity), human activities, and altitude—affecting five ecosystem services: carbon sequestration service (C), habitat provision service (HP), soil conservation service (SCS), sand-stabilization service (SSS), and water conservation service (WCS) in arid and semi-arid mountainous regions. Our investigation found that all five ES have shown an upward trajectory over the past two decades. The most significant growth was observed in C, which increased by 39.4%. Among the environmental factors examined, precipitation has been identified as the predominant factor influencing the ES and the synergies and trade-offs among ES. The influence of precipitation on SCS reached a coefficient of 0.726. Human activity factors had the greatest influence on HP of the five ES with a path coefficient of 0.262. Conversely, temperature exhibited a suppressive influence on ES. The impact of factors such as NPP and altitude on ES was comparatively modest. Notably, human activities assumed a substantial contributory role in shaping the relationship encompassing WCS. It is worth noting that individual factors exerted differential effects on ES along distinct environmental gradients, including anthropogenic gradients. In this context, the combination of high altitude and substantial FVC demonstrated a notable contribution to WCS. Our study can provide valuable insights for the management of ES which can be utilized to optimize the regulation of the Loess Plateau Ecological Screen (LPES) ecological construction and promote regional sustainable development.
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1. Introduction


Ecosystem services (ES) refer to the various economic and social benefits that nature provides, such as landscape, culture, climate, energy, and materials. These services are essential for human well-being [1]. The exploration of ES synergies and trade-offs has become a prominent research topic in the field of ecology [2,3,4]. Considerable progress has been made in estimating ES, understanding their spatial patterns and temporal changes, and comprehending the interactions and trade-offs among multiple ES and associated risks [5,6,7,8,9,10,11,12]. Single-factor studies have broadly advanced our understanding of how individual environmental factors impact ES [13,14,15,16,17]. Ecosystem Services (ES) and their interconnections are shaped by ecological processes, influenced by several key environmental factors such as precipitation, temperature, FVC (fractional vegetation cover), NPP (net primary productivity), altitude, and human activities [18,19,20,21].



The LPES (Loess Plateau Ecological Screen) region encompasses altitudes ranging from 419 to 3590 m and is predominantly mountainous. Previous research has shown that environmental gradients, such as precipitation, altitude, and vegetation cover, have significant effects on ecosystem services in mountainous regions [22,23,24,25]. Research in the Qinling Mountains and other areas indicates that as elevation and vegetation cover increase, net primary productivity, soil conservation, and habitat quality also increase, while water yield and grain yield decrease [26]. Trade-offs between different ecosystem services exhibit varying sensitivities to changes in altitude, vegetation cover, and precipitation, with some increasing and others decreasing [27]. Mountainous areas often have higher biodiversity than surrounding lowlands due to the gradient effects of topography and climate [28]. Ma et al. [29] assessed the spatial variation of ecosystem services along a topographic gradient encompassing elevation, slope, topographic relief, and topographic ecotone. They proposed ecological management measures based on the vegetation types and characteristics of different topographic zones. However, despite the existing research on the response of ecosystem services to environmental gradients [30,31,32], these investigations frequently encounter two inherent limitations. Firstly, these studies often focus on only one factor, and studies that consider multiple factors fail to provide a comprehensive understanding of the primary drivers behind the response of ecosystem services to environmental gradients [22,26,27,28,29,30,31]. Secondly, the selection of influencing factors mainly focuses on natural factors, while the trade-offs associated with human activities are rarely explored [22,27,28,30,31,32]. Policymakers require a comprehensive understanding of the key factors that influence individual interests and trade-offs among multiple ecosystem services, especially when they may conflict with one another [33,34,35,36,37]. The intricate interplay and effects resulting from the combination of these multiple environmental factors on ecosystem services, along with their interconnectedness, have not been comprehensively grasped to sufficiently inform decision making in the context of LPES. Therefore, there is an urgent need for a fresh perspective and widely applicable analytical methods to consider the interactions between explanatory variables. These methods can help analyze the effects of environmental factors on ecosystem services and uncover relationships between different services [38,39]. By identifying the dominant factors and providing valuable insights, these methods will greatly enhance decision-making processes.



This study aims to quantify various ecosystem services in LPES by analyzing multi-source data from 2000 to 2020, considering the complex interplay between climate change, human activities, and ecosystem services. Techniques such as spatial correlation analysis, Pearson correlation coefficient method, and path analysis are employed to evaluate synergies, trade-offs, and the influence of environmental factors, like precipitation, temperature, fractional vegetation cover, net primary productivity, human activities, and altitude, on these services. This research aims to achieve the following objectives: (1) Determine the change patterns of ES in the LPES region over a 20-year period and identify synergies and trade-offs among them. (2) Identify the leading and inhibiting roles of environmental factors in the relationships among different ES. (3) Understand the complex influence of the gradient effects of environmental factors on ES. By clarifying the variation patterns of ES along these environmental gradients, this study intends to provide decision support for the management and planning of the LPES areas.




2. Study Area and Materials


2.1. Study Area


The Loess Plateau Ecological Screen (LPES) is geographically situated between 105.1–112.21°E and 34.01–38.13°N in the middle section of the Yellow River. The LPES, extending from southwest to northeast in a strip-shaped configuration, covers an approximate area of 1.21 × 105 km2 (Figure 1). The altitude varies from 419 to 3590 m, with the highest elevation found in the southern Qinling Mountains. The topography of the Loess Plateau is marked by rolling hills and deep gullies. The region experiences an arid and semi-arid continental monsoon climate [40], with an average annual precipitation of around 600 mm, which is more abundant in the southeast and less in the northwest. The main forest ecosystem types are coniferous forest, mixed coniferous-broad forest, deciduous broad-leaved forest, sparse forest, evergreen broad-leaved scrub, deciduous broad-leaved scrub, open scrub, grassland, tussock, and meadow. The main land use patterns include agricultural, forestry, grassland, and construction use. Soil types include brown, gray-brown, loamy, black clay, loess, windswept, meadow, silt, swamp, and saline soils, to name a few [41]. The predominant soil type is loess with a loose structure, poor soil stability, and susceptibility to erosion. Precipitation in the LPES is concentrated in the summer months [42], generating large surface runoff, and the combination of fragile natural conditions and intensive long-term human activities has resulted in severe soil erosion [43]. The LPES is a vital part of the National Ecological Sheltering Zone, serving as an energy and mineral concentration area while also playing a crucial role in preventing desertification, controlling soil erosion, and protecting habitats [44].




2.2. Data Source


The corresponding data sources are listed in Table 1. The meteorological station point data were converted into a raster format through kriging interpolation to cover the entire study area. The slope length and slope factor were derived from a 30 m DEM dataset. The calculation of SE involved data spanning from 2000 to 2020, with daily and monthly data aggregated into annual data for analysis. Other datasets used in the study are based on annual data specifically for the year 2020.



In order to facilitate research and calculations, as well as minimize the loss of accuracy caused by varying resolutions of raster data from different sources, the resampling technique in ArcGIS 10.8 was used in this research to normalize all the data to a consistent 500 m resolution. We recognized that when high-resolution data are resampled to lower resolutions, it can result in information loss and a decrease in detail, ultimately impacting the accuracy of the images [45]. To address this, we employed resampling methods, like Bilinear, Cubic Convolution, and Pixel Aggregate, to preserve the highest possible data quality. During the resampling process from high-resolution to low-resolution data, the nearest neighbor method ensured that the resulting high-resolution data did not introduce new values [46], while still enabling compatibility with other high-resolution datasets for overlay processing. By resampling the data to a relatively intermediate resolution, we aimed to minimize the loss of precision between the high- and low-resolution datasets. By referring to previous research [47,48,49,50,51], we conscientiously considered the unique characteristics of datasets with varying resolutions and implemented suitable resampling methods to strike a balance between accuracy and efficiency.





3. Methods


3.1. Ecosystem Services Valuation


3.1.1. Sand-Stabilization Service


The amount of wind erosion that would occur under the climatic conditions of an area, assuming no vegetation at all, is the potential wind erosion. The reduction in this wind erosion by the presence of vegetation is denoted as sand-stabilization service (SSS). This project uses the revised wind erosion equation (RWEQ) model [52,53,54] to estimate the sand-stabilization service in LPES. The calculation formula is shown below:


  G =  S  L 1   −  S  L 2    



(1)






   S  L 1   =   2 · x       150.71 · E N  V  − 0.3711      2    · 109.8 · E N V ·  e  −      x  150.71 · E N  V  − 0.3711        2     



(2)






   S  L 2   =   2 · x       150.71     E N V × C O G     − 0.3711      2    · 109.8   E N V × C O G   ·  e  −      x  150.71     E N V × C O G     − 0.3711        2     



(3)






  E N V = A F × E F × S C F ×  K ′   



(4)




where, G indicates the quantity of sand fixation, kg/m2;    S  L 1     and    S  L 2     are the potential amount of wind erosion and the actual amount of wind erosion, kg/m2; x is the distance at which maximum wind erosion occurs, m; ENV is the environmental factor; AF for atmospheric factors, specific calculations refer to Gong et al. [55]; EF is soil erodibility factor;   S C F   as soil surface cover factor (the calculation of EF and SCF is elucidated by Fryrear et al. [52]); K’ is the surface irregularity factor, obtained from the findings of Thomsen et al. [56]; COG is the vegetation cover factor.



(1) Atmospheric factor AF



Under natural conditions, the occurrence and development of wind erosion are driven or constrained by various meteorological conditions such as wind speed, temperature, precipitation, solar radiation, and snowfall. The atmospheric factor AF represents the comprehensive impact of various atmospheric factors on wind erosion, and its expression is as follows:


  A F = W f ×  ρ g  × S W × S D  



(5)




where, AF represents the meteorological factor, with units in kg/m; Wf is the wind force factor, with units in (m/s)3; ρ is the air density, with units in kg/m3; g is the gravitational acceleration, with units in m/s2; SW is the soil moisture factor, dimensionless; SD is the snow cover factor which, due to the lack of corresponding data, is set to 1 here.



(2) Soil moisture factor SW



Soil with higher moisture content is less susceptible to wind erosion, therefore, wind erosion is closely related to soil moisture. The soil moisture factor characterizes the amount of water content in the soil, which is a comprehensive reflection of regional precipitation and evaporation. Its expression is as follows:


  S W =   E  T p  −   R + I      R d  /  N d      E  T p     



(6)






  E  T p  = 0.0162   S R   58.5     D T + 17.8    



(7)




where, R represents the average monthly precipitation, in mm; I is the irrigation amount; Rd is the average number of rainy days per month; Nd is the number of days per month; ETp is the potential evaporation, in mm; SR is the average total solar radiation per month, in MJ; DT is the average temperature per month, in °C.



(3) Soil erodibility factor EF



The wind speed required to transport soil particles varies with their size, with coarser particles requiring higher shear wind speeds; when the required shear wind speed exceeds the actual wind speed, coarse soil particles will not be transported. Substances like organic matter, clay, and calcium carbonate in the soil can form micro-aggregates, reducing the soil’s erodibility. We have summarized Saleh’s experience and calculated the EF value using the following equation [57]:


  E F =   29.09 + 0.31 s a + 0.17 s i + 0.33     s a   c l     − 2.59 O M − 0.95 c a c  o 3    100    



(8)




where, sa represents the soil coarse sand content (%), si is the soil fine sand content (%), cl is the soil clay content (%), OM is the soil organic matter content (%), and caco3 is the calcium carbonate content (%).



(4) Soil crust factor SCF



Soil particles, especially clay, silt, and organic matter particles, bond together to form a unique physical, chemical, and biological micro-layer on the soil surface, known as soil crust (also referred to as a crust layer). The calculation formula for the soil crust factor (SCF) is as follows:


  S C F =  1  1 + 0.0066     c l    2  + 0.021     O M    2     



(9)




where, cl is the soil clay content (%) and OM is the soil organic matter content (%).



(5) Surface roughness factor K’



In RWEQ, surface roughness primarily refers to the changes in surface conditions and the impact on soil wind erosion due to the presence of cloddy soil and ridges produced by farming. Surface roughness is mainly calculated based on topography and slope.



(6) Vegetation cover factor COG



The vegetation cover factor indicates the extent to which vegetation inhibits wind erosion.


  C O G =  e  − 0.0483 ∗ V C    



(10)




where, VC represents the vegetation cover degree (%).




3.1.2. Soil Conservation Service


Soil retention of vegetation is an indicator used to evaluate the benefits of land conservation, and it reflects the inhibitory effect of vegetation on soil erosion. Specifically, the soil retention of vegetation is equal to the potential soil erosion in the absence of vegetation minus the actual soil erosion that would have occurred with vegetation cover. The Universal Soil Loss Equation (USLE) is a model used to assess soil loss and is often utilized in large-area soil and water conservation studies in China. Therefore, USLE was selected to assess the soil conservation service (SCS) in LPES ecosystems for this project [58,59]. The calculation formula is shown below:


  S C = S  E p  − S  E a  = R · K · L S ·   1 − C O G    



(11)




where,   S C   is the soil conservation, [t/(hm2·a)];   S  E p    and   S  E a    are the potential soil erosion and actual soil erosion, respectively, [t/(hm2·a)];  R  is the precipitation erosion force factor,   MJ · mm /     hm  2  · h · a    , which is predicated upon the estimation of daily precipitation utilizing the semi-monthly precipitation erosivity model [60]; K is the soil erodibility factor,   t ·   hm  2  · h /     hm  2  · MJ · mm    , which was calculated using the EPIC model [61]; LS is the topography factor, calculated using the method of Nearing [62]; COG represents the vegetation cover factor, calculated using the method of Fistikoglu and Harmancioglu [63]. The calculation process for the different factors are shown below:



(1) Precipitation erosion force factor R


  R =   ∑   k = 1   24     R ¯  k   



(12)






    R ¯  k  =  1 n    ∑   i = 1  n    ∑   j = 0  m    α ·  P  i , j , k   1.7265      



(13)






    R ¯  k  =   ∑   k = 1   24     ∑   i = 1  n    ∑   j = 0  m    α ·  P  i , j , k   1.7265      



(14)




where, R is the multi-year average annual precipitation erosion force,   MJ · mm /     hm  2  · h · a    ;     R ¯  k    is semi-monthly, where k is the precipitation erosion force of the k-th semi-month,   MJ · mm /     hm  2  · h · a     for 24 and a half months of the year, i.e., k = 1, 2, …, 24; i is the year of the used precipitation information, i.e., i = 1, 2, …, n; j is the number of days of erosive precipitation in the k-th half month of the i-th year, i.e., j = 1, 2, …, m;    P  i , j , k     is the j-th erosive daily precipitation in the k-th half month of the i-th year (mm);  α  is a parameter with  α  = 0.3937 in the warm season and  α  = 0.3101 in the cold season.



(2) Soil erodibility factor K


  K =   − 0.01383 + 0.51575 ·  K  E P I C      



(15)






   K  E P I C   =   0.2 + 0.3 ·  e    − 0.0256 ·  m s    1 −  m  s i l t   / 100         ×      m  s i l t   /    m c  +  m  s i l t         0.3   ×   1 − 0.25 · o r g C /   o r g C +   e    3.72 − 2.995 · o r g C         ×   1 − 0.7   1 −    m s    100     /     1 −    m s    100     +  e    − 5.51 + 22.9   1 −    m s    100              



(16)




where,    m c   ,    m  s i l t    ,    m s   , and   o r g C   are the clay grain (<0.002 mm), powder grain (0.002~0.05 mm), sand grain (0.05~2 mm) and organic carbon, %, respectively.



(3) Topographic factors LS


  L =     λ / 2.13    m   



(17)






  S =           10.8 sin θ + 0.03                     θ < 5.14 °       16.8 sin θ − 0.5                       5.14 ° ≤ θ < 10.20 °           21.91 sin θ + 0.96                     10.20 ° ≤ θ < 28.81 °       9.5988                     θ > 28.81 °        



(18)




where, L is the slope length factor; S is the slope factor; m is the slope length index;  θ  is the slope, °;  λ  is the slope length, m.




3.1.3. Water Conservation Service


The water balance equation was used for the calculations, where water supply services are assumed to be equal to the difference of precipitation minus evapotranspiration and stormwater runoff. The calculation of evapotranspiration is based on the Zhang model [64], while stormwater runoff is estimated using the stormwater production model. The calculation indexes include annual precipitation, annual evapotranspiration, and annual precipitation runoff. The water balance equation is calculated as follows:


  W B = P R E P − E T − Q F  



(19)




where, WB is the water-bearing capacity, mm; PREP is the annual precipitation, mm; QF is the stormwater runoff, mm; ET is the actual evapotranspiration, mm.



(1) Stormwater runoff QF



Stormwater runoff is calculated using precipitation multiplied by runoff coefficients, where the extent to which different land use types respond to precipitation varies.


  Q F = P × α  



(20)




where, P is precipitation, mm; α is the surface runoff coefficient for different land use/cover types (Table 2).




3.1.4. Carbon Sequestration Service


The carbon sequestration service (C) is calculated by multiplying the biomass of various vegetated ecosystems with the corresponding biomass–carbon conversion coefficients. These coefficients are determined using techniques such as quantitative remote sensing of vegetation, model fitting, and actual sample plot data [65,66,67,68,69,70,71]. The main calculation formula is as follows:


  C O S =   ∑   i = 1  j  A G  B i  ×  C i   



(21)




where, COS is the amount of carbon stored in the vegetation and other aboveground biomass within terrestrial ecosystems; i is the i-th type of ecosystem; j is the overall quantity of distinct ecosystem categories; AGBi is the aboveground biomass of the i-th ecosystem type; the coefficient Ci represents the amount of carbon produced from the biomass of ecosystem type i.




3.1.5. Habitat Provision


The evaluation of regional biodiversity in this project, which focused on regional habitat quality and habitat scarcity, was based on calculations performed using the InVEST model (Stanford University, Stanford, CA, USA, model available at https://naturalcapitalproject.stanford.edu/software/invest, accessed on 1 May 2022), as evidenced by the biological habitat quality index [72,73,74,75,76,77,78]. More details can be found in the InVEST user’s guide (https://storage.googleapis.com/releases.naturalcapitalproject.org/invest-userguide/latest/en/index.html, accessed on 1 May 2022) and the relevant literature [79,80]. The calculation formula is as follows:




	①

	
site quality











   D  x j   =   ∑   r = 1  R    ∑   y = 1    Y r     r y   i  r x y    β x   S  j r        w r      ∑   r = 1  R   w r       



(22)




where,    D  x j     is the total stress level of raster x in LULC (land use and land cover) or habitat type j;    r y    is the stress factor in raster; y is the stress effect of the stress factor in raster on raster, and the stress effect is divided into linear decay and exponential decay; the impact of stress factor r on raster y in raster x is represented by    i  r x y    , and this impact is categorized into two types of stress effects: linear decay and exponential decay;    β x    is the reachability level of raster x;    S  j r     is the sensitivity of habitat type j to stress factor r, (if    S  j r     = 0, then    D  x j     is not a function of threat r); the weight assigned to a stressor is known as    w r    and reflects the extent of the damage caused by that stressor on all types of habitats.




	②

	
habitat scarcity











   R x  =   ∑   x = 1  X   σ  x y     1 −    N j     N  j b a s e l i n e        



(23)




where,    R x    is the scarcity of raster x;    N j   .    N  j b a s e l i n e     is the number of LULC (land use and land cover) type j grids in the baseline landscape pattern;    σ  x y     is a binary number,    σ  x y     = 1 when raster x is of LULC (land use and land cover) type j, otherwise    σ  x y     is 0.





3.2. Ecosystem Services Trade-Offs and Synergies


Synergy: when the enhancement of one service is carried out together with the enhancement of another service, there is synergy between the two services [81]. Trade-off: a trade-off between two ecosystem services occurs when one service is promoted at the sacrifice of the other [82]. Unrelated: if one ecosystem service increases or remains unchanged while the other does not change, then their interaction is considered unrelated. In each sub-barrier, there is spatial heterogeneity among various ecosystem services, which can result in localized trade-offs and synergies due to the unique spatial distribution patterns [10,83,84,85]. Therefore, the correlation coefficients between the five ES in the study area for the five periods from 2000 to 2020 were calculated using the image-by-image spatio-temporal correlation analysis.



The correlation coefficients between the two groups of ecosystem services were calculated separately based on the image-by-image spatial correlation analysis method—Pearson product–moment correlation coefficient method [86]. The trade-offs and synergies between ecosystem services are measured according to the positive and negative correlation coefficients and the magnitude of the absolute value of the relationship with the following equation:


  R =   ∑    x i  −  x ¯    ∑    y i  −  y ¯        ∑      x i  −  x ¯     2  ∑      y i  −  y ¯     2       



(24)




where, R is the correlation coefficient; if R is positive, the relationship between the two services is synergistic, and vice versa, the relationship is a trade-off; if R is 0, there is no correlation, and a larger absolute value indicates a stronger correlation, i.e., a greater degree of synergy or trade-off; x and y are the two ecosystem service variables; i is the data of the i-th period.




3.3. Construction of an Evaluation System for Assessing the Impact of Human Activities


Rapid socioeconomic development drives an increased demand for natural resources, leading to intensified and widespread human activities that transform the natural environment. Consequently, this results in escalating disturbances and pressures on the ecological environment [87,88,89]. When assessing their impact on the ecological environment, one widely used approach involves analyzing LULC changes, which serve as a direct and prominent indicator of human activities on the surface ecosystem. Evaluating regional human activity intensity from a landscape perspective through LULC changes is a common and effective method [90,91,92]. The research conducted by Yang et al. [93] demonstrates that rural settlements increasingly exhibit a pronounced tendency to cluster and develop in areas characterized by superior topographic conditions, particularly those with lower gradients. So, we included the terrain factor in evaluating the intensity of human activities and discovered that population density is directly related to human activity [94,95].



In this study, a total of five indicators, including altitude, slope, undulation, LULC, and population density index, were selected to construct an evaluation system of human activity intensity. In this study, the final human activity intensity was calculated by the ArcGIS spatial statistics method using weighted summation. The calculation formula is below:


   T i  =   ∑   i = 1  n   W i  ×  C i   



(25)




where, T represents the composite score of the human activities index of each evaluation unit within the raw LPES, n represents the i-th evaluation index factor, Ci corresponds to the score of the i index factor, and Wi represents the weight of the corresponding i index factor.



According to the actual LPES [96,97,98,99], an expert scoring method was used to assign indicator values to each category of indicators (Table 3).




3.4. Path Analysis


Passage path analysis is a multi-variate statistical analysis technique that belongs to the Structural Equation Model (SEM) [100]. Unlike typical statistical techniques such as simple or multiple regression, path analysis facilitates the exact quantification of associations among numerous independent and dependent variables. Further, it distinguishes between the direct and indirect effects of the explanatory variables on the response variable. To conduct a path analysis, a conceptual model must first be built, employing our a priori knowledge about empirical connections between variables [101]. In this study, we developed a conceptual model specifying the relationship between different factors and ES, while considering the interactions between these factors (see Figure 2). Specifically, we hypothesized that the six factors, precipitation, temperature, FVC, NPP, human activities, and altitude, affect ES not only directly, but also indirectly through the interactions among these factors. Each of the paths we hypothesized has been studied by scholars. For example, temperature to FVC, NPP [102,103,104,105,106]; precipitation to FVC, NPP [107,108]; FVC to NPP [109]; human activities to ES [110]; FVC to ES [111,112,113]; temperature to ES [114]; precipitation to ES [112,115,116]; altitude to ES [117], etc. We quantified the effect of explanatory variables on response variables using standardized path coefficients. For example, the total impact of precipitation on ES is calculated as the sum of the products of the normalized path coefficients along each path from precipitation to ES. In this study, a path analysis of the effects of each factor on ES was conducted, followed by a path analysis of the effects of synergies and trade-offs between the factors on ES. Finally, in ArcGIS 10.8 software, the spatial coordinates of the six different environmental factors from various data sources were standardized. The raster data were then resampled to a resolution of 500 m, ensuring that all raster data had the same number of rows and columns. Then, using the equal interval method, the six factors were divided into four equal-value gradients, and the impact of each factor on ES under different gradients was investigated (Figure 3 and Figure 4). The path analysis was performed in R using the “lavaan 0.6-12” package and all variables were normalized prior to the analysis [118]. The normalization method is shown in Equation (26):


   X ∗  =   X − m i n   /   m a x − m i n    



(26)




where, max is the maximum value of raster data and min is the minimum value of raster data.





4. Results


4.1. Trends in ES on the Loess Plateau Ecological Screen from 2000 to 2020


Over the 20 years, the five ES values have been in a fluctuating upward trend (Figure 5). The most significant growth was seen in C (carbon sequestration service), with an increase of 39.4%, while SSS (sand-stabilization service) grew more slowly, with an increase of 5.6%. WCS (water conservation service) increased by 36.4%, HP (habitat provision service) by 23.5%, and SCS (soil conservation service) by 6.9%. With the exception of HP, there were significant fluctuations in the other four ES in 2015.



Figure 6 reveals that C and HP are increasing across most areas, with only a small portion showing a decline in impervious land use types. Approximately one-third of SSS exhibits non-growth, largely coinciding with forest distribution. Conversely, WCS demonstrates non-increasing trends in around two-thirds of the area, with areas of growth highly overlapping with forest distribution. The growth and decrease in SCS exhibit irregular patterns. Overall, the ecosystem services in the LPES region show a positive trend of increase.




4.2. Ecosystem Service Trade-Offs and Synergies


See Figure 7. There was a high synergy between HP and SSS throughout the study area; however, due to the absence of SSS growth in forested regions, HP and SSS are not correlated in forested distribution areas. The co-increase in HP and SSS is likely due to the combined effect of vegetation structure. Complex vegetation structures can provide the habitat diversity and food chain support required by habitats [119,120]. A more complex vegetation structure can slow down wind speed and reduce wind erosion of the soil [121]. HP and SSS are the most obvious synergy of the ten relationships. The HP and SSS trade-offs were mainly distributed in the impervious region. The high synergy and high trade-off between SCS and SSS were interleaved in the distribution, and again, SCS and SSS were uncorrelated in forested areas. C and SSS had significant trade-offs in grasslands in the northern region, with high overlap with areas of low NPP values, high synergy values in the south and the east where cropland intersected with impervious land and grasslands, and low synergy interspersed with low trade-off values in the rest of the region. Due to the significant presence of non-changing regions in both WCS and SSS data, these areas complemented each other within the study area. As a result, the uncorrelated regions of WCS and SSS were the largest in extent. The synergy between SCS and HP was more pronounced in the steppe region, while other regions exhibited a combination of high synergy and high trade-offs. The areas with higher trade-off values of C and HP aligned with the lower values of NPP, whereas the regions with higher synergy values were found in lower elevation areas. The high synergy between WCS and HP was distributed in the forest region, as WCS changed only in the forest region, and only a few of the low trade-offs were distributed in the southernmost high-altitude areas of the study area. In the northern part of the study area, there was a more concentrated trade-off between C and SCS, particularly in regions with low NPP values. The distribution of WCS and SCS was similar to that of WCS and HP, but the relationship was mainly low synergy and low trade-off. Similarly, the distribution of WCS and C showed a resemblance to WCS and HP, with the relationship primarily being a trade-off, except in high precipitation areas in the southern part of the study area where synergy was observed.




4.3. Ecosystem Services Impact Factor


We used path analysis to assess the relative effects of precipitation, temperature, FVC, NPP, human activities, and altitude on ES and to determine which of the six factors best explained the synergy and trade-offs of ES. In the model, all six factors were considered to affect ES directly, precipitation, and temperature were considered to affect ES indirectly through FVC and NPP, and FVC indirectly through NPP (Figure 8).



Precipitation had a larger total effect on C (net effect = 0.699) than FVC, human activities, and altitude (net effects of 0.165, 0.098, and 0.08, respectively), with NPP and temperature acting as inhibitors of C (net effects of −0.045 and −0.152). Precipitation had a larger total effect on HP (net effect = 0.594) than FVC, human activities, altitude, and temperature (net effects of 0.16, 0.262, 0.271, and 0.082, respectively), with NPP acting as a suppressor of HP (net effect of −0.015). Precipitation had the largest total effect on SCS (net effect = 0.726), which was greater than FVC, human activities, and altitude (net effects of 0.183, 0.151, and 0.071, respectively), where temperature and NPP played an inhibitory role on SCS (net effects of −0.095 and −0.019). Precipitation had the most significant overall effect on SSS with a net effect value of 0.675, compared to FVC and human activities, which were inferior to precipitation in terms of their net effect on the ecosystem. Specifically, the net effect of FVC was 0.136 and the net effect of human activities was 0.148. The net benefit of NPP on SSS was −0.063, and when ecosystem NPP increases, it may not necessarily have a positive impact on ecosystem maintenance and development but may instead have a degree of inhibitory effect. The net effect of temperature on SSS was −0.103, which implies that an increase in temperature may have a negative effect on SSS. Precipitation had the largest total effect on WCS (net effect = 0.707), which was greater than FVC, human activities, and altitude, (net effects of 0.101, 0.092, and 0.175, respectively). Temperature and NPP inhibited SCS (net effect of −0.101 and −0.012, respectively). In conclusion, precipitation has a significant impact on various ecosystem indicators and, in many cases, its influence is more pronounced compared to other factors. These findings highlight the crucial role of precipitation in maintaining and shaping ecosystem functionality. The findings from Wang et al.’s [122] study further support that water yield in the Loess Plateau region is primarily influenced by annual mean precipitation, which emerges as the dominant driving factor.




4.4. Ecosystem Service Trade-Offs Impact Factor


Among the trade-offs among ecosystem services, the total effect of precipitation on ES was dominant and played a facilitating role (Figure 9). The direct effect of precipitation on both HP and C and SCS and C was 0.68. In the relationship where both contain C, it is possible that precipitation promotes C and inhibits HP and SCS. The net benefits of human activities on the trade-offs between SCS and WCS, SSS and WCS, and C and WCS are 0.573, 0.573, and 0.521, respectively, indicating that the impact of human activities will cause SCS, SSS, and C to grow at the expense of a portion of WCS. Temperature exerted a significant inhibitory effect on the trade-off between HP and SSS, with a direct effect of −0.36.




4.5. Ecosystem Services Synergies Impact Factor


See Figure 10. In the synergy of C and WCS, precipitation is the main influencing factor of the relationship with a net benefit of 0.676, of which the direct benefit is 0.64, the effect on ES synergy through FVC is only 0.03, and the effect through NPP is −0.22. Temperature has negligible direct effects on the synergy between C and WCS (0.003). However, its indirect effect through FVC (−0.58) is more apparent, as indicated by the path coefficient analysis. This suggests that temperature indirectly inhibits synergy by negatively influencing FVC. Human activities and FVC contribute to the synergy of C and WCS, while altitude and NPP act as inhibitors. Notably, FVC inhibits the inhibitory effect of NPP by inhibiting NPP and thus, the indirect effect of FVC on the synergy of C and WCS is also facilitated. In the synergy of HP and C, precipitation is the main influencing factor of the relationship with a net benefit of 0.623, where the direct benefit is 0.59 and the net effect of FVC is 0.189. The temperature factor indirectly inhibits ES synergy through a strong facilitative effect on NPP, which, together with the direct inhibitory effect of −0.28, results in a total effect of −0.303. The relationship between the effects of several other factors is weaker. The dominant factors of HP and SCS are similar to HP and C, but the temperature factor promotes the synergy of HP and SCS through to FVC. The dominant factors for HP and SSS are similar to those for HP and SSS, but the contribution of temperature to FVC is more pronounced, with an effect coefficient of 0.39 for this path. The role of human activities is noteworthy across multiple synergies. It is evident that human activities significantly contribute to the synergies of HP and WCS, SCS and WCS, and SSS and WCS. This contribution is comparable to the net benefit of precipitation, underscoring the importance of human activity in shaping these relationships. All three relationships involve WCS. Earlier, we hypothesized that planted forests could respond to human activities to some extent. A study conducted by Jin et al. [123] demonstrated that planted forests in the Loess Plateau region have the potential to enhance soil water-holding capacity and improve water retention abilities. The contribution of altitude and NPP factors in all ten synergies was relatively weak, and the effect of the altitude factor was almost negligible in the relationship between SCS and WCS. The effect of the NPP factor was also negligible in the synergy of HP and WCS, SSS and C, and SSS and SCS. In the synergy of SSS and WCS, only precipitation was inhibitory to NPP, while the rest were facilitative.





5. Discussion


5.1. Analysis of the Individual Drivers of Ecosystem Services


In this study, a path analysis model was utilized to analyze the direct and indirect effects of different factors on ecosystem services (ES). The findings indicate that the dominant factors influencing ES are consistent in LPES, where precipitation plays a significant role in explaining the variation in ES, while the impact of NPP on ES is relatively weak. Precipitation plays a crucial role in supporting vegetation growth as it acts as a necessary condition. In arid and semi-arid regions, precipitation plays a crucial role in promoting vegetation growth and directly impacting its condition. When analyzing the direct path of ecosystem services (ES) without dividing the gradient, the path coefficient from precipitation to FVC is approximately 0.35. Similarly, when assessing synergies and trade-offs between ES, this path coefficient from precipitation to FVC is often around 0.30. It is worth noting that only the trade-offs among SSS, SCS, and WCS exhibit negative values for this path coefficient from precipitation to FVC. This can be attributed to precipitation promoting all three ES and thus suppressing the trade-offs between them. Given that the response of each ES to climatic factors is a shared response, it becomes challenging to elucidate the specific impact of individual climatic factors on their relationship with ES [124]. For example, precipitation can modulate the extent of SCS by affecting changes in surface runoff [125]. Research has demonstrated that warming expedites the decomposition of soil organic matter and extends the vegetation growth period, thereby facilitating vegetation growth [105]. Therefore, in a direct study of ES, this coefficient of passage from temperature to NPP is 0.35. It is also common for this coefficient of passage from temperature to NPP to be greater than 0.40 in a pathway analysis of synergies and trade-offs among ecosystem services. Temperature is a major factor affecting NPP. Temperature directly or indirectly influences physiological processes such as photosynthesis, respiration, and plant water transpiration, which in turn impact the magnitude of NPP. More specifically, as temperature rises, the rate of photosynthesis tends to increase at a faster rate compared to the acceleration in plant respiration. This dynamic effect leads to a promotion of the net photosynthetic rate, thereby facilitating an overall increase in the plant’s productivity. Simultaneously, an elevation in temperature also results in an upsurge in the transpiration rate of plant leaves, thereby influencing plant water use efficiency. According to Zhu et al. [106], a significant decrease in summer temperatures within the central Loess Plateau may have detrimental effects on vegetation growth. Overall, the promotion effect of temperature on NPP is more significant within a certain range, but beyond the plant physiological adaptation zone, plant growth is inhibited, thus reducing NPP [102,103,104].



Agricultural activities, industrial production, and other human endeavors necessitate significant amounts of water resources. However, the wastewater and industrial waste stemming from such activities can contaminate neighboring water sources, thereby posing a threat to the quality and stability of the watershed ecosystem [126,127]. Thus, human activities exacerbate the four trade-offs between WCS and HP, C, SSS, and SCS. However, we observed a similar pattern in terms of synergy, where the net benefits of human activities for C and WCS, HP and WCS, SCS and WCS, SSS and WCS were 0.241, 0.636, 0.622, and 0.626, respectively. Among these relationships, only C and WCS demonstrated lower values for the path coefficient influenced by human activities. The Chinese government’s implementation of the “Three-North Shelter Forest Program” in recent years has generally resulted in a promotion of C. However, the promotion of WCS in areas with significant human activities is not as pronounced as it is for C. It is worth mentioning that the relationship between C and WCS is not as explicitly influenced by human activities compared to the other three factors.



In the NPP gradient, the effect of the altitude factor on C gradually diminished with increasing NPP, and at NPP values above 518.8 (at normalized values greater than 0.75) the altitude factor exerted an inhibitory effect on C (Figure 11 (1)). Li et al. [128] demonstrated a negative correlation between aboveground biomass carbon density and altitude in the Loess Plateau. At LPES, higher altitude results in greater diurnal temperature differences. In areas with lower NPP values, plants experience less spatial competition pressure and higher diurnal temperature differences can enhance plant carbon accumulation. This finding is similar to Warren’s conclusion that increasing altitude has a positive effect on the reproduction of understory plants [129]. In human activities, the temperature factor decreased and then increased with increasing NPP gradient for ES, while the precipitation factor increased and then decreased (Figure 11 (1–5)). Areas with low NPP values naturally experience poor precipitation conditions. However, the implementation of the “Three-North Shelter Forest Program” has greatly contributed to the restoration of vegetation in these areas. With the introduction of anthropogenic reforestation activities, fallowing, and grass restoration, human activities have played a significant role in enhancing ecosystem services (ES) in regions previously characterized by unfavorable conditions. Wang et al. [130] found that human activities made the largest contribution to vegetation ecosystem restoration in the Shaanxi region. However, in areas with moderate NPP values, a natural balance and circulation between natural factors and ecosystem services were already established. Introducing human activities in such areas could potentially disrupt this delicate balance and have counterproductive effects. Jia et al.’s [110] study in the LPES region has shown that a large number of exotic tree species (e.g., R. pseudoacacia, P. tabulaeformis and C. korshinskii) and their high-density planting have a negative impact on the soil water content of the region and further endanger the sustainability of the fragile ecosystem. In areas with moderate NPP values, an increase in precipitation could promote ES growth and virtuous cycles. In areas with high NPP values, precipitation is sufficient to support higher NPP, as high vegetation cover leads to increased evapotranspiration, reducing the positive effect of increased precipitation on WCS, and the advantage of precipitation gradually disappears [112]. Instead, it is the increase in temperature and the disturbance of human activities that can mobilize the activity of ecosystem services in high NPP areas [131]. In the NPP gradient, the effect of the altitude factor on WCS gradually increases with increasing NPP, shifting from a negative effect in low NPP regions to a positive effect in high NPP regions (Figure 11 (5)). In areas with low NPP, an increase in altitude factor accompanied by an increase in slope leads to an increase in the flow rate of surface runoff [132], not favorable to WCS. In the area of high NPP, the altitude factor makes the vegetation play a more stereoscopic role in water retention. A study by Ren et al. [133] in Hainan Province showed that areas with high altitudes and large changes in slope have a strong WCS. The effect of the FVC factor on WCS showed a weak continuously decreasing trend. This decline in the influence of FVC on WCS was primarily attributed to the high evapotranspiration rates observed in the high NPP regions of LPES [111,112].



In the FVC gradient, the effect of the altitude factor on C increases and then decreases (Figure 11 (6)). Extreme values of FVC, whether too high or too low, can lead to soil instability and subsequently affect the carbon sequestration capacity of plants. Moreover, variations in altitude across the Loess Plateau result in changes in temperature and humidity, which further influence the efficiency of water and nutrient utilization by plants. These factors collectively diminish the ability of plants to adapt to environmental fluctuations [128]. The influence of temperature on HP increases slowly (Figure 11 (7)). Areas with high fractional vegetation coverage (FVC) serve as valuable habitats for a diverse range of wildlife, constituting a relatively intact ecosystem. Areas with high FVC are usually richer in organic matter, and in this case, the soil is more abundant in nutrients and water, thus being able to support higher quality habitat ecosystems. Furthermore, areas with higher temperatures often provide more favorable ecological conditions, allowing specific types of plants and animals to thrive and leading to higher quality HP [134,135,136]. The effect of the altitude factor on WCS was weak in the first three gradients where FVC was less than 0.75 and increased significantly after FVC was greater than 0.75 (Figure 11 (10)), a result that further demonstrates that the slope effect of altitude works together with FVC on WCS [128,133]. The effect of precipitation on ES is prominent in the FVC100 gradient (Figure 11 (6–10)). High FVC in an area plays a crucial role in soil protection, erosion reduction, and facilitating greater infiltration of rainwater into the soil. This, in turn, ensures an adequate water supply for plants and animals. Adequate precipitation promotes plant growth, facilitates the absorption of carbon dioxide, and contributes to increased C [137]. Areas with dense vegetation provide abundant habitat and food sources for wildlife. The presence of higher precipitation levels translates to increased availability of food and water resources, thus fostering a thriving population of animals in these areas [107,108]. In the FVC gradient, the pattern of influence of the remaining factors on ES was not obvious.



In the PREP gradient, the effect of the PREP factor on ES was significantly greater than the other factors, and all showed a trend of increasing, then decreasing, and then increasing as the PREP gradient increased (Figure 11 (11–15)). The precipitation-based gradient provides insights into the climate distribution in the LPES region and reflects the dominance of precipitation [112,116]. The effect of the temperature factor on C decreased then increased (Figure 11 (11)). The effect on HP increased and then decreased (Figure 11 (12)). In the FVC gradient, the effect of the temperature factor on HP increased with increasing FVC gradient (Figure 11 (7)), but the same pattern did not appear in the precipitation gradient. In the LPES region, the highest gradient of precipitation was observed in the high-altitude mountains located in the southern part of the study area. In this context, while there is still a positive effect of temperature change on HP, it is not as prominent compared to regions with lower altitudes and higher levels of precipitation. However, plants are more sensitive to temperature changes at high altitudes and high precipitation areas, so the contribution of temperature changes to C is more prominent [138]. The trend of the effect of temperature factor on the remaining ES was the same as that of precipitation, which had a complementary effect with the temperature factor on SSS, SCS, and WCS. The study conducted by Bai et al. [115] highlights the significant impact of temperature and precipitation fluctuations on ES. The altitude factor showed a gradual increase in the effect of SSS from a negative effect of PREP25 to a positive effect of PREP100 (Figure 11 (14)). Because the potential wind erosion, potential soil erosion, surface roughness, and other factors may increase in areas with high precipitation as the altitude rises, the impact on SSS may also increase. Han et al. [117] demonstrated that higher altitudes correspond to lower air density, resulting in decreased sand transport and creep. The impact of FVC on WCS showed a gradual downward trend from a positive impact on the PREP25 gradient to a negative impact on the PREP100 (Figure 11 (15)). If FVC values are too high, accompanied by high precipitation, plants grow vigorously, resulting in greater vegetative transpiration, thus suppressing WCS. The study by Zhang et al. [113] in the Loess Plateau region alone showed that increased precipitation and increased canopy transpiration can lead to a decrease in soil water content. The effect of the human activities factor on all ES showed an increasing trend before PREP75 and a decreasing trend after PREP75 (Figure 11 (11–15)). Since precipitation is larger and overlaps with high-altitude areas, the ecosystem in alpine areas is more fragile, and anthropogenic afforestation activities will instead have a negative impact on ES [139].



In the human activities’ gradients, the precipitation factor plays a weaker or even negative role on ES as human activity increases (Figure 11 (16–20)). In recent years, human activities in the LPES region have focused on afforestation efforts in arid areas. These regions originally had low levels of precipitation, making them unsuitable for vegetation survival. However, through artificial afforestation and the implementation of irrigation measures [140], the role of precipitation factors has diminished in these areas. The effects of the temperature factor on HP and the NPP factor on SSS were negatively correlated with the gradient of human activities (Figure 11 (17,19)). In areas with high human activity, where artificially planted vegetation is more vulnerable, high temperatures can accelerate water evaporation from plants. This can result in slower growth, reduced vegetation cover, and ultimately lower HP. A study conducted by Urban [114] indicates that higher temperatures increase the risk of species extinction. The study by Zhang et al. [109] demonstrates that vegetation restoration directly enhances NPP, promotes water regulation and soil conservation, and reduces wind erosion. However, these findings contradict the results of our study.



The effects of the FVC factor on C, the FVC factor on SCS, and the altitude factor on WCS in the temperature gradient were negatively correlated with the gradient of temperature (Figure 11 (21,23,25)). An increase in FVC in the low-temperature gradient region promoted C more than an increase in FVC in the high-temperature gradient region. High temperatures led to faster transpiration rates, increased water loss in plants, and also affected photosynthesis in plants. These two elements led to a slowdown in the rate of carbon dioxide fixation by plants, thus reducing the carbon sequestration capacity of plants. In addition, high temperatures may also make the metabolic rate of plants higher and increase respiration, which further reduces the carbon sequestration of plants. Tang et al. [141] found that carbon density decreased with increasing temperature. Although vegetation can improve the ecological environment of the LPES region to some extent, over-reliance on vegetation may lead to counterproductive and exacerbated ecological problems and reduced SCS under drought and high-temperature conditions. According to Ma et al. [142], their research conducted in the Tibetan Plateau region reveals that the positive effects on ecosystems become less prominent when the average annual temperature exceeds −3.44 °C. Furthermore, the impact on ecosystem services turns negative when the average annual temperature surpasses 1.98 °C. In summary, the positive effect of increased FVC on SCS is likely to be diminished in areas with high-temperature gradients. In the analysis earlier in the article, it was found that the promotion of WCS by altitude became more pronounced as the gradient of NPP and FVC increased, and that the combination of high coverage and high altitude better promoted WCS. However, this changed with increasing temperature, suggesting that although high-altitude areas favor WCS in densely vegetated areas, the promotion of SCS by altitude is weakened by temperature when high altitude and high temperature are present simultaneously.



In the altitude gradients, the effect of FVC on ES trended upward and then downward (Figure 11 (26–30)). The ecological benefits of vegetation are better utilized at the right altitude [143]. The effect of the precipitation factor on WCS decreased with increasing altitude gradient. The physical and chemical characteristics of higher altitudes resulted in lower water recovery. For example, the higher percentage of rocks in the soil at higher altitudes, the looser texture of the soil, and factors such as poor soil and high sand content resulted in higher precipitation not bringing a simultaneous increase in WCS.




5.2. Contribution of the Research


Our study aims to explore ecosystem service synergies and trade-offs under bioclimatic and human control. Existing studies have focused on the synergies and trade-offs of ecosystem services [2,3,10,22,82], but the studies on which factors or multiple factors affect the synergies and trade-offs of ecosystem services are incomplete. Therefore, in addition to exploring the synergies and trade-offs of ecosystem services in our study, we also investigated the factors affecting the synergies and trade-offs of ES using path analysis methods. We uniquely conducted path analysis on multiple gradients of multiple factors, a total of 120 scenarios. The data we used are available on open-access websites. Our study found that precipitation plays a major driving role in most of the relationships. In addition, the impact of human activities on WCS is well worth our further attention.




5.3. Uncertainties and Limitations


There are some limitations to this study. Due to the limitation of the length of the article, the significance analysis of the results is not included in this paper, but it does not affect the purpose of the study. Since WCS has a large area of 0 values in desert areas, the correlation coefficient in calculating the synergies and trade-offs between WCS and other ES is 0, i.e., no correlation. When performing synergies and trade-offs analyses, some results appear gridded. The reason for this phenomenon may be that the grid meteorological data obtained by spatial interpolation are used in estimating ES. Caveats, limitations, and uncertainties of the data sources, indicators, and analytical methods can have some impact on the conclusions drawn from a study. When considering data sources, it is important to take into account appropriate temporal and spatial resolutions. Data obtained from open-source websites may have limited availability in terms of the types of data provided. It is necessary to resample data from different sources to a uniform resolution, which may result in a decrease in data accuracy. Additionally, the accuracy of the data may also be limited, such as land use and land cover (LULC) data, which typically achieves a classification accuracy of around 90%. In terms of ecosystem services (ES), there are currently limitations in measuring and assessing them comprehensively. Although some indicators and methods exist, further research is needed to enhance and expand the scope of ES measurement. Analytical methods may involve the use of calculation coefficients or factors, such as surface runoff coefficients for different vegetation types in WCS (Table 2). However, the applicability of these coefficients can be limited, as they may be based on assumptions or empirical estimates that might not encompass all environmental conditions or data quality considerations. These caveats, limitations, and uncertainties can influence the conclusions of a study. The limited availability and accuracy of data can introduce biases or uncertainties in understanding and interpreting the research question. Constraints in measuring ES comprehensively can result in an incomplete assessment of their value and impacts. The limited applicability of calculation coefficients used in analytical methods can introduce errors or inaccuracies in the results. In future studies, to mitigate these effects, it is crucial to carefully select data sources and acknowledge and consider their limitations. Ongoing research and improvement of ES measurement indicators are necessary to enhance their comprehensiveness and accuracy. The applicability of calculation coefficients should be validated and adjusted based on specific conditions to ensure accurate results. The comparison between ES in ecologically engineered and non-ecologically engineered areas was not conducted in this study. The present study involved six factors, which, although largely exceeding previous studies, are still insufficient for complex ecosystems. Future studies should use more refined data and incorporate more factors and paths to fully explain the effects of factors on ES.





6. Conclusions


This study reveals several important findings regarding the complex relationship between climate change, human activities, and ecosystem ervices in the LPES region:




	1.

	
The increasing trend of ecosystem services: Over the 20-year period, all five ecosystem services (ES) showed an increase. Carbon sequestration service (C), water conservation service (WCS), habitat provision (HP), soil conservation service (SCS), and sand-stabilization service (SSS) experienced growth rates of 39.4%, 36.4%, 23.5%, 6.9%, and 5.6%, respectively.




	2.

	
Synergies and trade-offs among ES: Significant synergies were observed between HP and SSS, indicating that these two ES tend to positively influence each other. On the other hand, trade-offs were dominant between WCS and C, suggesting that enhancing one of these services could potentially lead to a decline in the other. WCS and SSS exhibited a large area of uncorrelatedness, indicating that changes in one service had little impact on the other. The relationships between other ES varied with a mixture of synergies and trade-offs.




	3.

	
The influence of environmental factors: Precipitation emerged as the main driver of synergies and trade-offs among different ES, indicating that changes in precipitation levels significantly influenced the interactions between ES. Among them, precipitation had the highest coefficient of influence on SCS, which is 0.726. The human activities factor, which we are more concerned about, had the greatest influence on HP, with a path coefficient of 0.262. Temperature, on the other hand, had an inhibitory effect on ES. In specific relationships, such as HP and C, C and WCS, and HP and SSS, temperature played a prominent inhibitory role. Furthermore, human activities were found to have a primary control over WCS, exerting a greater influence on the synergies and trade-offs between WCS and other ES.




	4.

	
The effects of environmental gradients: This study highlights that single factors exhibit varying effects on ES at different environmental gradients, including anthropogenic gradients. High altitude and high fractional vegetation cover (FVC) were found to contribute significantly to WCS.









Understanding these relationships between ecosystems and influencing factors can aid ecosystem management. Managers can consider local conditions and control influential factors accordingly, or strategically enhance specific ecosystem services to maximize overall benefits and achieve sustainable development of ES. We recommend maximizing the dominant effect of precipitation and rationalizing the imposition of positive human activities, such as human-induced regeneration of forest cover, in areas where precipitation is abundant to link ecosystem services to human well-being as much as possible. Overall, this research provides valuable insights into the dynamics of ES in the LPES region, shedding light on the interplay between climate change, human activities, and ecosystem services. These findings can guide decision-making processes and facilitate effective management and planning of the LPES areas for sustainable development.
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Figure 1. Geographical location of the study region. 
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Figure 2. Schematic diagram of path analysis. 
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Figure 3. Distribution pattern of each factor in the Loess Plateau Ecological Screen. (a) For LULC data; (b) for FVC data; (c) for NPP data, 0.0001 kgC/m2/year; (d) for precipitation data, mm/year; (e) for human activities data; (f) for annual average temperature data, °C. 
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Figure 4. Four gradients in the division of each factor. (a) For FVC data; (b) for NPP data, 0.0001 kgC/m2/year; (c) for precipitation data, mm/year; (d) for human activities data; (e) for annual average temperature data, °C. 
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Figure 5. Changes in the unit area mean of 5 ecosystem services 2000–2020. 
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Figure 6. Growth of 5 ecosystem services 2000–2020. Carbon sequestration service (C, t/km2·a), sand-stabilization service (SSS, t/km2·a), water conservation service (WCS, t/km2·a), soil conservation service (SCS, t/km2·a) and habitat provision (HP, the value is scaled by a factor of 100). 
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Figure 7. Distribution Patterns of Synergies and Trade-offs in Ecosystem Services. (Carbon sequestration service (C), habitat provision (HP), soil conservation service (SCS), sand-stabilization service (SSS), water conservation service (WCS)). 
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Figure 8. Ecosystem service driver paths analysis diagram. The Y-axis represents the path coefficient value. The upper right corner of the rectangle indicates the corresponding ecosystem service of the chart. On the left of the dotted line is the path coefficient of each path. The direct, indirect, and total path coefficients of each factor on ES are shown to the right of the dotted line. (carbon sequestration service (C), habitat provision (HP), soil conservation service (SCS), sand-stabilization service (SSS), water conservation service (WCS)). 
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Figure 9. Ecosystem services trade-offs driver pathway analysis. The Y-axis represents the path coefficient value. The upper right corner of the rectangle indicates the corresponding ecosystem service relationship of the chart. On the left of the dotted line is the path coefficient of each path. The direct, indirect, and total path coefficients of each factor on ES are shown to the right of the dotted line. (-C_WCS indicates the trade-offs between C and WCS, -HP_C indicates the trade-offs between HP and C, and so on.). 
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Figure 10. Ecosystem services’ synergies driver pathway analysis. The Y-axis represents the path coefficient value. The upper right corner of the rectangle indicates the corresponding ecosystem service relationship of the chart. On the left of the dotted line is the path coefficient of each path. The direct, indirect, and total path coefficients of each factor on ES are shown to the right of the dotted line. (C_WCS indicates the synergy between C and WCS, HP_C indicates the synergy between HP and C, and so on). 
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Figure 11. Response analysis for each factor gradient for each factor. The Y-axis represents the path coefficient value. (To facilitate the plotting, we abbreviated each factor. Carbon sequestration service (C), habitat provision (HP), soil conservation service (SCS), sand-stabilization service (SSS), and water conservation service (WCS). PREP means precipitation; HUM means human activities; TEMP means temperature; ALT means altitude. 25, 50, 75, and 100 denote 0–0.25, 0.25–0.5, 0.5–0.75, and 0.75–1 after normalization of each factor, respectively. For example, FVC25 means the FVC normalized value is 0–0.25 gradient). Figure 11 (1) represents the path coefficients of each environmental factor for C at different NPP gradients, and the other subfigures follow suit. 
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Table 1. Data source.
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Name of Data

	
Data Source

	
Website

	
Resolution






	
Meteorological data (relative humidity, hours of sunshine, wind direction, wind speed, etc.)

	
China Meteorological Data Service Center

	
http://data.cma.cn (accessed on 1 September 2022)

	
Meteorological station data




	
LULC (land use and land cover) data

	
Chinese Academy of Science Resource Environment Science and Data Center

	
https://www.resdc.cn (accessed on 12 September 2022)

	
30 m




	
Population distribution data

	
1000 m




	
Temperature, precipitation, and evapotranspiration data

	
National Earth System Science Data Center and Loess Plateau Sub-Center

	
http://loess.geodata.cn (accessed on 15 September 2022)

	
1000 m




	
DEM (digital elevation model) data

	
Geospatial Data Cloud Site, Computer Network Information Center, and Chinese Academy of Sciences

	
http://www.gscloud.cn (accessed on 1 June 2022)

	
30 m




	
FVC (fractional vegetation cover) data and NPP (net primary productivity) data

	
National Aeronautics and Space Administration

	
https://ladsweb.nascom.nasa.gov (accessed on 15 June 2022)

	
250 m




	
Soil type data

	
National Soil Information Service Platform of China

	
http://www.soilinfo.cn (accessed on 10 June 2022

	
1000 m











 





Table 2. Surface runoff coefficients for different grassland types.
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	Forest and Grassland Ecosystem Type
	α





	coniferous forest
	3.02



	mixed coniferous-broad forest
	2.29



	deciduous broad-leaved forest
	1.33



	sparse forest
	19.2



	evergreen broad-leaved scrub
	4.26



	deciduous broad-leaved scrub
	4.17



	open scrub
	19.2



	grassland
	4.78



	tussock
	9.37



	meadow
	8.2










 





Table 3. Human activity intensity evaluation system.






Table 3. Human activity intensity evaluation system.





	
Evaluation Index Factors

	
Weights

	
Classification

	
Score






	
Altitude (m)

	
0.1

	
419–800

	
100




	
800–1200

	
60




	
1200–1600

	
30




	
>1600

	
10




	
Undulation (m)

	
0.1

	
0–60

	
100




	
60–120

	
80




	
120–180

	
50




	
>180

	
10




	
Slope (°)

	
0.1

	
0–3°

	
100




	
3–6°

	
75




	
6–9°

	
50




	
>9°

	
25




	
LULC

(land use andland cover)

	
0.2

	
Unclassified

	
0




	
Cropland

	
80




	
Forest

	
40




	
Shrubs

	
20




	
Grassland

	
10




	
Waters

	
5




	
Unused land

	
0




	
Impervious

	
100




	
Population density

	
0.5

	
13–3222 people/Km2

	
13 people/Km2 0

3222 people/Km2 100
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