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Understanding the spatiotemporal characteristics and comprehensive service capabilities of various 
ecosystem services is crucial for maintaining regional ecosystem security, and clarifying the driving 
mechanisms of ecosystem services plays a guarantee for achieving regional sustainable development. 
Based on the ecological issues of Shanxi Province (SXP) in China, an assessment system covering 
eight targeted ecosystem services were constructed to quantitatively analyze the spatio-temporal 
patterns and contribution rates of driving factors. The water conservation, sand fixation, environment 
purification and habitat quality in the Loess Hills of western SXP have improved, with significant 
increase in hotspots. The comprehensive service capacity of ecosystem services in the Fenwei Basin 
(central SXP) has deteriorated, and the coldspots have expanded. The water conservation, carbon 
storage, habitat quality and recreation culture in the Yanshan-Taihang Mountains (eastern SXP) were 
enhanced, while product supply, carbon storage and environment purification were deteriorated. Land 
use is the dominant influencing factor on product supply. Water and soil conservation, sand fixation, 
and environment purification are dominated by climate factors. Carbon storage, habitat quality 
and recreation culture are influenced by underlying surface conditions. The current study provided a 
research paradigm, which will help the government with appropriate management policies to ensure 
the effectiveness of ecological protection and restoration, and offers insights for facilitating ecological 
sustainability and economic transformation in resource-based regions worldwide.
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Ecosystem services (ES) have enormous potential to impact natural resource management1. Developing scientific 
planning based on ES is an effective ecosystem management approach to promote human well-being and social 
sustainable development, which is of great significance to realize the common development of ecosystem and 
social interests2. With the progression of society, issues such as population growth, urban expansion and human-
land contradictions have become increasingly prominent, and unsustainable human activities have led to the ES 
reduction of approximately 60%2. The contradiction between ecological carrying capacity and ecosystem service 
supply is increasing sharply, and the ecosystem sustainable development is influenced by multiple factors. 
Both natural and socio-economic factors can affect the distribution and supply of ecosystems and biodiversity. 
Understanding the ES status is a prerequisite for restoring and strengthening ecosystem stability, and identifying 
the dominant factors affecting ES is the key for subsequent implementation of ecosystem improvement and 
protection3–5.

The dynamic change of ES has attracted extensive attention worldwide, especially in resource-based regions. 
Baskent assessed the ecosystem services of Kumluka National Forest (Turkey), emphasized that the comprehensive 
quantification and assessment of ecosystem services could provide effective communication and good decision-
making basis for sustainable forest resource management6. Whitney et al. reported that the variation in water 
resource was greatly influenced by climate change and forest disturbance in the Colorado River Basin7. Tuo 
et al. evaluated the grassland ecosystem services of northern China, providing technological support for the 
protection and restoration of northern grassland ecosystems8. Overall, most studies focus on regions dominated 
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by ecological resources, with little attention on the ecosystem of mineral resource regions. At present, studies on 
ES have shifted from concept, classification2,9 and single indicator analysis10–12 to the comprehensive study on 
multiple ES, interrelationships and driving factors13,14. Ecosystem service assessment relied heavily on statistics 
previously. Statistical approaches were easily affected by subjectivity, and their reliability was uncertain. With the 
wide application of 3 S technology, the comprehensive assessment models of ESs have developed rapidly. These 
models can not only depict spatio-temporal patterns of ESs in detail, but also explore future dynamics, thus 
providing scientific basis for formulating adaptive countermeasures11,13. By integrating the ecosystem regulation, 
supply, support and cultural services, the comprehensive capacity of the regional ecosystem will be continuously 
improved15,16. After comprehending the spatiotemporal pattern of ES, scholars have begun to pay attention to 
the response of ecosystem service evolution to human activities and natural environment17,18. Some studies have 
used traditional linear regression19, geographically weighted regression20 and geographic detectors21 to explore 
the ES drivers. These methods exhibit limited efficacy on capturing the complex interactions among multiple 
factors and are predominantly employed for qualitative analysis. The random forest method can train the sample 
data, which is more consistent with reality22. By calculating the contribution rate of various driving forces to 
ES, this method realizes the quantitative analysis on the comprehensive influence of multiple factors, which 
is crucial for fully understanding the impact mechanism of regional ES and implementing policy measures in 
accordance with local conditions.

Mineral resources exploitation will inevitably cause ecological damage and environmental pollution. How 
to deal with the harmonious relationship between ecological protection and social economy is a common 
issue faced by resource-based regions23,24. SXP is a representative region of mineral resources in China and 
even the world. It has abundant resources (especially coal), nearly 60% of the land has mineral distribution, 
which is an important coal-steel industrial base. Under the development of resource-based economy, land use 
structure changes, water resources, soil interior and forest vegetation are seriously damaged, and the soil carbon 
sink function strongly declines25. The decrease in biomass and productivity has accelerated the degradation of 
product supply and habitat26. SXP is located in the Loess Hilly and Gully region, and the wind-water complex 
erosion is serious. Severe soil erosion area is 10.8 × 104 km2, accounting for 69%27. Non-sustainable human 
activities (such as grassland degradation and farmland cultivation) have led to the rapid southward expansion 
of sandy desertification in the northern SXP, with frequent sandstorms and dust-floating weather28. 80% of SXP 
is mountainous, having rich ecological resources (such as Wutai Mountain and Taihang Grand Canyon) and 
splendid culture (such as “Sanjin Culture”). The resources development and protection are significant challenge 
faced by the local government. Therefore, SXP is the ideal mineral resource-based region for studying the 
evolution and driving mechanism of multiple ecosystem services.

Previous studies on ES were fragmented and focused on the changes in single ES at local areas (such as 
coal mining area and forests) or watershed scales in SXP29,30, which to some extent ignores the “whole 
system consciousness” reflected by ES and cannot describe in detail the complex interdependent relationship 
between human society and the entire ecosystem31. In view of the ecological problems faced by SXP, including 
supply reduction, water and soil loss, soil degradation, vegetation destruction, biodiversity loss, and cultural 
landscape protection, etc., a set of index and model system covering eight targeted ESs (product supplies: PSS, 
water conservations: WCS, soil conservations: SCS, carbon storages: CSS, sand fixations: SFS, environment 
purifications: EPS, habitat qualities: HQS, and recreation cultures: RCS) was built to quantitatively analyze the 
spatio-temporal patterns and contributions of influencing factors for each ES. A research paradigm of “Index 
System Construction - Ecosystem Services Comprehensive Assessment - Driving Force Quantitative Analysis 
- Propose Policy Recommendations” was provided for ES governance in resource-based regions. The current 
study will help local government on formulating effective regional ecological protection/recovery management 
strategies, and provide important reference for achieving ecological sustainability, and high-quality economic 
transformation and development in resource-based regions worldwide.

Study area
SXP (34.34°N–40.44°N, 110.14°E–114.33°E, Fig. 1) is the mineral resource-based region of northern China, with 
the area of 15.67 × 104 km2. More than 80% are mountains and hills, and the plains are in the intermountain valley 
areas. SXP is the temperate continental monsoon climate, with average annual precipitation and temperature of 
554 mm and 3.4–14.7 °C, respectively. Under the impact of climate, the vegetation type is mainly deciduous 
broad-leaved forest and coniferous broad-leaved mixed forest in the south, and is temperate scrub and semi-
arid grassland in the north, which is an important part of the sandstorm source control project. According to 
the ecological zoning from the Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences 
(CAS), SXP is divided into three ecological regions and nine ecological subregions (Table S1 in Supplementary 
Information) in combination with the ecosystem structure, climate, topography and vegetation.

Materials and methods
Data sources
The data mainly include meteorological, LUCC, NDVI, Digital Elevation Model (DEM), soil and statistical 
datasets. The meteorological data include daily air temperature (AT), precipitation (P), total solar radiation 
(TSR), and potential evapotranspiration (PE) of 76 stations in and around SXP; The hourly wind speed (WS) 
data is selected from 56 stations around SXP, and is used to calculate the cumulative time of each grade WS 
which was greater than or equal to the critical erosion WS (5 m s− 1) during wind erosion activities. The statistical 
datasets were obtained from the Statistical Yearbook of SXP, including water and sediment volume, municipal 
production (food production, fisheries, animal husbandry, timber), and tourism income. The water resources 
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and sediment volume data were obtained from the Shanxi Water Resources Bulletin in Shanxi Provincial 
Department of Water Resources. The detailed information is shown in Table 1.

Ecosystem service index and model system
Considering the ecological environment problems faced by SXP, eight targeted ESs are selected to construct 
the index and model system (Table 2, and Table S2 in Supplementary Information): (1) Supply service - The 
staggered geomorphic types form the unique terrain and climate suitable for various agriculture, forestry, animal 
husbandry and fishery, with product supply (PSS) having unique advantages and status in SXP. (2) Regulation 
service - SXP is located in the Loess Plateau with serious soil erosion, and Northern SXP is the key area for 
desertification monitoring and prevention in China, WCS, CSS and SFS are selected to evaluate water and soil 
conservation, and the status of desertification prevention and control. (3) Support service - SXP has abundant 
mineral resources, and the coal-steel industry has aggravated the land, vegetation and habitat destruction, CSS, 
EPS and HQS are selected to evaluate the quality and carbon sequestration capacity of terrestrial ecosystems. 
(4) Cultural service - SXP has profound cultural heritage and rich natural landscape, RCS is used to evaluate 
entertainment and cultural services.

Fig. 1.  (a) Location of the SXP; spatial distribution of (b) the Land Use and Cover Change (LUCC) and 
(c) Normalized Difference Vegetation Index (NDVI). The base maps of (a), (b) and (c) are DEM data from 
National Aeronautics and Space Administration, LUCC data from China Land Cover Dataset of Wuhan 
University and NDVI data from the Resource and Environment Science Data Center, respectively. All creations 
are completed in ArcGIS10.8 (http://arc.cnglyh.com/). The resolutions of all the maps were 1 km×1 km.
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Multiple ES landscape index
The Multiple ES Landscape Index (MESLI) could assess the comprehensive capacity of multiple ES in different 
areas39. MESLI is described as the sum of standardized ES indicators, which is derived from the weighted average 
of eight standardized ES, including PSS, WCS, SCS, CSS, SFS, EPS, HQS and RCS40. The ES weight is obtained by 
principal component analysis, and the effectiveness and applicability are tested by Kaiser-Meyer-Olkin method 
(KMO)41. The KMO index was 0.477 (KMO < 0.5), which could not pass the principal component analysis test, 
indicating the nonstatistical primary and secondary difference of the above eight indicators, and the weights 
were all assigned as 1/8. The calculation formula is as follows:

	
MESLI =

1

8

∑ 8

x=1

Ix−minIx

maxIx −minIx

� (1)

Where MESLI represents the value of raster after standardization, with dimensionless index ranging from 0 to 
1; Ix is the actual raster value of the x (x = 1, … 8) class ecosystem service index; minIx and maxIx represent the 
minimum and maximum values of the x class index, respectively.

Hotspot analysis
Hotspot analysis is an effective method to explore the distribution of local spatial clustering, which could 
distinguish the agglomeration degree of variables’ spatial distribution by coldspot and hotspot. Hotspot analysis 
(Getis-Ord Gi*) is a powerful spatial statistical technique used in geographic information systems (GIS), which 
can intuitively reflect the distribution of hot and cold spots in local spatial regions through identifying high-
value or low-value clusters42. When the Z-score is greater than 0, the higher the Z-score, the closer the high-
value clustering of the target object attributes (forming hotspots). Conversely, when the Z-score is less than 0, 
the lower the Z-score is, the tighter the low-value clustering of the target object attributes (forming coldspots). 
In this paper, based on the hotspot analysis in GIS, the coldspot is set to 0, the hotspot is set to 1, and the spatial 
distribution of ecosystem service hotspots is obtained by superposition.

Random forest model
ES are affected by multiple factors, such as climate change, surface factors and human social activities. The 
influencing factors on ecosystem service type were mainly selected from the perspective of topographic factors 
(slope, DEM), climatic factors (precipitation, temperature, evapotranspiration), surface factors (LUCC, NDVI) 
and social factors (population density, gross domestic product). The random forest analysis method was used to 
quantify the effect degree and contribution rate of different driving forces on ES. The random forest is a machine 
learning algorithm based on decision trees, consisting of independently constructed trees from the dataset guide 
samples19. The algorithm adopts the random and re-sampling method, forming multiple training set samples 

ESs Evaluation index Model/Method Principles References

PSS Product supply capacity GIS spatial analysis NDVI Ratio Method 32

WCS Water conservation capacity InVEST model
Water Yield module Balance equation of water quantity 33

SCS Soil conservation capacity InVEST model
Sediment Delivery Ratio module Modified soil loss equation 34

CSS Fixed carbon dioxide InVEST model
Carbon module

The sum of average carbon density of above-ground carbon pool, below-
ground carbon pool and soil carbon pool for different land use types

35

SFS Sand consolidation capacity National Wind Erosion Survey Model of 
China (NWESMC)

Grass (forest) land module, sandy land module and farmland module 
based on different land use types

26

EPS Net primary productivity of 
plants (NPP) CASAmodel Estimation of photosynthetically active radiation (APAR) and light 

energy utilization rate absorbed by vegetation
36

HQS Habitat quality index InVEST model
Habitat Quality module Consider the influence distance, weight and sensitivity of the threat factor 37

RCS Recreation culture index GIS spatial analysis Natural and cultural landscape grade combined with land use type 38

Table 2.  Model and principle of ecosystem service assessment.

 

Data Dataset Resolution Period Source

Meteorology
AT, P, TSR, PE Raster; 1 km 2000–2020 China Meteorological Science Data Center

WS Raster; 1 km 2000–2020 National Climatic Data Center of the United States

Land use/land cover LUCC Raster; 100 m 2000–2020 China Land Cover Dataset (CLCD) of Wuhan University

Vegetation NDVI Raster; 1 km 2000–2020 Resource and Environment Science Data Center, CAS

Topography DEM Raster; 90 m – National Aeronautics and Space Administration

Soil Soil Vector;
1:1,000,000 2000 Institute of Soil Science, CAS

Table 1.  Detailed information of the datasets.
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proportionally from the original dataset in multiple extraction rounds, and constructing the corresponding 
decision tree for each training set sample. The final result is the average of all the decision tree results43.

The specific operation process is as follows: sampling was conducted by creating random points in 
the study area, and a basic analysis database was established using 10,000 sets of sample data. Data on each 
ecosystem service and its related influencing factors were extracted to multiple sampling points according to the 
corresponding year, which were divided into 20% test set and 80% training set. After the scores of the test dataset 
and the training dataset presented, the results will be cross-validated five times with R2 to prevent overfitting, 
and ultimately obtain the influence degree and contribution rate of each factor.

Results
Spatio-temporal characteristic of ES
Temporal change of ES
Among the eight ES evaluated in SXP from 2000 to 2020, the interannual changes of seven service indicators 
(PSS, WCS, SCS, CSS, EPS, HQS and RCS) showed an increasing trend, but the increasing rate was different 
(Fig. 2). Among them, the interannual fluctuation of soil conservation capacity exhibited significant variability 
and rapid increase, with the growth rate of 11.57 t hm− 2 yr− 1 (Fig. 2c). Followed by NPP (5.31 gC m− 2 yr− 1), 
increasing from 317.61 gC m− 2 yr− 1 in 2000 to 432.99 gC m− 2 yr− 1 in 2020 (Fig. 2f). The product supply capacity 
increased at the rate of 1.50 kg hm− 2 yr− 1, especially with significant growth rate of 27.22 kg hm− 2 yr− 1 from 
2008 to 2014 (Fig. 2a). The interannual variation of water conservation showed fluctuating increasing trend, 
with the average growth rate of 0.29 mm y− 1 (Fig. 2b). The fixed carbon dioxide and recreation culture index 
exhibited significant linear increase (Fig. 2d and h), while the variation trend of habitat quality index was not 
significant, indicating the good overall habitat quality (Fig. 2g). In the past 21 years, the sand consolidation 
declined at the rate of 0.203 t km− 2 yr− 1, with the range of 3.66–9.79 t hm− 2 yr− 1, and the total amount was 
5.74–15.35 × 107 t, decreased by 9.61 × 107 t in 2020 compared to 2000 (Fig. 2e).

Spatial distributions of ES
Figure 3 showed the spatial distribution of eight ES in SXP. The water conservation, fixed carbon dioxide, NPP 
and habitat quality index were high in the eastern and western mountainous areas (R-A: Loess Plateau hilly 
and gully ecological region, R-C: Yanshan Taihang Mountain ecological region, Fig. 1) and low in the central 
basin (R-B: Fenwei River Basin agro-ecological region), with annual average values of 13.88 mm, 176.59 t hm− 2 
yr− 1, 393.34 gC m− 2 yr− 1 and 0.628, respectively (Fig. 3b, d and f, and 3g). The spatial distribution of product 
supply capacity was contrary (Fig. 3a), with high value areas concentrating in Datong, Xinding, Taiyuan, Linfen, 
Yuncheng Basin, as well as Changzhi and Jincheng Basin of the southeastern SXP, and Yuncheng Basin in south 
SXP showing the strongest PSC. The SCS in the eastern and southern regions was significantly higher than that 
in the western and northern regions (Fig. 3c), with the multi-year average of 569.02 t hm− 2 yr− 1. The highest 
SCS (725.65 t hm− 2 yr− 1) was found in Yanshan-Taihang Mountains (R-C), especially in forest covered areas. 
The SFS in northern SXP was relatively high (Fig. 3e), with an annual average of 6.54 t hm− 2 yr− 1. The high 
recreation culture index were concentrated in nature reserves such as the northern Heng Mountain (SR-C1), 
western Lvliang Mountain (SR-A3), south-central Taiyue Mountain (SR-C3), southern Zhongtiao Mountain 
(SR-C5) and eastern Taihang Mountain (SR-C2) (Fig. 3h), while the recreation culture index in other areas was 
relatively low.

The spatial differences in the interannual variation of eight ES were significant from 2000 to 2020 (Fig. 4). The 
areas with increasing trends of product supply capacity, water conservation capacity, soil conservation capacity 
and NPP accounted for 76.77%, 91.62%, 82.27% and 95.35% of, respectively. The regions exhibiting significantly 
increased in water conservation capacity and NPP were distributed in the Loess Plateau agricultural and 

Fig. 2.  Interannual variations of ES. (a) PSS, (b) WCS, (c) SCS, (d) CSS, (e) SFS, (f) EPS, (g) HQS, (h) RCS.
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grassland ecological region (R-A, Fig. 4b and f), indicating the remarkable effectiveness of ecological engineering 
measures since 2000. The soil conservation capacity increased significantly in the mountainous areas of Lvliang 
Mountain, Taiyue Mountain, Heng Mountain and Wutai Mountain (12.04%), but decreased significantly in 
the southern Taihang and Zhongtiao Mountains (Fig.  4c). The regions with significantly increased product 
supply capacity were mainly concentrated in Datong, Xinding, Linfen and Yuncheng basins, while decreased 
in Taiyuan and Changzhi basins (Fig. 4a). In recent 21 years, fixed carbon dioxide, sand consolidation capacity, 
habitat quality index and recreation culture index showed decreasing trend. The sand consolidation capacity 
in 81.36% of the area showed the decreasing trend, distributing in Hengshan Mountain, Wutai Mountain and 
the surrounding mountain areas, while only increased in the northwest SXP mountain area (Fig. 4e). The fixed 
carbon dioxide, habitat quality index and recreation culture index all showed increasing trend in mountainous 
areas and decreasing trend in valley and basin areas (Fig.  4d and g, and h), showing that the ecological 
environment governance measures, such as the grain for green project and the natural forest protection project, 
in mountainous areas have achieved initial results, the plant communities productivity was gradually enhanced, 
and the ecosystem quality was continuously improved. However, the urban expansion and human economic 
development caused multiple ecosystem service degradation in the river valley and basin areas.

Comprehensive capability analysis of multiple ES
Spatial and temporal changes of MESLI
The annual average MESLI in SXP from 2000 to 2020 was 0.259, increasing at a rate of 0.0006 yr− 1 (Fig. 5). 
The increase rate of MESLI in R-A region (0.0011 yr− 1) was higher than that in R-C region (0.0004 yr− 1) and 
R-B region (0.0002 yr− 1). The integrated capacity of terrestrial ecosystems to provide multiple services has 

Fig. 3.  Spatial pattern of ES. (a) PSS, (b) WCS, (c) SCS, (d) CSS, (e) SFS, (f) EPS, (g) HQS, (h) RCS. The (b) 
WCS, (c) SCS, (d) CSS and (g) HQS were simulated through the Water Yield module, Sediment Delivery 
Ratio module, Carbon module and Habitat Quality module of the InVEST 3.8.7 × 86 model (https://
naturalcapitalproject.stanford.edu/software/invest), respectively. The (f) EPS was simulated by CASA model 
with ENVI 5.1 software (https://envi.geoscene.cn/). The final mapping was completed in the ArcGIS 10.8 
software (http://arc.cnglyh.com/). The (a) PSS and (h) RCS were calculated based on the formula in ArcGIS 
10.8 software (http://arc.cnglyh.com/). The (e) SFS was simulated based on the National Wind Erosion 
Survey Model of China (NWESMC) model with ENVI 5.1 software (https://envi.geoscene.cn/), and the graph 
was completed in the ArcGIS 10.8 software (http://arc.cnglyh.com/). The resolutions of all the maps were 
1 km×1 km.
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improved. The MESLI changes in SXP are characterized by fluctuation rising period, rapid decline period 
and recovery period. During the rising period from 2000 to 2012, the improvement of comprehensive service 
capacity was mainly related to the protection and restoration of forests and grasslands in the eastern and western 
mountainous and hilly areas of SXP since 2000. The MESLI peaked in 2013 and has declined since then. During 
this period, due to the acceleration of human socio-economic development and urban expansion, the economic 
body dominated by coal-steel industry has apparently conflicted with ecological sustainable development, 
highlighting the mutual constraints between urban expansion, economic development and ES. The ecosystem 
entered the recovery period after 2016, thanks to the government’s vigorous promotion of ecological civilization 
construction and comprehensive measures for enhance ecological quality, and the increased precipitation also 
provided good natural environmental conditions for vegetation recovery.

MESLI in SXP exhibited significant spatial heterogeneity (Fig. 6a and b). In the 2000s, SXP was dominated 
by the high MESLI areas, accounting for 45.98%. The comprehensive ES tended to deteriorate in the 2010s, and 
the proportion of low MESLI area increased to 42.56%. From the spatial variation characteristics of MESLI from 
2000s to 2010s (Fig. 6c), 63.12% of the regions showed increasing trend in MESLI, mainly distributed in R-A. 
The areas with decreasing trend in MESLI (36.88%) were concentrated in the central Fen River Valley (SR-B1) 
and southeastern Taihang Mountain and Taiyue Mountain inter-mountain basin hilly (SR-C4).

Hotspot analysis of ES
Figure 7 illustrated the spatial distribution of ES hotspots in 2000, 2010 and 2020. The ESs hotspots (1–7 class) 
account for 57.41-64.59% in SXP. Among them, the 1–2 class hotspots account for the largest proportion, ranging 
from 30.98 to 38.85%, mainly distributed in Datong Basin, Xinding Basin, Fenhe Valley (SR-B1), and Taiyue 
Mountain and Taihang Mountain intermountain basin (SR-C4) from north to south in the central SXP. The 5–7 
class hotspots account for 12.87–14.72%, located in the eastern Taihang Mountains (R-C2), the western Lvliang 
Mountains (SR-A3) and the southern Zhongtiao Mountains (SR-C5). In the past 21 years, the comprehensive 
ecosystem service ability of SXP has been improved. The 5–7 class hotspots in Lvliang Mountain have obviously 
expanded. ES in the central Taiyuan Basin and the south-eastern Taiyue and Taihang Mountain intermountain 

Fig. 4.  Spatial change characteristics of ES. (a) PSS, (b) WCS, (c) SCS, (d) CSS, (e) SFS, (f) EPS, (g) HQS, 
(h) RCS. The mapping was completed in the ArcGIS 10.8 software version (http://arc.cnglyh.com/). The 
resolutions of all the maps were 1 km×1 km.
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basin (SR-C4) have deteriorated sharply, especially about 89% of the southeastern basin has changed from the 1 
class hotspot in 2000 to the coldspot in 2020, which is in urgent need for remediation.

Driving factors analysis of ES
The contribution rates of climate, surface and human social activities to different ES from 2000 to 2020 were 
shown in Table  3; Fig.  8. LUCC was the dominant influencing factor of PSS, with the contribution rate of 
68.29%. Farmland, forest land, grassland and water areas provided direct supply of agricultural, forestry, animal 
husbandry and fishery products, respectively.

Climate was the key driving force for regulating services. WCS was dominated by climate factors, and the 
contribution rate of Tem, Pre and Evp was 60.24%; NDVI followed, with a contribution rate of 30.71%. The forest 
land and grassland with good hydrothermal conditions and high vegetation coverage have strong water storage 
and moisture conservation capacity, which can regulate runoff and conserve water resources. Slope and Pre have 
the greatest impact on SCS, with contribution rates of 32.24% and 26.26%, respectively. The increase of slope and 
rainfall erosivity lead to increased water-induced runoff, resulting in elevated soil erosion potential. In addition, 
the influence of NDVI on SCS was strengthened in recent 21 years. Ecological engineering is usually implemented 
in mountainous areas with large slopes, where vegetation roots help to enhance soil stability, effectively inhibit 
soil desertification and erosion, and thus reduce actual erosion. As the direct source of soil wind erosion, wind 
speed controlled the SFS change, with the contribution rate of 68.54%. The contribution rate of LUCC to SFS 
was 12.91%, and showed an increasing trend, indicating the strengthened impact of human social activities on 
SFS. The contribution rates of Tem and Pre to the EPS change were 22.50% and 15.93%, respectively. In addition 
to hydrothermal conditions, the impact of topographic factor on EPS cannot be ignored, and the contribution 
rate of DEM was 20.68%. Simultaneously, the contribution rate of Pop to EPS exhibited gradual upward trend, 
indicating the enhanced human activities interference.

The underlying surface condition dominated the changes in support and cultural services. LUCC and NDVI 
were the main factors affecting HQS, with contribution rates of 32.99% and 18.00% respectively, indicating 
that surface cover changes determined the habitat quality. NDVI was the key driving force affecting CSS and 
RCS, contributing 43.72% and 48.51% respectively. For CSS, fixed carbon dioxide mainly depends on the green 

Fig. 5.  Interannual changes of MESLI in SXP.
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plants photosynthesis, and the vegetation coverage directly affects the carbon storage level. Low human activity 
intensity, diverse biodiversity, luxuriant vegetation and robust plant photosynthesis enhance carbon storage 
capacity. Natural landscapes play the dominant role for RCS. In mountainous areas with high NDVI, SXP 
develops natural recreation (forest parks, ecological parks) in accordance with local conditions, and improves 
RCS services under the protection of natural environment and reasonable control and reconstruction.

Fig. 7.  Spatial distribution of ecosystem service hotspots in 2000, 2010 and 2020. The mapping was completed 
in the ArcGIS 10.8 software version (http://arc.cnglyh.com/). The resolutions of all the maps were 1 km×1 km.

 

Fig. 6.  Classification pattern and variation characteristics of MESLI. (a) Classification pattern of MESLI in the 
2000s; (b) Classification pattern of MESLI in the 2020s; (c) Variation characteristics of MESLI in the 2000–
2020 s. The mapping was completed in the ArcGIS 10.8 software (http://arc.cnglyh.com/). The resolutions of all 
the maps were 1 km×1 km.
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Discussion
Differences in driving forces of ES in ecological regions
There are differences in the impact intensity of various natural-human driving factors on the distributions and 
changes of ES, and the diversity response of ES to influencing factors is also different. Land use played the 
dominant role on the PSS distribution and variation, which is consistent with the results of Wang et al. in the 
Ulansuhai Basin and Geng et al. in the Yellow River basin44,45. However, the PSS provided by different land use 
types differed significantly. The highest product supply is farmland (> 100 kg hm− 2 yr− 1), and precipitation in the 
range of 500–550 mm and temperature > 13 ℃ are extremely favorable for yield increase. Therefore, the product 

Fig. 8.  Interannual variation of contribution rate of different factors to ES.

 

Index Tem Pre NDVI LUCC DEM Slope Pop GDP Evp Wind speed

PSS 15.97 9.24 – 68.29 4.25 – 2.24 – – –

WCS 21.69 20.12 30.71 9.06 – – – – 18.43 −

SCS – 26.26 19.79 2.87 18.85 32.24 – – – –

CSS 12.38 11.68 43.72 4.92 – – 12.89 14.41 – –

SFS 5.08 6.45 7.02 12.91 – – – – – 68.54

EPS 22.50 15.93 – 12.89 20.68 13.56 14.44 – – –

HQS 9.72 8.13 18.00 32.99 12.72 7.04 11.41 – – –

RCS – – 48.51 18.70 – – 13.52 19.54 – –

Table 3.  Contribution rates of different influencing factors on ES in SXP (%). Note: Tem, Pre and Evp are short 
for temperature, precipitation and evaporation; NDVI is normalized difference vegetation index; LUCC is 
land use and cover change; DEM is digital elevation model; Pop is population density; GDP  is gross domestic 
product.
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supply capacity is very high in the R-B (farmland > 71.33%) and the southeastern SR-C4 (farmland > 58.32%). Liu 
et al. reported that water and soil conservation were mainly affected by climate in the Yellow River Basin, which 
was basically consistent with the results of this study46. WCS is greatly affected by NDVI and climate factors, 
and the water retention capacity increases under the conditions of abundant precipitation (550–600 mm), low 
potential evapotranspiration and good vegetation coverage (0.75–0.9). Since the topography and soil properties 
seldom change significantly in the long term, artificial intervention to improve vegetation coverage is the main 
way to regulate water conservation, which is particularly prominent in western (SR-A2) and northwest SXP 
(SR-A1), and a series of ecological projects, such as Green for Grain Program and shelter forests, should be 
implemented continuously. For SCS, the conditions with large slope (> 15 ℃) and abundant precipitation 
(> 600 mm) are prone to induce potential erosion, and the vegetation coverage determines the regional soil 
conservation capacity. Wind speed directly affects wind erosion, thereby determining the sand consolidation 
capacity. Soil wind erosion increases significantly when the cumulative wind speed exceeds 2500 m s− 1. Since 
2000, the vegetation coverage increase under artificial intervention in northern SXP has improved soil and 
surface conditions, and enhanced sand consolidation capacity. NDVI has great influence on CSS and HQS. The 
areas with high vegetation coverage (0.75–0.9) have rich biodiversity, which is conducive to improving carbon 
storage and habitat quality. The hydrothermal conditions are crucial for the vegetation growth and development, 
with higher EPS under conditions of temperature > 11 ℃ and precipitation > 550 mm. In addition, areas with 
an altitude of > 2000 m have low human interference, CSS, HQS, EPS and RCS are strong. The leading factors 
confirmed that the implementation of ecological engineering on the Loess Plateau had significant promoting 
effect on the carbon storage and habitat of the terrestrial ecosystem47. In the areas with increased human activity 
intensity, land use patterns have changed significantly, and the habitat quality has been severely damaged by the 
development and occupation of ecological land. Therefore, in order to maintain the ecological security of the 
R-B, it is urgent to improve the integrity and connectivity of farmland patches, and ensure the diffusion and 
exchange of biological species. The RCS is affected by NDVI and GDP. Regions with high vegetation coverage 
(0.75–0.9) are conducive to the construction and development of natural tourism, while high economic levels 
(> 8 billion yuan) affect the accessibility of regional transportation and the completeness of public infrastructure. 
SXP should integrate natural resources, build public landscape facilities and strengthen pollution prevention and 
control policies to promote RCS.

Differences and adaptive countermeasures of ESs comprehensive capacity in ecological 
regions
To maintain the overall ecological security, the comprehensive capacity of ES provided by different regions 
should be fully considered, and differentiated optimization measures can be adopted to gradually enhance the 
benefits of different ES. The comprehensive capacity of ES in SXP is relatively low, and the ecosystem of the 
Fenwei River Basin agro-ecological region (R-B) is fragile. The low MESLI area increased by 7.79% in 2020 
compared to 2000, and the coldspots increased by 91.05% in the Fenhe River Basin of the central R-B. While 
pursuing economic development and product output (relatively strong supply services), forest and grassland 
ecosystems are seriously damaged, and regional support and regulation services are extremely poor. Based on 
the current situation of R-B mainly consisting of farmland and construction land (> 88%), it is positioned as the 
supply & cultural service region. On the premise of protecting high-quality farmland, the intensive use of land 
should be strengthened in central and southern SXP, and the urban expansion must be prohibited to occupy 
high-quality farmland in Taiyuan, Linfen and Yuncheng basin, so as to consolidate the dominant position of 
product supply service to the greatest extent. At the same time, it is necessary to strengthen the green ecological 
planning of the Fen River Valley and improve the underlying surface status (such as the construction of wetland 
park, ecological park and park city). While giving full play to the advantages of culture service and supply 
service, the tradeoff relationship between recreation and regulation/support services in urban areas should be 
reduced to promote regional sustainable development.

The comprehensive service capacity in the Loess Plateau agricultural and grassland ecological region (R-A) 
has been significantly improved. Compared to 2000, the low MESLI area decreased by 56.57% in 2020. The 
hotspots increased significantly, showing that the northern SXP mountains and hills (SR-A1) and the western 
SXP loess hills and gullies (SR-A2) increased by 56.45% and 108.18%, respectively. At present, the MESLI in 
R-A is still lower than the average value, thereby designating it as the ecological conservation service region. 
The Northern SXP mountains and hills (SR-A1) should continue to strengthen sand fixation service, enhance 
ecological intensive management, and establish different forms of buffer zones by adopting the combination of 
natural and artificial interventions in accordance with local conditions, so as to bolster the ecosystem stability 
in northwestern SXP. The western SXP loess hills and gullies (SR-A2) should continue to strictly implement the 
natural forest protection and the Green for Grain Project to increase vegetation coverage. WCS, CSS and EPS are 
continuously improved by slope protection and gully protection engineering, so as to strengthen the ecological 
security barrier function of loess gully area.

The Yanshan-Taihang Mountains (R-C) have strong comprehensive ecosystem service capacity and are 
positioned as the multifunctional composite service area. The advantageous resources in the upper reaches 
of Yongding River, Taihang Mountain, Taiyue Mountain and Zhongtiao Mountain (SR-C1, C2, C3 and C5) 
should be fully utilized to promote the ecotourism development, facilitate the coordinated development of 
regional regulation, support and culture service, and realize the positive interaction between social economic 
development and ecological protection. The MESLI in the Taihang-Taiyue mountains intermountain basins (SR-
C4) decreased significantly (the low MESLI area increased by 52.13%), and the coldspots increased by 7.45 times. 
Therefore, given the prevailing agricultural development context, it is imperative to integrate land resources, 
incorporate advanced agricultural science and technology, actively promote scientific land management 
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practices, and gradually reinstate the regional product supply capacity, so as to control continuously decreasing 
PSS situation in SR-C4.

Conclusions
Based on the environmental characteristics of SXP, an evaluation index and model system of eight ES, including 
PSS, WCS, SCS, CSS, SFS, EPS, HQS and RCS, were constructed. By analyzing the spatiotemporal evolution of 
ES from 2000 to 2020, the ecosystem health status was explored. The contribution rate of different factors to ES 
was quantified from the natural and human perspectives, so as to provide more accurate measures to ensure 
the effectiveness of regional governance in SXP. The results indicate that: the comprehensive capacity of ES 
gradually increased in SXP. The support and regulation service capabilities of the Loess Plateau in western SXP 
have been improved, especially in the mountainous and loess hilly areas of northern and western SXP. The PSS 
is only enhanced in the southern Fenwei Basin, while the other services and the comprehensive service capacity 
are still extremely poor. The Yanshan-Taihang Mountains ES is strong as a whole, but the SCS, EPS and PSS 
capabilities are reduced, especially in the intermountain basins. LUCC is the dominant factor affecting supply 
service, climate factors occupy the dominant position in regulate service, and underlying surface condition is the 
key factors in support service change. The Loess Plateau in western SXP is the ecological conservation service 
region, ecological protection policies and engineering measures should be strictly implemented to strengthen 
the ecological security barrier function of the loess gully area. The Fenwei Basin is the supply & cultural service 
region. Under the premise of ensuring the supply capacity, green ecological planning is carried out, and ecological 
construction such as wetland park is implemented to improve the current underlying surface situation. The 
Yanshan-taihang Mountain is the multi-functional service region that needs to make use of resource advantages 
to enhance eco-cultural tourism services according to local conditions, so as to realize the positive interaction 
between ecological protection and economic development. The study process has global applicability and 
provides a classic paradigm for constructing ecological security barrier and ecological sustainability research in 
resource-based regions.

Data availability
Data will be available upon request. Part of the data set generated during this study is available in the attachment, 
and other data sets are available from the corresponding authors. E-mail: wangsheng@sxnu.edu.cn.
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