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Abstract: As one of the most vital ecological regions in China, the well-being of the Inner Mongolia 

section of the Yellow River Basin directly hinges upon comprehending the variations in its ecosys-

tem. The current research puts emphasis on the analysis of single-factor ecological indicators within 

the Mongolian section of the Yellow River and lacks summarization and analysis regarding the over-

all state of the ecosystem within the Mongolian section of the Yellow River. This study, using meth-

ods such as remote sensing interpretation and model simulation, combined with ground surveys, 

analyzes the macrostructure, quality status, service functions, and driving factors of the ecosystem 

in the Inner Mongolia section of the Yellow River Basin from 2000 to 2020. The results indicate that 

(1) in 2020, the ecosystem structure in the Inner Mongolia section of the Yellow River Basin was 

predominantly composed of forest, grassland, and other types of systems. (2) From 2000 to 2020, 

the Normalized Difference Vegetation Index (NDVI), Fractional Vegetation Cover (FVC), and net 

primary productivity (NPP) all showed increasing trends in the Inner Mongolia section of the Yel-

low River Basin, with NPP showing a slightly greater increase compared to the NDVI and FVC. (3) 

Over the past two decades, the overall rate of decrease in the wind erosion modulus per unit area 

was 1.675 t hm−2. (4) An analysis of the drivers of ecosystem changes revealed that while climate 

change has exerted an influence, human activities have likewise had a substantial effect on the eco-

system over the past 20 years. This study contributes to a comprehensive understanding of the cur-

rent status and changes in the ecosystem, providing a decision-making basis for subsequent ecolog-

ical protection and management projects. 
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1. Introduction 

The protection and restoration of ecosystem are key elements of the United Nations 

Sustainable Development Goals (SDGs 2030) [1], which are crucial for stabilizing the cli-

mate [2] and promoting economic development [3]. The Yellow River Basin serves as a 

vital ecological barrier and economic zone in China, playing a pivotal role in China’s eco-

logical security and socio-economic development [4,5]. In 2019, China designated the eco-

logical protection and high-quality development of the Yellow River Basin as a major na-

tional development strategy [6,7] and highlighted this in the report of the 20th National 
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Congress of the Communist Party of China as a critical aspect of regional coordinated 

development [8]. 

The Inner Mongolia section of the Yellow River Basin is located at the northernmost 

point [9], comprising one-sixth of the river’s total length and one-fifth of its total basin 

area. This section is a critical water conservation and replenishment area for the Yellow 

River, carrying significant ecological functions [10,11]. It is the only area in the Inner Mon-

golia Autonomous Region included in the national priority development plan and is also 

a crucial zone for ecological protection and environmental management within the region. 

Soil erosion is severe in the Yellow River Basin [12]. According to the “2020 Yellow River 

Basin Soil Conservation Bulletin”, the Inner Mongolia section accounts for 25.54% of the 

total soil erosion area of the Yellow River Basin, ranking it first among all provinces trav-

ersed by the Yellow River [13]. To fundamentally improve the ecological environment of 

the Inner Mongolia section of the Yellow River Basin, since 2000, China and the Inner 

Mongolia Autonomous Region have initiated a series of ecological protection and man-

agement projects, such as converting farmland back into forests and grasslands [14], mak-

ing significant contributions to national and regional sustainable development [15]. 

Numerous scholars have conducted in-depth studies on the ecological environment 

of the Inner Mongolia section of the Yellow River Basin. These studies primarily focus on 

the response of vegetation cover to factors such as climate [13,16,17], spatiotemporal var-

iations in evapotranspiration [18,19], and the connections between water quality, water 

quantity, and the eco-economy [20]. Other areas of focus include changes in landscape 

patterns and drivers of ecological risks [21,22]. The results showed that the ecological en-

vironment indices in the Mongolian section of the Yellow River basin showed a certain 

upward trend. Additionally, soil issues in the Inner Mongolia section of the Yellow River 

Basin have also emerged as a significant research direction, such as the spatiotemporal 

evolution and driving mechanisms of soil erosion and the soil quality evaluation of typical 

man-made forests [11]. However, these studies primarily analyze single-factor ecological 

indicators of the Inner Mongolia section of the Yellow River Basin and lack a comprehen-

sive summary and analysis of the overall state of the ecosystem in the region, which is 

essential for a scientific, accurate, and comprehensive understanding of the entire ecosys-

tem. Previously, there was a pressing need to understand whether the ecological protec-

tion and management projects implemented over the past 20 years in the Inner Mongolia 

section of the Yellow River Basin were effective. Questions arose regarding how the re-

gional ecosystem has changed and the state of various driving factors. Studying the tem-

poral and spatial changes in and characteristics of the regional ecosystem is essential in 

understanding the progress of regional ecological conservation and management projects. 

Consequently, this article attempts to analyze changes in the types and quality of the eco-

system in the Inner Mongolia section of the Yellow River Basin from 2000 to 2020. It ex-

amines the spatiotemporal patterns of wind prevention, sand fixation, and soil conserva-

tion and analyzes the driving factors affecting changes in the regional ecosystem. This 

study aims to provide a scientific and comprehensive understanding of the ecological ef-

fects following the implementation of ecological projects in the region and to offer a solid 

basis for the accurate and effective continuation of ecological protection and management 

projects in the area. 

2. Materials and Methods 

2.1. Study Area 

Inner Mongolia is one of the provinces and regions through which the Yellow River 

Basin flows, situated at the upper part of the river. Its unique geographical location en-

compasses an area of 151,900 km2, accounting for 19.1% of the total area of the Yellow 

River Basin, and holds a pivotal role in bridging the western and eastern, as well as the 

northern and southern, parts of the basin. The Inner Mongolia section of the Yellow River 

Basin spans seven leagues and cities, covering a land area of 310,000 km2, which 
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constitutes 26.27% of Inner Mongolia. Geographically, it extends from 103°11′ E to 113°5′ 

E longitude and from 37°20′ N to 43°29′ N latitude, stretching 815 km east to west and 

about 700 km north to south. The basin traverses between the Kubuqi and Ulan Buh de-

serts (Error! Reference source not found.), flowing northward until it meets the Yin 

Mountains, and then turns eastward and southward, forming a large “several character 

bend” between the southern foothills of the Yin Mountains and the Ordos Plateau. The 

region features diverse natural landscapes, including grasslands, wetlands, rivers, lakes, 

deserts, and gobi, making it an important ecological barrier for the Yellow River Basin. 

 

Figure 1. Research location map. 

2.2. Data Sources (Table 1) 

Table 1. Data sources and parameters. 

Data Type Spatial Scale Temporal Resolution Format 

Land Use/Cover Data 1:100,000 m a Shapefile 

Imagery 2~15 m d Raster 

Meteorological Data 44 Monitoring Sites d Txt 

DEM 30 m - Raster 

NDVI 30 m 8d Raster 

Basic Geographic Data 1:250,000 m - Shapefile 
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2.3. Ecosystem Types and Spatiotemporal Change Analysis 

The ecosystem types were classified into six categories: cultivated land, forest land, 

grassland, wetland, artificial surfaces, and other types (Table 1). Based on remote sensing 

imagery data from 2010 and 2020, obtained from TM/ETM+ and environmental satellites 

with a spatial resolution of 30 m, the images underwent precise geometric correction and 

stretching processing. Subsequent interpretation of these images through remote sensing 

techniques produced spatial distribution data for various ecosystem types across multiple 

periods. Validation of these data was conducted using the kappa coefficient in conjunction 

with field verifications. Statistical analysis of the spatial data on ecosystem types was then 

performed to comprehensively assess the spatiotemporal trends in the six ecosystem 

types. 

2.4. Ecosystem Quality and Spatiotemporal Change Analysis 

NDVI data for the Inner Mongolia section of the Yellow River Basin, from the years 

2000 to 2020, were collected using MODIS with a 250 m × 250 m resolution (MOD13Q1). 

These data underwent format conversion and resampling processes to derive annual 

NDVI datasets. The NDVI was used to calculate the vegetation cover, utilizing the follow-

ing formula: 

𝐹𝑐 =
𝑁𝐷𝑉𝐼 − 𝑁𝐷𝑉𝐼𝑠𝑜𝑖𝑙

𝑁𝐷𝑉𝐼𝜈𝑒𝑔 − 𝑁𝐷𝑉𝐼𝑠𝑜𝑖𝑙

 (1) 

where 𝐹c  represents the Fractional Vegetation Cover; 𝑁𝐷𝑉𝐼𝜈𝑒𝑔  is the NDVI value for 

pure vegetation pixels; and 𝑁𝐷𝑉𝐼𝑠𝑜𝑖𝑙  is the NDVI value for pixels with no vegetation 

cover. The values for pure vegetation and completely bare soil pixels are identified using 

data on the ecosystem types. 

The net primary productivity (NPP) of vegetation was calculated using the CASA 

model [23]. The calculation process is as follows: 

𝑁𝑃𝑃 = 𝐴𝑃𝐴𝑅(𝑡) × 𝜀(𝑡) (2) 

𝐴𝑃𝐴𝑅 = 𝐹𝑃𝐴𝑅 × 𝑃𝐴𝑅 (3) 

where 𝑁𝑃𝑃 represents the net primary productivity of vegetation; 𝐴𝑃𝐴𝑅 is the absorbed 

photosynthetically active radiation; 𝐹𝑃𝐴𝑅 denotes the fraction of photosynthetically ac-

tive radiation; 𝑃𝐴𝑅 stands for photosynthetically active radiation. 

𝜀(𝑡) = 𝜀∗ × 𝑇1(𝑡) × 𝑇2(𝑡) × 𝑊(𝑡) (4) 

where 𝜀(𝑡) represents the efficiency with which vegetation converts absorbed photosyn-

thetically active radiation into organic carbon; 𝜀∗  denotes the maximum light use effi-

ciency; 𝑇1 and  𝑇2, respectively, represent the inhibitory effects of environmental temper-

ature on light utilization; 𝑊 is the moisture stress coefficient affecting light utilization; 

and all of these are dimensionless parameters. 

From the research documents and meteorological data, information such as the total 

solar radiation and sunshine duration for the study area is obtained. Using these data, 

𝑃𝐴𝑅 is calculated based on the pixel latitude and longitude. The Simple Ratio index is 

then calculated using the NDVI. The 𝐹𝑃𝐴𝑅 is derived from the relationship between the 

photosynthetically active radiation and the SR index. 

𝐹𝑃𝐴𝑅 =
(𝑆𝑅 − 𝑆𝑅𝑚𝑖𝑛) × (𝐹𝑃𝐴𝑅𝑚𝑎𝑥 − 𝐹𝑃𝐴𝑅𝑚𝑖𝑛)

𝑆𝑅𝑚𝑎𝑥 − 𝑆𝑅𝑚𝑖𝑛

+ 𝐹𝑃𝐴𝑅𝑚𝑖𝑛 (5) 

𝑅 = 𝑁𝐼𝑅/𝑅𝐸𝐷 = (1 + 𝑁𝐷𝑉𝐼)/(1 − 𝑁𝐷𝑉𝐼) (6) 

where 𝐹𝑃𝐴𝑅 represents the fraction of photosynthetically active radiation, which is inde-

pendent of vegetation type. 𝐹𝑃𝐴𝑅𝑚𝑎𝑥  and 𝐹𝑃𝐴𝑅𝑚𝑖𝑛  are, respectively, set at 0.950 and 

0.001; 𝑆𝑅𝑚𝑖𝑛 and 𝑆𝑅𝑚𝑎𝑥 are values dependent on vegetation type, defined as the 5th and 
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95th percentile NDVI values for each specific vegetation type; 𝑁𝐼𝑅  and 𝑅𝐸𝐷 represent 

the reflectance in the near-infrared and red bands, respectively. 

2.5. Ecosystem Service Change Analysis 

2.5.1. Wind Prevention and Sand Fixation 

Considering regional climate conditions, surface roughness, soil erodibility, crust fac-

tor, and vegetation cover, the modified Wind Erosion Equation (RWEQ) is used to quan-

titatively assess the soil wind erosion modulus in the area [24]. 

𝑄𝑤𝑖𝑛𝑑 =
2𝑋

𝑆2
𝑄𝑚𝑎𝑥𝑒−(

𝑥
𝑠

)
2

 (7) 

𝑄𝑚𝑎𝑥 = 109.8(𝑊𝐹 × 𝐸𝐹 × 𝑆𝐶𝐹 × 𝐾′ × 𝐶𝑂𝐺) (8) 

𝑆 = 150.71(𝑊𝐹 × 𝐸𝐹 × 𝑆𝐶𝐹 × 𝐾′ × 𝐶𝑂𝐺)−0.3711 (9) 

where 𝑄𝑤𝑖𝑛𝑑 represents the soil wind erosion modulus; 𝑋 denotes the actual length of 

the unit plot; 𝑆 is the length of the critical plot; 𝑄𝑚𝑎𝑥  indicates the maximum transport-

able sand by wind force; 𝑊𝐹 is the climate factor; 𝐸𝐹 represents the soil erodibility fac-

tor; 𝑆𝐶𝐹 denotes the soil crust factor (dimensionless); 𝐾′ is the surface roughness factor 

(dimensionless); and 𝐶𝑂𝐺  represents the vegetation factor (dimensionless). The soil 

erodibility factor is calculated using a specific equation [25]. 

The wind and sand fixation capacity of an ecosystem is measured through quantita-

tive analysis of the ecosystem’s wind and sand fixation services. The service amount for 

wind and sand fixation can be determined by the difference in soil erosion under condi-

tions with no vegetation cover compared to conditions with vegetation cover: 

𝑄𝑤𝑖𝑛𝑑 =
2𝑋

𝑆2
𝑄𝑚𝑎𝑥𝑒−(

𝑥
𝑠

)
2

 (10) 

𝑆𝐿𝑠𝑣 = 𝑆𝐿𝑠 − 𝑆𝐿𝜈  (11) 

where 𝑆𝐿sv represents the wind and sand fixation service amount; 𝑆𝐿s denotes the po-

tential soil erosion amount under conditions with no vegetation cover; 𝑆𝐿𝜈 indicates the 

actual soil erosion amount under conditions with vegetation cover. 

2.5.2. Soil Retention 

The estimation of soil water erosion in the region is conducted using the modified 

Universal Soil Loss Equation (RUSLE). In the equation: 

𝐴 = 𝑅 × 𝐾 × 𝐿 × 𝑆 × 𝐶 × 𝑃 (12) 

where 𝐴  represents the amount of soil erosion per unit area; 𝑅  denotes the erosive 

power of precipitation factor; 𝐾 is the soil erodibility factor; 𝐿 is the slope length factor; 

𝑆 is the slope steepness factor; 𝐶 represents the vegetation cover factor; 𝑃 is the soil con-

servation practice factor; and all the above factors are dimensionless. This study utilizes 

data obtained from the China Meteorological Data Sharing Service Network 

(http://cdc.cma.gov.cn,accessed 16 December 2023). The erosive power of precipitation 

factor is calculated using the daily rainfall erosivity model developed by [26]. The soil 

erodibility factor is estimated using the nomograph method, based on the soil attribute 

table and spatial data attached to a 1:1,000,000 soil type map. Slope length and slope steep-

ness factors are derived using methods by McCool [27], with digital elevation data (DEM) 

of a 90 m resolution obtained from the USGS (https://www.usgs.gov/, accessed 28 Decem-

ber 2023). The vegetation cover factor is calculated using the method by [28], and the soil 

conservation practice factor is determined using a method based on slope. 

To quantify the soil conservation capacity of the ecosystem, a quantitative analysis of 

the ecosystem’s soil retention service is conducted. The soil conservation service amount 
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can be measured by the difference between the soil loss under conditions of extreme eco-

system degradation and the soil loss under the current conditions: 

𝐴𝐶 = 𝐴𝐷 − 𝐴𝑅 (13) 

𝐴𝐷 = 𝑅 × 𝐾 × 𝐿 × 𝑆 × 𝐶𝐷 × 𝑃 (14) 

𝐴𝑅 = 𝑅 × 𝐾 × 𝐿 × 𝑆 × 𝐶𝑅 × 𝑃 (15) 

𝐴𝐶 = 𝑅 × 𝐾 × 𝐿 × 𝑆 × (𝐶𝐷 − 𝐶𝑅) × 𝑃 (16) 

where 𝐴𝐶   represents the soil retention amount; 𝐴𝐷 denotes the soil loss under condi-

tions of extreme ecosystem degradation; 𝐴𝑅 indicates the soil loss under the current eco-

system conditions. From the above formula, it is evident that the difference between 𝐴𝐷 

and 𝐴𝑅 is solely attributed to factor 𝐶, which represents the vegetation cover factor. 

2.6. Analysis of the Driving Force Factors 

The trend analysis method is employed to analyze the interannual variations and 

trends in meteorological elements such as temperature and precipitation [29]: 

𝑆 =
∑  𝑛

𝑖=1 𝑚𝑖𝑋𝑖 −
1
𝑛

∑  𝑛
𝑖=1 𝑚𝑖 ∑  𝑛

𝑖=1 𝑋𝑖

∑  𝑛
𝑖=1 𝑚𝑖

2 −
1
𝑛

(∑  𝑛
𝑖=1 𝑚𝑖)

2
 (17) 

where 𝑆 represents the slope of change; 𝑋𝑖 denotes the observed values of temperature 

and precipitation; 𝑚𝑖 is the ordinal number of the year. 

According to the human disturbance index evaluation method [30], the impact of hu-

man activities on the regional ecosystem is assessed by assigning values to different eco-

system levels, resulting in a graded disturbance index (Table 2): 

Table 2. Human disturbance index classification. 

Category Natural Unutilized Naturally Regenerated 
Anthropogenically Re-

generated 

Anthropogenic Non-Re-

newable 

Ecosystem  

Type 
Other land 

Forest Land,  

meadow,  

wetland 

Plowland Artificial surface 

Disturbance Grad-

ing Index 
0 1 2 3 

To calculate the overall human disturbance index for a specific region, a weighted 

summation based on the proportion of each ecosystem type is performed. This yields a 

value between 0 and 3, which is subsequently normalized to a range from 0 to 1, quanti-

fying the disturbance level across the area. The computation is executed as follows: 

𝐷 =
(∑  3

𝑖=0 𝐴𝑖 × 𝑃𝑖)

3
/ ∑  

𝑛

𝑖=1

𝑃𝑖 (18) 

where 𝐷 represents the disturbance index; 𝐴𝑖 denotes the disturbance grading index for 

the 𝑖th level of ecosystem disturbance; 𝑃𝑖  indicates the percentage of the area that corre-

sponds to the 𝑖th level of disturbance grading; areas where ecosystems with no vegetation 

cover or a sparse vegetation distribution exceed 95% are directly excluded from the calcu-

lation. 
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3. Results 

3.1. Ecosystem Macrostructure and Changes 

The results indicate that in 2020, the ecosystem structure(Error! Reference source not 

found.) of the Inner Mongolia section of the Yellow River Basin was predominantly com-

posed of forest and grassland areas, along with other types of systems (Error! Reference 

source not found., Error! Reference source not found.). Grassland areas accounted for 

approximately 57.44% of the total ecosystem structure area, distributed across most of the 

Inner Mongolia section of the Yellow River Basin. Other types of areas made up 16.87% of 

the region, primarily located in the western and some central parts of the study area. For-

ested areas comprised 12.56% of the land, mainly concentrated in the central and western 

regions. The remaining land cover types each accounted for less than 10% of the area; 

cultivated land represented 9.56%, primarily found in the Hetao Plain, the Tumochuan 

Plain, and the northern foothills of the Yin Mountains; artificial surfaces accounted for 

2.87%; and wetlands covered 0.70% of the area. 
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Figure 2. Changes in the macrostructure of the ecosystem from 2010 to 2020. 

Table 3. Ecosystem composition characteristics in 2010 and 2020. 

Year Statistical Indicator Forest Land Meadow Wetland Plowland 
Artificial 

Surface 
Other Land 

2010 
Area (km2) 28,469.52 192,236.68  3669.90  25,070.00  5905.01  54,606.32  

Proportion (%) 9.18% 62.02% 1.18% 8.09% 1.91% 17.62% 

2020 
Area (km2) 38,857.36 177,690.01  2176.98  29,568.01  8868.52  52,186.76  

Proportion (%) 12.56% 57.44% 0.70% 9.56% 2.87% 16.87% 

From 2010 to 2020, the area of forest land in the Inner Mongolia section of the Yellow 

River Basin experienced a net increase of 10,300 km2 (Error! Reference source not found.). 

Within this category, 14,200 km2 was transferred out, predominantly into meadow, with 

meadows accounting for 82.52% of the transferred-out area. Conversely, 24,500 km2 was 

transferred into forest land, primarily from meadow, which constituted 81.12% of the in-

coming transfers. During the same period, meadow areas saw a net decrease of 14,900 

km2. Out of this, 41,000 km2 was transferred out, mainly into forest land and for other land 

uses, while 26,100 km2 was transferred in, predominantly from forest land. Wetland areas 

netted an increase of 1271.64 km2. The area transferred out was 1516.62 km2, mainly into 

plowland and for other land uses, representing 67.25% of the total transferred-out area. 

The area transferred in amounted to 2788.26 km2, primarily from meadow. Plowland ex-

perienced a net increase of 4398.36 km2, with 7531.50 km2 transferred in and 3133.14 km2 

transferred out. Artificial surface areas saw a net increase of 1718.53 km2, with 4244.11 km2 

transferred in and 2525.58 km2 transferred out. Other land uses decreased by a net 2781.85 

km2, primarily undergoing conversions into meadow. This reflects significant dynamism 

in land cover changes within the region, highlighting substantial interactions between dif-

ferent land use types during this decade. 

Table 4. Ecosystem transfer matrix during 2010–2020. 

Type (2010) 

Type (2020) 

Forest Land  

(km2) 
Meadow (km2) Wetland (km2) Plowland (km2) 

Artificial 

Surface (km2) 
Other Land (km2) 

Forest Land  14,477.20 11,687.93 117.40 1220.10 516.83 621.66 

Meadow 19,877.41 152,429.16 1160.33 4304.77 2486.26 13,205.27 

Wetland  66.89 265.28 2966.5 509.93 164.59 509.93 

Plowland  1409.02 392.28 544.61 22,653.76 691.21 96.02 

Artificial Surface  375.63 1321.57 160.29 483.85 3118.43 184.24 

Other Land  2774.61 12,420.66 805.63 1012.85 385.22 37,919.59 

3.2. Ecosystem Quality and Changes 

From 2000 to 2020, the Inner Mongolia section of the Yellow River Basin exhibited 

increasing trends in the NDVI, FVC, and NPP, with NPP showing a slightly greater in-

crease compared to the NDVI and FVC (Error! Reference source not found.). When con-

sidering the sub-basin perspective, both the Hexi Desert region and the Bayan Nur Moun-

tain High Plateau showed relatively smaller averages and growth rates for these indicators 

over the years (Error! Reference source not found.). During this period, the average NDVI 

for the Inner Mongolia section was 0.27, showing a slight overall increasing trend, with an 

annual growth rate of 0.004. The NDVI average was highest in the Dahei River basin, at 

0.57, with the fastest annual increase observed on the right bank above Wubao, at 0.010. 

All the sub-basins displayed a gradual increasing trend in the NDVI between 2000 and 

2020. The average vegetation cover in the region was 23.42%, with the Dahei River basin 

having the highest average vegetation cover at 62.42%. The right bank above Wubao also 
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showed the highest annual increase in vegetation cover at 0.012. Over the past 20 years, 

the average vegetation productivity in the Inner Mongolia section of the Yellow River Ba-

sin was 44.36 g C m−2, overall exhibiting an increasing trend, with an annual growth rate 

of 1.577 g C m−2 per year. The Dahei River basin and the southeastern mountains and hills 

of the Ulanqab ranked at the top in terms of their average annual net primary productivity 

and its growth rate, with average values of 187.52 g C m−2 per year and 145.36 g C m−2 per 

year, respectively. The Northwest Shanxi Tributary basin showed the highest growth rate 

in net primary productivity at 6.045 g C m−2 per year. 

Table 5. Average values and change trends in ecosystem quality indicators in Mongolia section of 

the Yellow River Basin from 2000 to 2020. 

Basin/Sub-Region 
NDVI FVC NPP 

Average Slope Average % Slope (% a−1) Average Slope 

Northwest Shanxi Tributary 0.51  0.009  54.46  0.010  137.57  6.045  

Hexi Desert Region 0.13  0.002  5.04  0.002  2.50  0.087  

Endorheic Area 0.29  0.005  26.03  0.005  45.68  1.929  

Wuding River 0.34  0.007  33.12  0.008  67.56  3.430  

Qingtongxia to Shizuishan 0.28  0.005  24.55  0.006  39.64  1.623  

Shizuishan to Hekouzhen Southern 

Bank 
0.29  0.005  25.69 0.006  43.76  1.831  

North Yellow River Diversion Irriga-

tion Area in Inner Mongolia 
0.51  0.006  54.80  0.007  103.37  2.605  

Yinshan Southern Foothills 0.30  0.004  27.49  0.004  53.41  1.612  

Dahei River 0.57  0.007  62.42  0.007  187.52  5.697  

Bayan Nur Mountain High Plateau 0.14  0.001  6.98  0.001  2.50  0.072  

Northern Daqing Mountain High 

Plateau 
0.28  0.004  24.90  0.004  45.13  1.430  

Ulanqab Southeastern Mountain and 

Hill Area 
0.50  0.006  53.31  0.006  145.36  4.725  

Above Wubao Right Bank 0.41  0.010  41.43  0.012  84.40  4.677  

Overall Average 0.27  0.004  23.42  0.004  44.36  1.577  
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Figure 3. Status of and changing trends in ecosystem quality. 

3.3. Analysis of Key Ecosystem Services and Changes 

From 2000 to 2020, both the unit soil wind erosion modulus and the soil water erosion 

modulus in the Inner Mongolia section of the Yellow River Basin exhibited a decreasing 

trend. Over these two decades, the average unit soil wind erosion modulus was 39.48 t 

hm−2 (Error! Reference source not found., Error! Reference source not found.), with the 

Bayan Nur Mountain High Plateau area recording the highest rate at 88.51 t hm−2, followed 

by the Hexi Desert region at 74.09 t hm−2, and the lowest rate recorded in the Northwest 

Shanxi Tributary at 0.45 t hm−2. The rate of decrease in the soil wind erosion modulus per 

unit area showed a gradual decline, with an overall reduction rate of 1.675 t hm−2. The 

Hexi Desert region and the Bayan Nur Mountain High Plateau area saw the most signifi-

cant reductions in the unit area wind erosion modulus, decreasing by 3.511 t hm−2 and 

3.335 t hm−2, respectively. 

From 2000 to 2020, the actual amount of soil wind erosion in the Inner Mongolia sec-

tion of the Yellow River Basin averaged 961,414.81 million tons, with the Hexi Desert 
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region experiencing the highest actual erosion at 58,319.58 million tons and the Northwest 

Shanxi Tributary experiencing the lowest at 24.62 million tons. These data underscore the 

effectiveness of the soil conservation and erosion control measures implemented over the 

years in reducing soil erosion across different sub-regions of the basin. 

Table 6. Statistics on and changes in wind and sand fixation and soil conservation from 2000 to 

2020. 

Basin/Sub-Region 

Unit Area Wind Erosion 

Modulus 
Wind Erosion  

Unit Area Water Erosion 

Modulus 

Actual Water 

Erosion 

Average Slope (10,000 tons) Average Slope (10,000 tons) 

Northwest Shanxi Tributary 0.45  −0.034  24.62  1585.86  −44.430  86,672.44  

Hexi Desert Region 74.09  −3.511  58,319.58  178.31  0.098  140,361.30  

Endorheic Area 16.79  −0.611  6281.72  177.45  0.525  66,408.47  

Wuding River 6.12  −0.152  447.39  102.04  −1.010  7459.77  

Qingtongxia to Shizuishan 6.35  −0.365  792.87  159.13  2.073  19,858.04  

Shizuishan to Hekouzhen South-

ern Bank 
44.25  −1.464  9367.30 656.33  −1.770  138,925.75  

North Yellow River Diversion Irri-

gation Area in Inner Mongolia 
36.43  −1.566  7483.84  296.51  −5.112  60,912.55  

Yinshan Southern Foothills 11.97  −0.468  2923.69  895.17  −2.955  218,639.03  

Dahei River 1.91  −0.052  210.61  594.23  −11.153  65,559.37  

Bayan Nur Mountain High Plat-

eau 
88.51  −3.335  30,341.62  234.97  0.579  80,550.20  

Northern Daqing Mountain High 

Plateau 
16.27  −0.661  7139.57  248.11  −0.806  108,875.08  

Ulanqab Southeastern Mountain 

and Hill Area 
2.95  −0.068  181.05  634.21  −7.868  38,856.92  

Above Wubao Right Bank 1.03  −0.059  105.25  1145.70  −26.655  116,655.48  

Overall Average 39.48  −1.675  961,414.81  367.25  −2.774  1,149,623.36  

From 2000 to 2020, the average long-term soil wind erosion in the Inner Mongolia 

section of the Yellow River Basin was reported at 367.25 t hm−2. Specifically, the Northwest 

Shanxi Tributary exhibited the highest unit area water erosion modulus at 1585.86 t hm−2, 

while the Wuding River presented the lowest value at 102.04 t hm−2. Over these two dec-

ades, the unit area water erosion modulus across the Inner Mongolia section demon-

strated a general downward trend, decreasing at a rate of 2.774 t hm−2 per year. Notably, 

significant declines exceeding 10 t hm−2 were observed in the Northwest Shanxi Tributary, 

above Wubao on the right bank, and in the Dahei River basin, with respective rates of 

44.430 t hm−2, 26.655 t hm−2, and 11.153 t hm−2. 
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Figure 4. Variation trends in soil wind and water erosion and total erosion in sub-basins. 

Conversely, four river basins, including the Qingtongxia to Shizuishan area, exhib-

ited an upward trend in their water erosion rates. The Qingtongxia to Shizuishan area 

itself experienced an increase in the water erosion modulus rate of 2.073 t hm−2, while the 

other three basins saw increases of less than 1 t hm−2 each. Overall, the actual amount of 

water erosion averaged 114,962,336 million tons across the entire period. The highest ac-

tual water erosion was recorded in the Yinshan Southern Foothills, amounting to 

218,639.03 million tons. Other regions, including the Hexi Desert, the Qingtongxia to Shi-

zuishan area, above Wubao on the right bank, and the northern high plateau of Daqing 

Mountain also recorded actual water erosion figures exceeding 100,000 million tons. The 

smallest actual water erosion was found in the Wuding River basin, at 7459.77 million 

tons. These extensive data highlight the variability and severity of soil erosion across dif-

ferent sub-regions of the Inner Mongolia section of the Yellow River Basin, reflecting the 

impact of both natural conditions and implemented erosion control measures. 
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3.4. Analysis of Drivers of Ecosystem Changes 

From 2010 to 2020, the average annual temperature in the Inner Mongolia section of 

the Yellow River Basin exhibited a slight increasing trend, with a change slope of 0.023 °C 

per year. Among the regions, the Hexi Desert region recorded the highest average annual 

temperature at 8.603 °C, while the Bayan Nur Mountain High Plateau area showed the 

largest increase in the trend at 0.029 °C per year. The total annual precipitation generally 

displayed an increasing trend, with a change slope of 2.462 mm per year. Among these, 

the area above Wubao on the right bank reported the highest average annual precipitation 

and the largest change trend, at 224.751 mm and 3.865 mm per year, respectively. Over 

the past decade, the human disturbance index in the Inner Mongolia section of the Yellow 

River Basin overall showed an increasing trend (Error! Reference source not found., Error! 

Reference source not found.). Compared to 2010, the human disturbance index in 2020 

had increased by 0.012. This increase was particularly noticeable in the region from Shi-

zuishan to Hekouzhen Southern Bank and the North Yellow River Diversion Irrigation 

Area, where the human disturbance index over the last ten years increased by 0.047. Only 

in the Hexi Desert region did the human disturbance index decrease, by 0.013. 

 

Figure 5. Changes in human disturbance index and data from meteorological stations. 
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Table 7. Driving factors and statistics of ecosystem change during 2010–2020. 

Basin/Sub-Region 
Human Disturbance Index Temperature (°C) Precipitation (mm) 

2010 2020 Change Average Slope Average Slope 

Northwest Shanxi Tributary 0.439 0.442 0.002 5.815 0.022 373.896 3.562 

Hexi Desert Region 0.207 0.194 −0.013 8.603 0.020 139.581 1.191 

Endorheic Area 0.292 0.323 0.030 7.730 0.018 303.171 2.762 

Wuding River 0.322 0.354 0.032 8.336 0.012 382.075 3.112 

Qingtongxia to Shizuishan 0.310 0.333 0.024 8.269 0.012 263.458 2.660 

Shizuishan to Hekouzhen South-

ern Bank 
0.317 0.364 0.047 7.428 0.023 271.544 2.902 

North Yellow River Diversion Irri-

gation Area in Inner Mongolia 
0.501 0.547 0.047 7.617 0.026 214.178 2.602 

Yinshan Southern Foothills 0.330 0.343 0.013 5.302 0.028 251.711 3.284 

Dahei River 0.466 0.469 0.003 4.538 0.027 313.512 3.225 

Bayan Nur Mountain High Plat-

eau 
0.291 0.293 0.002 6.797 0.029 137.118 1.785 

Northern Daqing Mountain High 

Plateau 
0.359 0.368 0.009 4.902 0.027 217.564 3.217 

Ulanqab Southeastern Mountain 

and Hill Area 
0.430 0.449 0.019 4.165 0.024 326.407 2.709 

Above Wubao Right Bank 0.383 0.402 0.019 7.109 0.026 390.385 3.865 

Overall Average 0.312 0.324 0.012 7.014 0.023 224.751 2.426 

4. Discussion 

Previous research on the Inner Mongolia section of the Yellow River Basin has largely 

focused on localized ecological restoration and resource management. There has been less 

emphasis on comprehensive studies analyzing the overall ecosystem conditions in the re-

gion. Given this context, the primary strength of this study lies in its holistic approach to 

the region. It integrates the Water Resources Department’s sub-basin classification stand-

ards to systematically analyze changes in various ecosystem indicators. The research con-

ducts a comprehensive analysis of the ecosystem’s quantity, quality, services, and influ-

encing factors. 

4.1. Ecosystem Quantity and Variation 

With the rapid development of society (Error! Reference source not found.), the ac-

celeration of urbanization, and increasing emphasis on ecological conservation, changes 

in various ecosystem are inevitable [31,32]. Observing the changes in land categories 

within the Inner Mongolia section of the Yellow River Basin from 2010 to 2020, there was 

an increase in forest land, cultivated land, artificial surfaces, and wetland, in descending 

order of the area increase. Conversely, the areas that decreased the most were grasslands 

and other land uses. In recent years, through the effective implementation of projects such 

as the Three-North Shelter Forest Program and the returning farmland to forest policy, 

there has been a rapid increase in forest land in the region. Initiatives related to food se-

curity strategies and ecological safety barriers may also have contributed to the increases 

in cultivated land and wetland areas. The central and eastern parts of the Inner Mongolia 

section of the Yellow River Basin, being the economic development center of the Inner 

Mongolia Autonomous Region, have seen a rapid increase in artificial surfaces due to eco-

nomic development. Grasslands, being the most easily converted and vulnerable ecosys-

tem type [33,34], experienced the largest decrease in area, marking it as the land use type 

with the most significant reduction over the past decade. Although a significant portion 

of these grasslands was converted into forest land (10.27%), a considerable area (6.83%) 

was converted for other land uses. Grasslands hold crucial ecological service functions 
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[35,36], and preserving this ecosystem type is vital for the overall healthy development of 

the regional ecosystem. Other land types, including sandy and saline–alkaline lands, 

which are typical in the Inner Mongolia section of the Yellow River Basin, cover large areas 

and are extensively distributed. The reduction in these other land types indicates that the 

ecological projects implemented in recent years have started to show positive results, with 

considerable success achieved in controlling and managing sandy areas and saline–alka-

line lands [37]. 

 

Figure 6. Regional ecosystem services and changes. 

4.2. Ecosystem Quality and Change 

From an ecosystem quality perspective, between 2000 and 2020, the Inner Mongolia 

section of the Yellow River Basin saw increasing trends in the NDVI, FVC, and NPP. These 

upward trends are significantly related to the increases in the areas of forest land, culti-

vated land, and wetlands. The areas above Wubao on the right bank and the Northwest 

Shanxi Tributary sub-basins have leading averages and growth trends in the NDVI and 

FVC, indicating that ecological restoration projects in these sub-basins have been imple-

mented more smoothly. In contrast, the Hexi Desert region and the Bayan Nur Mountain 

High Plateau area, characterized by extensive deserts and sandy lands, exhibit lower val-

ues for the NDVI, FVC, and NPP. These findings are consistent with zonal laws, reflecting 

the natural conditions and challenges inherent in these regions [16]. 

4.3. Ecosystem Key Services and Changes 

Soil wind erosion and water erosion are among the most severe environmental chal-

lenges in the Inner Mongolia section of the Yellow River Basin [6]. In recent years, the 

implementation of ecological projects has significantly enhanced the region’s capabilities 

for windbreak and sand fixation, as well as soil and water conservation [37,38]. However, 

these issues still pose substantial threats to the sustainable development of the area’s eco-

system [39]. The main areas affected by wind erosion in the Inner Mongolia section of the 

Yellow River Basin are the Bayan Nur Mountain High Plateau area and the Hexi Desert 

region. These sub-basins contain deserts or sandy lands, serving as the primary sources 

of sandstorms in the region, and exhibit higher average unit area wind erosion moduli. 

The trend of decreasing wind erosion moduli is more pronounced in the Hexi Desert re-

gion compared to the Bayan Nur Mountain High Plateau area, indirectly indicating that 

the former’s ecosystem capabilities for windbreak and sand fixation have improved more 

significantly in recent years. Soil water erosion predominantly occurs in the Northwest 

Shanxi Tributary and the area above Wubao on the right bank, located in the southeastern 
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part of the Inner Mongolia section of the Yellow River Basin. These areas receive more 

annual precipitation compared to other sub-basins, resulting in higher unit area water 

erosion moduli. However, these regions rank among the top in terms of their trends of 

decreasing water erosion moduli, which indicates that their soil and water conservation 

capabilities have also significantly improved. 

4.4. Ecosystem Change Drivers 

Analysis of the drivers behind ecosystem changes from 2000 to 2020 in the Inner 

Mongolia section of the Yellow River Basin indicates that both temperature and precipita-

tion have shown upward trends, with the increase in precipitation being more pro-

nounced than that of temperature. Spatially, the sub-basins in the central region exhibited 

a slightly higher trend in temperature increase, with the annual average temperature 

changes exceeding 0.025 °C per year. Except for the Hexi Desert region and the Bayan Nur 

Mountain High Plateau area, other regions experienced an annual increase in precipita-

tion exceeding 2.6 mm. The gradual shift towards a warmer and more humid climate in 

the Inner Mongolia section of the Yellow River Basin in recent years, likely due to extreme 

global climate change, could contribute to the observed rise in temperature and precipita-

tion [40]. This has led to improved vegetation cover in some parts of the study area, such 

as the Mu Us Sandy Land. The increase in the human disturbance index indicates that 

human activities have intensified, disrupting the regional ecosystem and hindering natu-

ral vegetation recovery, For example, the water level of many small lakes in the study area 

has dropped seriously or even disappeared, and natural waters have become bare land or 

saline–alkali land. In the Hexi Desert region, where most of the landscape comprises de-

sert with minimal human presence, the human disturbance index has decreased. In other 

regions, due to projects such as the development of the western area in recent years, in-

creased human activity has led to a rise in the human disturbance index [41]. Most of the 

areas of human activity are areas with a suitable climate and other conditions, and human 

activity is also the most important factor that changes the regional ecosystem structure. 

According to the research results, with a change in climate, the climate of most of the 

regions in the study area has become more suitable for human activities, and human ac-

tivities will also lead to changes in the structure and quality of the regional ecosystem. In 

terms of the feedback on regional climate, the relationship between climate and human 

activities is mutual influence and mutual restriction. 

Over the past 20 years, the spatiotemporal characteristics of the ecosystem in the In-

ner Mongolia section of the Yellow River Basin have shown positive development trends, 

with a more optimized macrostructure, improved quality conditions, and enhanced ser-

vice functions. 

5. Conclusions 

This study reveals positive trends in the ecosystem of the Mongolian section of the 

Yellow River Basin from 2000 to 2020. The net increase in forest areas was the largest, and 

the net decrease in grassland areas was the largest. The conversion rate between forest 

and grassland is significant. In recent years, various ecological protection and environ-

mental management measures have significantly reduced other land uses. The wind ero-

sion modulus and water erosion modulus showed decreasing trends, and the water ero-

sion modulus decreased more significantly. The wind erosion modulus per unit area of 

each sub-basin showed a decreasing trend. The climate in the study area showed a warm 

and humid trend, and the temperature and precipitation generally increased. 

Our study provides a basis for developing targeted ecological conservation strategies 

that prioritize maintaining a healthy ecosystem and minimizing human disturbance. 
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