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The Yellow River Basin is one of the basins characterized by China’s most complex geomorphological features. Investigating how the spatial pattern evolution of land types affects ecosystem service value (ESV) provides critical guidance for enhancing land resource management and ecological conservation in the Yellow River Basin. This study employs grid-based analysis, the modified equivalent factor method, the geographical detector model, and the grey correlation model to examine spatiotemporal variations in land-use patterns and ESV across the basin. Findings reveal: (1) From 1980 to 2020, construction land and ecological land demonstrated positive single dynamic degrees, with the construction land exhibiting the most pronounced expansion, increasing by 8.43. Cultivated land, wetlands, and wasted land showed negative dynamic degrees, and the wasted land showed the most significant decrease by 1.56. The comprehensive dynamic degree indicated overall expansion, peaking at 0.23 during 2010–2020. (2) The ESV of provisioning, regulating, supporting, and cultural services in the Yellow River Basin displayed U-shaped trends, ultimately increasing by 29.856, 2.103, 0.624, and 0.355 billion yuan, respectively, by 2020. (3) Spatial analysis identifies stepwise ESV distribution patterns in the Yellow River Basin, with significant value accumulation and clustering observed in upper reaches and the delta region. The Taihang and Qinling Mountains emerged as critical demarcation lines for ESV spatial gradients. (4) In the analysis of impact factors, spatial drivers, including rainfall, habitat quality, population density, GDP, and DEM, have substantial effects on ESV. In contrast, temporal features, including soil type, slope, population density, GDP, and nighttime light intensity, correlate highly with ESV. Notably, GDP and nighttime light intensity exhibited growing influence on ESV as socioeconomic activities intensified. Ecological governance achieved remarkable progress, particularly in upper and delta regions, though accompanied by increased ESV spatial fragmentation across basin sections. This study would provide scientific support for integrated land management, spatial economic planning, and ecological policy formulation in the Yellow River Basin by conducting the basin-scale analysis.
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1 INTRODUCTION
Natural ecosystems constitute the foundation for human survival and development, providing essential material resources for human existence and progress (Costanza et al., 1997). Land use/cover change (LUCC) is critical in global physical, chemical, and ecological environmental transformations. Consequently, LUCC impacts the capacity and quality of natural ecosystems to supply material resources for humanity (El-Hamid et al., 2020). Land use change significantly influences the spatiotemporal characteristics of ecosystem service value (ESV) (Yee et al., 2021). As a pivotal metric for ecosystem services, ESV quantifies material benefits and non-material well-being derived from provisioning, regulating, cultural, and supporting services (Schirpke et al., 2020; Yang et al., 2020; Liang et al., 2021; Peng et al., 2021). The quantification of ESV directly indicates ecological environmental quality (Zhai et al., 2020). It effectively mirrors the operational capacity of diverse ecosystem service functions (Su et al., 2020). Simultaneously, LUCC represents fundamental socioeconomic practices driven by economic development and human activities, emerging as a critical determinant of ESV variations, which governs the spatiotemporal evolution patterns of ESV (Zhao et al., 2020; Zheng et al., 2023). Therefore, a comprehensive investigation of LUCC-induced spatiotemporal variations in ESV patterns, driven by geospatial characteristics, economic development, and human activity intensity, holds practical significance for optimizing regional land resource management and enhancing ecosystem service functionality. This approach provides policymakers with crucial theoretical frameworks and evidence-based decision-making support.
Ecosystem services form the cornerstone of human survival and development, and ESV estimation facilitates a robust understanding of ecosystem functions (Xie et al., 2020). In exploring methods to quantify ESV contributions to economic development and societal activities, Professor Daily’s seminal work Nature’s Services: Societal Dependence on Natural Ecosystems (Pharo and Daily, 1997) first established a systematic definition of ecosystem services in 1997. In the same year, Costanza et al. (1997) revolutionized ESV quantification through equivalent factor methodology, establishing a global assessment framework, which catalyzed growing academic interest in ESV evaluation methodologies. In 1999, Chinese scholars Ouyang et al. (1999) conducted the first ESV assessment of China’s terrestrial ecosystems. Xie et al. (2008), Xie et al., (2015) developed China-specific ESV equivalence tables by adapting Costanza’s framework to local ecological contexts through coefficient calibration. This methodology has been widely applied in ESV accounting across diverse ecosystems, including forests (Wang et al., 2020), wetlands (Nie et al., 2023), grasslands (Qian et al., 2021), farmlands (Sun et al., 2021), deserts (Shao et al., 2022), watersheds (Zheng et al., 2020), and urban agglomerations (Xiao et al., 2020). However, this approach overlooks vegetation growth dynamics in ESV accuracy, as highlighted by Zelený et al. (2021). Consequently, scholars (Xi et al., 2021; Feng et al., 2024) have integrated the Normalized Difference Vegetation Index (NDVI) to refine ESV assessments, enhancing scientific precision.
Research on ESV impact factors identifies natural environment, economic development, and human activities as primary determinants (Shi et al., 2022; Zhang et al., 2023). Most studies construct ESV influence factor frameworks across these three dimensions, employing methods such as regression analysis (Hu et al., 2020), geographically weighted regression (Yu et al., 2022), ordinary least squares (Xing et al., 2021), correlation analysis (Gu et al., 2023), geographical detector (Han et al., 2021), and grey correlation analysis (Rehman and Rehman, 2022) to empirically support findings and policy recommendations. However, standalone application of these models exhibits limitations: correlation and grey correlation analyses fail to clarify causal directions between ESV variables, merely indicating association strength; regression analysis cannot prioritize factor importance; and all three approaches neglect spatial heterogeneity and complex interactions among drivers. To address these gaps, this study introduces the geographical detector (Liao et al., 2021; Wang X. et al., 2022) to explore spatiotemporal differentiation of influencing factors and reveal their coupling effects on ESV. Combined with grey correlation analysis for temporal correlation assessment, this integrated approach offers novel perspectives for analyzing long-term ESV spatial evolution and driving mechanisms.
Building on this foundation, the study employs a multidisciplinary methodology—including the revised equivalent factor method, GIS spatial grid analysis, LUCC spatiotemporal evolution analysis, grey correlation analysis, and geographical detector modeling—to investigate ESV spatial pattern dynamics from the perspectives of LUCC evolution and factor-driven spatiotemporal interactions. It identifies constraining factors affecting ESV spatial pattern evolution in the Yellow River Basin during 1980–2020, providing theoretical and decision-making support for land-use management and ecological governance. The objectives and key contributions include: (1) Evaluating ESV spatial pattern evolution in the Yellow River Basin from 1980 to 2020, particularly before and after the 2000 ecological restoration policy implementation. (2) Revealing spatiotemporal gradient variation characteristics of ESV spatial patterns in the basin. (3) Analyzing temporal and spatial impacts of diverse factors on ESV across historical periods. (4) Providing theoretical and practical guidance for ecological conservation and high-quality development in the Yellow River Basin.
2 RESEARCH SITE AND DATA SOURCES
2.1 Research site
As shown in Figure 1, the Yellow River Basin spans nine provinces in China, including Sichuan, Qinghai, Gansu, Inner Mongolia, Ningxia, Shaanxi, Shanxi, Henan, and Shandong, covering a total area of 795,000 km2 (8.28% of China’s land area). The basin features diverse geomorphology and complex habitats, with elevations ranging from −34 m to 6,190 m and a topography descending from west to east. Climatically, the basin transitions from arid in the northwest to semi-arid and semi-humid in the southeast. The Yellow River is divided into upper, middle, and lower reaches based on two key landmarks: Hekou Town in Tuoketuo County (Inner Mongolia) and Taohuayu in Xingyang City (Henan Province). The upper reaches, characterized by high-altitude plateaus (average elevation >4,000 m), consist of mountain ranges and valleys. Loess landforms with severe soil erosion dominate the middle reaches (1,000–2,000 m elevation). The lower reaches comprise alluvial plains with high urbanization levels.
[image: Figure 1]FIGURE 1 | The Yellow River Basin’s location map.
2.2 Data collection
Normalized Difference Vegetation Index (NDVI), Digital Elevation Model (DEM), and slope data were obtained from the Geospatial Data Cloud (https://www.gscloud.cn). Temperature, nighttime light, GDP, population density, DEM, and 30 m-resolution land use data (1980–2020) were sourced from the China Meteorological Data Service Network (http://data.cma.cn/) and the Resources and Environment Science and Data Center, Chinese Academy of Sciences (https://www.resdc.cn). Soil data were acquired from the National Cryosphere Desert Data Center (https://www.ncdc.ac.cn). Figure 2 illustrates the spatial distribution of influencing factors.
[image: Figure 2]FIGURE 2 | Impact factors. (A) Population, (B) GDP, (C) Night light, (D) Temperature, (E) Precipitation, (F) Ecological quality, (G) Soil type, (H) DEM, (I) Slope.
3 METHODOLOGY
3.1 Land use change dynamics
The single land use dynamic degree reflects the spatiotemporal variations and change intensity of land use type, enabling precise capture of the specific land category transformations. The Equation is:
[image: image]
Where [image: image] is the dynamic degree of a land use type; [image: image] and [image: image] represent the area of the land use type at the initial and terminal phases, respectively; and T is the temporal span of the study period (years).
The comprehensive land use dynamic degree measures the overall land use change rate, reflecting the intensity of land use change affected by economic development and the rate of economic development at different times. The Equation is:
[image: image]
Where [image: image] is the comprehensive dynamic degree; [image: image] is the area of land use type [image: image] at the initial period; [image: image] is the absolute area converted from type [image: image] to non-[image: image]; and [image: image] is the monitoring period duration (year). When [image: image] is annualized, [image: image] represents the annual land use change rate.
3.2 Land use transition matrix
The land use transition matrix quantifies the status of inter-category conversions during the study period, providing a quantitative description of land transformation processes. The Equation is:
[image: image]
Where [image: image] denotes the area converted from land use type [image: image] to [image: image], and [image: image] is the number of land use types.
3.3 Ecosystem service value (ESV)
Based on China’s ecosystem service equivalent table (Xie et al., 2015), the economic value of grain production per unit area of the study area was revised to quantify the total change and spatial distribution characteristics of ESV in the Yellow River Basin. The Equation is:
[image: image]
Where [image: image] is the food production value per unit farmland ecosystem (yuan/km2); [image: image] and [image: image] are the market price (yuan/t) and yield (t/km2) of crop [image: image], respectively; [image: image] is the total cultivated land area; [image: image] is the area (km2) of crop [image: image]. NDVI-based correction was implemented to address vegetation growth impacts on assessment accuracy (Wang, 2023).
3.4 ESV contribution rate
The ESV contribution rate reflects the contribution rate of various land uses to ESV change in a specific period. This method was adopted to analyze the contribution rate of ecosystem service values of different land types in the Yellow River Basin during the research period. The Equation is:
[image: image]
Where [image: image] is the contribution rate of land use type [image: image],; [image: image] and [image: image] are the ESV of type i at the initial and terminal phases; [image: image] and [image: image] are the total ESV at the initial and terminal phases. When [image: image] >0, it indicates that the ESV change and the ESV total value change caused by the land type change are positively correlated; on the contrary, it signifies a negatively correlated.
3.5 Geographical detector
The geographical detector (Wang and Xu, 2017) statistically identifies spatial heterogeneity and driver-response relationships. This model was used to explore the relationship between ESV and potential influencing factors, identifying the dominant and ineffective factors. The Equation is:
[image: image]
Let [image: image] denote the number of variables; [image: image] represents the total number of evaluation units; [image: image] and [image: image] correspond to the total number of units in each partition and total habitat quality, respectively; [image: image] and [image: image] indicate the variance of each partition and the total habitat quality within the region; [image: image] quantifies measurements of the impact factor of habitat quality, with a value range of [0,1]. A higher [image: image]-value signifies stronger spatial heterogeneity in Y. If the stratification is generated by the independent variable X, a larger [image: image]-value indicates stronger explanatory power of X over Y, and vice versa.
Interaction detection evaluates whether the combined explanatory power of multiple driving factors on the dependent variable increases or decreases compared to that of individual factors. The interaction between two factors X1 and X2 can manifest in five types: nonlinear weakening, bifactorial enhancement, single-factor nonlinear weakening, nonlinear enhancement, and mutual independence.
3.6 Grey correlation analysis
The grey correlation analysis was employed to quantify the inter-factor associations and identify critical drivers within the system. The relational coefficient is calculated as:
[image: image]
Let [image: image] is the grey correlation coefficient; [image: image] is the absolute difference between sequence [image: image] and sequence [image: image] at point k; [image: image] is the bipolar minimum difference; [image: image] is the bipolar maximum difference; ρ (set to 0.5) is the distinguishing coefficient within [0,1] range. The grey correlational degree [image: image] is then computed and ranked via Equation 8:
[image: image]
Where [image: image] is grey correlation degree.
4 RESULTS AND ANALYSIS
4.1 Dynamics of land use changes in the Yellow River basin
Table 1 shows the single dynamic degree of land use changes; construction land exhibited continuous growth, with the largest increase from 1980 to 2020 in the Yellow River Basin. Agricultural lands such as cultivated land and grassland fluctuated across periods but showed an overall declining trend, particularly with accelerated cultivated land loss in later stages. Natural ecosystems, including wetlands and water area, experienced widespread reductions, especially during the initial and middle phases. Wasteland displayed variable trends across phases but faced intensified loss in recent years. Forests land, however, achieved positive growth across multiple periods, contributing to regional ecological restoration.
TABLE 1 | Single-movement attitudes to land-use change.
[image: Table 1]The comprehensive dynamic degree of land use changes in the Yellow River Basin (Table 2) reached 0.25 during 1980–2020, indicating significant transformation. Phased analysis revealed lower values of 0.03 and 0.04 in 1980–1990 and 1990–2000, respectively, reflecting gradual changes. The dynamic degree increased to 0.08 during 2000–2010 and peaked at 0.23 in 2010–2020, marking the most rapid land use shifts. The transition from slow to rapid growth in land use dynamics over the study period, particularly in the last 2 decades, highlights intensified anthropogenic impacts.
TABLE 2 | Integrated dynamic attitudes to land-use change.
[image: Table 2]4.2 Land use changes over time and space
4.2.1 Land use area changes
As shown in Table 3 and Figure 3, cultivated land, wasted land, and wetlands decreased by 1.23%, 1.22%, and 0.10%, respectively, from 1980 to 2020 in the Yellow River Basin. Construction land, forests land, and grassland increased by 1.65%, 0.44%, and 0.33%, respectively. Specifically, cultivated land decreased by 9,781 km2, wasteland by 9,869 km2, and wetlands by 821 km2, while forests land, grassland, water area, and construction land increased by 3,466 km2, 2,668 km2, 1,089 km2, and 13,115 km2, respectively. According to Table 3, the year 2000 marked a critical turning point. Post-2000 phase, the cultivated land, wetlands, and wasteland declined sharply, which decreased by 2.84%, 2.33%, and 0.28%, respectively, while forest land, grassland, water area, and construction land increased by 0.88%, 0.88%, 0.38%, and 3.09%, respectively. These shifts align with China’s Grain for Green Program initiated in 2000, reflecting a strategic balance between economic development and ecological conservation.
TABLE 3 | Spatial and temporal shifts in land use within YRB.
[image: Table 3][image: Figure 3]FIGURE 3 | Spatial distribution of land use changes.
4.2.2 Land use transfers
Figure 4 delineates land use change in Yellow River Basin. During the early phase (1980–1990), grassland, construction land, and wasteland increased by 5,224.24 km2, 19,755.08 km2, and 1,309.90 km2, respectively, while cultivated land, forests land, wetlands, and water area decreased by 17,473.90 km2, 3,987.46 km2, 3,751.74 km2, and 710.00 km2, respectively. Land conversions primarily involved compensatory exchanges between cultivated land and grassland, as well as grassland-to-forests land and grassland-to-wasted land transitions. Construction land expansion sourced 73.3% of its growth from cultivated land (78,32.93 km2) and grassland (25,375.49 km2), reflecting the “land-for-development” fiscal strategy of that era. In the early-middle phase (1990–2000), grassland and construction land increased by 3,200.40 km2 and 21,086.00 km2, respectively, while cultivated land, forests land, wetlands, water area, and wasteland decreased by 8,539.00 km2, 1,878.20 km2, 4,508.00 km2, 450.00 km2, and 1,200.00 km2, respectively. Notable area change rates included construction land (+138%), wetlands (−33.3%), water area (−12.0%), and cultivated land (−4.06%). Construction land expansion primarily derived from 8,706.05 km2 (41.3%) of cultivated land and 2,302.13 km2 (10.9%) of grassland. Cultivated land transfer involved 53,672.45 km2 (54.8%) to grassland, while grassland transfer involved 56,182.79 km2 (72.3%) to cultivated land, maintaining a compensatory balance. Grassland growth mainly originated from wasteland conversion, accounting for 18,411.71 km2 (31.2%). This period intensified conflicts among cultivated land, grassland, wetlands, and construction land.
[image: Figure 4]FIGURE 4 | Land use transfer change.
During the middle phase (2000–2010), construction land, forests land, wetlands, and water area increased by 6,675.94 km2 (18.36%), 897.33 km2 (0.88%), 863.28 km2 (6.86%), and 454.38 km2 (6.47%), respectively, while grassland, cultivated land, and wasteland decreased by 806.73 km2 (0.21%), 567.05 km2 (0.27%), and 163.63 km2 (0.28%), respectively. Construction land continued expanding, but cultivated land conversion decreased by 89.3%, reflecting initial ecological protection success. In the recent phase (2010–2020), construction land surged by 36,323.85 km2, while forests land, wetlands, and water area increased steadily by 3,942.40 km2, 762.97 km2, and 278.71 km2, respectively. However, cultivated land, grassland, and wasted land declined sharply by 10,533.69 km2, 9,681.92 km2, and 8,732.74 km2, respectively. Construction land expansion encroached on 12,992.12 km2 (35.8%) of cultivated land and 5,067.39 km2 (14.0%) of grassland. Cultivated land primarily converted to 53,214.90 km2 (59.1%) grassland and 12,992.12 km2 (14.4%) construction land, while grassland transitioned to 27,014.21 km2 (29.7%) forests land and 3,900.86 km2 (15.3%)wasteland. These rapid shifts risk systemic cultivated land degradation and grassland ecological crises.
4.3 Value shifts for ecological services
Figure 5 illustrates ESV changes in the Yellow River Basin, with total value increasing from 2.356734 trillion CNY in 1980 to 2.389673 trillion CNY in 2020, a net gain of 32.939 billion CNY. ESV decreased by 20.461 billion CNY during 1980–1990 and 15.069 billion CNY during 1990–2000, accumulating a 35.53 billion CNY reduction during 1980–2000. 2000–2010 and 2010–2020 are recovery phases, the ESV increases of 16.451 billion CNY and 52.018 billion CNY, respectively, cumulating to 68.469 billion CNY. The ESV of regulating services, supporting services, cultural services, and provisioning services in the Yellow River Basin has increased by 29.856 billion CNY, 2.103 billion CNY, 0.624 billion CNY, and 0.355 billion CNY, respectively, among which the supply services saw the least growth. Negative growth emerged in food production, raw material supply, and nutrient cycling, contrasting with positive trends in other ESV components. Section 3.2 analysis reveals cultivated land loss coupled with ecological/construction land expansion as primary drivers of negative ESV trends in these categories.
[image: Figure 5]FIGURE 5 | Ecological service value.
From 1980 to 2000, the ESV of water supply, gas regulation, climate regulation, environmental purification, soil retention, hydrological regulation, biodiversity, and landscape aesthetics all declined. Post-2000, most services rebounded except soil retention, which began recovering only after 2010, reflecting the delayed impact of the Grain for Green Program, Three-River Source Ecological Protection Project, and Loess Plateau soil conservation initiatives. The ESV of hydrological regulation, climate regulation, environmental purification, water resource supply, and biodiversity in the Yellow River Basin all exceed 1 billion CNY, amounting to 21.2 billion CNY, 5.885 billion CNY, 1.941 billion CNY, 1.574 billion CNY, and 1.505 billion CNY, respectively. Food production suffered the steepest decline, about 1.11 billion CNY, directly correlated with cultivated land depletion.
4.4 Spatial distribution of ESV
4.4.1 Spatial distribution of provisioning services
Figure 6 demonstrates distinct spatial polarization of provisioning services, with low-value zones clustered in southern Inner Mongolia and the Shandong section, while high-value zones cluster in northern Sichuan and northern Qinghai, the water source areas of the Yellow River. Spatial patterns remained stable from 1980 to 2010; however, in 2010, marked supply service value and spatial distribution growth occurred at the Yellow River source area in the northern Sichuan and northern Qinghai and the Yellow River Delta area in Shandong. These enhanced areas spatially correspond with key ecological constructions in the Yellow River Basin.
[image: Figure 6]FIGURE 6 | Geographical distribution of supply services.
The spatial distribution of food production, raw material production, and water supply services in the Yellow River Basin is shown in Figure 7. From 1980 to 2000, the high-value food production zones in the Yellow River Basin were distributed in western Gansu, southern Henan, southern Shanxi, northern Shaanxi, the middle and upper reaches of the Shandong section, and northern/southern Shaanxi. The spatial distribution of food production gradually showed a spatial aggregation and contraction trend. From 1980 to 2020, the high-value zones of raw material production were mainly distributed in the middle and upper reaches. Meanwhile, the spatial fragmentation level of the middle reaches was higher than that of the upper reaches. In 2020, the spatial agglomeration and raw material production area in the upper reaches significantly increased, with enhanced spatial agglomeration in eastern Shaanxi, western Shanxi, and the “几”-shaped Bend. The high-value zones of water resource supply were mainly located in the basin’s upper reaches, including Qinghai and Sichuan, with no significant changes throughout 1980–2020. Mid-reaches water supply capacity improved by 2010, and low-value zones experienced intensified fragmentation during 1980–2010. In 2020, both the low-value and mid- and high-value water supply zones showed enhanced spatial agglomeration.
[image: Figure 7]FIGURE 7 | Geographical distribution of supply service subsets.
4.4.2 Regulatory services
Figure 8 reveals regulating service low-value zones concentrated along the Taihang Mountains, the Qinling Mountains, and the Shandong section. The Shandong section exhibited service capacity improvements during 2010–2020 with expanded mid-high value areas. Mid- and high-value clusters predominated in Qinghai, Sichuan, central-western Inner Mongolia, and southeastern Shaanxi. Low-value zone clustering intensified during 2000–2010, while the spatial agglomeration of high-value zones in the upper reaches intensified in 2020. Due to physical geographic conditions, Taihang Mountains, Qinling Mountains, northern Inner Mongolia, and Shandong are persistently low-value zones for regulating services.
[image: Figure 8]FIGURE 8 | Spatial distribution of mediation services.
Figure 9 details the service value of gas conditioning, climate control, clean-up operation, and hydrological regulation. Gas conditioning hotspots in Qinghai, Sichuan, Shaanxi, and northern Inner Mongolia. From 1980 to 2020, the high-value zones at upper reaches transitioned from dispersed to aggregated configurations, while low values occurred in Taihang Mountains, Qinling Mountains, northern Inner Mongolia, and Shandong. The spatial distribution of climate control is similar to that of gas conditioning, with upper reaches expansions from 1980 to 2020. The clean-up operation changed significantly from 1980 to 2020, with the areas of high-value zones in upper and middle reaches expanding, and areas of mid- and high-value zones in the Qinling Mountains also increasing. Hydrological regulation maintained stable patterns, with low values in Gansu, southwestern Shaanxi, Taihang Mountains, and Qinling Mountains at the middle reaches. However, the Yellow River Delta demonstrated mid-high value growth in 2020. The Taihang Mountains, Qinling Mountains, northern Inner Mongolia, and the Shandong section critically influence all regulating services.
[image: Figure 9]FIGURE 9 | Spatial distribution of mediation service subsets.
4.4.3 Spatial distribution of supporting services
Figure 10 identifies supporting service low-value zones along the Taihang Mountains, the Qinling Mountains, northern Inner Mongolia, and the Shandong section. From 2010 to 2020, Shandong section showed enhanced supporting capacity with expanded mid- and high-value areas. Mid- and high-value clusters are concentrated in Qinghai, Sichuan, northwestern Inner Mongolia, southeastern Shaanxi, and central Shanxi. High-value areas remained stable during 1980–2010. Nevertheless, by 2020, the area of high-value zones grew rapidly, and spatial fragmentation decreased, especially significant in upper reaches. Throughout 1980–2020, the supporting services in Qinghai, Sichuan, and Shandong section improved notably.
[image: Figure 10]FIGURE 10 | Geographical distribution of support services.
Figure 11 displays spatial distribution of supporting services regarding soil conservation, nutrients cycle maintenance and biodiversity. Soil conservation values increased substantially in high-value zones at upper reaches, especially in 2020. High-value zone of nutrients cycle maintenance persisted in upper reaches and peri-mountainous areas. In 2020, however, the nutrient cycling in the upper reaches saw a concentrated growth, while the spatial fragmentation in the middle reaches intensified. Biodiversity hotspots concentrated in the upper reaches and delta regions of the lower reaches throughout 1980–2020, and the high-value re-increased in 2020. Low-value zones exhibited spatial congruence across soil conservation, nutrient cycle maintenance, and biodiversity, which were consistently low in Taihang Mountains, Qinling Mountains, northern Inner Mongolia, and the Shandong section.
[image: Figure 11]FIGURE 11 | Distribution of support service subsets in space.
4.4.4 Cultural services
As shown in Figure 12, cultural service low-value zones along the Taihang Mountains, Qinling Mountains, northern Inner Mongolia, and the Shandong section during 1980–2020. The Delta region exhibited cultural service growth, while other low-value zones remained stable. Mid- and low-value zones experienced intensified fragmentation in Gansu, Inner Mongolia, and northwestern Shaanxi at the middle reaches. Mid- and high-value clusters dominated Qinghai, Sichuan, northwestern Inner Mongolia, Taihang Mountains, and western Qinling Mountains at upper reaches. From 1980 to 2010, mid- and high-value areas remained stable. In 2020, the area of high-value zones in the upper reaches increased rapidly, and the degree of fragmentation decreased. Upper reaches demonstrated pronounced cultural service enhancements.
[image: Figure 12]FIGURE 12 | Distribution of cultural services in space.
4.5 Spatiotemporal change in ESV contribution rates
Table 4 demonstrates that the grassland, forests land, and water area dominated ESV contributions during 1980–2020, among which grassland had the most significant contribution rate to the ESV. Cultivated land and wasteland exhibited progressive decline to −0.09 and −1.86, respectively. After the Yellow River ecological construction started in 1999, the contribution of forests land, grassland, water areas, and wetlands gradually increase, on the contrary, the contribution rate of other land categories decline, The increase in the contribution rate of ecological land ESV fully reflects the efficacy of ecological construction in the Yellow River Basin.
TABLE 4 | Fluctuations in ESV contribution rate in the YRB.
[image: Table 4]4.6 Driving factor analysis of ESV
Calculating the q values of each driving factor (Table 5) identifies population density, habitat quality, and rainfall as top determinants through geographical detector analysis; thus, these 3 are the main driving factors of ESV in the Yellow River Basin. The elevation, temperature, and GDP score all exceed 0.5, and that of slope, nighttime light, and soil type all exceed 0.4. Temporal analysis revealed strengthening impacts of GDP, nighttime lights, and temperature over study periods.
TABLE 5 | Determinants of ESV (q-values).
[image: Table 5]Figure 13 illustrates that, from 1980 to 2020, the GDP∩soil type, slope∩soil type, temperature∩soil type, and elevation∩soil type showed nonlinear enhancement interactions. Additionally, nighttime lights∩soil type interactions also revealed nonlinear enhancement during 1980–2010. Nighttime lights∩temperature showed a nonlinear enhancement in 1990, while slope∩temperature exhibited a nonlinear trend from 2000 to 2020. Double-factor enhancement characterized remaining interactions throughout the study period. Soil type demonstrated weak synergistic effects across multiple factor combinations. Slope, temperature, and nighttime lights combinations exhibited limited explanatory capacity for ESV variations. These findings corroborate the conclusion drawn from the factor detection analysis that growing impacts of GDP and nighttime lights alongside persistent dominance of population density, habitat quality, and rainfall.
[image: Figure 13]FIGURE 13 | Interaction effects of driving factors.
4.7 Impact factor correlation analysis
As shown in Table 6, the Yellow River Basin is a vast territory, with diverse soil types and a wide distribution range. During the research period, it indicated a robust correlation with ESV’s temporal and spatial changes in the Yellow River Basin. Slope and elevation emerged as secondary natural determinants. Prolonged research time length, the correlation of economic development and human activity influencing factors such as population density, GDP, and nighttime lights becomes significantly stronger. In 1990, large-scale economic construction and grain production were conducted in the Yellow River Basin, and soil type, slope, population density, GDP, and nighttime had the most significant impact. Concurrently, natural and anthropogenic factors established compound correlations affecting ESV patterns. After 2000, various ecological protection and restoration projects were implemented in the Yellow River Basin, and the correlation between ESV’s temporal and spatial changes and natural geographical factors gradually weakened.
TABLE 6 | Correlation degrees of ESV impact factors in the yellow river basin.
[image: Table 6]5 DISCUSSION
5.1 Impacts of LUCC and ecological construction on ESV
Land use change is one of the main driving forces behind altering ecosystem service functions (Gomes et al., 2021). Land use transitions represent essential processes for reconciling conflicting land-use interests and mitigating human-land conflicts, with engineered spatial optimization strategies enhancing the structural stability of ecological-productive-living spaces (Liu et al., 2020; Fang et al., 2022). Over the past 4 decades, the implementation of ecological construction such as the Grain for Green Program (Yang et al., 2022), the Three-North Shelter Forest Program (Zhang D. et al., 2021), the Natural Forest Conservation Program (Yu et al., 2023), the Wetland Conservation and Restoration Project (Xiang et al., 2020), the Ecological Protection and Construction Project of the Sanjiangyuan Nature Reserve (Jiang et al., 2022), and the Integrated Ecological Protection and Restoration Project of Mountains, Rivers, Forests, Farmlands, Lakes and Grasslands (Yao et al., 2023) has significantly improved the ecological environment quality, ESV and ecological function recovery in the Yellow River Basin. The construction land in the Yellow River Basin expanded sharply, from 5,224.24 km2 in 1980 to 36,323.85 km2 in 2020, primarily through conversions of cultivated land, grassland, and wetlands. Since the ecological construction after 2000, the area of forests land, wetlands and water area in the Yellow River Basin has grown rapidly, significantly increasing the total ESV. However, the ecological projects also led to a reduction in cultivated land shrinkage, as well as a decrease in the value of supply services (Wei et al., 2023). Large-scale afforestation and construction land expansion have reduced grassland areas, diminishing associated provisioning, regulating, supporting, and cultural services (Yang et al., 2021; Yang et al., 2023). Meanwhile, accelerated construction land growth has intensified spatial fragmentation among land-use categories (Wang J. et al., 2022). Therefore, it is urgent and necessary to implement zonal governance for different functional zones in the Yellow River Basin (Han et al., 2021; Luo and Peji, 2022), especially in the water conservation area in the upper reaches, the Sanjiangyuan National Park, the Loess Plateau, the sand prevention and control area, and the seven major urban agglomerations in the Yellow River Basin.
Ecological construction has driven ESV growth in forests land, wetlands, and water areas, yielding total ESV increase in the Yellow River Basin (Lou et al., 2022). Basin-scale analyses identify rainfall, habitat quality, DEM, GDP, and nighttime lights as primary ESV drivers, corroborating findings by Zhang X. et al. (2021), Fang et al. (2021) and Hasan et al. (2020). Regional-scale assessments reveal climate variables, land-use intensity, economic density, and terrain conditions dominate ESV dynamics in urban clusters (Guo et al., 2022). Urbanization-ESV coupling coordination shows the strongest associations with economic growth, environmental regulation, technological innovation, and NDVI (Zhang K. et al., 2021). Vegetation restoration in the Loess Plateau has significantly improved the quality of ecosystem services, but ecosystem services are mainly affected by factors such as vegetation pathogenic area, precipitation, land use change, urban expansion and population growth (Tang et al., 2022).
The study found that driving factors of ESV in the Yellow River Basin vary at both the basin scale and the regional scale. On the one hand, the spatial evolution characteristics of various land types are closely related to elevation gradients; on the other hand, they are also constrained by the Qinling and Taihang Mountains, creating critical challenges for reconciling land management with ecological restoration (Grêt-Regamey and Bettina, 2020; Peng et al., 2020; Ma et al., 2021). This necessitates adaptive zonal governance integrating population dynamics, LUCC intensity, economic density, and natural capital stocks to formulate spatially-explicit development strategies.
5.2 Implications of LUCC and ecological policies for future ESV change
This study demonstrates that ESV fluctuations in the Yellow River Basin are co-driven by ecological policies, LUCC, natural capital stocks, economic development, and human activities, resulting in regional aggregation and gradient change characteristics of the spatial distribution of ESV in the upper, middle, and lower reaches. In the future, these may constrain high-quality development of ESV in the Yellow River Basin. When promoting economic development and ecological protection in a coordinated manner, policy formulation requires scientifically coordinated coupling of land-use optimization and ecological conservation based upon local conditions. Also, it should ensure the sustainability of high-value zones of ESV in the upper, middle, and lower reaches, as well as spatially balanced economic development and ecological protection.
5.3 Research prospects

1) Based on the data of LUCC, this paper estimated the spatio-temporal changes of ESV in the Yellow River Basin by combining the factor equivalent table. The ESV estimation framework requires enhanced objectivity in per-unit ESV coefficients and improved spatial-scale adaptability. Discrepancies in remote sensing data measurement, transmission, and acquisition introduce errors in ESV calculations.
2) Although this study reveals LUCC-ESV response mechanisms, the Yellow River Basin has a complex ecosystem structure, and the influencing factors show significant differences at the basin scale. Thus, the selected influencing factors in this article cannot comprehensively and precisely reflect the changes in the ESV of the Yellow River Basin, and the assessment of each ESV of the ecosystem is relatively conservative.
3) The results show that the Gansu Province, Taihang Mountains, and Qinling Mountains serve as the demarcation lines for the spatial variations of various ESVs, which has been particularly evident since 2000. Future investigation should decode the reasons for this trend.
6 CONCLUSION
This study investigates the spatial pattern changes of ESV in the Yellow River Basin from 1980 to 2020, as well as their correlations with LUCC and driving factors across both spatial and temporal dimensions. It analyzes four-decade evolutionary trends in the spatial pattern changes of ESV. It evaluates the driving factors of each ESV in terms of time, space, and socio-economic and natural factors. A comprehensive assessment was conducted on the spatial pattern changes of ESV in the Yellow River Basin, with a specific analysis of the spatial pattern changes of ESV before and after the implementation of ecological policies in 2000. Based on these analyses, the following conclusions were drawn.
1) Forests land, water areas, and wetlands exhibited positive single dynamic degrees during 1980–2020, contrasting with negative trends in cultivated land, grassland, and wasteland. The comprehensive dynamic degree demonstrated exponential growth, the most intense during 2010–2020.
2) Total ESV followed a U-shaped trajectory, first declining and then rising. Similarly, the values of supply services, regulation services, support services and cultural services all demonstrated a trend of initial decline followed by an increase. The recovery of supply services and cultural services was relatively slow. By 2020, the spatial area of regulation services and support services had significantly expanded.
3) From 1980 to 2020, the spatial distribution of various ESVs in the Yellow River Basin exhibited a stepwise change, with significant value accumulation in upper reaches and delta regions. The change of the middle reaches is indistinctive. Notably, Gansu Province, Taihang Mountains, and Qinling Mountains emerged as critical demarcations for ESV spatial stratification within the basin.
4) Soil type, DEM, rainfall, habitat quality, population density, GDP, and nighttime lights significantly impact the spatial distribution and spatio-temporal correlation of ESV. Natural factors demonstrate relatively stable effects on ESVs in the Yellow River Basin, whereas the influence of economic development and human activities on ESV in this region is gradually intensifying.
7 POLICY RECOMMENDATION
In summary, this study synthesizes the research findings, conclusions drawn from prior studies, and the outcomes of this investigation to propose policy recommendations aimed at enhancing ESV, optimizing land resource management, resolving the coupling contradictions within the “ecological-economic” system, and establishing dynamic monitoring mechanisms for ESV in the Yellow River Basin.
1) Implement zonal management and differentiated ecological restoration strategies to enhance the effectiveness of spatial governance. Considering the distinct ecological functions in the Yellow River Basin’s upper, middle, and lower reaches, it is recommended to divide the basin into primary functional zones such as water conservation zones, soil-water retention zones, and urban agglomeration development zones, and establish differentiated management objectives. In the upper reaches, particularly in key water conservation areas such as the Sanjiangyuan region and Qilian Mountains, human activities should be strictly restricted, and efforts should be made to promote the return of grazing land to wetlands programs and glacier protection projects. On the middle Loess Plateau, priority should be given to conducting soil erosion control strategies, including gully dam construction and vegetation restoration. Establishing the mechanisms for wetland ecological compensation in the lower delta area should curb ecological space fragmentation. Urban agglomerations should adopt an integrated regulatory framework combining “ecological redlines” and “development boundaries,” employing measures such as land exchange to mitigate the fragmentation effects caused by the expansion of construction land on ecological spaces.
2) Establish a full-lifecycle management system for land use in the Yellow River Basin to integrate ecological conservation with food security. Develop a dual-effect mechanism, integrating compensation balance and quality enhancement for cultivated land management, and enforce strict protection of high-quality farmland while implementing the grain for green program on slope croplands exceeding 25°. Implement a “grass-determined afforestation” vegetation configuration scheme in arid/semi-arid regions, utilizing drought-tolerant species such as Caragana korshinskii, Hippophae rhamnoides for shrub-grass mixed planting, to address grassland degradation caused by afforestation. Refine the ecological project evaluation framework by incorporating ESV increments and biodiversity indices into acceptance criteria, preventing extensive ecological management models prioritizing spatial coverage over quality.
3) Establish a multi-factor coordinated regulation mechanism to address the coupling contradictions within the ecological-economic system. Pilot a “water-soil-atmosphere-biology” integrated regulation mechanism in key areas such as the 几-shape Bend of the Yellow River Basin, consolidating data platforms for ecological flow monitoring, soil erosion modulus calculation, and carbon trading. Explore establishing a fiscal transfer payment system based on “ecological contribution degree”, with enhanced compensation coefficients for ecological product supply regions, including Gannan and Ruoergai. Promote saline-alkali land remediation models in major grain-producing areas, such as Fenwei Plain, Hetao Irrigation District, to improve cropland quality and enhance carbon sequestration capacity.
4) Enhance the intelligent monitoring and dynamic evaluation system to improve the scientific basis of decision-making. Construct an integrated monitoring network for the Yellow River Basin by combining multi-source remote sensing data with ground observation stations, enabling real-time tracking of ESV changes. Establish a “Digital Twin Basin” for the Loess Plateau, develop predictive and early warning models for ESV, and quantify the dynamic interplay among GDP growth rate, population density thresholds, and ecological carrying capacity. Strengthen the monitoring of biological corridors within key ecological barriers, such as the Qinling and Taihang Mountains, establish a mechanism for tracing policy effectiveness, and provide a robust scientific foundation for dynamically adjusting governance strategies.
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