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Ecosystem services and sustainable restoration interlinking soil, geological, and vegetation interactions for sustainable development


1 INTRODUCTION
The restoration of ecosystems is increasingly critical in the context of global environmental and ecological challenges. As the world faces the growing impacts of climate change and land degradation, restoring ecosystems to enhance their services—such as water regulation, carbon sequestration, and biodiversity—is paramount. This Research Topic explores the interrelations between geological attributes, soil properties, and vegetation in ecosystem restoration, focusing on how these interactions influence ecosystem services and contribute to sustainable development goals (SDGs). Specifically, SDG 6 (Clean Water and Sanitation), SDG 13 (Climate Action), and SDG 15 (Life on Land) are particularly relevant as they align with the goals of enhancing water management, mitigating climate change, and restoring terrestrial ecosystems. Through examining empirical research and integrating findings from diverse geomorphological conditions, the articles in this Research Topic offer novel insights into enhancing ecosystem resilience and advancing ecosystem-based solutions for water and land management.
Ecosystem restoration offers a pathway to address multiple environmental issues simultaneously, particularly in regions affected by overexploitation, desertification, and deforestation. By understanding how soil, geology, and vegetation interact, researchers can design more effective restoration strategies that improve ecosystem functions and contribute to climate adaptation and the achievement of SDGs. The studies included in this Research Topic emphasize the need for interdisciplinary approaches that combine ecological, hydrological, and geological knowledge. They provide critical insights into how restoration practices can enhance ecosystem services, improve land and water management, and ultimately support the achievement of sustainable development goals in the face of global environmental stressors.
2 SOIL-PLANT INTERACTIONS IN ECOSYSTEM RESTORATION
Soil-plant interactions are fundamental to ecosystem restoration, as they influence nutrient cycling, water retention, and plant growth. Soil properties such as texture, organic matter content, and moisture availability directly impact vegetation health, which in turn affects ecosystem functions. Feng et al. analyzed how long-term vegetation restoration in the Loess Plateau influenced soil hydrological functions and highlighted the role of soil moisture in sustaining restored vegetation. Similarly, Shao et al. found that different restoration methods in arid regions significantly enhanced soil water retention, which improved vegetation growth and ecosystem stability. These studies underscore the importance of soil-plant interactions in ecosystem restoration and their broader implications for land and water management.
3 TECHNOLOGICAL ADVANCES IN ECOSYSTEM MONITORING
Advances in monitoring technology have revolutionized our ability to assess and manage ecosystems. Remote sensing, GIS, and hydrological modeling tools enable more precise tracking of vegetation dynamics, soil moisture, and overall ecosystem health. Yue et al. used advanced spatial analysis to measure the impact of photovoltaic panels on soil properties in desert ecosystems, providing critical data for ecological restoration efforts. Cheng et al. also utilized remote sensing technology to study the influence of vegetation characteristics and soil properties on ecosystem dynamics in tropical forests. These innovations not only improve our understanding of ecosystem processes but also enhance the effectiveness of restoration strategies.
4 BIOGEOCHEMICAL PROCESSES AND CARBON SEQUESTRATION
Biogeochemical processes are essential for understanding how ecosystems recover and enhance their ability to sequester carbon. This is particularly important in the context of climate change, as restored ecosystems can contribute to mitigating carbon emissions. Zhang et al. found that soil carbon and nitrogen changes due to soil particle redistribution in photovoltaic arrays influenced soil fertility and carbon sequestration potential. In a similar study, Zhang et al. investigated the role of vegetation restoration in improving soil organic carbon storage in degraded landscapes. These studies highlight the significant role of biogeochemical processes in carbon cycling and their potential for enhancing ecosystem services related to climate change mitigation.
5 ECOSYSTEM SERVICES AND WATER MANAGEMENT
Effective water management is a critical aspect of ecosystem restoration, particularly in regions affected by droughts and water scarcity. Restoration practices that enhance water regulation, such as reforestation and wetland restoration, can help restore the hydrological cycle and mitigate the impacts of climate change. Ma et al. demonstrated that moderate grazing promotes plant diversity and increases grassland water retention in the Qinghai-Tibet Plateau, which is crucial for sustainable water management. Similarly, Ma et al. assessed the role of vegetation restoration in improving water yield in China’s arid regions. Collectively, these studies underscore the importance of integrating ecosystem-based water management strategies in restoration efforts.
6 CONCLUSION
The research presented in this special issue collection highlights the critical connections between soil, geology, and vegetation in the restoration of ecosystems and the enhancement of their services. From improving water retention and carbon sequestration to advancing ecosystem monitoring and management strategies, these research findings offer valuable insights into how ecological restoration can contribute to sustainable development goals. Restoration is a complex and multifaceted process, and a one-size-fits-all approach is unlikely to be effective. Ecosystem restoration requires a holistic approach that incorporates local geological, soil, and vegetation conditions, as well as socio-economic factors, to ensure long-term success. These studies reinforce the need for interdisciplinary strategies to tackle the diverse challenges of ecosystem restoration and to achieve lasting improvements in ecosystem services.
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Introduction: This study evaluates the effectiveness of soil reconstruction and restoration in the Jiangcang coal mining area on the Qinghai-Tibet Plateau, where harsh environmental conditions pose significant challenges to ecological restoration.Methods: Two phases of ecological restoration were implemented, with outcomes assessed based on vegetation coverage, species diversity, biomass, soil properties, and community similarity.Results: The results demonstrate that soil reconstruction significantly improved soil fertility, vegetation coverage, and community stability without noticeable degradation over time. The use of sheep manure increased species diversity by introducing native seeds, addressing the shortage of suitable grass species in alpine areas. Comparatively, the second phase of restoration, which included soil reconstruction, has elevated the vegetation coverage to 80%, matching natural background levels, and has also demonstrated superior outcomes in terms of soil stability, nutrient content, and other aspects compared to traditional methods. While aboveground biomass showed rapid recovery, belowground biomass lagged, indicating a need for longer-term restoration. Restored slopes exhibited higher similarity to natural alpine meadows compared to platforms, suggesting the dominance of the artificially seeded species on the platform areas hinders the reproduction of other species, which is unfavorable for the evolution of vegetation diversity.Discussion: This study emphasizes the effectiveness of soil reconstruction, organic amendment, and other restoration measures, providing important experience and reference for mine ecological restoration in similar high-altitude mining areas.Keywords: Qinghai-Tibet plateau, soil reconstruction, ecological restoration, open-pit coal mining area, high-altitude vegetation recovery
1 INTRODUCTION
The Qinghai-Tibet Plateau is known for its harsh climatic conditions, high altitudes, and fragile ecosystems, which make ecological restoration efforts particularly challenging (Carabassa et al., 2020; Cheng et al., 2022). Mining activities in this region have caused severe ecological damage, particularly in high-altitude areas where permafrost and alpine meadow ecosystems are widespread (Zhang et al., 2023; Hu et al., 2018). The Muli coal mine, located at the northeastern edge of the Qinghai-Tibet Plateau, is the largest coal mine in Qinghai Province and a significant coking coal resource in northwest China (He et al., 2024). Decades of open-pit mining have led to substantial environmental degradation, including the destruction of water, soil, and vegetation resources, as well as the thawing of permafrost, which has further contributed to the degradation of alpine meadows and increased soil erosion (Reid and Naeth, 2005a; Misebo et al., 2022). The permafrost degradation not only reduces the stability of the soil but also negatively impacts the region’s hydrological balance, making effective ecological restoration a critical need (Rocha and Martins, 2021; Scotton, 2021).
In recent years, the Chinese government has increased its emphasis on ecological restoration and environmental protection, with specific policies targeting mining areas in the Qinghai-Tibet Plateau. As part of this effort, numerous projects have been launched to restore vegetation and improve soil quality in these degraded regions (Wong, 2003; Yang et al., 2019). The unique climatic conditions, such as short growing seasons, low temperatures, and limited precipitation, further complicate restoration efforts, necessitating the development of adaptive restoration techniques tailored to these extreme environments (Yang et al., 2019; Zhang et al., 2023). High-altitude mining areas face severe soil degradation, loss of vegetation, and destabilized ecosystems, which exacerbate ecological fragility in regions like the Qinghai-Tibet Plateau (Zheng et al., 2023; Lu et al., 2024). Recent studies have highlighted the importance of integrating soil amendments, particularly organic inputs, to facilitate vegetation establishment and improve soil quality. For example, soil organic amendments, such as sheep manure and compost, can significantly enhance soil structure, fertility, and microbial biomass, providing essential support for plant growth (Worlanyo and Jiangfeng, 2021; Liu et al., 2022). Research on alpine mining areas in regions with similar conditions, such as the Andes and parts of Central Asia, has demonstrated the importance of selecting site-specific strategies for soil and vegetation restoration (Lim et al., 2022). Techniques like hydroseeding, the use of erosion control mats, and mixed seeding of native grass and shrub species have shown positive results in improving vegetation coverage and biodiversity (Wang et al., 2018; Penalver-Alcala et al., 2021). However, much of the research in China has focused on the Juhugeng mining area (Zhong et al., 2021; Feng et al., 2023), while restoration studies specifically targeting the Jiangcang mining area remain limited.
Over the past decade, there has been significant progress in understanding the effects of mining activities on fragile ecosystems and developing restoration techniques. Studies have shown that soil reconstruction and the use of native plant species can enhance the recovery of disturbed ecosystems in high-altitude regions (Feng et al., 2024). Soil reconstruction involving the amendment of soil with organic materials, such as sheep manure, has been shown to significantly improve soil fertility and aid in the establishment of vegetation in degraded mining areas (Cross and Lambers, 2017). Research in other regions with similar climatic conditions has highlighted the effectiveness of organic amendments in enhancing soil microbial activity and improving soil structure, which are critical for successful restoration (Luna et al., 2018; Figueiredo et al., 2024). However, most research has focused on the Juhugeng mining area, while studies on the Jiangcang mining area remain limited (Naeth and Wikinson, 2014).
Additionally, the use of remote sensing and GIS technologies has advanced the monitoring of vegetation recovery in mining areas, allowing researchers to assess changes in vegetation coverage and landscape patterns over time (Courtney et al., 2011; Pardo et al., 2014). These technological advancements have enabled more accurate assessments of restoration effectiveness and have highlighted the importance of long-term monitoring to understand the dynamics of ecosystem recovery (He et al., 2024). Despite these advancements, there remains a lack of comprehensive studies that integrate both aboveground and belowground ecological indicators to evaluate restoration success in the Qinghai-Tibet Plateau’s mining areas (Heiskanen et al., 2022; Kim et al., 2020).
Although some progress has been made in relevant research, significant gaps still exist in current studies. Many studies have primarily concentrated on the short-term effects of ecological restoration, with limited focus on the long-term sustainability of restored ecosystems (Kim et al., 2020). In particular, the underground biomass recovery, which is crucial for long-term ecosystem stability, has not been adequately addressed (Jambhulkar and Kumar, 2019). The recovery of belowground biomass plays a key role in maintaining soil structure, enhancing nutrient cycling, and supporting long-term vegetation stability (Reid and Naeth, 2005b; Lupton et al., 2013). Moreover, few studies have explored the effects of different restoration techniques in the specific context of the Qinghai-Tibet Plateau, where permafrost and high-altitude conditions pose unique challenges (Zhou et al., 2015; Rothman et al., 2021). There is also a need for research that evaluates the impact of different types of organic amendments and their effectiveness under varying environmental conditions in high-altitude ecosystems (Yang et al., 2016).
In this study, we address these gaps by evaluating the long-term effectiveness of soil reconstruction and ecological restoration techniques in the Jiangcang mining area of the Muli coal mine. Our research focuses on comparing two phases of ecological restoration, assessing parameters such as vegetation coverage, species diversity, biomass, and soil stability. Our hypotheses are that soil reconstruction techniques using organic amendments can significantly enhance soil fertility and vegetation recovery in high-altitude mining areas, and that the use of native plant species will lead to greater ecosystem stability and resilience compared to traditional restoration methods. We utilized organic amendments, including sheep manure, and a mixed seeding approach using native species to facilitate the restoration process. By monitoring changes over time, we aim to provide insights into the effectiveness of these restoration techniques in enhancing ecosystem resilience under harsh environmental conditions. Our approach also integrates both aboveground and belowground ecological indicators to provide a comprehensive understanding of restoration success (Williams and Thomas, 2023). The Objectives of this study is (1) to evaluate the effectiveness of soil reconstruction techniques in improving soil fertility and vegetation recovery in the Jiangcang mining area, (2) to compare the restoration outcomes of different ecological restoration approaches, including aboveground and belowground ecological indicators, and (3) to assess the long-term sustainability of restored ecosystems under high-altitude, harsh environmental conditions. The significance of this study lies in its contribution to understanding the long-term dynamics of ecological restoration in high-altitude mining areas. Our findings highlight the importance of soil reconstruction and the use of native species for successful restoration outcomes. This research also provides valuable insights into the challenges and potential solutions for restoring ecosystems in regions characterized by permafrost and alpine climates, which are particularly vulnerable to environmental degradation (Gao et al., 2019). The results of this study can inform future restoration projects in similar environments, contributing to the broader goal of achieving sustainable ecological management in high-altitude, fragile ecosystems.
2 MATERIALS AND METHODS
2.1 Study area
The study area is located in the Jiangcang mining area of the Muli coal mine, situated in Tianjun County, Haixi Mongolian and Tibetan Autonomous Prefecture, Qinghai Province, China. The region lies between approximately 97°30′to 100°00′E longitude and 37°30′to 39°00′N latitude, covering a total area of 17,800 ha. It is bounded approximately 110 km southeast of Gangcha County, 45 km west of the Juhugeng mining area, and 150 km southwest of Tianjun County (Figure 1). The study area includes multiple mining sites, such as Jiangcang No. 1, No. 2, No. 4, and No. 5 pits, as well as several waste rock dumps. The region is characterized by extensive permafrost, with permafrost thickness ranging from 62.5 to 174 m (Table 1) and the active layer typically less than 2 m. Permafrost begins to thaw in April and refreezes by September, while average temperatures in June through August reach above 9°C, providing a short growing season of approximately 90 days that supports revegetation efforts. The annual average precipitation exceeds 450 mm, with 80% of the rainfall occurring between May and September, which is sufficient to meet the water requirements for plant growth and establishment.
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TABLE 1 | Depth statistics of the permafrost bottom boundary from near-steady-state logging at boreholes in jiangcang mining area.
[image: Table showing permafrost data for Jiangcang No. 4 and No. 5 Pits. It includes borehole numbers, coordinate positions, 24-hour and 72-hour permafrost bottom depths, and depth changes in meters. For example, borehole ZK12-2 has coordinates N38.041283°, E99.519140°, a 24-hour depth of 62.5 m, and a 72-hour depth of 70 m, with a change of 7.5 m.]The Jiangcang mining area features a typical cold alpine ecosystem, representing the broader Qinghai-Tibet Plateau’s environmental characteristics. The topography is marked by high-altitude ranges, with an elevation between 3,500 m and 4,500 m, averaging at 3,900 m above sea level, making it particularly sensitive to external disturbances like mining, with two main vegetation types: alpine meadow and alpine marsh meadow. These vegetation types are closely linked to the region’s hydrogeological conditions, which control the distribution of plant communities. Alpine marsh meadow dominates areas with permafrost, while alpine meadow is more common in the foreland slopes and thawing regions. Alpine marsh meadow vegetation is typically low-growing and structurally simple, with dominant species including Kobresia tibetica and Carex orbicularis. Associated species include Carex moorcroftii, Carex atrata, Allium przewalskianum, Polygonum viviparum, and other perennial herbs that thrive in cold, moist conditions. Alpine meadow vegetation, in contrast, is dominated by Artemisia species, which are characterized by their low, dense growth habit and their ability to withstand harsh conditions, with species such as Artemisia nanschanica, Pedicularis kansuensis Maxim., and Elymus nutans being prevalent.
The mining activities have created six large excavation pits that have severely disturbed the original landscape and surface vegetation. Open-pit mining has generated significant amounts of waste rock and spoil, which are deposited in layers around the pits, forming extensive waste rock dumps with heights ranging from several meters to over 50 m. This has caused severe damage to the landscape and vegetation, particularly affecting alpine meadows in the vicinity of pits, dumps, roads, and industrial sites, leading to extensive degradation of meadow habitats. Additionally, mining activities have disrupted the permafrost, resulting in the formation of groundwater “windows” that allow groundwater to flow into the pits, leading to extensive ponding and altering the freeze-thaw dynamics. Given the area’s high-altitude conditions and short growing season, ecological restoration in this region is particularly challenging, requiring careful management to ensure successful revegetation and ecosystem recovery.
2.2 Mining activities and ecological restoration
The Jiangcang mining area was discovered in the 1950s, with initial exploration activities conducted in 1956. The coal deposits are characterized by shallow burial with thin Quaternary unconsolidated sediments overlying or directly exposed at the surface, forming a partially concealed coalfield. Following the increased demand for energy and the prosperity of the coal market after 2002, several coal enterprises, including Qinghai Qinghua, Qinghai Aokai, Qinghai Jiangcang Energy, and Qinghai Coking Coal, began mining activities in the Jiangcang area. Mining commenced in 2003, with Pits No. 1, No. 2, No. 4, and No. 5 brought into production, while Pit No. 3 remained undeveloped. Open-pit mining was the primary extraction method used, and peak mining activity occurred between 2008 and 2019. Overburden and coal gangue were disposed of in stepped layers around the excavation pits, causing significant topographic changes and extensive land occupation.
Two major ecological restoration initiatives have been undertaken in the study area to date. The first large-scale restoration effort took place from 2014 to 2016, focusing on reshaping 19 waste rock dumps formed by open-pit mining and establishing vegetation. The restoration techniques included slope reshaping, organic fertilizer application, mixed seeding of grass species, and covering with non-woven fabric. These methods were relatively traditional and showed limited success in restoring meadow vegetation.
The second large-scale restoration was conducted from 2020 to 2021, building on the lessons learned from the earlier efforts. This phase aimed at improving restoration outcomes by reconstructing the soil profile, using the native soil as a reference. Restoration measures for Pits No. 4 and No. 5 included slope reshaping, screening of waste rock to separate usable soil, mixing of screened soil with sheep manure and slow-release fertilizers, mixed seeding of grass species, and covering with coir fiber blankets. This combination was designed to improve soil fertility and enhance vegetation establishment.
In the study area, specific steps in the second restoration included.
	(1) Slope Reshaping: Mechanical reshaping of the terrain to a slope gradient of less than 25°, with larger stones placed at the bottom and finer particles at the top. Utilize the self-weight of machinery for compaction to prevent large-scale settlement of the landform after shaping.
	(2) Soil Screening: The waste rock underwent on-site screening, where gravel was crushed by excavators. Subsequently, the soil was double-turned to guarantee uniformity of particles, and any rocks exceeding 5 cm in size were removed using a stone picker. This screened soil was then utilized as the foundation for the reconstructed soils.
	(3) Soil Amendment with Sheep Manure and Slow-Release Fertilizer: The soil was evenly mixed with 495 m3 of sheep manure and 22.5 tons of slow-release fertilizer per hectare. Given that plant roots primarily occupy the top 20 cm of soil, and accounting for an anticipated 5–10 cm of natural subsidence, the final soil layer thickness was set at 25 cm.
	(4) Mixed Seeding of Grass Species:Obtaining wild grass seeds in plateau and high-altitude areas is challenging. After conducting an analysis of the market supply capacity of grass seeds and ensuring no exotic species were introduced, E. nutans, Poa pratensis var. Qinghaiensis, Festuca sinensis, and Kentucky bluegrass were ultimately chosen as the grass species for sowing. These species were mixed at a ratio of 1:1:1:1, with a total seeding rate of 180 kg per hectare.
	(5) Coir Fiber Blanket Covering: The surface was covered with coir fiber blankets to retain moisture, prevent surface runoff, and reduce nutrient loss, ultimately promoting successful revegetation.

2.3 Ecological landscape changes
According to remote sensing interpretation results from 2002 to 2022, the area of land used for mining activities in the study area increased annually from 2003 to 2019, reaching a peak of 3,085.74 ha in 2019. This expansion came at the cost of reducing surrounding grasslands and bare land, with losses amounting to 11,183.26 ha and 3,667.88 ha, respectively, approximately five times the increase in mining land. Since the initiation of the second ecological restoration action in 2020, the area used for mining activities has gradually decreased to 1,911.78 ha, with a total restoration area of approximately 1,000 ha. Concurrently, the area of low-coverage grassland has recovered by 2,184.3 ha compared to 2015.
2.4 Sampling point distribution
This study focuses on the Jiangcang mining area to evaluate the effectiveness of soil reconstruction and revegetation. Currently, the area has undergone complete revegetation and supplementary improvements in treated zones. Areas that could fully reflect the plant species and growth conditions under different restoration measures were selected as sampling plots. In total, 10 sampling points were set up, distributed across the waste rock platforms and slopes of Pits No. 4 and No. 5 (from the second restoration phase), the south waste dump platform of Pit No. 2 (from the first restoration phase), and the natural background area. The specific distribution of vegetation survey sampling points is shown in Figure 2.
[image: Aerial map showing sampling points for environmental study. Five marked pits (No. 1 to No. 5) are labeled across the image. Each point is color-coded: purple, blue, green, and orange dots represent different sampling points and the control treatment. A yellow boundary and scale indicator are included.]FIGURE 2 | Distribution of sampling plots in the study area.
2.5 Vegetation plot survey
The plot size for herbaceous vegetation was preliminarily set to 1 m × 1 m, considering the growth status of the vegetation and terrain. The sample size was selected to adequately represent the characteristics of the vegetation while ensuring ease of observation and sampling. The survey data collected from vegetation plots included weather, elevation, coordinates, plant species, dominant species, abundance, biomass, average height, average coverage, average crown width, and growth status for each sampling point. These data were used for a comprehensive assessment of the vegetation ecosystem in the study area. The main survey indicators are detailed in Table 2.
TABLE 2 | Main vegetation survey indicators and descriptions.
[image: Table with two columns titled "Monitoring indicator" and "Description." Indicators include Aboveground Biomass, Coverage, Dominant Species, Height, Crown Width, Abundance, and Growth Status. Descriptions provide definitions and measurement criteria for each indicator.]2.6 Indicator calculations methods
2.6.1 Species diversity
Species diversity reflects the complexity of species composition within a community. In this study, we employed the Shannon diversity index, Pielou’s evenness index, and Margalef’s richness index to quantify and assess this diversity. The specific calculation formulas for these indices are as follows:
[image: Shannon Diversity Index formula is shown as D equals one minus the sum from i equals one to s of the square of P sub i.]
[image: Formula for Pielou's Evenness Index: Jp equals the sum from i equals 1 to S of Pi times the natural logarithm of Pi, divided by the natural logarithm of S.]
[image: Margalef's Richness Index formula: Ma equals S minus 1 divided by the natural logarithm of N.]
Where Pi represents the percentage of the number of species i in the entire sample plot; S denotes the total number of species; and N stands for the total number of individuals of all species.
2.6.2 Community similarity coefficient
The Sorensen community similarity coefficient represents the degree of similarity between different community structures, indicating the extent of species overlap between sampling areas. It is utilized to assess the differences among communities and is calculated using the following formula:
[image: Mathematical formula: SC equals two times C divided by the sum of S1 and S2.]
Where C is the number of species shared between communities S1 and S2, and SC is the similarity coefficient between the communities.
2.6.3 Vegetation coverage
Vegetation coverage in the mining area from 2020 to August 2024 was calculated using Sentinel data and the mixed pixel decomposition method. In remote sensing imagery, each pixel generally comprises multiple components, each contributing to the composite signal observed. To estimate vegetation coverage, a pixel decomposition model was applied. The specific calculation formula for this model is as follows:
[image: Formula illustrating the fractional vegetation cover (FVC) calculation: FVC equals the normalized difference vegetation index (NDVI) minus NDVI of soil divided by NDVI minus NDVI of vegetation.]
Where: FVC is Fractional Vegetation Coverage; NDVI is NDVI value of the mixed pixel; NDVIsoil is NDVI value of a pure bare soil pixel; NDVIveg is NDVI value of a pure vegetation pixel.
2.7 Statistical methods
Statistical analyses were performed using SPSS 26.0 and R 4.2.1. Descriptive statistics were calculated to summarize soil properties and vegetation attributes. Differences among treatments (restored pits No. 4, No. 5, No. 2, and control) were analyzed using one-way ANOVA, with post hoc tests (Tukey’s HSD) for pairwise comparisons. t-tests were used to compare specific groups (e.g., restored vs control). Pearson correlation analysis was conducted to examine relationships between soil physicochemical properties and vegetation parameters. Network correlation analysis was employed to visualize the interactions among soil and vegetation variables. Statistical significance was set at p < 0.05.
3 RESULTS
3.1 Vegetation species characteristics and coverage changes
An analysis of plant community species surveys in the alpine grassland of the study area revealed that vegetation in mining pits and waste rock dumps was almost entirely destroyed following mining activities. After the restoration and revegetation efforts, approximately 20 plant species were identified in the sampling plots. Besides the four artificially planted species—E. nutans, P. pratensis var. Qinghaiensis, F. sinensis, and K. bluegrass—the natural accompanying vegetation included species such as P. kansuensis Maxim., Astragalus polycladus Bur. Et Franch., Oxytropis ochrocephala Bunge, Elsholtzia densa Benth., Androsace umbellata, Polygonum sibiricum, Microula sikkimensis (C. B. Clarke) Hemsl., Capsella bursa-pastoris, etc., showing relatively rich vegetation diversity. The untreated areas within the mining zone were largely devoid of vegetation. The primary dominant species in the rehabilitated areas were the four artificially planted species. Other natural species present in the area likely germinated from seeds carried by sheep manure used in the restoration, indicating that the use of sheep manure played a significant role in the natural regeneration and establishment of wild species that are otherwise difficult to obtain.
Based on Sentinel data from 2020 to August 2024, the vegetation coverage (Fractional Vegetation Cover, FVC) of Jiangcang mining area, specifically Pits No. 4, No. 5, and the south waste dump of Pit No. 2, along with surrounding reference areas, was analyzed, and the average changes in vegetation coverage in these four regions were recorded (Figure 3). The results show that the vegetation coverage in Jiangcang Pit No. 4 initially increased, then decreased, followed by another increase, with a peak in 2021 at 77.45%. In 2020, the vegetation coverage of Pit No. 4 was 53.21%. After the second round of restoration and revegetation efforts, the coverage remained above 70% from 2021 to 2024, indicating that the restoration efforts were effective, and the ecological conditions improved significantly compared to 2020. The trends in Pit No. 5 were similar to those in Pit No. 4. In 2020, the vegetation coverage of Pit No. 5 was 54.37%, which peaked at 72.75% in 2021. By 2024, the vegetation coverage had increased by 16.32% compared to 2020, suggesting successful restoration over the past 5 years. The south waste dump of Pit No. 2 was restored using traditional revegetation measures in 2015. From 2020 to 2024, the average vegetation coverage remained around 50%, with little change, indicating that the effectiveness of the first restoration was limited. The background area of Jiangcang mining site showed average vegetation coverage values ranging from 77% to 84% between 2020 and 2024, indicating generally good ecological conditions. Overall, the vegetation coverage across the mining area initially increased and then decreased, with a peak in 2021 at 83.26%. Afterward, the coverage slightly decreased and stabilized around 80%. All regions showed a peak in vegetation coverage in 2021. A comparison with precipitation data indicated that there was no significant increase in rainfall in 2021, suggesting that the extended vegetation growing period due to a shorter freeze period may have contributed to the higher vegetation coverage observed that year. According to remote sensing interpretation results from 2002 to 2022, the area of land used for mining activities in the study area increased annually from 2003 to 2019, reaching a peak of 3,085.74 ha in 2019. This expansion came at the cost of reducing surrounding grasslands and bare land, with losses amounting to 11,183.26 ha and 3,667.88 ha, respectively, approximately five times the increase in mining land. Since the initiation of the second ecological restoration action in 2020, the area used for mining activities has gradually decreased to 1,911.78 ha, with a total restoration area of approximately 1,000 ha. Concurrently, the area of low-coverage grassland has recovered by 2,184.3 ha compared to 2015.
[image: Four line graphs labeled (a) No. 5, (b) No. 4, (c) No. 2, and (d) Control treatment. Each graph shows vegetation coverage percentage over time from 2020 to 2024. All graphs include a fitted line, equation, and R-squared value. Graphs (a), (b), and (c) show increasing trends, while (d) remains relatively flat.]FIGURE 3 | Changes in average vegetation coverage from 2020 to 2024. (A) No.5. (B) No.4. (C) No.2. (D) Control treatment.
3.2 Vegetation evolution trends after restoration
The second phase of restoration in Jiangcang Pits No. 4 and No. 5 was largely completed between 2020 and the first half of 2021. Vegetation in the restoration areas quickly recovered during 2021. To further investigate whether the vegetation could safely overwinter and the sustainability of restoration effects, this study analyzed vegetation coverage trends from 2021 to 2024, as shown in Figure 4.
[image: Map showing changes in vegetation cover in Jiangcang No. 5 and No. 4 mining areas. Color-coded legend indicates significant decrease (red) to significant increase (dark green) in vegetation. A scale bar and north indicator are included.]FIGURE 4 | Vegetation evolution trends in jiangcang pits no. 4 and no. 5 from 2021 to 2024.
The vegetation evolution trend in Jiangcang Pit No. 4 from 2021 to 2024 shows an overall increase in vegetation coverage. The area with no significant increase was 1.77 km2, accounting for 70.80% of the mining area. The area with slightly significant and significant increases combined was 0.35 km2, covering 13.92% of the mining area, mainly distributed in the eastern and central parts of Pit No. 4. The area with no significant decrease was 0.27 km2, representing 10.67% of the mining area, mainly in the northern and central parts of the mining area, with scattered distribution. The combined area of significant and slightly significant decreases was only 0.0032 km2, accounting for just 0.14% of the mining area. The area with no change was 0.11 km2, covering 4.48% of the mining area, mainly concentrated in the central part of Pit No. 4.
In Jiangcang Pit No. 5, the trend from 2021 to 2024 shows a decrease in vegetation coverage of 0.42 km2 and an increase of 2.24 km2, accounting for 17.66% and 76.57% of the mining area, respectively. The area with no significant increase was the largest, accounting for more than 60% of the mining area. The area with no significant decrease was 0.48 km2, representing 16.28% of the mining area, mainly in the central and northern parts of the mining area. Significant decreases were mainly distributed in the central-western parts of the mining area, accounting for only 0.31% of the total area. Significant increases were observed around the central mining area, covering 4.37% of the total area. Areas with no change in vegetation coverage were mainly located in the southwestern part of the mining area, with an area of 0.13 km2.
The vegetation evolution trends indicate that following restoration using soil reconstruction methods, although the growing season in 2021 was slightly shortened due to restoration construction, newly established vegetation was minimally affected by winter temperatures. Over the following 3 years, vegetation did not show significant degradation, with areas showing significant or slightly significant increases in vegetation coverage accounting for more than 70% of the total mining area. This suggests that the vegetation evolution trends after restoration did not show obvious degradation, and the ecological environment of the mining area significantly improved, trending toward favorable recovery.
3.3 Plant community characteristics
Based on the 2022 biomass data from sampling points in the study area, the aboveground and belowground biomass of the natural alpine meadow background area remained higher than that of the restored waste rock platforms and slopes. The belowground biomass of the natural grassland was approximately four times that of the aboveground biomass. Figure 5 shows that after the second restoration, the aboveground biomass in Pits No. 4 and No. 5 was significantly higher than that in Pit No. 2, but still lower than that of the natural vegetation, which is highly correlated with the vegetation coverage of the sampling points. Figure 6 illustrates that belowground biomass showed little difference between the two restoration phases, both being significantly lower than the natural grassland background value, indicating that belowground biomass recovery requires long-term accumulation. Notably, the restoration in Pit No. 2 was conducted in 2015, and after 7 years of belowground biomass accumulation, there was little difference compared to Pits No. 4 and No. 5, restored in 2021, further demonstrating the effectiveness of the second soil reconstruction measures.
[image: Bar chart showing aboveground biomass in grams per square meter for four groups: No5 (about 600), No4 (about 550), No2 (about 300), and Control (about 1200). Error bars are present. Control group has the highest biomass. Letters above bars indicate statistical significance differences.]FIGURE 5 | Comparison of aboveground biomass at sampling points in the study area.
[image: Bar chart showing belowground biomass in grams per square meter for four groups: No5, No4, No2, and Control. Control has the highest biomass around 7500. No5, No4, and No2 have lower biomass around 2000 to 2500. Different letters above bars indicate statistically significant differences.]FIGURE 6 | Comparison of belowground biomass at sampling points in the study area.
Statistical analysis of plant community crown width, height, abundance, and coverage in different areas of the north waste rock dump in Pit No. 5 is presented in Table 3. The natural alpine meadow background area is characterized by moderate crown width, low grass clusters, moderate abundance, and high coverage. The revegetated waste rock platform had higher crown width and height, with significant variability in crown width and diverse plant species distribution. The vegetation on the sunny slope of the waste rock dump exhibited lower crown width and abundance, with a wide range of coverage and significant differences in community structure. This indicates that the waste rock platform, with better water and nutrient conditions, supports rapid growth of the restored grass species (mainly Poaceae), resulting in height and crown width that even exceed those in the background area. In contrast, the sunny slope area showed poorer restoration outcomes due to limited water and nutrient availability compared to the platform area.
TABLE 3 | Plant community characteristics in different areas.
[image: A table comparing characteristics of three area types: sunny slope, platform, and background area. For crown width in centimeters, values are 6.24, 10.77, and 8.83. For height in centimeters, values are 18.13, 22.33, and 11.95. For abundance, values are 2060.00, 2430.00, and 2506.50. For coverage percentage, values are 67.00, 74.00, and 86.00.]In-depth analysis of plant community diversity indices for the north waste rock dump in Pit No. 5 revealed that the natural grassland background area had the highest diversity, evenness, and richness indices, indicating a stable community structure with rich and evenly distributed plant species. The sunny slope of the waste rock dump also exhibited relatively high diversity, evenness, and richness indices, suggesting a diverse and evenly distributed plant community. In contrast, the platform area performed the worst in terms of species diversity. Table 4 data indicate that the restored area still requires a long period of natural succession to reach the diversity levels of the background area. The slope area showed better diversity than the platform area, likely due to the dominance of Poaceae pioneer species on the platform, which inhibited the propagation of other species. In contrast, the weaker dominance of species on the sunny slope provided more opportunities for other species to grow, resulting in better diversity.
TABLE 4 | Plant community diversity indices for jiangcang pit no. 5.
[image: Table comparing biodiversity indices across three area types: sunny slope, platform, and background area. Shannon Diversity Index: 0.46, 0.32, 0.56. Pielou Evenness Index: 0.50, 0.37, 0.53. Margalef Richness Index: 0.712, 0.4339, 1.4604.]As shown in Table 5, the similarity between the sunny slope of the waste rock dump and the natural grassland background area was relatively high after artificial restoration, indicating that revegetated slopes are more likely to return to a natural grassland community structure. However, the similarity between the platform and the natural grassland was lower, suggesting that the associated original grassland species are less prevalent on the platform, and it will take longer to restore to a natural state.
TABLE 5 | Community similarity coefficients for different areas in jiangcang pit no. 5.
[image: Table showing correlation coefficients between different area types. Sunny slope correlates 1 with itself, 0.73 with platform, and 0.48 with background area. Platform correlates 1 with itself and 0.37 with background area. Background area correlates 1 with itself.]3.4 Comparison of soil properties
The soil properties of the restored mining areas (No. 5, No. 4, No. 2 pits) and the control treatment were analyzed and compared, including bulk density (BD), soil water content, soil organic carbon (SOC), pH, electrical conductivity (EC), total nitrogen (TN), total phosphorus (TP), total potassium (TK), and particle size distribution (clay, silt, and sand). Figure 7A shows that soil bulk density (BD) is higher in the restored areas (No. 5 and No. 4) compared to Pit No. 2 and the control treatment. The control treatment has the lowest BD, indicating less compaction compared to the reclaimed mining areas. This suggests that soil compaction may still be an issue in the reclaimed areas, potentially hindering root growth and overall soil quality improvement. In terms of soil water content, as depicted in Figure 7B, the control treatment exhibited significantly higher water content compared to all restored areas. The water content was lowest in Pit No. 2, suggesting that this area may have limited water retention capacity, likely due to inadequate soil structure or insufficient organic amendments during restoration. Figure 7C shows that soil organic carbon (SOC) levels are substantially higher in the control treatment compared to the restored areas, particularly in Pit No. 2, which has the lowest SOC among all the areas. This indicates that the organic matter content in the restored soils is not yet comparable to the control, which might affect soil fertility and microbial activity. Figure 7D indicates similar pH levels across all treatments, suggesting that soil acidity is relatively consistent regardless of the restoration efforts. For the nutrient content, total nitrogen (TN) depicted in Figure 7E is significantly higher in the control compared to the restored sites, with Pit No. 2 showing the lowest nitrogen content. This highlights the challenge of replenishing soil nitrogen in reclaimed mining areas. Total phosphorus (TP) levels in Figure 7F are slightly higher in Pits No. 5 and No. 4 compared to Pit No. 2, though all remain lower than the control. Figure 7G shows that total potassium (TK) is relatively stable across all areas, with no substantial differences observed. Figure 7H shows that the electrical conductivity in the restored areas is higher than the control treatment, which is speculated to be due to the effect of the slag in the waste rock dump.
[image: Bar charts depict various soil properties under different treatments: No. 5, No. 4, No. 2, and Control. Each panel (a-k) shows distinct metrics like soil BD, water content, SOC, pH, TDN, TN, TP, TX, GJ, SH, and sand percentage. Control treatment typically shows higher values in most categories. Each chart features error bars for statistical accuracy.]FIGURE 7 | Comparison of soil properties among restored mining pits (No. 5, No. 4, No. 2) and control treatment. (A) Soil Bulk Density; (B) Soil Water Content; (C) Soil Organic Carbon; (D) pH; (E) Total Nitrogen; (F) Total Phosphorus; (G) Total Potassium; (H) Electrical Conductivity; (I) Clay Content; (J) Slit Content; (K) Sand Content.
The particle size distribution analysis (Figures 7I–K) reveals variations in clay, silt, and sand contents. The clay content (Figure 7I) is highest in Pit No. 5, which suggests better aggregation and potentially improved soil stability, while Pit No. 2 has the lowest clay content. Silt content (Figure 7J) is also lowest in Pit No. 2, indicating poor soil texture compared to other areas. Conversely, sand content (Figure 7K) is highest in Pit No. 2, which could be contributing to the lower water retention and organic matter levels observed.
Overall, the comparison of soil properties across the restored areas and the control treatment shows that while there have been improvements in soil quality in Pits No. 4 and No. 5, the soil in Pit No. 2 still lags in several key properties, such as soil water content, organic carbon, and nutrient levels. The findings suggest that further amendments or different restoration strategies may be needed in Pit No. 2 to enhance its soil properties to levels comparable to the control or other restored areas.
3.5 Network analysis and relations among environmental factors
The network correlation analysis provides a visual representation of the relationships between soil physicochemical properties and vegetation attributes across the three restored mining pits (No. 5, No. 4, and No. 2) and the control treatment (Figure 8). In this analysis, the strength and direction of correlations are indicated by the color and thickness of the connecting lines, while the spatial arrangement reflects the relative proximity of interrelated variables. In Pit No. 5, soil organic matter (SOM), total nitrogen (TN), and soil water content (SWC) serve as central nodes in the network, displaying strong positive correlations with belowground biomass (BGB) and vegetation fractional cover (VFC), as indicated by thick green lines. Notably, bulk density (BD) shows a negative relationship with SOM and TN, emphasizing the detrimental impact of soil compaction on soil quality and vegetation attributes. Similarly, sand content exhibits a strong negative correlation with SWC, suggesting its adverse effect on water retention. Pit No. 4 exhibits a similar network structure, with SOM and TN again emerging as key variables positively linked to VFC and BGB. However, clay content displays a stronger correlation with SWC, implying improved soil stability and water-holding capacity in this restored area. Unlike Pit No. 5, the influence of BD is more subdued, indicating lesser soil compaction and enhanced restoration outcomes. In Pit No. 2, the relationships between soil properties and vegetation attributes are less pronounced. While SOM and SWC are still positively correlated with VFC and BGB, the overall network connectivity is weaker, as reflected in the thinner lines. Sand content remains negatively correlated with SWC, and the weaker centrality of SOM and TN highlights the limited soil fertility and restoration progress in this area. The control treatment (Figure 8D) reveals the most interconnected network, where SOM, TN, and SWC act as critical hubs positively influencing vegetation attributes such as aboveground biomass (AGB), BGB, and VFC. The strong positive correlation between clay content and SWC highlights the importance of soil texture in maintaining ecosystem resilience. In contrast, BD exhibits consistent negative correlations with SOM and TN, further corroborating its role as a limiting factor for soil and vegetation quality. The network correlation analysis underscores the pivotal role of SOM, TN, and SWC in supporting vegetation recovery and ecological stability across the restored areas. The control treatment serves as a benchmark, demonstrating the optimal balance between soil properties and vegetation attributes. Among the restored pits, Pit No. 5 exhibits the most promising restoration outcomes, followed by Pit No. 4, while Pit No. 2 requires additional interventions to enhance its soil and vegetation recovery.
[image: Four network diagrams labeled (a) No.5, (b) No.4, (c) No.2, and (d) Control treatment. Each diagram shows nodes connected by overlapping arches, colored from green to orange, indicating different values. A key on the right shows the color gradient from negative one to positive one.]FIGURE 8 | Network correlation analysis of soil physicochemical properties and vegetation attributes in restored mining areas and control treatment. (A) No.5. (B) No.4. (C) No.2. (D) Control treatment.
3.6 Correlation analysis of soil physicochemical properties and vegetation attributes
To further understand the interactions between soil physicochemical properties and vegetation recovery in the restored mining areas, a correlation matrix was constructed (Figure 9). The analysis highlights key relationships among soil properties—such as pH, total nitrogen (TN), soil organic matter (SOM), and soil texture components (sand, silt, clay)—and vegetation attributes, including aboveground biomass (AGB), belowground biomass (BGB), and vegetation fractional cover (VFC).
[image: Heatmap depicting the correlations between various soil properties (pH, TN, TP, TK, SOM, SAND, SILT, CLAY, BD, SWC) and vegetation attributes (AGB, BGB, VFC). Correlation values are visualized with colored ellipses, ranging from -0.6 to 0.8, indicating positive or negative relationships.]FIGURE 9 | Correlation matrix of soil physicochemical properties and vegetation attributes in the restored mining areas.
Figure 9 illustrates a strong positive correlation between SOM and TN (r = 0.93) and between SOM and soil water content (SWC) (r = 0.91), indicating that soils with higher organic matter content have better nitrogen levels and water retention capacity. Similarly, SWC positively correlates with both BGB (r = 0.89) and VFC (r = 0.76), suggesting that enhanced soil moisture availability plays a critical role in promoting root biomass accumulation and vegetation coverage. The analysis also identifies a notable negative correlation between bulk density (BD) and SOM (r = −0.50), as well as BD and SWC (r = −0.41), underscoring the adverse effects of soil compaction on organic matter accumulation and water retention. Furthermore, the proportions of sand, silt, and clay show distinct relationships with soil nutrient dynamics and vegetation growth. For example, clay content positively correlates with SWC (r = 0.64), while sand content exhibits a negative correlation with TN (r = −0.77), indicating that finer soil textures contribute to improved nutrient retention and water availability. Vegetation attributes also reveal significant correlations with soil properties. AGB and BGB are strongly associated with TN (r = 0.83 and r = 0.86, respectively) and SOM (r = 0.86 and r = 0.89, respectively). These findings emphasize the importance of nutrient-rich soils for vegetation recovery. Additionally, VFC correlates positively with SOM (r = 0.77) and SWC (r = 0.76), highlighting the influence of soil organic content and moisture on vegetation coverage and ecosystem restoration.
4 DISCUSSION
4.1 Vegetation coverage and evolution trends
The overall trend of vegetation coverage in the Jiangcang mining area showed a significant recovery after the second phase of restoration. The vegetation coverage of Pits No. 4 and No. 5 has increased from 50% to approximately 80%,indicating that restoration measures, such as soil reconstruction and mixed seeding of native species, were effective (Wang et al., 2018; van der Bauwhede et al., 2024). However, the comparison with the background area suggests that although vegetation recovery was considerable, it did not fully reach natural levels, especially in the initial years, which has also been reported in other high-altitude restoration projects (Sole et al., 2023; Lu et al., 2024). The increased vegetation coverage can be attributed to the use of native species adapted to the harsh environment, which has been shown to promote ecosystem resilience (Chazdon, 2008; Chaturvedi and Singh, 2017).
The differences in vegetation coverage trends between Pits No. 4, No. 5, and the south waste dump of Pit No. 2 highlight the importance of the restoration methods used. Traditional restoration measures like those in Pit No. 2 often yield limited long-term improvements, while advanced soil reconstruction techniques, including organic amendments, are more effective (Macdonald et al., 2015; He et al., 2024). These findings are consistent with results from similar restoration efforts in North America, where modernized techniques have proven to provide better revegetation outcomes (Petrova et al., 2022). The use of soil amendments, particularly sheep manure, has demonstrated a positive impact on soil moisture retention and nutrient cycling in the restored areas (Asensio et al., 2014). Sheep manure not only provides essential organic matter but also enhances soil structure, which improves water infiltration and retention, particularly in high-altitude environments where precipitation is limited (Aronson et al., 1993; Lim et al., 2022). Additionally, the gradual release of nutrients such as nitrogen, phosphorus, and potassium from manure supports microbial activity and promotes plant growth, thereby strengthening the soil-plant interactions (Lu et al., 2024). These processes collectively accelerate vegetation establishment and improve overall ecosystem stability, as observed in the increased vegetation coverage and biomass in our study. Such findings align with previous research highlighting the role of organic amendments in improving soil water dynamics and nutrient availability, which are critical for restoration success in degraded alpine ecosystems (Moreno-de las Heras, 2009; Liu et al., 2022).
The temporal trend of vegetation coverage peaking in 2021 suggests that climate factors, such as a shorter freeze period, contributed to an extended growing season and thereby enhanced recovery (Li et al., 2013; Pedrol et al., 2014). The interplay between restoration practices and climatic conditions is critical, as evidenced by similar studies in alpine regions in Europe (Madejon et al., 2021), which indicate that adaptive management strategies must consider both the restoration methods and the natural climatic variability to achieve optimal outcomes.
4.2 Plant community characteristics and diversity
The plant community characteristics, including biomass, crown width, and abundance, showed positive responses to soil reconstruction in Pits No. 4 and No. 5, aligning with studies showing that organic amendments significantly enhance plant productivity in restored ecosystems (Asensio et al., 2013; Yang et al., 2019). Aboveground biomass was notably higher in these pits compared to earlier restoration efforts, though still lower than that of the natural background area (Bardgett et al., 2005). This is in line with global restoration practices where aboveground biomass is often a primary indicator of successful recovery (Bullock et al., 2011; Rocha et al., 2021). Belowground biomass is essential for enhancing soil stability, water retention, and nutrient cycling, forming the foundation for sustainable vegetation recovery. Previous studies have shown that organic amendments, such as sheep manure, can improve soil microbial diversity and activity, which are critical for underground biomass development and overall soil health in high-altitude mining areas (Soria et al., 2021; Zhong et al., 2021).
The diversity indices, such as Shannon diversity and Margalef richness, were lower in the restored platform areas compared to the background, reflecting the challenges of restoring full biodiversity within a short period (Cardenas-Aguiar et al., 2022; He et al., 2024). The dominance of Poaceae species in these areas has been found to suppress the establishment of other species, as observed in previous studies of restored mining sites in Australia and South Africa (Cardenas-Aguiar et al., 2022). Conversely, the sunny slope areas showed better diversity due to reduced dominance, which allowed a wider range of species to establish, supporting findings from similar studies in North America (Courtney et al., 2011; Worlanyo and Jiangfeng, 2021).
Belowground biomass in the restored areas remained significantly lower than in the natural background, suggesting that root recovery takes longer and requires a sustained accumulation of organic matter (Feng et al., 2023; Williams and Thomas, 2023). This trend has also been observed in long-term studies of alpine restoration in Europe and North America, where belowground recovery often lags behind aboveground regeneration (Bardgett et al., 2005; Kim et al., 2020). The importance of belowground processes for the long-term success of ecosystem restoration cannot be overstated, as they are crucial for nutrient cycling and soil stabilization (Pardo et al., 2014).
4.3 Community similarity and implications for ecological restoration
The similarity between the restored sunny slope areas and the natural alpine meadow suggests that these areas are more conducive to returning to a natural community structure (Reid and Naeth, 2005b; Wong, 2003). Similar outcomes have been reported in high-altitude restoration in the Rocky Mountains, where restored communities on slopes showed greater similarity to natural vegetation compared to flat, disturbed areas (Zheng et al., 2023). This indicates that the microenvironmental conditions of slopes, along with less intense competition from dominant species, can facilitate the natural re-establishment of diverse plant communities (Petrova et al., 2022; Zhang et al., 2023).
The lower similarity between the platform areas and natural grassland highlights the challenge of restoring these areas, particularly due to the dominance of pioneer species such as grasses (Pardo et al., 2014; Zhou et al., 2015). Similar results have been found in mining restoration projects in Chile, where dominant grasses inhibited the establishment of other species, reducing overall community similarity to natural areas (Aronson et al., 1993; Carabassa et al., 2020). Therefore, efforts should focus on reducing dominance through mixed seeding strategies and diversified organic amendments, as supported by research from the Mediterranean region (Cardenas-Aguiar et al., 2022). The effectiveness of restoration measures in high-altitude mining areas, such as those on the Qinghai-Tibet Plateau, aligns with findings from similar environments worldwide. For instance, studies in the Andes and the Rocky Mountains highlight that organic soil amendments, including livestock manure and biochar, significantly enhance soil fertility and facilitate vegetation recovery under harsh alpine climates (Scotton, 2021; Zhang et al., 2023). In such regions, the short growing season and limited soil nutrient availability are critical constraints for restoration success. Compared to the humid, temperate climates where restoration can rely on natural seed banks and rapid organic matter accumulation (Jones et al., 2018), high-altitude regions often require tailored interventions like soil reconstruction, organic amendments, and native species seeding to achieve long-term recovery (Zhong et al., 2021). Furthermore, restoration strategies must account for varying precipitation patterns, as areas with arid conditions may demand additional irrigation measures to support seed germination and root establishment (Zhang et al., 2023). This comparison highlights the importance of integrating climatic conditions into the design of restoration measures to optimize their effectiveness across diverse high-altitude ecosystems.
Overall, the vegetation coverage and community characteristics in the Jiangcang mining area indicate substantial recovery potential using soil reconstruction and ecological restoration. However, gaps in belowground biomass and lower community similarity in some restored areas suggest a need for adaptive management. This includes monitoring species composition, adjusting soil amendment practices, and supplementary seeding with a focus on underrepresented species, aligning with global best practices for restoring resilience and stability in degraded ecosystems (Chazdon, 2008; Feng et al., 2023; Lu et al., 2024).
5 CONCLUSION
The restoration efforts in the Jiangcang mining area on the Qinghai-Tibet Plateau have demonstrated important lessons and outcomes for ecological restoration in high-altitude and fragile ecosystems. The use of sheep manure as an organic amendment not only enhanced soil fertility but also contributed to increased biodiversity by introducing wild grass seeds, thereby addressing the shortage of suitable native grass species in alpine regions. This approach was crucial in improving species diversity and promoting natural regeneration, which are often challenging in such harsh environments.
A comparative analysis of the two phases of mining area restoration revealed that traditional revegetation techniques without soil reconstruction yielded limited success, whereas the second phase, which included soil reconstruction and amendments, significantly improved the stability and fertility of the substrate. This resulted in higher vegetation coverage and increased ecosystem stability, indicating the effectiveness of enhanced restoration measures. The observed improvements in vegetation coverage and ecological conditions, without signs of degradation, further suggest that the restored mining area is on a favorable trajectory towards ecological recovery.
Although aboveground biomass showed notable recovery, approaching the levels observed in natural background areas, belowground biomass still lagged significantly behind. This indicates that while aboveground recovery can be relatively rapid, belowground biomass, which plays a crucial role in nutrient cycling and long-term ecosystem stability, requires a longer time to accumulate. The dominance of pioneer species in the restored platform areas, particularly Poaceae, was found to inhibit the development of a diverse plant community. In contrast, the slopes of the waste rock dump showed higher community similarity to natural alpine meadows, suggesting that reduced dominance of pioneer species can create opportunities for more diverse species to establish, leading to a more stable and natural community structure over time.
In summary, this study demonstrates that adaptive restoration techniques, particularly soil reconstruction and organic amendments, are essential for promoting both aboveground and belowground ecosystem recovery in high-altitude mining areas. The results underscore the need for restoration strategies that enhance soil health, manage pioneer species dominance, and support biodiversity. Moving forward, continuous long-term monitoring and adaptive management are critical to sustaining the observed ecological improvements and guiding future restoration efforts in similarly fragile ecosystems worldwide.
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A comprehensive understanding of the spatiotemporal changes and influencing factors of ecosystem service levels is crucial for regional sustainable development and coordination. The Yellow River Basin faces challenges such as ecological degradation due to uneven regional burdens. This study constructed an ecosystem service evaluation framework based on five dimensions. A combined weighting model was used to assess the ecosystem service levels, spatiotemporal characteristics, and influencing factors of nine provincial capital cities in the Yellow River Basin from 2010 to 2020. The results indicated that: (1) There were notable differences in ecosystem service levels among cities in the Yellow River Basin. The first category of cities, rich in tourism resources, exhibited high ecosystem service levels. The second category of cities, currently undergoing industrial green transformation, urgently needed to achieve a balance between economic development and ecological protection. The third category of cities faced challenges due to poor socioeconomic conditions and limited resources. (2) Resource and energy use, Ecological environmental protection, and Socioeconomic development were the most significant dimensions influencing ecosystem service levels. (3) Indicators such as per capita disposable income, per capita road area, urban green coverage, electricity consumption per unit of GDP, and the number of higher education institutions had a considerable impact on ecosystem service levels. This study suggests optimizing the energy structure, promoting clean energy development, supporting industrial green transformation, and strengthening infrastructure to enhance and protect ecosystem services in the Yellow River Basin.
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1 INTRODUCTION
For a long time, unequal regional development has been a key factor limiting the sustainable development of the river basin (Zhang et al., 2023). Known for its abundant natural resources, strategic location, and fertile soil, the Yellow River Basin (YRB) is a key agricultural production base in China (Zhang et al., 2024), providing significant ecosystem services. However, the region’s geographical expanse and distinct natural geographic features result in ecological vulnerability and imbalanced regional pressures, thereby causing environmental deterioration and pollution (Zhang et al., 2022). In China’s strategic planning for the new era, “promoting green development and fostering harmony between humans and nature” has been established as the core mission of ecological civilization construction. The “Yellow River Protection Law of the People’s Republic of China,” which came into effect in 2023, underscores the importance of the YRB as a critical ecological barrier for the nation. It requires cities within the basin prioritize coordinated ecological restoration and protect the environmental lifeline. With robust national policy support, ecological conservation restoration in the basin has made steady progress, significantly mitigating several key challenges. Nevertheless, ecological protection remains a long-term and formidable task. Coordinating efforts across cities within the basin to enhance ecosystem service levels is a critical component of China’s national strategy and an essential practical measure for achieving ecological conservation goals.
Scholars have extensively investigated ecosystem services and developed various assessment systems and quantitative methods to measure sustainable development. These include the Human Development Index (HDI) (Bhanojirao, 1991; Lind, 2019), Environmental Sustainability Index (ESI) (Env ironmental Sustainability Index, 2002; Bui et al., 2019), and Environmental Performance Index (EPI) (Emerson et al., 2012; Pinar, 2022), among others. In evaluating urban ecosystem service functions, a range of methods and indicator systems have been employed, with common approaches including physical measurements (Dai et al., 2021), value-based evaluations (De Groot et al., 2010; Zhou et al., 2020), and emergy analysis techniques (Odum, 1996; Guan et al., 2022). Indicator systems typically encompass aspects such as biodiversity, air quality, water resources, soil quality, and urban green spaces. These methods and indicator systems provide robust tools for a comprehensive evaluation of urban ecosystem service functions. For example, Costanza et al. proposed a framework for assessing global ecosystem service values, which has served as a reference for evaluating urban ecosystem services (Costanza et al., 1997). Subsequently, more scholars, integrating the characteristics of urban ecosystems, have developed assessment systems suited for evaluating urban ecosystem service functions. Empirical research has demonstrated that the level of urban ecosystem service functions is closely related to factors such as city size, urban planning, and population density. Daily emphasized that rational urban planning and management can significantly enhance the level of urban ecosystem services (Daily, 1997).
In terms of the research scope, some scholars have conducted comprehensive evaluations at a national level (Yuan et al., 2024), analyzing internal regional differences, while others have focused on provinces (Yang et al., 2024) or cities (Kim et al., 2021), evaluating their ecosystem service conditions. Additionally, some studies have analyzed and evaluated regional ecosystem services in areas such as the Yangtze River Economic Belt (Xie et al., 2024), the Beijing-Tianjin-Hebei Region (Zhai et al., 2024), and urban agglomerations (Peng et al., 2021). Regarding the methods for assigning weights to indicators, scholars have made significant innovations, including the Delphi method (Jo et al., 2024), the entropy weight method (Amirnejad et al., 2024; Chen et al., 2024), the analytic hierarchy process (Ji et al., 2024; Jorge-García and Estruch-Guitart, 2022), fuzzy comprehensive evaluation (Fan and Ma, 2024; Sun et al., 2019), and principal component analysis (Kou et al., 2024; Salata and Grillenzoni, 2021), as well as integrate weighting methods that combine two or more weighting techniques (Chen et al., 2022).
Despite substantial theoretical advancements in measuring ecosystem service levels, several gaps remain: (1) In terms of research areas, studies frequently focus on national, provincial, or urban scales, with linear regions such as railway or canal corridors receiving more attention (Tong et al., 2021; Gao et al., 2019). Few studies have focused on river basins, especially the YRB, as their research scope. (2) In terms of evaluation system construction, much of the focus has been on ecological environment construction (Gómez-Limón et al., 2020), while the impact of ecosystem service levels has been overlooked, leading to incomplete indicator dimensions. (3) There is a lack of interregional comparative studies (Guo et al., 2017), as well as differentiated strategies for addressing regional disparities.
This study constructed and employed an ecosystem service evaluation indicator system specifically for the provincial capitals along the Yellow River. It assessed the level of ecosystem services and their influencing factors from 2010 to 2020. The findings aimed to provide valuable insights into the development of ecosystem service systems and to promote high-quality development within the YRB.
2 STUDY AREA AND DATA SOURCES
2.1 Study area
The Yellow River in northern China is the country’s second-longest river, extending approximately 5,464 km and covering a watershed area of about 795,000 square kilometers (Cui et al., 2022a). This study focuses on the provincial capitals along the Yellow River, which serve as major urban centers within the basin. The river traverses nine provinces and autonomous regions: Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shanxi, Shaanxi, Henan, and Shandong. These areas are endowed with abundant natural resources, including coal, oil, natural gas, rare earth elements, non-ferrous metals, and other minerals. Additionally, they also possess abundant biological resources such as forests, grasslands, wildlife, and diverse plant species. Despite these advantages, the basin faces pressing environmental issues like soil erosion, water pollution, water scarcity, and ecological degradation (Lu et al., 2022). In response, the Chinese government has initiated efforts to mitigate these challenges, including enhancing soil and water conservation, advancing ecological restoration projects, and promoting sustainable water use and protection (Yurui et al., 2021).
This study examines nine provincial capital cities along the Yellow River as research subjects (Figure 1), which serve as the primary urban centers within the basin. As key administrative and economic hubs, these cities are prioritized for ecological governance in the Yellow River Basin. Spanning the upper, middle, and lower reaches of the Yellow River, these cities encompass a diverse array of ecosystems from alpine regions to alluvial plains. The dynamics of their ecosystem services provide clear evidence of the spatial heterogeneity and pressures experienced across the entire basin.
[image: Map illustrating the North China Plain with a focus on elevation levels. The left inset shows a map of China with highlighted regions in red. The right map displays elevation ranging from low (green) to high (blue) with labels for cities like Beijing, Tianjin, and Xi'an. Scale bars and compass roses are included for reference.]FIGURE 1 | Overview of the Study area. This map is based on the standard map with the approval number GS (2024) 0650 downloaded from the national platform for common geospatial information services (Tianditu), and the base map has not been modified.
2.2 Construction of the indicator system
Adhering to principles of scientific rigor, hierarchy, operational feasibility, comprehensiveness, and purposefulness, we selected indicators based on various frameworks and research, including the Global Biodiversity and Ecosystem Services Assessment Report (Baste et al., 2024) and the 2030 Agenda for Sustainable Development (Schneider et al., 2019). We designed an indicator system to evaluate the ecosystem service development level of the provincial capitals in the YRB across five dimensions: National land space, Socioeconomic development, Resource and energy use, institutional and inputs, and ecological environmental protection.
The indicators are organized into three layers: target, standardized, and indicator layers, as shown in Table 1. This structure establishes a clear hierarchical relationship among the indicators, facilitating an integrated assessment of urban ecosystem service levels.
TABLE 1 | Urban ecosystem service level evaluation indicator system for the provincial capitals of the YRB.
[image: Table displaying ecosystem services indicators across four layers: National land space, Socioeconomic development, Resource and energy use, and Institutions and inputs. Indicators include GDP per unit land, urbanization rates, energy consumption, and pollution control, with respective measurement units and positive or negative attributes.]2.3 Data sources
This study utilized data from 2010 to 2020, primarily sourced from official statistics, provincial and city statistical yearbooks (2011–2021), and city environmental status reports (2011–2021). Calculations were performed to derive certain indicators, including GDP per unit of land, Built-up area as a proportion of urban area, afforestation area as a percentage of the jurisdictional area, and pesticide usage per unit of arable land. Economic indicators such as per capita GDP, Engel’s coefficient, and the tertiary industry as a proportion of GDP were obtained from provincial and city statistical yearbooks. Environmental indicators such as proportion of days with good air quality, nitrogen oxide emissions per unit GDP and Sulfur dioxide emissions per unit GDP were referenced from each city’s environmental status reports. Additional data on area treated for soil and water loss and nature reserves were acquired directly from relevant government departments. For missing data, we employed trend extrapolation methods.
3 METHODS
The research approach of this study consists of four main steps: (1) Gather multi-period indicator data for the nine provincial capital cities in the Yellow River Basin across five dimensions: National land space, Socioeconomic development, Resource and energy use, Institutions and inputs, and Ecological environmental protection; (2) Employ a combined weighting model to determine the weights of the indicators and calculate the comprehensive scores for ecosystem service levels; (3) Visualize the ecosystem service levels and conduct cluster analysis to identify spatial-temporal patterns; (4) Utilize a panel data regression model to analyze the influencing factors and test their significance, ultimately identifying the key indicators affecting ecosystem service levels in the Yellow River Basin.
3.1 Indicator weights
To determine the weights of the indicators, both subjective and objective methods were employed. The subjective method depend on the evaluator’s expertise and understanding of the subject matter but can be influenced by personal biases (Kokangül et al., 2017). The objective method, specifically the entropy weight method, quantifies the variability and disorder within the data, assigning weights accordingly. This method posits that the less variation an indicator exhibits, the lower its entropy and, consequently, its weight in the evaluation system (Žižović et al., 2020).
To mitigate the limitations of both approaches, we adopted a hybrid method combining hierarchical analysis and entropy weighting. Initially, weights were calculated independently using each method. The final weights were then determined by averaging the results from both the subjective and objective calculations.
For the hierarchical analysis, we consulted 15 experts specializing in resource utilization, ecological restoration, economic development, land planning, and related fields. Using a 1-5 scale, these experts compared the importance of each indicator, assigning values to each influencing factor. A judgment matrix was then constructed, and SPSS 26.0 was used to calculate the weight of each indicator.
The entropy weight method is defined as follows: For the j-th indicator, the entropy [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] is calculated using the formula:
[image: Equation showing entropy calculation: \( E_j = -k \sum_{{i=1}}^{m} P_{ij} \ln P_{ij} \), with constraints \( 0 \leq h_j \leq 1 \). Equation is labeled (1).]
Where: [image: Variable \( k \) is equal to the fraction with numerator \( 1 \) and denominator \( \ln m \).], [image: \( P_{ij} = \frac{X_{ij}}{\sum_{i=1}^{m} X_{ij}} \).], [image: It seems you tried to upload an image, but I cannot view it. Please try uploading the image again or provide a URL. If there's any additional context or description you'd like to include, feel free to add it.] is the normalized value of the i-th sample for the j-th indicator, m is the number of samples.
The weight [image: To help with generating alt text, please upload an image or provide a URL. You can also add a caption for additional context.] derived from the entropy of the j-th indicator is given by:
[image: Mathematical formula showing weighted value \( W^j = \frac{1 - E_j}{\sum_{j=1}^{n} (1 - E_j)} \), labeled as equation (2).]
These formulas measure the informational content of each indicator, with the final weights reflecting both the variability and significance of each factor within the comprehensive evaluation system.
3.2 Panel data regression
Panel data regression analysis, as a commonly used method in economic research, can help researchers explore the changes of observed objects over time and among individuals, and further analyze the impact of specific factors on them (Hoechle, 2007). This method is particularly effective for understanding dynamics that may not be evident in purely cross-sectional or time-series data.
The panel data regression model in this study is structured as follows:
Dependent Variable: The dependent variable represents the level of ecosystem services in each city, denoted by the comprehensive score of ecosystem services ([image: It seems there's a technical issue with displaying the image. To generate alternate text, please upload the image or provide a URL.]). This score is calculated by linearly weighting the scores from five criterion layers: National Land Space, Socioeconomic Development, Resource and Energy Use, Institutions and Inputs, and Ecological Environmental Protection.
Independent Variables: The independent variables are selected based on their relevance to the ecosystem service level and encompass factors related to the economy, resources, and environment. These variables include: Number of general higher education institutions (X1), Per capita road area (X2), Per capita disposable income (X3), Electricity consumption per unit of GDP (X4), Greening coverage rate in built-up areas (X5), R&D investment as a percentage of GDP (X6), and Urban registered unemployment rate (X7).
Model Specification: The panel data regression model is formally expressed as:
[image: Mathematical equation showing a linear regression model: y sub it equals the sum from k equals one to k of beta sub k times x sub kit plus u sub it, labeled as equation three.]
Where: yit is the observed value of the dependent variable for city i at time t, xkit the observed value of the k-th independent variable for city i at time t, βk are the parameters to be estimated, uit is the error term accounting for variations over time and across individuals, i represents each of the 9 cities analyzed, t covers the 11-year time span from 2010 to 2020.
This model allows us to assess the impact of various economic, resource, and environmental factors on the ecosystem service levels of the provincial capitals along the YRB.
3.3 Results of influencing factors
3.3.1 Unit root test
To ensure the reliability of our regression analysis, we conducted unit root tests on the time-series panel data to ascertain stationarity. Non-stationary time series, characterized by the presence of a unit root, can lead to spurious regression results. Using EViews 10, we applied four different test methods—Levin, Lin and Chu (LLC), Im, Pesaran & Shin (IPS), Augmented Dickey-Fuller (ADF), and Phillips-Perron (PP)—to evaluate the stationarity of our variables. The results are summarized in Table 2. The results indicate that all variables pass the unit root tests at the 1% or 5% significance levels, confirming that the series are stationary and suitable for further analysis.
TABLE 2 | Unit root test results.
[image: A table presenting statistical results for variables \(Y_{ESS}\), X1 to X7, across four tests: LLC, IPS, ADF, and PP. Each test shows a "Statistic" and "Prob." value. The "Prob." values for LLC and PP are consistently zero, while for IPS and ADF, they vary. Specific statistic values are listed for each variable under each test.]3.3.2 Cointegration tests
After establishing stationarity, we conducted a cointegration test to verify the absence of spurious regression in our model. This test examines whether a long-term equilibrium relationship exists among the variables, assuming the differenced series are integrated of the same order. The results, presented in Table 3, indicate that four out of seven tests show statistical significance. These cointegration results affirm the presence of a stable long-term equilibrium relationship among the variables. Consequently, this confirms that the regression results are valid and not affected by spurious regression.
TABLE 3 | Cointegration test results.
[image: Table displaying statistical test results:   - Panel v-Statistic: Value = -2.128979, Prob. = 0.9834. - Panel rho-Statistic: Value = 3.216624, Prob. = 0.9994. - Panel PP-Statistic: Value = -8.584762, Prob. = 0. - Panel ADF-Statistic: Value = -3.643833, Prob. = 0.0001. - Group rho-Statistic: Value = 4.451314, Prob. = 1. - Group PP-Statistic: Value = -10.19461, Prob. = 0. - Group ADF-Statistic: Value = -3.915962, Prob. = 0.]3.3.3 Regression results and model testing
We then performed model diagnostics to determine the most appropriate regression model. The results, summarized in Table 4, indicate that the fixed-effects model passed both the F-test and the Hausman test, suggesting it is suitable for our data. The heteroscedasticity test rejected the null hypothesis of homoscedasticity, and the Wooldridge test for auto-correlation rejected the null hypothesis of no autocorrelation. These findings support the use of the fixed-effects model for analyzing the influencing factors in our study.
TABLE 4 | Model test results.
[image: Table summarizing statistical test results. It includes five tests: F-test, Lagrange Multiplier Test, Hausman Test, Heteroscedasticity Test, and Wooldridge Autocorrelation Test. Statistics range from 10.866672 to 73.06631, with probabilities from 0 to 0.0221.]3.3.4 Analysis of empirical results
Table 5 presents the regression results from various models, including hybrid model, fixed effects, random effects, and Feasible Generalized Least Squares (FGLS). The initial pooled and random effects models showed that three indicators did not pass the significance tests at the 1% or 5% levels, indicating these models may not adequately capture the relationships among variables. The fixed-effects model improved upon this but still had two indicators that were not significant, suggesting limitations in addressing within-group autocorrelation, contemporaneous correlation, and heteroscedasticity.
TABLE 5 | Model regression results.
[image: A table displaying the coefficients and probabilities for various explanatory variables across four models: Hybrid, Fixed effects, Random effects, and FGLS. Variables include the number of higher education institutions, per capita road area, per capita disposable income, electricity consumption per GDP, green coverage rate, R&D investment, and urban unemployment rate. Each model presents a coefficient and probability for each variable.]To resolve these issues, we applied FGLS for correction. The FGLS-corrected model effectively mitigated the problems of heteroscedasticity and autocorrelation, leading to statistically significant results across all indicators. Consequently, the FGLS-corrected panel model demonstrates its efficacy in analyzing the influencing factors in this study, providing robust and reliable results even in the presence of potential data irregularities.
4 RESULTS
4.1 Composite scores of ecosystem service levels
Using the weighting method described earlier, we calculated the composite ecosystem service scores ([image: Please upload the image or provide a URL, and I will help generate the alternate text for it.]) for the provincial capitals in the YRB from 2010 to 2020 (Figure 2).
[image: Maps illustrating ecosystem service scores in China from 2010 to 2020. Each map uses color coding to show scores, with green indicating lower scores and red indicating higher scores. The progression over the years shows a shift in scores across regions.]FIGURE 2 | Ecosystem service scores of the provincial capitals in the YRB (2010–2020).
The data indicate a significant upward trend in the ecosystem service levels of the nine provincial capitals from 2010 to 2020. The average comprehensive score increased from 0.3453 to 0.5173, marking a substantial rise of 49.79%. This improvement reflects the effective implementation of ecosystem service initiatives, ecological protection measures, and national high-quality development strategies that collectively enhanced the region’s ecosystem services.
From a spatial layout perspective, the upstream high-altitude and arid regions exhibit a fragile ecological foundation and relatively low ecosystem service levels compared to other cities within the Yellow River Basin. Despite significant growth due to measures such as the treatment of the Three-Rivers Source and grassland restoration, the average value in 2020 was only 0.4355, indicating that water resource constraints and climate change continue to pose long-term challenges. In contrast, the middle reaches, characterized by severe soil erosion, have seen a substantial improvement in their average value to 0.5638, attributed to initiatives like reforestation and the closure of polluting enterprises. The downstream estuarine wetlands, focusing on wetland restoration, have also witnessed a steady increase in their ecological value to 0.5302. However, there was a slight decline in 2019, which might be related to the encroachment of urban expansion on ecological space (Dong et al., 2023).
We also assessed scores for each of the five criterion layers: National Land Space, Socioeconomic Development, Resource and Energy Use, Institutions and Inputs, and Ecological Environmental Protection (Figure 3).
[image: Radar chart comparing national land space attributes for the years 2010, 2015, and 2020. It includes five aspects: socioeconomic development, resource and energy utilization, ecological environmental protection, institutions and inputs, and overall national land space. Each year is represented by a different color: light green for 2010, medium blue for 2015, and dark blue for 2020, showing variations over time.]FIGURE 3 | Ecosystem service scores of the provincial capitals in the YRB (2010–2020).
The results show that the contribution value of ecological environment protection indicators to ecosystem services has always ranked first, highlighting its core position in maintaining regional ecological functions. Notably, socioeconomic development indicators have shown a strong growth trend, with their score rising sharply from 0.0366 in 2010 to 0.1107 in 2020, representing a cumulative increase of 202.06%. This significant rise not only confirms the positive synergy between socioeconomic factors and ecosystem services but also highlights the profound impact of transitioning socioeconomic development models on enhancing ecological service capacity. Additionally, the national land space indicators have also achieved a significant increase of 57.98%, reflecting the optimization of land use structure and the continuous improvement of spatial governance efficiency, providing important spatial support for the enhancement of ecosystem service capacity. In contrast, the institutions and inputs indicators have only grown by 13.51%, and their relatively lagging development speed reveals the insufficiency of institutional innovation and financial guarantee mechanisms, which has become a key shortcoming restricting the continuous optimization of ecosystem service capacity.
These developments are consistent with the strategic objectives outlined in China’s 12th and 13th Five-Year Plans, which prioritized ecological protection and high-quality development as key national goals. During these periods, rapid economic growth and enhancements in living standards facilitated better integration of economic and ecological goals. The promotion of green industry transformation and the adoption of sustainable development principles have propelled these cities toward higher stages of social and economic advancement, aiming to achieve a comprehensively prosperous society.
Furthermore, the average per capita disposable income in these cities increased from 16,368 yuan in 2010 to 37,108 yuan in 2020. Simultaneously, the average population density rose from 559 people per square kilometer to 731 people per square kilometer (Figure 4). This increase in population density highlights the growing pressure on urban space and underscores the ongoing challenges in balancing human activities with environmental sustainability. It emphasizes the need for continuous efforts to improve human-nature relationships, with sustainable urban planning and development being essential components in enhancing ecosystem services.
[image: Line graph showing trends from 2010 to 2020. The black line represents population density, increasing from about 440 to 690 people per square kilometer. The red line shows per capita disposable income, rising from 15000 to 39000 yuan. Both trends exhibit steady growth over the decade.]FIGURE 4 | Per capita disposable income and population density of the capital cities in the YRB from 2010 to 2020.
4.2 Time-series evolution characteristics
From 2010 to 2020, the ecosystem service levels of each city exhibited a general up-ward trend. Notably, Chengdu, Xi’an, and Zhengzhou recorded the highest comprehensive scores, reaching 0.6566, 0.5790, and 0.5643, respectively. The most significant score in-creases were observed in Chengdu, Zhengzhou, and Xining, with respective gains of 0.240, 0.238, and 0.187. In terms of percentage growth, Zhengzhou, Xining, and Lanzhou showed the most substantial improvements, increasing by 73.2%, 71.6%, and 66.6%, respectively.
Despite these overall gains, some cities experienced periodic declines. In 2012, Chengdu’s score dropped by 2.82% due to reduced afforestation, local climate disruptions, and increased carbon dioxide levels, which negatively affected air quality. Yinchuan’s score decreased by 1.27% in 2011, largely because the effectiveness of domestic waste treatment fell by 40.2%, impacting the city’s composite score. Hohhot faced downturns in 2017 and 2018, with decreases of 4.20% and 0.31%, respectively. These declines occurred during the initial phase of the “13th Five-Year Plan,” a period marked by significant industrial restructuring. In 2017, increases in Hohhot’s electricity and water consumption per unit of GDP, along with a 17.44% reduction in soil erosion control areas, contributed to the lower scores. In 2018, further increases in electricity consumption per unit of GDP and a decline in the comprehensive utilization of solid waste exacerbated the reduction in its overall ecosystem service level.
4.3 Cluster analysis results
To deepen our understanding of the variations in ecosystem service levels among the provincial capitals of the YRB, we performed a cluster analysis using SPSS 26.0 software. This analysis produced a dendrogram that visualizes the relationships and groupings among the cities (Figure 5).
[image: Dendrogram showing hierarchical clustering of different locations using average linkage method. The horizontal axis represents rescaled distance, and the vertical axis lists locations: Jinan, Hefei, Taiyuan, Zhengzhou, Xi’an, Chengdu, Xi’ning, Lanzhou, Yinchuan.]FIGURE 5 | Cluster analysis dendrogram of ecosystem service levels in the provincial capitals of the YRB.
The dendrogram categorizes the provincial capitals into three distinct groups based on their ecosystem service levels. First Category: Xi’an and Chengdu are classified together as cities with high ecosystem service levels. Second Category: Jinan, Hohhot, Taiyuan, and Zhengzhou form a group with medium ecosystem service levels. Third Category: Xining, Lanzhou, and Yinchuan are grouped as cities with relatively low ecosystem service levels.
A time-series analysis of these categories from 2010 to 2020, as detailed in Table 6, reveals significant improvements across all groups. The first category, comprising Xi’an and Chengdu, started with an average comprehensive score of 0.4192 in 2010 and in-creased to 0.6178 by 2020, marking the most substantial growth of 0.1986. The second category’s average score rose from 0.3640 in 2010 to 0.5312 in 2020, an increase of 0.1672. The third category, despite starting with the lowest average score of 0.2712 in 2010, achieved 0.4318 by 2020, reflecting a growth of 0.1606.
TABLE 6 | Average comprehensive scores and growth for the three categories of urban ecosystem service from 2010 to 2020.
[image: A table showing data from 2010 to 2020 across three categories. Each year lists values for the first, second, and third categories, demonstrating an upward trend in all three. The growth row summarizes this increase, with values: 0.1986 for the first category, 0.1671 for the second, and 0.1606 for the third.]5 DISCUSSION
5.1 Urban classification discussion
The first category of cities are famous tourist cities in China, which continuously promote policies and financial investments in the field of environmental governance and protection. Tourist cities pay more attention to environmental protection and pollution control. The second category of cities is in the stage of industrial green transformation, and the lack of green industry is the main factor leading to its low level. Hohhot is rich in forest and grassland resources, but grassland degradation caused by overgrazing has resulted in its low level of ecosystem services (Qin et al., 2021). Cities in the third category are mostly in areas with underdeveloped economic development, which is due to the low level of urban development leading to inefficient environmental governance, again a factor limiting their ecosystem service level, similar to the findings of Guo et al. (2017).
5.2 Analysis of influencing factors
From the perspective of the influence mechanism of key variables, per capita disposable income is identified as the most significant positive driver of ecosystem service levels. Higher per capita disposable income not only signifies improved urban economic development but also reflects enhanced environmental awareness among residents and increased investment in environmental governance, thereby significantly boosting environmental management efficiency. In contrast, electricity consumption per unit of GDP, as the strongest negative indicator, has an impact coefficient nearly twice that of per capita disposable income. This result clearly demonstrates that, at comparable levels of economic development, higher energy consumption intensity leads to lower resource utilization efficiency and greater environmental pollution pressure, ultimately resulting in a marked decline in ecosystem service levels.
The indicators of per capita road area, greening coverage rate in built-up areas, and R&D investment as a percentage of GDP all exhibit significant positive correlations with ecosystem service levels. Specifically, the positive effect of per capita road area underscores the role of improved urban infrastructure in enhancing ecological service capacity; the positive impact of greening coverage rate in built-up areas confirms the critical importance of “green space” in improving urban ecological environments; and the positive correlation of R&D investment intensity highlights the significance of technological innovation in promoting green development.
Notably, the number of general higher education institutions and the urban registered unemployment rate are negatively correlated with ecosystem service levels. The negative effect of higher education institutions may stem from the associated increase in population density, which places additional pressure on the urban ecological environment. Meanwhile, the negative impact of the urban registered unemployment rate reveals the close relationship between employment status and the ecological environment: a higher unemployment rate not only indicates insufficient economic momentum but can also lead to reduced environmental governance investment, thereby intensifying environmental governance challenges.
These findings offer important policy implications: while continuing to enhance economic development, efforts must be made to reduce energy consumption intensity, optimize the allocation of higher education resources, and support ecological civilization construction through stable employment promotion. Additionally, investments in infrastructure should be increased, urban greening should be advanced, and R&D investment should be raised to enhance ecosystem service levels across multiple dimensions.
5.3 Recommendations
Effective enhancement of ecosystem services requires differentiated strategies for cities facing distinct challenges. For first category cities, maintaining regional leadership and robust ecological services growth should focus on high-quality development. Chengdu should advance park city construction by expanding urban green spaces and increasing R&D investment. Xi’an could leverage its academic resources to optimize environmental science programs, converting educational advantages into ecological innovations. Second category cities need to balance economic growth with environmental conservation through habitat improvement. Jinan requires rational urban planning to prevent ecosystem degradation from overdevelopment (Cui et al., 2022b). Hohhot should strengthen grassland conservation while developing eco-friendly husbandry and tourism. Taiyuan must accelerate green transition in coal industries and nurture renewable energy sectors. Zhengzhou should accelerate the green transformation of traditional manufacturing industries and simultaneously cultivate industrial clusters for the recycling and utilization of renewable resources to form a closed-loop resource utilization system. For third category cities, infrastructure development forms the foundation for ecological services enhancement. Key measures include expanding road networks, establishing ecological corridors, and increasing vegetation coverage. Xining could leverage its strategic location in the Three-Rivers Source region to develop ecotourism, thereby boosting local incomes. Lanzhou should prioritize employment security while constructing ecological corridors along the Yellow River. Yinchuan needs to implement water-efficient irrigation systems and strengthen wetland conservation in Yellow River basins.
Achieving both ecological protection and high-quality development in the Yellow River Basin requires a comprehensive approach. Rational allocation of water resources, coupled with optimized ecological compensation mechanisms through cross-regional cooperation, will promote both ecological and economic progress.
6 CONCLUSION
This study established an indicator system to evaluate ecosystem services in the provincial capital cities within the Yellow River Basin. By employing a combined weighting method, we calculated the ecosystem service levels for nine provincial capitals from 2010 to 2020. Cluster analysis was conducted to assess the spatiotemporal characteristics of ecosystem service levels across the nine provincial capital cities in the basin. Additionally, a panel regression model was applied to analyze the factors influencing ecological services and to identify the key indicators affecting the ecosystem service levels in the Yellow River Basin.
The results show that the ecosystem service levels of the nine provincial capitals in the Yellow River Basin have significantly improved, and the ecological environment has continuously improved. However, there are noticeable differences among cities. Chengdu and Xi’an exhibit the highest ecosystem service levels, while Zhengzhou, Xining, and Lanzhou show the largest increases in ecosystem service levels. The rankings of cities in the upper, middle, and lower reaches of the Yellow River are mixed, revealing a distinct spatial pattern influenced by regional ecological characteristics and restoration strategies. This suggests that the optimization and enhancement of ecosystem service functions depend on the synergistic interaction of multiple factors, including natural conditions, socio-economic elements, and policy regulations.
In terms of influencing factors, the analysis revealed that per capita disposable income, per capita road area, greening coverage rate in built-up areas, and R&D investment as a percentage of GDP all have significant positive correlations with ecosystem service levels. Notably, per capita disposable income shows a consistent positive correlation across three models, indicating that it plays a key role in the overall improvement of ecosystem service levels in the Yellow River Basin. On the other hand, variables such as electricity consumption per unit of GDP, the number of general higher education institutions, and the urban registered unemployment rate show significant negative correlations with ecosystem service levels. Overall, effective measures to maintain and gradually improve ecosystem service levels in the Yellow River Basin include optimizing the energy structure, promoting the development of clean energy, driving the green transformation of industrial structures, and enhancing infrastructure development.
Although this study provides valuable insights into the dynamics of ecosystem services in provincial capital cities along the Yellow River Basin, it is also necessary to recognize some limitations. The indicator system primarily focuses on socioeconomic and environmental dimensions, which may overlook nuanced cultural or governance factors that can influence ecosystem services. Additionally, due to constraints in data availability, trend extrapolation was necessary for handling missing values, potentially introducing uncertainties in the calculation of indicators. Future research could integrate high-resolution remote sensing data to capture more detailed ecological patterns. Comparative studies across different river basins, such as the Yangtze River Basin, would help identify both region-specific and universal drivers of ecosystem services.
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The idea of green mining has attracted much attention over the past decade. Accurate identification of key elements of ecological restoration in mining areas is an important prerequisite for ecosystem restoration and reconstruction and improving the quality of ecological environment. The goal of this study is to develop a five-factor index system for ecological restoration in mining areas, with the Huojitu well serving as a case study of a typical western shallow-buried high-intensity mining area in China. The factors include vegetation cove, soil, ecological landscape, land damage and site condition. An obstacle factor diagnosis model based on the coupling of obstacle degree and Shefold restriction law has been established in this research. This model is used to identify the obstacle factors and analyze the key elements of ecological restoration in the mining area. The key elements of ecological restoration are identified by combining the obstacle degree of each obstacle factor. According to the findings, out of all the areas included in the study, the one pertaining to soil conditions was the biggest at 35.29 km2, or 31.91% of the total, followed by land damage condition (21.25 km2 ∼19.20%), site condition (19.74 km2∼17.84%), vegetation cover (3.34 km2, ∼3.02%), and ecological landscape (31.08 km2∼ 28.03%). Based on the identification results of critical elements in mining area ecological restoration, this study proposes targeted remediation strategies and formulates corresponding site-specific rehabilitation measures to facilitate efficient ecosystem recovery in mining regions. This approach not only advances the practical implementation of ecological restoration technologies but also provides a valuable reference framework for sustainable ecosystem management in post-mining landscapes.
Keywords: shallow mining, land degradation, ecological restoration, obstacle factor diagnosis model, Huojitu

1 INTRODUCTION
The utilization of coal resources has led to a series of ecological problems. With the increasing popularity of green mining and carbon neutrality concepts, the ecological restoration of mining areas has attracted widespread attention and has become an important part of ecological architecture and environmental protection (Xiao et al., 2023). Recently, there has been a considerable development in mining ecological restoration theory and technology in China, forming a number of theoretical and technical achievements (Chi et al., 2024; Yao et al., 2025; Peng and Bi, 2024; Chen et al., 2024; Lei et al., 2023; Sun et al., 2024; Almassi, 2021; Bendfeldt et al., 2001). For the construction of an ecological civilization, we must adhere to the principle of “saving priority, protection priority, natural recovery” (Lei et al., 2024), which indicates that the ecological restoration of mining areas should transition from manual intervention to manual guidance (Klaus and Kiehl, 2021; Hao et al., 2025; Li et al., 2024; Du et al., 2021; Crouzeilles et al., 2017).
The Huojitu well in the northwest mining area has a shallow coal seam, thin bedrock, large coal seam thickness, and simple geological conditions. Coal occurrence conditions are ideal for mechanized one-time full height and rapid mining, which is typical of high-intensity mining (Chen et al., 2016). Large-scale long-wall high-intensity mining causes intense roof movement, stope mine pressure (Yang et al., 2020; Yang and Liu, 2020; Gao et al., 2019), and greater damage to the overlying strata and surface ecology. The western region’s shallow buried depth and high intensity mining area has been the subject of increasing amounts of academic investigation. Based on the key stratum theory and CISPM (Comprehensive and Integrated Subsidence Prediction Model) comprehensive surface subsidence prediction model software, Xu et al. (2023) studied the characteristics of surface movement, the change of surface rock movement angle parameters and the development of ground fissures in the study area. Yang et al. (2019) determined the microscopic structure, mineral composition, and physical and mechanical properties of sandy mudstone mine roofs. A similar simulation test, theoretical analysis, CAN-II magnetotelluric detector, and field investigation were employed to thoroughly analyze the overburden failure. For a coordinated development of coal mining and ecological restoration, the coal industry must abandon the concept of “mining before restoration” (Guo et al., 2023) and establish the concept of “integrated development and utilization” (Hu and Xiao, 2020). Therefore, when implementing ecological restoration in mining areas, a scientific and targeted ecological restoration should be considered. Ecological restoration of mining areas must be executed meticulously to fulfill the objective of natural ecological rehabilitation.
At present, the research on the diagnosis model of obstacle factors is mainly divided into four domains: obstacle diagnosis model based on analytic hierarchy process (Zhao et al., 2023; Mao et al., 2007; Yang et al., 2022; Chai et al., 2022), obstacle diagnosis model based on principal component analysis (Li and Yang, 2010; Shi et al., 2024; Li et al., 2015), obstacle diagnosis model based on index deviation (Qu et al., 2017; Chen and Yang, 2013; Huang et al., 2018) and obstacle diagnosis model based on niche (Zhao et al., 2016; Xia et al., 2021; Sun et al., 2023; Zhao et al., 2022). These four types of models can better analyze obstacle factors and have been widely used in various fields of ecological resource research. Manhaes et al. (2022) evaluated the obstacle factors restricting forest restoration based on the functional trajectories of six forest communities 20 years of age, and identified the species that are most conducive to overcoming the obstacle factors of forest community restoration. Chen et al. (2020) employed the entropy weight TOPSIS model to assess the urban ecological level, identified the primary impediments hindering the enhancement of urban ecological standards through the obstacle factor diagnosis model, and proposed specific recommendations. Yi et al.(2023) constructed an index system for analyzing the rural resources and environment carrying capacity based on the social ecological framework given the interaction between human and environment as the core, and used the obstacle degree model to identify the key obstacles in this system. Cheng et al. (2018) used the obstacle degree model to calculate the obstacle degree of the obstacle factors affecting the green competitiveness of China’s provinces, and determined the key obstacles affecting the green competitiveness of each province. Wang et al. (2022) employed the obstacle degree model to assess the degree of 25 factors within the evaluation system of agricultural sustainable development. Cui et al.(2022) thoroughly evaluated the environmental carrying capacity and identified the main obstacle factors of three major urban agglomerations in Beijing-Tianjin-Hebei, Yangtze River Delta and Pearl River Delta by using the entropy weight extension matter-element model and obstacle diagnosis model. Jiang Long (Jiang et al., 2021)[43] analyzed the main obstacle factors restricting a high-quality development through the obstacle degree model, and simulated the future development changes of the provinces in the Yellow River Basin using the system dynamics model. Jia and Du (2024) assessed the obstacle degree of each index in the ecological security evaluation using the obstacle degree model, and conducted the ecological security evaluation of Qinghai Province from 2010 to 2020. Yang et al. (2023) used the obstacle degree model to identify the key factors affecting the land use performance in Ningxia. Lei et al. (2016) combined the entropy weight TOPSIS model and the obstacle degree model to evaluate the land use performance in Anhui Province over the past 15 years. The performance change trend of the land use subsystem in Anhui Province over the next 5 years was also predicted and analyzed. Liao Yuchen used the PSR model and the obstacle factor method to construct an evaluation system from 23 indicators such as resources, environment, social economy, etc., and comprehensively evaluated the dynamic changes of ecological security in the study area (Liao et al., 2021). In summary, although the obstacle degree model has been widely used, its application is limited to the calculation of each obstacle factor’s degree, and there is limited research on the identification of key obstacle factors.
In summary, this study takes the Huojitu well in a typical shallow-buried high-intensity mining area in the western region of China as the research area. We present the theory of key elements in the ecological restoration of mining areas, develop an index system for ecological restoration obstacles and establish a model for identifying key elements of ecological restoration based on the coupling of obstacle degree and Shefold’s restrictive law (Erofeeva, 2021). The quantitative diagnosis of the obstacle factors affecting the ecological restoration of the mining area is carried out, and the key elements affecting the ecological restoration are identified. Different restoration strategies are formulated for different key elements in order to achieve an efficient ecological restoration of the mining area. The results have important theoretical and practical significance for dealing with the relationship between artificial restoration and natural restoration and realizing the harmonious coexistence of man and nature in mining areas.
2 OVERVIEW OF THE STUDY AREA AND DATA SOURCES
2.1 Overview of the study area
Huojitu Mine of Daliuta Coal Mine area is located in the transition zone between the northern Loess Plateau and the Mu Us Desert between 39°9′32′′∼39°16′ 51″ N and 110°6′11′′∼110°16′32″ E, with an area of 110 km2 (as depicted in Figure 1). This area belongs to the typical shallow-buried high-intensity mining areas in western China. As is typical of continental climates in arid and semi-arid plateau regions, the weather is dry and seldom rains more than 400 mm per year, most of which falls between the months of July and September (Wang et al., 2024). The terrain is characterized by “low around and high in the middle,” with an elevation of 1,025 ∼ 1,273 m. Erosion, poor corrosion resistance, and a generally loose structure characterize the soil. Vegetation is evenly distributed. Plant communities are mainly drought and cold-resistant psammophytes and xerophytes, showing a sparse shrub landscape. The ecological environment is very fragile and vulnerable to external influences. The coal reserves of the area are estimated to be approximately 950 million tons, with the recoverable reserves measuring 624 million tons. The substantial thickness of the coal mining faces, the shallow depth of the coal seam, the uncomplicated geological conditions. At the same time, the surface cracks in the study area are dense, the soil nutrients are lost and the micro-topography is broken., and the rapid advancement of the working face result in exacerbated overburden damage and significant surface ecological degradation.
[image: Digital elevation model (DEM) of a region with varied topography, showing elevations in color gradients from red to blue. Two inset maps display the region's location within larger areas, marked in red and green. A scale bar and north arrow are included.]FIGURE 1 | Geographical location of the study area.
2.2 Data sources and preprocessing
The main data sources used in this research are provided in Table 1.
TABLE 1 | Data source.
[image: Table displaying data types, titles, time, sources, and applications. Raster data includes DEM (2023) from gscloud.cn and Landsat satellite data (May 2023) from usgs.gov. Vector data includes mining subsidence (2003–2022) from CHN Energy Shendong Institute and land use data (2021) from a national survey. Fieldwork involves soil data collected in May 2023. Applications involve extracting slope, vegetation, land damage, ecological landscape, and soil nutrient distribution data in study areas.]2.2.1 Raster data
Raster data mainly included digital elevation model (DEM) and Landsat 8/9 OLI satellite data. DEM data has a spatial resolution of 30 m (https://www.gscloud.cn/). ArcGIS 10.8 software is used to mosaic, splice and cut elevation data. Slope and aspect information were extracted using the spatial analysis module to obtain the terrain bit index. Landsat data was used to derive vegetation coverage. The data for May 2023 was obtained on the GEE cloud platform (https://code.earthengine.google.com/) with a temporal resolution of 16 days and a spatial resolution of 30 m. An NDVI image in 2023 was obtained on GEE. Finally, a vector file was used for clipping the NDVI layer to the boundary of the study area.
2.2.2 Vector data
Vector data included land use and mining subsidence data. Land use data in 2023 was provided by the department of natural resources. Mining subsidence data including the mining subsidence prediction and field subsidence monitoring data was provided by the mining enterprises. There are open-pit mines and underground mines in the study area. Open-pit mines have caused serious damage to the surface. The impact of mining activities on the surface include surface subsidence and surface cracks. Due to the timely of cracks in the mining area, the assessment of land damage in the disturbed area of the underground mine is based solely on surface subsidence data, and the evaluation results are converted into 30 m grid data.
2.2.3 Field data
The fieldwork data encompassed soil data, collected in May 2023. A total of 72 sample points was selected in the 110 km2 study area. The distribution of sample points is shown in Figure 2. The flora in the study area predominantly consists of drought-resistant species, including sea buckthorn. The roots are extensive, with the majority concentrated within the top 20 cm layer of the soil. Therefore, soil samples at the depth of 0 ∼ 20 cm were collected from each point to determine total nitrogen, total phosphorus, available nitrogen, available phosphorus and organic matter content (Table 2). The ordinary Kriging method was used to interpolate the soil data in the study area. The soil was resampled to 30 m, to maintain the spatial consistency with other data layers.
[image: Map showing soil sample point coordinate distribution within a coal field boundary. Points are marked with labels such as D09, BH18, and K10. A legend indicates symbols for sample points and boundary lines. North arrow and scale bar included.]FIGURE 2 | The distribution map of soil sampling points in the study area.
TABLE 2 | Sampling point data.
[image: A table listing various samples with measured chemical properties. Columns display sample codes, total nitrogen (TN) in grams per kilogram, total phosphorus (TP) in grams per kilogram, organic matter (OM) in grams per kilogram, available nitrogen (ANN) in milligrams per kilogram, and available phosphorus (AP) in milligrams per kilogram. Data varies across 81 samples, showcasing differences in chemical compositions within the dataset.]3 RESEARCH METHODOLOGY
The paradigm of ecological restoration in mining areas is undergoing a strategic transition from complete reliance on artificial interventions toward moderate human assistance to facilitate natural regeneration, ultimately establishing a hybrid framework where artificial restoration serves as supplementary support to nature-driven rehabilitation. This evolving approach, profoundly aligned with the inherent mechanisms of vegetation succession, demonstrates enhanced compatibility with ecosystem self-organization processes. Under this conceptual framework, blanket interventions targeting all restoration obstacles across the study area prove scientifically unsound.
To systematically identify critical limiting factors in different subregions, this study employs an obstacle degree model for quantitative assessment of ecological constraints. Grounded in Shelford’s Law of Tolerance (proposed by American ecologist Victor Ernest Shelford in 1913), which postulates that organism survival and reproduction are governed by multiple ecological factors operating within species-specific tolerance ranges, we conduct a rigorous analysis of ecosystem vulnerability thresholds. Through integration of Shelford’s limiting factor theory with spatial diagnostics, this research precisely pinpoints dominant obstacles as restoration priorities—those factors exceeding biological tolerance limits and constituting primary ecological bottlenecks.
This methodology enables science-based optimization of intervention intensity, strategically removing critical barriers while preserving ecosystem autonomy. The implemented measures effectively catalyze spontaneous vegetation recovery processes, ultimately achieving sustainable self-restoration and development of regional ecosystems through minimized yet targeted human assistance.
3.1 Obstacle factor index system
Table 3 shows the results of the study’s index system of ecological restoration obstacles in mining areas. The study area exhibits pronounced surface deformation induced by intensive anthropogenic excavation activities. Superimposed upon its unique geomorphic setting within the transitional zone of the Loess Plateau, this region demonstrates dramatic topographic relief. Concomitantly, the surface soil structure displays marked degradation trends, primarily manifested through enhanced sandification and organic matter depletion. Meanwhile, densely distributed industrial and mining operations have amplified regional ecological stress, while frequent human engineering activities (e.g., road construction and settlement expansion) have precipitated highly fragmented patterns in vegetation coverage zones. The synergistic interactions of these multiple stressors have resulted in direct vegetation destruction and progressive degradation of ecological functionality. Eleven factors were selected from five categories: vegetation cover, soil, ecological landscape, land damage, and site conditions.
TABLE 3 | Index system of ecological restoration obstacle factors in mining area.
[image: Table titled "Evaluation of obstacle factors of ecological restoration in the mining area." It categorizes criteria into "Edaphic condition," "Site condition," "Vegetation coverage conditions," "Ecological landscape conditions," and "Surface damage conditions." Each has corresponding indicators and types. Edaphic condition indicators include "Soil total phosphorus" and "Soil organic matter," all with "Positive indexes." Site condition is listed with "Negative indicators." Vegetation coverage has "Positive indexes." Ecological landscape and Surface damage conditions have "Negative indicators," such as "Landscape fragmentation" and "Damage degree."]3.2 Key elements of ecological restoration in the mining area based on the obstacle degree model
3.2.1 Obstacle factor and degree calculation based on the obstacle degree model
The identification of the key elements of ecological restoration in mining area based on obstacle degree model includes: determining the weight of each obstacle factor by entropy weight method, calculating the obstacle degree of each obstacle factor affecting the ecology of mining area, and calculating the obstacle degree of each target layer. After determining the obstacle degree of each obstacle factor, the obstacle factors are sorted. The specific steps are as follows:
	(1) The entropy weight method is used to determine the factor contribution

The factor contribution reflects the importance of each obstacle factor to the ecological restoration of the mining area. This study employed the entropy weight method to ascertain the weight of each obstacle factor, effectively mitigating the impact of subjective evaluation on the weights and enhancing their accuracy. The procedure for ascertaining the weight of obstacle factors is as follows:
The values of [image: Please upload the image or provide a URL for me to generate the alt text.] indicators for y evaluation objects as the initial matrix are represented by [image: Please upload the image or provide a URL, and I’ll be happy to help with generating the alt text.], as shown in Formula 1:
[image: Matrix A is displayed with elements a11, a12, through a1y in the first row; a21, a22, through a2y in the second row; continuing similarly until the nth row with elements an1, an2, any.]
Normalized matrix [image: Please upload the image or provide a URL for me to generate the alternate text.] is then used to obtain the normalized matrix [image: Please upload the image you'd like the alternate text for. If you have the image file, you can drag and drop it here or provide a URL if it's hosted online.], as shown in Formula 2:
[image: Matrix B is shown with elements arranged in rows and columns. It includes entries such as \(b_{11}, b_{12}, \ldots, b_{1y}\) in the first row and \(b_{21}, b_{22}, \ldots, b_{2y}\) in the second row, continuing until \(b_{n1}, b_{n2}, \ldots, b_{ny}\) in the nth row.]
The meaning of [image: If you upload the image or provide a link, I can help generate the alternate text for it.] is like the Formula 3:
[image: Mathematical equation for standardization: \( b_{ij} = \frac{a_{ij} - \min(a_{i})}{\max(a_{i}) - \min(a_{i})} \). This is labeled as equation (3).]
Here, [image: I'm unable to view images directly. Please upload the image or provide a URL, and I'll help generate the alt text for you.] and [image: Mathematical expression showing the minimum of a subscript i, denoted as min (a subscript i).] respectively represent the maximum and minimum values of the ith row of matrix [image: Please upload the image or provide a URL so I can assist you in generating the alt text.].
Then the entropy value is calculated as:
[image: Mathematical equation for \( H_i \), featuring a summation from \( j = 1 \) to \( m \), with terms involving the natural logarithm of ratios involving \( b \) subscript indices over summed values. Labeled as equation four.]
In Formula 4 [image: Please provide the image you'd like me to generate alternate text for by uploading it or providing a URL.], where [image: Please upload the image or provide a URL so I can generate the appropriate alternate text for it.] represents the number of classification levels, [image: Mathematical notation displaying the symbol "b" with subscript "i" and superscript "k".] represents the sum of the ith row of matrix [image: Please upload the image or provide a link to it, and I will generate the alt text for you.], and [image: It seems there was an error in your request. Please upload the image or provide a URL so I can generate the appropriate alt text.] denotes the ith entropy value.
Finally, n entropy weights corresponding to n indexes are calculated according to Formula 5:
[image: Formula labeled as equation 5 for \(\omega_i\), given by \((1 - H_i) / \left(n - \sum_{i=1}^n H_i\right)\).]
The n entropy weights must satisfy the condition [image: Summation notation showing the sum of omega sub i from i equals one to n is equal to one.].
	(2) The deviation of the obstacle factor indicators is determined

The deviation of the obstacle factor indicators for the ecological restoration of the mining areas indicates the distance between each obstacle factor and the overall goal of ecological restoration in the mining area. It is calculated as:
Matrix [image: It seems like there was an issue with the image upload. Please try uploading the image again, and I can help generate the alternate text for you.] is normalized to obtain the standardized matrix [image: Please upload the image so I can help generate the appropriate alt text for it.]:
[image: A mathematical matrix \( X \) with dimensions \( n \times y \) consists of elements labeled \( x_{ij} \), where \( i \) represents the row and \( j \) represents the column. The matrix is part of an equation labeled as equation six.]
Where [image: Please upload the image or provide a link so I can generate the alternate text for it.] is:
[image: Equation showing \( x_{ij} = \frac{a_{ij}}{\sqrt{\sum_{i=1}^{n} a_{ij}^2}} \), labeled as equation (7).]
Matrix [image: Please upload the image you would like me to generate alternate text for.] represents the indicator deviation degree, indicating the gap between the actual value of the indicator and the optimal value:
[image: Please upload the image you'd like me to describe. If you need assistance with uploading, let me know!]
	(3) The obstacle factor obstacle degree is determined

The obstacle degree signifies the extent to which each obstacle factor impedes ecological restoration in mining areas, which calculated as:
By assuming a matrix [image: If you provide the image or a link to it, I'll help generate the alt text for you.] representing the indicator’s obstacle degree, one would obtain:
[image: The equation \( O_{ij} = \frac{\omega_{j} I_{ij}}{\sum_{j=1}^{n} \omega_{j} I_{ij}} \) is labeled as equation (9).]
3.2.2 Shefold’s restrictive law is used to identify key elements for ecological restoration
According to Equations 6–10, the obstacle degree [image: Please provide the image you would like me to generate alternate text for.] of each key element in the region is calculated, and these obstacle factors are ranked in a descending order. According to Shefold’s restrictive law any deficiency in the quantity and quality of an ecological factor will lead to vegetation degradation or affect survival. The primary elements that hinder ecological restoration in mining regions are not the highest-ranked factors, but rather those with the lowest rankings, indicating the greatest obstacle degree. Therefore, the diagnostic model for the key elements in ecological restoration of mining areas can be expressed as:
[image: Mathematical expression showing "O equals max of O sub i" with index "i" and annotated as equation ten.]
Where [image: If you upload or describe the image, I can help generate the alternate text for it. Please provide the image or a detailed description.] represents the obstacle degree of the key elements in ecological restoration of mining areas.
4 RESULTS
4.1 Indicator weight results
The weights of ecological restoration obstacle factors in the study area are provided in Table 4.
TABLE 4 | The weights of ecological restoration obstacle factors in the study area.
[image: Table titled "Evaluation of obstacle factors of ecological restoration in mining area" with columns for Criterion, Indicator, and Weight. Edaphic condition includes soil phosphorus, nitrogen, and organic matter content. Site condition indicates gradient. Vegetation coverage conditions list coverage. Ecological landscape conditions include fragmentation, patch density, and Shannon diversity index. Surface damage conditions feature damage degree. Each indicator has a corresponding weight value.]4.2 Obstacle degrees
This study divided the research area into a grid of 450 rows and 495 columns, with each grid cell measuring 30 m × 30 m, using the grid as the evaluation unit. From five aspects—soil conditions, site, vegetation cover, ecological landscape, and surface damage—and after calculating the weights and obstacle degrees of various ecological restoration obstacle factors, the natural breaks method (Jenks optimization) was systematically applied to classify obstacle intensities into four distinct tiers, the distribution of obstacle degrees for each indicator was obtained (Table 5).
TABLE 5 | Statistical classification of obstacle degrees for ecological restoration factors in the research area.
[image: Table showing obstacle degree across five categories: Soil conditions, Site condition, Vegetation coverage conditions, Ecological landscape conditions, and Surface damage condition. Each category is divided by levels I to IV and footing, with corresponding area in square kilometers and proportion percentage. Data shows varying degrees of obstacle measurements, with footing having the maximum area and proportion for all categories.]4.2.1 Soil conditions
The obstacle degree of soil conditions is calculated based on five nutrient indicators: soil alkaline hydrolysis nitrogen, available phosphorus, organic matter, total nitrogen, and total phosphorus. The distribution of soil nutrient obstacle degrees are shown in Figure 3. As can be seen in Figure 4, the obstacle degree of soil condition ranges from 0.00 to 0.10. The total area of the regions with an obstacle degree less than 0.07 (i.e., Level III and IV) was 29.45 km2, accounting for 26.62% of the total research area. The total area of the regions with an obstacle degree between 0.07 and 0.09 (i.e., Level II) was 48.26 km2, representing 43.62% of the total research area. These regions were mainly distributed outside the underground mining area and within the secondary mining area. The total area of the regions with an obstacle degree between 0.09 and 0.10 (i.e., Level I) was 32.93 km2, comprising 29.76% of the total research area, primarily located in the primary mining area and the eastern part of the research area. Overall, the soil condition in the research area was relatively good, with all regions having soil condition obstacles below 0.10.
[image: Five maps display land suitability analysis across different areas with color coding: blue for low, grey for medium, and red for high suitability. Each map is labeled with different letters: ANN, AP, OM, TN, and IT. The maps also include lines indicating specific zones and text labels highlighting specific regions. Legends on each map explain the color coding for suitability levels.]FIGURE 3 | Obstacle Degree of Soil Condition (a) Alkaline Hydrolysis Nitrogen; (b) Available Phosphorus; (c) Organic Matter; (d) Total Nitrogen; (e) Total Phosphorus).
[image: Map showing mining areas with obsolete soil conditions. Three areas are labeled as "first," "second," and "third" mining areas. Color legend indicates levels of soil condition: red for high (Level IV) to green for low (Level I).]FIGURE 4 | Comprehensive obstacle degree of soil condition in the research area.
4.2.2 Obstacle degree of site conditions
As in Figure 5, the obstacle degree of the site conditions was distributed between 0 and 0.62. However, areas with a higher obstacle degree were mainly located in the hilly regions surrounding the research area, with the eastern and northern regions being most prominent. The area where the obstacle degree of site conditions exceeds 0.24 was 3.63 km2, accounting for 3.28% of the total area of the research zone. In other areas, the overall site condition was relatively good, with essentially no obstacles.
[image: A color-coded map displaying the suitability of different areas, marked by site conditions with obstacle degrees ranging from blue (easy, level one) to red (difficult, level four). Five mining sites are labeled: first, second, third, fourth, and fifth, each corresponding to varying levels of suitability for mining.]FIGURE 5 | Obstacle degree of site conditions.
4.2.3 Obstacle degree of vegetation coverage conditions
From Figure 6, it can be seen that the obstacle degree of vegetation coverage conditions ranges from 0 to 0.10. The area with an obstacle degree of less than 0.08 (i.e., Level IV and Level III), primarily distributed in the southwestern part of the study area, was 24.24 km2, accounting for 21.91% of the total area. The area with an obstacle degree between 0.08 and 0.09 (i.e., Level II) was 51.43 km2, making up 46.48% of the total area of the research zone. The area with an obstacle degree between 0.09 and 0.10 (i.e., Level I) was 34.97 km2, accounting for 31.61% of the total area, mainly located in the open-pit mines in the northern part and the urban areas in the eastern part of the research area.
[image: Map showing vegetation coverage in a region, categorized by degradation degree. Areas are marked in red, blue, yellow, and various shades, representing different levels of degradation from severe to mild. Black lines outline specific zones labeled as mining areas. A legend at the bottom details coverage levels.]FIGURE 6 | Obstacle degree of vegetation coverage conditions.
4.2.4 Obstacle degree of ecological landscape conditions
The ecological landscape condition included landscape diversity index, landscape patch density index, and landscape separation index as shown in Figure 7. Landscape diversity can increase the complexity and stability of the ecosystems, promoting ecological restoration in mining areas. The landscape fragmentation index and patch density index directly affect the difficulty of ecological restoration. Higher patch density and landscape fragmentation values indicate a higher degree of landscape fragmentation, necessitating proactive measures to reduce the number of patches, enhance patch connectivity, and promote ecological recovery. As seen in Figure 8, the obstacle degree of ecological landscape condition in the study area was relatively low, with an area greater than 0.11 (i.e., Levels I and II) covering 26.85 km2, accounting for 24.28% of the total area. The elevated obstacle degree was primarily attributable to fragmented plots, significantly influenced by the occupation and fragmentation of construction land, resulting in increased landscape fragmentation, which subsequently impairs ecological restoration efficiency in the mining area.
[image: Three maps showing landscape metrics of a region. Map (a) illustrates the obstacle degree of landscape diversity with a color gradient from blue (low) to red (high). Map (b) shows patch analysis with similar color coding. Map (c) displays landscape separation, using green for low separation and red for high. Each map includes labeled areas like "first mining area" and compass indicators for direction.]FIGURE 7 | Obstacle degree of ecological landscape condition (a) landscape diversity index; (b) patch density; (c) landscape separation degree).
[image: Map showing the comprehensive obstacle degree of an ecological landscape with areas marked for mining. Red indicates high obstacles, yellow for moderate, and blue for low. Three mining areas are labeled: top third, the west, and the east. A legend and compass are included.]FIGURE 8 | Comprehensive obstacle degree of ecological landscape condition.
4.2.5 Obstacle degree of surface damage conditions
The results of the obstacle degree of surface damage condition are shown in Figure 9. The undisturbed zone covered 74.68 km2, accounting for 67.50% of the total area. The area with an obstacle degree ranging from 0.03 to 0.22 (i.e., levels II and III) was 25.26 km2, accounting for 22.83% of the total area. This region was predominantly located within the disturbed zone of the subterranean mines. The area with an obstacle degree ranging from 0.22 to 0.59 (i.e., level I) covered 10.70 km2, accounting for 9.67% of the total. It was mainly located in the disturbed area of the open-pit mines in the northern part of the study area.
[image: Map displaying four mining areas within a region with a color-coded key indicating the obstacle degree of surface damage conditions. Areas are shaded from red to beige, showing various levels of damage, and labeled as the first, second, third, and fourth mining areas.]FIGURE 9 | Obstacle degree of land damage level.
4.3 Identification of key elements for ecological restoration in mining areas
Ecological restoration in mining regions must identify the most pressing needs and key elements affecting restoration efforts, in order to specifically mitigate these obstacles during the restoration process and tackle the primary issues. Therefore, this paper analyzes the obstacle degree of various ecological restoration obstacle factors and calculates the key elements for ecological restoration in each region based on the Shefold’s restrictive law. The distribution of the key elements for ecological restoration in the study area is shown in Table 6; Figure 10.
TABLE 6 | Key elements Areal cover for ecological restoration in the study area.
[image: Table evaluating ecological restoration obstacle factors in mining areas, categorized by layer, criterion, and indicator. Indicators include soil and site conditions, vegetation coverage, ecological landscape, and surface damage, with respective area in square kilometers and proportion percentages.][image: Map illustrating key elements of ecological restoration in a region, marked by various colors indicating significant, mid, and low ecological restoration conditions, flood and land damage conditions, and site conditions. A legend provides color-coded distinctions, and a north arrow points to the map's orientation.]FIGURE 10 | Distribution of key elements for ecological restoration in the study area.
The distribution of key factors for ecological restoration in the study area is shown in Figures 5–8. The region affected by land degradation, which is pivotal for ecological restoration, spans 21.25 km2, representing 19.20% of the total study area, predominantly located in the open-pit mining zone, secondary mining zone, and tertiary mining zone. This is followed site condition (19.74 km2∼ 17.84%) in the hilly areas surrounding the study area; soil condition (35.29 km2∼31.91%) located in the cultivated land in the western and central parts of the study area, the observed phenomenon primarily stems from the gentle topography and peripheral positioning beyond underground mining disturbance zones in these areas, where land degradation remains comparatively mild. Such geomorphological advantages create fundamentally favorable edaphic conditions for spontaneous vegetation recovery. Paradoxically, despite these advantageous preconditions, soil nutrient constraint intensity emerges as the predominant limiting factor, presenting a critical bottleneck that substantially impedes ecological restoration progress in these specific sectors; vegetation cover (3.34 km2∼ 3.02%) distributed at the boundary between the disturbed open-pit mining area and the tertiary mining area, as well as the boundary of the primary mining area; and, ecological landscape (31.08 km2∼ 28.03%) located within the urban disturbance area.
Various levels of focused intervention strategies are necessary depending on the kinds of key elements for ecological restoration in the research region. In terms of area, regions where soil conditions and ecological landscape conditions were considered as key factors had the widest range, primarily distributed in relatively flat areas outside the disturbed zones of underground and open-pit mining area. This area poses relatively low restoration difficulty. Improving soil conditions and restoring surface vegetation are crucial steps in the subsequent ecological restoration process. These actions will help achieve the specific restoration goals of enhancing the continuity and diversity of the ecological landscape.
From the perspective of restoration difficulty, regions where land degradation and site conditions were the key factors for ecological restoration posed the greatest challenges. These areas were mainly distributed in the open-pit mining, underground mining, and the gully zones disturbed areas surrounding the study area. For those areas with significant site condition obstacles, techniques such as slope protection and anchor reinforcement should be employed for vegetation recovery, with long-term monitoring and maintenance afterward to prevent vegetation degradation. For areas with significant surface damage obstacles, different restoration methods should be applied based on the types of surface damage. It is recommended to employ geomorphological reconstruction and soil improvement techniques to make the restored ecosystem more self-sufficient in areas where land degradation has occurred as a result of excavation and compaction. In regions significantly impacted by surface subsidence, it is essential to consider factors such as mining face and extraction intensity parameters, and to develop a cooperative restoration model for source damage mitigation and vegetation rehabilitation.
Within subsurface mining zones exhibiting moderate disturbance intensities, soil nutrient deficiency emerges as the dominant constraint factor. Conversely, in intensively disturbed sectors and surface mining areas, geomorphological destruction constitutes the primary restoration bottleneck, where catastrophic terrain alterations necessitate landform reconstruction as the prerequisite rehabilitation objective. This spatial divergence in constraint mechanisms reveals a fundamental dichotomy between edaphic limitation and geotechnical challenges in post-mining ecosystem recovery.
5 DISCUSSION
In this study, when calculating the degree of obstacles, the degrees of obstacles related to soil conditions, vegetation cover conditions, and ecological landscape conditions are generally low, distributed in the ranges of 0–0.1, 0–0.094, and 0–0.194, respectively. In contrast, the degrees of obstacles associated with site conditions and land damage conditions are relatively high, concentrated in the ranges of 0–0.62 and 0.033–0.589.
In the distribution of key ecological restoration factors, the area where soil conditions, vegetation cover conditions, and ecological landscape conditions are considered key factors for ecological restoration reaches 69.71 km2, accounting for 62.96% of the total area of the study area. This indicates that in the study area, the maximum degree of obstacle factors is primarily below 0.2 in most regions, suggesting that only positive interventions are needed in the subsequent restoration process to achieve ecological self-recovery. In contrast, the total area where site conditions and land damage conditions are key factors for ecological restoration is 40.99 km2, making up 37.04% of the total area, and the degree of obstacle factors in this portion is high, resulting in greater restoration difficulty.
Based on the Shefold restrictive theorem, this study identifies the obstacle factor with the highest degree of obstruction in the region as a key element for ecological restoration. Targeted restoration measures are further applied to different key ecological restoration factors to reduce the negative impacts of obstacle factors on the ecology of the mining area, enhance the ecological stability of the area, and promote ecological construction. The proposed management measures and recommendations are as follows:
	(1) Conventional obstacle degree models predominantly focus on quantifying constraint intensities and analyzing their spatial distributions, yet critically lack systematic prioritization mechanisms for multiple coexisting constraints within defined geographical units. Addressing this methodological gap, our study introduces an innovative identification framework that integrates maximum constraint screening with traditional obstacle degree calculations. This advancement enables systematic identification of the dominant limiting factor—the variable exhibiting peak obstacle intensity—which constitutes the pivotal restoration determinant in target areas.
	(2) This study reveals the spatial differentiation characteristics of key elements in mining area ecological restoration and their coupling mechanisms with mining activities. Spatial analysis demonstrates significant spatial coupling between regions where land damage constitutes the critical ecological restoration element and the distribution of underground mining subsidence zones and open-pit mining areas, indicating that mining engineering directly induces the destruction of surface soil structures. Restoration areas where site conditions are identified as the key ecological restoration element exhibit pronounced spatiotemporal heterogeneity, with their spatial distribution patterns showing a significant positive correlation with topographic factors (slope), which highlights the foundational control of terrain elements on ecological restoration processes. Notably, restoration units constrained by vegetation cover conditions and soil physicochemical properties display spatial distribution characteristics distinct from secondary mining disturbance zones, primarily concentrated in primary mining disturbance zones and non-disturbed areas. This phenomenon suggests that mining activities, by altering surface stress fields and material migration pathways, generate specific ecological degradation gradients. The spatial overlap between ecological degradation units and mining subsidence ranges in the study area conclusively corroborates mining disturbance as the primary driver of regional ecosystem degradation, with impact mechanisms involving multiple stressors such as physical destruction, chemical pollution, and biodiversity loss.
	(3) For areas with high obstacle degrees in surface damage conditions, differentiated restoration techniques should be applied based on damage types. In regions impacted by surface excavation and compaction, landform reshaping and soil improvement technologies should be employed to enhance the self-sustaining capacity of reconstructed ecosystems. For areas severely affected by surface subsidence, parameters such as coal mining face configurations and extraction intensity must be considered to establish a collaborative restoration model integrating source damage control and vegetation reconstruction.
	(4) In identifying key ecological restoration elements, this study utilized the entropy weight method to determine indicator weights. While this approach enhances objectivity, it assigns weights solely based on data dispersion without distinguishing between positive or negative directional impacts of indicators on ecological restoration. Future research could optimize directional sensitivity by incorporating models such as TOPSIS (Technique for Order Preference by Similarity to Ideal Solution).

6 CONCLUSION
This article takes the Huojitu mine in a typical shallow buried high-intensity mining area in the western region of China as the research area. From five aspects—vegetation cover, soil, ecological landscape, land degradation, and site conditions—an index system was constructed for the ecological restoration obstacles in the mining area. An identification model for key ecological restoration factors was established, which was based on the coupling of obstacle degree and Shefold’s restrictive law. The identification of key ecological restoration factors in the research area was carried out with the main conclusions as follows:
(1) The entropy weight method enhances objectivity in index weighting. The obstacle degree model quantifies deviation from ideal states. Their combination achieves precise identification of critical restoration elements.
(2) Soil condition emerges as the predominant obstacle (35.29 km2, 31.91%), followed by ecological landscape (31.08 km2), land damage (21.25 km2), and site conditions (19.74 km2).
(3) Differentiated strategies: Soil improvement (micro-topography remodeling + vegetation restoration), site condition areas (lattice slope protection + anchor reinforcement + long-term monitoring), land damage zones (landform reconstruction + source control collaborative restoration).
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As a crucial indicator of terrestrial ecosystems, vegetation plays a significant role in reflecting the interactions and coupled coordination between anthropogenic activities and natural ecosystems. Understanding the drivers of vegetation change is paramount for achieving sustainable development of socio-ecological systems. Climate change and anthropogenic activities are the primary influencing factors of vegetation change. Given the current research gap in understanding the impacts of climate factors and anthropogenic activities on vegetation change at different temporal scales within the rapid urbanization process of urban agglomerations, based on the Normalized Difference Vegetation Index (NDVI), nighttime light intensity and climatic factors, this paper explores the spatial-temporal distribution of vegetation change trend through trend analysis, and uses empirical mode decomposition and partial correlation analysis to analyzes the correlation between vegetation change and climate factors and anthropogenic activities at different time scales. The relative contributions of climate factors and anthropogenic activities to vegetation change were analyzed by residual trend method. The results reveal that: NDVI exhibits an increasing trend in most regions, Land Surface Temperature (LST) has significantly increased, and the intensity of anthropogenic activities has significantly intensified in half of the regions. The correlation between vegetation change and anthropogenic activities and climate factors shows spatiotemporal heterogeneity, with significantly correlated areas increasing with the extension of temporal scales. A strong negative correlation between vegetation change and anthropogenic activity intensity is mainly distributed in the core urban areas of various cities. The regions where vegetation change is significantly negatively correlated with LST are primarily located in Zhaoqing, Jiangmen, and Huizhou. Increases in precipitation and sunshine duration promote vegetation growth. Vegetation change is primarily influenced by anthropogenic activities in the short term. In the long-term trend, most areas are dominated by climate factors, and vegetation changes caused by anthropogenic activities are mainly distributed in the core areas of cities. These findings contribute to a comprehensive understanding of the driving mechanisms of vegetation dynamic changes in the context of urbanization and provide a scientific basis for formulating more effective urban ecological management and sustainable development strategies.


Keywords: vegetation dynamics, climate factors, anthropogenic activity, multiscale effects, Guangdong-Hong Kong-Macao greater bay area




1 INTRODUCTION


Terrestrial ecosystems, critical components of the global carbon cycle, are vital for climate stability and biodiversity conservation (Ge et al., 2021; Li Y. et al., 2021). However, rapid urbanization is causing unprecedented changes in these ecosystems. Driven by both climate change and anthropogenic activity, alterations in vegetation cover, a prominent feature of terrestrial ecosystems, have garnered widespread attention (Chang et al., 2022). Vegetation is crucial for carbon regulation, climate maintenance, and fragile ecosystem protection, and its dynamics directly impact ecological sustainability. Climate change (e.g., rising temperatures, altered precipitation) and anthropogenic activity (e.g., land-use change) profoundly reshape global vegetation patterns. Therefore, quantifying the relative contributions of climate change and anthropogenic activity to vegetation change is key to understanding terrestrial ecosystem change mechanisms and for developing effective strategies to address climate change and promote socio-economic and ecological sustainability.

Remote sensing provides important data for studying vegetation dynamics and their drivers. Vegetation indices derived from remote sensing are critical indicators for assessing plant biophysical parameters (Wang et al., 2003). The NDVI has characteristics with long temporal record, broad spatial coverage, and high sensitivity, is the most widely used index for measuring vegetation growth. NDVI is applied in vegetation dynamics studies at global (Funk and Brown, 2006; Liu et al., 2022), national (Prăvălie et al., 2022; Mehmood et al., 2024a), regional (Li et al., 2015; Liu et al., 2023; Qi et al., 2024), and city scales (Aburas et al., 2015; Barboza et al., 2021; Singh et al., 2024). In China, long-term NDVI-based monitoring reveals a significant increase in vegetation cover, with spatio-temporal heterogeneity in the rate of increase. For example, studies in the Shaanxi-Gansu-Ningxia region of the Loess Plateau (Li et al., 2015), the northern Loess Plateau (Ning et al., 2015), the Heilongjiang River Basin (Chu et al., 2019), the Yangtze and Yellow River Basins (Zhang et al., 2020), the Yangtze River Delta (Yuan et al., 2019; Tian et al., 2024), the Pearl River Delta (Hu and Xia, 2019; Abbas et al., 2021; Ruan et al., 2020; Chen et al., 2022), the Pearl River Basin (Chen et al., 2022), Jilin Province (Ren H. et al., 2023), Northern China (Lin et al., 2020; Sun et al., 2021), and Southwest China (Qi et al., 2024) demonstrate this trend. Common NDVI-based vegetation change detection methods include linear regression (Wu et al., 2020), the continuous change detection and classification (CCDC) algorithm (Lasaponara et al., 2024), LandTrendr (Eckert et al., 2015; Wuyun et al., 2024), DBEST (detecting breakpoints and estimating segments in trends) (Rhif et al., 2022). The Mann-Kendall test offers several advantages for vegetation trend analysis. This non-parametric method does not require specific data distributions and is suitable for non-normally distributed remote sensing data. In addition, it is resistant to outliers, improving the accuracy of vegetation trend identification (Li P. et al., 2021; Mehmood et al., 2024b).

Climatic factors, topography, nitrogen deposition, CO2 concentration, and anthropogenic activity are major drivers of vegetation change in terrestrial ecosystems (Potter and Brooks, 1998; Jiang, 2022). Climatic factors significantly influence regional vegetation distribution and growth; rising temperatures, altered precipitation patterns, and extreme climate events are profoundly changing global vegetation growth, distribution, and phenology (Jiang et al., 2017; Afuye and et al., 2021; Zhang et al., 2018). Numerous studies indicate that temperature and precipitation are key factors influencing vegetation change. Increased temperature and summer precipitation extend growing seasons and accelerate growth, promoting vegetation cover (Fang et al., 2003). For example, precipitation patterns significantly affect vegetation dynamics in China’s northern agro-pastoral transitional zone (Jiang et al., 2020), and increased temperature and precipitation lead to increased growing season NDVI on the Qinghai-Tibet Plateau (Pang et al., 2017). Vegetation response to climate change in the Yangtze and Yellow River Basins varies with temporal scale (Zhang et al., 2020). In West Bengal, India, temperature and precipitation jointly influence the Enhanced Vegetation Index (Banerjee et al., 2024). Research further suggests that vegetation growth environment, type, and the spatial heterogeneity of climate change can modify vegetation responses to climatic factors. For instance, NDVI in the Pearl River Delta and Yangtze River Delta is more responsive to temperature than precipitation (Chen et al., 2022; Yuan et al., 2019; Abbas et al., 2021), whereas vegetation in the arid, semi-arid, and sub-humid regions of Northern China, temperate grasslands and deserts, and the northern Loess Plateau is more sensitive to precipitation changes (Sun et al., 2021; Lin et al., 2020; Ning et al., 2015). Grassland NDVI in the Heilongjiang River Basin is positively correlated with precipitation year-round. Coniferous, broadleaf, mixed forests, and woodlands show significant positive correlation between NDVI and air temperature, and significant negative correlation with autumn precipitation (Chu et al., 2019). Grassland NDVI in relatively arid regions of Northern China is more sensitive to heavy precipitation than to moderate or light rainfall (Yuan et al., 2015). In semi-humid Northeast Asia, vegetation sensitivity to growing-season temperature differs based on species and elevation (Cao et al., 2019).

Urbanization and population growth amplify the impact of anthropogenic activity on the ecological environment. Anthropogenic activity increasingly influence vegetation, sometimes more profoundly than climate change. For instance, anthropogenic factors and land use are the primary combined influences on vegetation change in eastern China (Zou et al., 2025). Land use change due to urbanization is a major driver of vegetation cover decline in the Yangtze River Delta (Yuan et al., 2019). Urban expansion in Shenzhen leads to regional net primary productivity loss (Yu et al., 2009). In Northern China, reduced population density and afforestation have promoted desertification recovery (Wang J. et al., 2024). Population growth and migration may explain significant vegetation cover changes in the African Sahel (Boschetti et al., 2013), and anthropogenic activity are the dominant factor in vegetation changes near Kolkata, India (Banerjee et al., 2024). Studies indicate that anthropogenic activity can have both promoting and inhibiting effects on vegetation cover. Large-scale ecological projects promote vegetation greening and NDVI increases (Zheng et al., 2021; Shi et al., 2020), such as the Grain for Green program, increased crop planting, and remediation of coal mining areas (Chen et al., 2022; Ning et al., 2015). Afforestation promotes NDVI growth in Shaanxi, Shanxi, and Hebei provinces, and much of Southern China (Lin et al., 2020; Liu et al., 2022). However, anthropogenic activity are also a major cause of vegetation degradation in China’s agro-pastoral belt. Over-cultivation, overgrazing, and unsustainable farming lead to degradation in Northeast China (Chu et al., 2019; Zhang, 2014). Construction land expansion in the Pearl River Basin causes NDVI decline (Wenyu et al., 2022), and energy production, chemical infrastructure, and mineral resource development increase the risk of vegetation degradation in northern Shaanxi (Li et al., 2015).

Given the complex interactions of climate change and anthropogenic activity on vegetation (Zou et al., 2025; Georgescu et al., 2014; Wang et al., 2021), various quantitative methods are used to distinguish their relative contributions. These include Hurst exponent analysis (Wang et al., 2020), geostatistical methods (Zhang et al., 2024), Geodetector models (Zou et al., 2025), partial correlation analysis (Xu et al., 2023), and residual trend analysis (RESTREND) (Yan et al., 2021; Wang W. et al., 2024). RESTREND, based on regression between vegetation indices and climatic factors, calculates the residual between actual and climate-driven vegetation change, representing the impact of anthropogenic activity. Due to its simplicity and suitability for large-scale analysis, RESTREND is chosen as the primary method to quantify the impact of climate and anthropogenic activity on vegetation change.

Regarding analysis of vegetation change drivers, most existing studies rely on traditional methods focused on a single temporal scale. However, long-term climate factor variations are often non-linear, non-stationary, and complex, with different temporal scales or periodic oscillations. Anthropogenic activity intensities, such as urban expansion, over-cultivation, overgrazing, and afforestation, demonstrate spatio-temporal heterogeneity (Zhang et al., 2020; Gao et al., 2022). The relative importance of climate and anthropogenic activity on vegetation change is significantly affected by temporal scale (Ge et al., 2021). Single-scale analyses cannot accurately reflect vegetation responses to different drivers (Qi et al., 2019). Therefore, incorporating multi-temporal scale analysis into assessing the relative importance of climate change and anthropogenic activity, studying vegetation change drivers at annual, interannual, decadal scales, and long-term trends, is crucial for analyzing spatio-temporal differences in the dominant factors affecting vegetation change.

In recent years, China’s regional development strategy has prioritized urban agglomerations. In this model, vegetation change in urban agglomerations exhibits more complex spatio-temporal heterogeneity, posing new challenges for ecological protection and sustainable development. The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) is one of China’s most densely populated regions, with high levels of openness, economic activity, and social and economic development. The GBA has experienced significant climate change and intensive anthropogenic activity, resulting in noticeable vegetation changes (Geng et al., 2022). Climate change increases the magnitude of effects on ecosystem vulnerability, and anthropogenic activity are the primary drivers of these changes (Zhang P. et al., 2023), making it a suitable location for studying vegetation dynamics during urbanization. Multi-scale analyses of the relationships between climate, anthropogenic activity, and vegetation dynamics in the GBA are lacking. This study focuses on multi-temporal scale differences in the impacts of anthropogenic activity and climate change on vegetation, aiming to reveal the driving mechanisms of vegetation change more comprehensively and provide a basis for sustainable urban development and spatial planning.

Based on these considerations, this study proposes a multi-timescale effects model to quantify the relative importance of climate factors and anthropogenic activity on vegetation change in the GBA at different temporal scales. The NDVI and nighttime light intensity are used to represent vegetation change and anthropogenic activity, respectively. Surface temperature, precipitation, and sunshine duration are selected as climate factors. The analysis comprises four aspects: (1) analyzing trends in vegetation change, anthropogenic activity, and climate factors; (2) detecting multi-temporal scale characteristics; (3) calculating the spatial heterogeneity of correlations between vegetation change and climate/anthropogenic activity across different temporal scales; (4) quantifying the relative contributions of climate and anthropogenic activity to vegetation change at different temporal scales.




2 MATERIALS AND METHODS




2.1 Study area


The Guangdong-Hong Kong-Macao Greater Bay Area (GBA), composed of nine cities in the Pearl River Delta urban agglomeration, the Hong Kong Special Administrative Region and the Macao Special Administrative Region, and is one of the five key national city clusters. Covering an area of approximately 56,000 km2, the GBA had a permanent population of 86.884 million at the end of 2023, accounting for about 6% of the total population of China. Its geographical location is situated between 111°12′E−115°35′E and 21°25′N-24°30′N, as shown in Figure 1. The GBA is located in a subtropical monsoon climate zone, characterized by significant cloud cover for most of the year, resulting in a cloudy and rainy environment. It experiences high temperatures and heavy rainfall in summer and mild, low-rainfall conditions in winter, with synchronous rain and heat, abundant rainfall, and sufficient heat. The annual average precipitation reaches 1800 mm, the total annual sunshine duration is 2000 h, and the annual average temperature ranges from 21.4°C to 22.4°C. Subtropical evergreen broad-leaved forests flourish in the GBA, and vegetation growth is vigorous. The economic development level of the GBA exhibits internal imbalances, with an economic pattern characterized by “strong east and weak west.” Over the past 2 decades, Hong Kong’s total economic output has surpassed that of other cities. After the recent decade of development, Shenzhen and Guangzhou have also reached leading economic positions comparable to Hong Kong. The economic level of Foshan and Dongguan has developed steadily, with relatively high total economic output, while other cities have relatively lower total economic outputs (Wu et al., 2021).


[image: Map showing Guangdong province in China, highlighting elevation variations. The inset map outlines China's location with a red spot indicating Guangdong. The color gradient represents elevation, ranging from fifty-two meters to one thousand four hundred ninety-seven meters.]



FIGURE 1 | 
The location of the study area Guangdong–Hong Kong–Macao Greater Bay.






2.2 Data preparation


The data selected for this study include nighttime light imagery, vegetation index, land surface temperature, and meteorological data, covering a period from April 2012 to December 2020, totaling 105 months. All data were reprojected to the WGS84 coordinate system and resampled to a spatial resolution of 0.004167 ° × 0.004167 ° (approximately 500 m at the equator). The Seasonal and Trend decomposition using Loess (STL) algorithm was applied to the original data to decompose the time series into trend, seasonal, and residual components, respectively. Based on the trend components of the data sources, relevant calculations and analyses were conducted to remove the influences of seasonality and noise.



2.2.1 NDVI data


The NDVI is sensitive to chlorophyll and quantifies vegetation change by measuring the contrast between the reflection of solar radiation in the red band and near infrared band. With the advancement of remote sensing technology, NDVI has been widely used for monitoring vegetation change. This study employed NDVI to monitor vegetation changes. The 16-day composite NDVI product provided by MYD13A1 data was selected, and monthly averages were calculated.




2.2.2 Climate data


Climate factors included LST, precipitation, and sunshine duration. LST data were selected from the 8-day composite LST product provided by MOD11A2, and monthly LST averages were calculated. Meteorological data were obtained from the National Meteorological Science Data Center, providing data from national standard meteorological stations for the period 2012–2020 (http://data.cma.cn/), and monthly average temperature, monthly total precipitation, and monthly total solar radiation data were extracted. Given the limited number of existing meteorological stations and the complex topography of the study area, inverse distance weighting interpolation was performed on the meteorological data using ArcGIS 10.6 software to match the remote sensing images. The rasterized meteorological data spatial distribution maps had the same spatial resolution and projection information as the nighttime remote sensing imagery.




2.2.3 Nighttime light data


In 2012, the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the National Polar-Orbiting Partnership (NPP) satellite, launched by the National Aeronautics and Space Administration (NASA), became available for capturing nighttime lights. The NPP-VIIRS nighttime light remote sensing imagery provides daily raw data, monthly composite data, and some annual composite data, and these products have already eliminated the effects of cloud cover, lightning, and moonlight. The NPP-VIIRS/DNB data were obtained from the Earth Observation Group at the Payne Institute for Public Policy, Colorado School of Mines (https://eogdata.mines.edu/products/vnl/), with a temporal coverage from April 2012 to December 2020. Nighttime light intensity (NTL) was used in this study to represent the intensity of anthropogenic activities.





2.3 Methods


This study develops a multi-timescale effects model (Figure 2) to quantify the influence of climatic factors and anthropogenic activity on vegetation change across multiple temporal scales within the GBA. The analytical framework comprises the following: First, trend analysis of vegetation, anthropogenic activity, and climate factor time series is conducted using the Theil-Sen median trend estimator and the Mann-Kendall test. Second, Empirical Mode Decomposition (EMD) is applied to extract multi-temporal scale characteristics from vegetation change, anthropogenic activity intensity, and climatic factors. Subsequently, partial correlation analysis is performed to assess the relationships between vegetation change at different temporal scales and both climatic factors and anthropogenic activity. Finally, the Residual Trend (RESTREND) method is utilized to quantify the relative contributions of climate factors and anthropogenic activity to vegetation change across each temporal scale. Adopting a multi-temporal perspective, this research aims to provide an in-depth analysis of vegetation dynamics and their underlying drivers, with the goal of providing a scientific basis for refining existing ecosystem models and enabling fine-grained temporal monitoring of human-environment interactions in rapidly urbanizing regions.


[image: Flowchart depicting an analysis framework split into three sections. The first section, "Spatio-temporal variation characteristics," includes inputs such as NDVI, NTL, LST, precipitation, and sunshine duration, feeding into processes like STL time series decomposition, Sen's slope/Mann-Kendall trend analysis, and DTW similarity analysis, leading to trends in vegetation dynamics, anthropogenic activity, and climate change. The second section, "Multi-time scale decomposition," involves an empirical mode decomposition model with outputs like IMF1, IMF2, IMF3, and residual components. The last section, "Multiscale effects," utilizes partial correlation analysis and RESTREND to assess multi-time scale effects on vegetation changes.]



FIGURE 2 | 
The flowchart of methods.





2.3.1 Mann-Kendall trend analysis


The temporal trend of a time series was calculated using a combination of the Theil-Sen median trend estimator and the Mann-Kendall test. The Theil-Sen median trend estimator, which can reduce the influence of outliers, is widely used for dynamic detection in long time series. The Mann-Kendall test is employed to determine the significance of the trend. The calculation equation for the Theil-Sen median trend estimator is as follows (Li et al., 2021a):


[image: Mathematical expression showing beta equals the median of the fraction x sub j minus x sub i over j minus i, for all j greater than i.]


In the equation Equation 1, β represents the rate of change; [image: If you upload the image or provide a URL, I can help generate the alt text for it.] is the median value of a dataset; and [image: Please upload the image or provide a URL for it, and I will generate the alternate text for you.] and [image: Please upload the image or provide a URL so I can help generate the alt text for you.] are the observed values for the ith month and the jth month, respectively. β > 0 indicates an increasing trend, and β < 0 indicates a decreasing trend.

The significance of the trend change was calculated using the Mann-Kendall non-parametric statistical test. The calculation process of the Mann-Kendall trend test is as follows:

For a time series [image: Please provide the image you'd like me to generate alternate text for. You can upload it directly, and if there's a specific context or caption you want to include, feel free to share that as well.], the test statistic for the trend test is:


[image: Mathematical equation for Kendall's tau rank correlation coefficient: \( r = \sum_{i=1}^{n-1} \sum_{j=i+1}^{n} \text{sign}(x_j - x_i) \) for all \( j > i \). Number two in parentheses.]



[image: The mathematical equation defines the sign function \( \text{sign}(x_j - x_i) \), which equals 1 if the difference \( x_j - x_i \) is greater than 0, 0 if the difference is equal to 0, and -1 if the difference is less than 0.]


In the Equations 2, 3 n is the length of the time series, and [image: It seems there's no image attached. Please upload the image or provide a URL, and I will generate the alternate text for you.] and [image: It seems like there might be an issue with the image upload or a missing file. Please try uploading the image again, and ensure it is properly attached. If you have any specific context or caption, feel free to include that as well.] are the observed values for the ith month and the jth month, respectively. When the observed values are independent and identically distributed, the calculation of the variance, as given in Equation 4:


[image: The formula for variance of tau, Var(τ), is given as fraction with numerator n multiplied by (n minus 1) multiplied by (2n minus 5), and denominator 18.]


The formula for calculating the Mann-Kendall significance (Z), as given in Equation 5:


[image: Mathematical formula for Z, given as a piecewise function: Z equals (tau minus one) over the square root of Var(tau) if tau is greater than zero; zero if tau equals zero; (tau plus one) over the square root of Var(tau) if tau is less than zero. The equation is labeled as equation 5.]


A trend is considered significant when [image: A mathematical expression showing the absolute value of Z is greater than or equal to 1.96.].

The combination of the Theil-Sen median trend estimator and the Mann-Kendall test can effectively reflect the spatial distribution characteristics of the change trends in vegetation, anthropogenic activities, and climate factors. Since pixels with a rate of change strictly equal to 0 are essentially nonexistent, pixels with a rate of change between −0.0005 and 0.0005 were classified as stable, pixels with a rate of change less than −0.0005 were classified as degraded areas, and pixels with a rate of change greater than 0.0005 were classified as improved areas. The results of the Mann-Kendall test for significance at the 0.05 confidence level were classified into significant change ([image: A mathematical expression displaying an absolute value inequality: the absolute value of Z is greater than or equal to 1.96.]) and non-significant change ([image: Mathematical notation showing the absolute value of Z is less than or equal to 1.96, often related to confidence intervals in statistics.]).




2.3.2 Dynamic Time Warping method


Dynamic Time Warping (DTW) is an algorithm used to measure the similarity between two time series. The DTW algorithm can achieve high classification accuracy when the number of samples or the length of the time series of satellite imagery is reduced, and it is widely applied in land use/cover mapping and farmland detection.

With the advancement of the DTW algorithm in the automatic identification and shape matching of time series of different lengths, the DTW algorithm has been widely applied to analyze the consistency of time series. The calculation formula is as follows (Csillik et al., 2019):

For time series of observed values A and B with lengths of n and m, respectively, construct an n × m matrix:


[image: A mathematical expression showing two sets: A equals a sub one, a sub two, up to a sub n; B equals b sub one, b sub two, up to b sub m, labeled as equation six.]


In the Equation 6, the [image: Please upload the image or provide a URL to generate the alternate text.] element is the Euclidean distance between points [image: Please upload the image you would like me to generate alternate text for.] and [image: Please upload the image you would like me to generate alternate text for.]. This represents the similarity between every point in sequence A and every point in sequence B, where a smaller distance indicates a higher similarity. The Dynamic Programming algorithm seeks a path through a set of points in the matrix grid. These points are the aligned points used in the calculation of the cumulative distance between the two sequences. This warping path W is calculated as Equations 7, 8:


[image: Equation showing \( W = \overline{\omega}_1, \overline{\omega}_2, \ldots, \overline{\omega}_k \) where \( \max(n, m) \leq k \leq n + m + 1 \), labeled as equation (7).]



[image: Mathematical equation showing the variable omega with a bar over it, equals the square root of the squared difference between a sub i and b sub j, enclosed in parentheses. Labeled as equation eight.]


The path needs to satisfy three constraints.

	(1) Boundary Condition: [image: I'm unable to view or analyze images directly. Please upload the image file or provide a URL, and I can help generate the alternate text for it.], [image: An equation displaying a vector \(\bar{\omega}k\) equals a coordinate pair \((m, n)\).], meaning that the selected path must start at (1,1) and end at point (m, n).
	(2) Continuity: The path cannot skip over a point for matching, but must align with points adjacent to itself. That is, if [image: Equation showing omega bar of k minus one equals the vector containing a prime and b prime.], then [image: Equation showing a vector with components, represented as \(\bar{\omega} \mathbf{k} = (a, b)\).] needs to satisfy [image: The image contains a mathematical inequality: open parenthesis, a, minus, a prime, close parenthesis, less than or equal to, one.] and [image: It seems there was an error in your request as it appears to display a mathematical formula instead of an image. Please provide an image by uploading it or sharing a URL, along with any desired context or caption.].
	(3) Monotonicity: If [image: Equation showing \(\bar{\omega}(k-1) = (a', b')\) with variables a' and b' in parentheses, representing a vector or point in mathematics.], then [image: Vector equation showing a vector \(\bar{\omega} k\) equal to the ordered pair \((a, b)\).] needs to satisfy [image: I'm sorry, I can't access or view external images directly. Please upload the image here, and I can help generate the alternate text for it.] and [image: I'm unable to view or analyze the image without it being uploaded. Please upload the image or provide a URL, and I will create the alt text for you.].

The optimal matching path between the two sequences is found in the distance matrix as the path that minimizes the accumulated distance between sequences A and B:


[image: Dynamic Time Warping (DTW) formula: \( DTW(A, B) = \frac{1}{K} \times \min \left(\sum_{k=1}^{K} W_k\right) = \frac{1}{K} \times \gamma_K = \frac{\gamma(i, j)}{K} \). Equation number 9.]


In the Equation 9, [image: It seems there's no image provided. Please upload the image or provide a URL so I can generate the alternate text for you.] is the accumulated distance. It starts by matching the two time series, A and B, from point (1,1), and accumulates the distance corresponding to each point passed through until reaching the end point (n, m). This accumulated distance represents the similarity between sequences A and B. The denominator K is used to compensate for different warping paths.

The accumulated distance [image: It seems there was an error in your request. Please upload the image file or provide a URL so I can generate appropriate alt text for it.] is the sum of the distance [image: Mathematical notation showing \( d(A_i, B_j) \), which typically represents the distance between elements \( A_i \) and \( B_j \) in a set or space.] of the current grid point [image: It seems like there's no image attached. Please upload the image or provide a URL, and I will generate the alt text for you.] and the minimum accumulated distance of the neighboring elements that can reach this grid point. This is derived using the following recursive function as Equation 10:


[image: A mathematical equation for dynamic time warping distance calculation is shown. It reads: γ(i, j) = d(Aᵢ, Bⱼ) + min{γ(i-1, j-1), γ(i-1, j), γ(i, j-1)}. It is labeled as equation (10).]


Given the classification advantages of the DTW algorithm, anthropogenic activity, climatic factors, and vegetation change can be flexibly analyzed using DTW similarity measures within urban areas exhibiting natural phenological variability. Both anthropogenic activity and climatic factors represent major influences on vegetation change. The heterogeneity in NDVI induced by anthropogenic activity is examined based on the similarity of NDVI time series corresponding to varying levels of nighttime light intensity. In parallel, the heterogeneity in vegetation change arising from climatic factor variations is assessed by calculating the similarity of NDVI time series associated with varying magnitudes of LST, precipitation, and sunshine duration.




2.3.3 Empirical mode decomposition method


This study analyzed the change characteristics of vegetation, climate factors, and anthropogenic activities at the pixel scale across multiple temporal scales using the Empirical Mode Decomposition (EMD) method.

The EMD method decomposes the original time series data [image: Please upload an image or provide a URL to generate the alt text. If there's additional context you'd like to include, feel free to add it.] into [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] components and a residual component, i.e., Intrinsic Mode Functions [image: Please upload the image or provide a URL to the image you want the alternate text for.]. Each IMF component and the residual component represent the change characteristics and long-term trends of the time series at a specific temporal scale. The specific decomposition process of empirical mode decomposition is as follows (Zhang et al., 2020):

	(1) Identify all the extrema points of the original time series signal [image: The mathematical expression "h(t)" is displayed, representing a function of time "t".] from the study data source.
	(2) Fit the upper and lower envelopes of these extrema points using spline interpolation. Calculate the mean of these envelopes, denoted as [image: Please upload the image or provide a URL so I can generate accurate alternate text for you.]. Then, subtract [image: Please upload the image or provide a URL so I can generate the alternate text for you.] from the original time series signal [image: Mathematical notation showing the function \( h(t) \), where \( h \) is a function dependent on the variable \( t \).] to obtain [image: If you provide the image or its URL, I can help generate the alt text for it. Feel free to upload the image or describe it here.].
	(3) Determine whether [image: Please upload the image, and I'll help you generate the alt text for it.] meets the criteria to be classified as an Intrinsic Mode Function.
	(4) If [image: Please upload the image or provide a URL so I can generate the alternate text for you.] is not an Intrinsic Mode Function, replace [image: Mathematical notation for a function, h(t), where "h" represents the function name and "t" is the variable, often denoting time.] with [image: It seems there was a formatting issue. Could you please upload the image or provide a URL for it? Additionally, you can add a caption for further context if needed.] and repeat steps (1) through (3) iteratively until [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] satisfies the conditions to be considered an Intrinsic Mode Function. This process yields an IMF, denoted as [image: It looks like you've inputted some text or code rather than an image. Please upload an image or provide a URL, and I can help generate the appropriate alternate text for it.]. Each IMF then represents oscillatory variations in observed values within a specific frequency band.
	(5) Once an IMF is obtained, subtract this mode function from the original time series signal. Repeat steps (1) through (4) to continuously obtain the next IMF until the remaining sequence after subtraction is either monotonic or constant.

Based on this procedure, the original time series is decomposed using EMD into several IMFs and a residual component, as given in Equation 11:


[image: Mathematical equation showing \( h(t) = \sum_{i=1}^{n} x_i(t) + r \), labeled as equation (11).]


where [image: Please upload the image you would like me to generate alternate text for.] is the number of decomposed IMFs, [image: I'm unable to visualize or describe the image you mentioned because it seems to be a formula or mathematical expression. If you have an actual image you would like described, please upload it, and I will assist you with generating alt text.] epresents each of the decomposed IMF signals, and [image: Please upload the image you would like me to generate alternate text for.] represents the residual component.

The average period of the ith IMF component is calculated by dividing the length of the time series by the number of peaks (local maximum). To evaluate the relative importance of each IMF and the residual component, the variance contribution is calculated:


[image: The formula shows \( V_i = V_r(x_i) / \left[ \sum_{i=1}^{n} V_r(x_i) + V_r(r) \right] \). It is identified as equation number 12.]



[image: Equation representing a mathematical formula: \( V_{r} = V_{r}(r) \big/ \left[ \sum_{i=1}^{n} V_{r}(x_{i}) + V_{r}(r) \right] \), labeled as equation 13.]


In the Equations 12, 13 [image: I cannot view or generate alt text for the image you mentioned using a formula alone. Please upload the image or provide a URL for me to generate accurate alt text.] and [image: It seems like there might be a mistake, as the content you've provided appears to be a mathematical expression rather than an image. Please upload the image or provide a URL for me to generate alternate text.] represent the variance of the ith IMF component and the residual component, respectively.




2.3.4 Partial correlation analysis


Climate factors, anthropogenic activities, and vegetation change are interrelated; altering one element affects the others. Partial correlation analysis calculates the correlation between a dependent variable and an independent variable while excluding the influence of related variables on the dependent variable. The magnitude of the partial correlation coefficient reflects the influence of each factor on the dependent variable, with other factors acting as control variables. Second-order partial correlation coefficients are based on correlation analysis and first-order partial correlation analysis, and third-order partial correlation coefficients are based on correlation analysis, first-order partial correlation analysis, and second-order partial correlation analysis. The calculation formula for partial correlation analysis is as follows (Xu et al., 2023):


[image: The formula represents the Pearson correlation coefficient \( R_{xy} \). It is calculated as the sum of the product of the differences between each data point \( x_i \) and the mean \( \bar{x} \) and each data point \( y_i \) and the mean \( \bar{y} \), divided by the square root of the product of the sum of squared differences for \( x \) and \( y \).]


In the Equation 14, [image: It seems there might be an error, as I did not receive an image file. Please upload the image, and I will generate the alternate text for you.] represents the correlation coefficient; [image: Please upload the image or provide a URL to it, and I will help generate the alternate text.] and [image: It seems there was an error in your request. If you intended to upload an image, please try again. If you have an image URL, you can provide it, and I can help generate alternate text for it.] represent the values of variables [image: It seems there was an error with the image upload. Please try uploading the image again or provide a URL. If you have a specific aspect you want described, let me know!] and [image: Please upload the image or provide a URL for it, and I can help generate the alternate text.] in the ith period, respectively; [image: Please upload the image or provide a URL. Additionally, you can add a caption for context if you like.] and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] represent the average values of variables [image: Please upload the image or provide a URL to it, and I'll generate the alternate text for you.] and [image: Please upload the image or provide a URL, and I will be happy to generate the alt text for you.], respectively; and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] represents the sample size. The range of [image: It seems there was a bit of confusion. Please upload an image or provide a link, and I will generate the alternate text for you.] is from −1 to 1.

The equation for calculating the first-order partial correlation is as follows:


[image: Correlation formula: \( R_{x,y1} = \frac{R_{xy} - R_{x1} R_{y1}}{\sqrt{(1 - R_{x1}^2)(1 - R_{y1}^2)}} \). Equation labeled as 15.]


In the Equation 15, [image: It appears you tried to reference an image, but it didn't come through. Please upload the image again or provide a URL.] represents the partial correlation coefficient between variables [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] when variable one is held constant, and [image: Please upload the image or provide a URL, and I'll help generate the alternate text for it.], [image: Please upload the image or provide a URL to it, and I'll help generate the alternate text.], [image: Please upload the image or provide a URL so I can generate the alternate text for it.] represent the correlation coefficients between variables [image: Please upload the image you'd like me to generate the alternate text for.] and [image: Please upload the image or provide a URL so I can help generate the alternate text.], [image: Please upload the image or provide a URL for it, and I will generate the alternate text for you.] and 1, and [image: Please upload the image or provide a link, and I will generate the alternate text for you.] and 1, respectively.

The equation for calculating the second-order partial correlation, as given in Equation 16:


[image: Formula for the partial correlation coefficient, r sub xy.12 equals (r sub xy.1 minus r sub xz.1 times r sub yz.1), divided by the square root of ((1 minus r sub xz.1 squared) times (1 minus r sub yz.1 squared)), labeled as equation 16.]


where [image: "r subscript xy dot 12" is a mathematical notation. It represents the partial correlation coefficient between variables x and y, controlling for the influence of variables represented by the number 12.] is the second-order partial correlation coefficient; [image: Please upload the image or provide a URL so I can generate the alt text for it.] and [image: Please upload the image or provide the URL, and I will generate the alternate text for you.] represent the elements for which the partial correlation coefficient is calculated; one and two represent the control variables; and [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.], [image: Mathematical expression showing "r" followed by a subscript with symbols "x", "2", and "1".], [image: It seems like you've provided a partial description or representation of an image as text. If you have an image to upload, please do so, and I can help generate the alt text for it.] represent first-order partial correlation coefficients.

The equation for calculating the third-order partial correlation, as given in Equation 17:


[image: Equation for \( r_{12.345} \) is shown, representing a partial correlation formula. It includes a fraction with \( r_{12.35} - r_{14.35} r_{24.35} \) in the numerator and the square root of \((1 - r_{14.35}^2)(1 - r_{24.35}^2)\) in the denominator, labeled as equation (17).]


where [image: Mathematical expression featuring the letter "r" with a subscript of "12.345".] represents the third-order partial correlation coefficient between vegetation and a certain variable, after controlling for three other variables sequentially; and [image: It seems there was an error as no image was provided. Please upload the image or provide a URL, and I will help generate the alternate text for it.], [image: Please upload the image or provide a URL for me to generate the alternate text.], [image: Mathematical expression displaying the variable \( r \) with subscripts twenty-four and thirty-five in italic font.] represent the corresponding second-order partial correlation coefficients.




2.3.5 Residual trend method


Vegetation change is influenced by both climate factors and anthropogenic activities. The RESTREND analyzes the relative roles of climate factors and anthropogenic activities on vegetation change by establishing a relationship model between vegetation change and climate factors. The RESTREND method analyzes the residual trend between the observed NDVI values ([image: It seems there is an issue with the image upload. Please try uploading the image again, and I’ll be happy to help generate alternate text for it.])and the predicted NDVI values ([image: Please provide the image or a URL to generate the alternate text.])by using climate factors (precipitation, LST, and sunshine duration) as explanatory variables in a regression model. The basic principle of the RESTREND method is as follows (Qi et al., 2019):

Establish a regression model between [image: It seems there's no image uploaded. Please provide the image or a URL to generate the alternate text.] and climate factors:


[image: Equation for predicting NDVI: \(NDVI_{\text{pred}_{i,j}} = b_0 + b_1P_{i,j} + b_2T_{i,j} + b_3S_{i,j}\), labeled as equation (18).]


In the equation, [image: Please upload the image or provide its URL so I can generate the alternate text for it.], [image: If you have an image to upload, please attach the file, and I can help generate the alternate text for it. If you're unable to upload, please describe the image in detail.], [image: Please upload the image or provide a URL, and I will help generate the alternate text for you.] represent the monthly total precipitation, land surface temperature, and monthly total sunshine duration at spatial location [image: It seems like you might be referring to an image, but I cannot see it. Could you please upload the image or provide a URL?], respectively, and [image: It seems like there was an error in processing the image. Please upload the image file or provide a URL so I can generate the alt text for you.] are the coefficients determined by the least squares method.

Based on the results of Equation 18, the residual [image: It seems there was an error in displaying the image. Please upload the image file or provide a correct URL so I can generate accurate alternate text for you.] between [image: It seems there was an error in providing the image. Please try uploading the image again, or provide a link to the image for which you need alternate text.] and [image: I'm unable to generate alt text for the specific image referenced by "NDVI_pre" as no image is provided. Please upload the actual image or provide a URL.] is calculated. The change trend of [image: It seems there's a formatting error or missing information related to the image you mentioned. Please upload the image or provide a URL, and I will help generate the alternate text for it.] is used to measure the impact of climate factor changes on vegetation change, and the change trend of [image: It seems there was an error in your input. If you have an image for which you need alternate text, please upload it or provide a URL.] is used to represent the impact of anthropogenic activities on vegetation change, thus extracting the influences of climate factors and anthropogenic activities on vegetation change. Subsequently, the Sen’s slope method was used to calculate the relative roles of climate factors and anthropogenic activities in vegetation change.






3 RESULTS




3.1 Change trend analysis


The combination of the Theil-Sen median trend estimator and the Mann-Kendall test can effectively reflect the temporal trends of vegetation, anthropogenic activities, and climate factors in GBA.



3.1.1 Vegetation change trend


By overlaying the classification results of the Theil-Sen median trend estimator and the Mann-Kendall test, the change trends of NDVI at the pixel scale were obtained, as shown in Figure 3. The proportions of the five change types were as follows: significant increase: 17.36%, slight increase: 46.23%, no change: 7.41%, slight decrease: 24.09%, and significant decrease: 4.9%. The area of land with improved vegetation was significantly larger than the area with degraded vegetation. The GBA experienced widespread vegetation greening during the study period, with the total area of significantly improved vegetation accounting for 17.36% and the total area of slightly improved vegetation accounting for 46.23%. Areas with significant vegetation improvement were mainly distributed in Zhaoqing, Huizhou, and Jiangmen. The cities with the highest proportions of improved vegetation area were Zhaoqing, Hong Kong, and Shenzhen, with percentages of 76.89%, 72.9%, and 71.23%, respectively.


[image: Map depicting the NDVI trend in a region including cities like Shenzhen, Hong Kong, and Macau. Colors indicate changes in vegetation index: green for increases, yellow for no change, and blue for decreases. A scale bar shows distances up to 120 kilometers.]



FIGURE 3 | 
Spatial distribution of NDVI change trend.



The total area of vegetation degradation in the GBA reached 28.99%, with relatively significant degradation in Zhongshan, Dongguan, and Guangzhou, the total area of vegetation degradation accounted for 46.99%, 43.21% and 41.31%, respectively. These three cities have experienced more rapid urbanization and significant expansion of built-up areas compared to other cities. This rapid urbanization process has led to noticeable degradation of surface vegetation cover.




3.1.2 Trend of anthropogenic activity intensity


The spatial distribution of the change trends in anthropogenic activity intensity is shown in Figure 4. The proportions of the five change types were as follows: significant increase: 51.47%, slight increase: 8.77%, no change: 6.69%, slight decrease: 2.43%, and significant decrease: 0.71%. The proportions of areas with increased anthropogenic activity intensity were relatively lower in the three cities of Zhaoqing, Huizhou, and Jiangmen.


[image: Map of NTL trends in the Hong Kong and Guangzhou regions, showing significant and slight changes in night-time light intensity. Areas are marked in purple for significant increase, light yellow for slight increase, yellow for no change, orange for slight decrease, and blue for significant decrease. Includes a scale and a compass rose for orientation.]



FIGURE 4 | 
Spatial distribution of NTL change trend.






3.1.3 Trends of climate factors


The spatial distribution of LST change trends is shown in Figure 5. The proportions of the five change types were as follows: significant increase: 34%, slight increase: 53.42%, no change: 5.29%, slight decrease: 6.8%, and significant decrease: 0.48%. With the rapid urbanization of the GBA, the LST in various cities also showed varying degrees of increase. Dongguan, Zhongshan, Zhuhai, and Shenzhen had relatively high proportions of areas with increased LST, with the percentages of significantly increased areas being 80.11%, 71.49%, 53.77%, and 52.08%, respectively. Jiangmen had the lowest proportion of areas with significantly increased LST, at 19.15%.


[image: Map showing Land Surface Temperature (LST) trends in the Pearl River Delta region. Red indicates significant increases, orange slight increases, yellow no change, light green slight decreases, and dark green significant decreases. Key cities include Guangzhou, Shenzhen, and Hong Kong. A scale bar shows distances up to 120 kilometers.]



FIGURE 5 | 
Spatial distribution of LST change trend.







3.2 Similarity analysis


The heterogeneity of NDVI induced by anthropogenic activity was explored, as shown in Figure 6, the DTW distance of NDVI time series exhibited a clear increasing trend with the increase in the difference between nighttime light intensities, indicating that the differences in NDVI became larger. As shown in Figure 7, with the increase in the difference between climate factors, the DTW distances of the NDVI time series corresponding to the three climate factors also showed an increasing trend. Among them, the DTW distance corresponding to different sunshine durations was relatively lower.


[image: A gradient heatmap table displaying numerical data within a matrix format. The values range from 0 to over 16.32, with darker blue shades representing higher numbers. X and Y axes have similar decimal intervals. Data cells show varied decimal values.]



FIGURE 6 | 
DTW distance of NDVI sequence corresponding to different NTL intensity.




[image: Three heatmaps labeled A, B, and C display varying data. Each map uses a blue color gradient to represent numerical values within grids. The horizontal and vertical axes are labeled with numerical intervals, likely indicating ranges of data such as temperature or time. The concentration of darker shades of blue suggests higher values, while lighter shades indicate lower values. These visualizations allow for quick comparison of data distribution across different intervals.]



FIGURE 7 | 
DTW distance of NDVI sequence corresponding to climatic factors (A) LST, (B) precipi-tation, (C) sunshine duration.






3.3 Multi-time scale characteristics analysis




3.3.1 Multi-time scale characteristics of vegetation change


Based on the EMD method, multi-temporal scale analysis was performed on the NDVI time series at the pixel scale from April 2012 to December 2020. The mean period of each IMF and the mean variance contribution of each IMF and the residual component for all pixels were calculated as the change period and variance contribution of vegetation at different temporal scales, respectively. The average periods and average variance contributions are shown in Table 1, and the spatial distribution of variance contributions to vegetation change at different temporal scales is shown in Figure 8.





TABLE 1 | 
Mean period and variance contribution of vegetation change at different time scales.

[image: Table showing data for IMFs and Residual component. Periods for IMF1 to IMF5 are 10, 36, 86, 100, and 100 respectively. Variance contributions are 19.15%, 30.05%, 20.59%, 1.82%, 0%, and 28.39% for the residual component.]



[image: Four maps labeled A, B, C, and D illustrate variance contributions across regions with color-coded areas: 0-10% (green), 10-20% (yellow), 20-30% (orange), 30-40% (cyan), 40-50% (blue), and 50-100% (dark blue). Each map shows changes in variance across the area with a scale of 0 to 100 kilometers. A legend explains the color scheme.]



FIGURE 8 | 
Variance contribution of different time scales to vegetation change (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trend.



As shown in Table 1, the vegetation changes in the GBA are mainly characterized by periods of 10 months, 36 months, and 86 months. The increasing trend in residual component indicate an overall increase in vegetation cover, which is consistent with the Mann-Kendall trend. Based on the decomposition of vegetation change time series, the multi-temporal scales of vegetation change in the GBA are categorized as annual (1-year), interannual (3-year), sub-decadal (7-year), and long-term trend.


Figures 8A–D present the variance contributions of the 1-year, 3-year, 7-year temporal scales and the long-term trend to vegetation change in the GBA, respectively. For the 1-year temporal scale, the variance contributions of most cities are below 50%, except for a small region in Zhaoqing. Regions where the 3-year variance contribution exceeds 50% account for 15% of the GBA and are mainly distributed in Huizhou, Guangzhou, and Zhaoqing. The 7-year variance contribution exceeds 50% in 10.3% of the study area, primarily in Huizhou and Guangzhou. Long-term trends account for over 50% variance in 17.2% of the GBA, with a higher prevalence in Zhaoqing, Jiangmen, and Zhongshan.




3.3.2 Multi-time scale characteristics of climate factors and anthropogenic activity



Table 2 indicates that the dominant periodicities for anthropogenic activity intensity in the GBA are 12 months, 36 months, and 86 months. The residual components of anthropogenic activity intensity exhibit an increasing trend, with the variance contribution reaching 62.2%, demonstrating a marked increase in anthropogenic activity intensity, which is consistent with the Mann-Kendall trend analysis. The multitemporal scales of anthropogenic activity intensity change in the GBA are then categorized as 1-year, 3-year, 7-year and long-term trends to facilitate the analysis of their impact upon vegetation change.





TABLE 2 | 
Mean period and variance contribution of anthropogenic activity intensity at different time scales.

[image: Table showing the period and variance contribution for IMFs and a residual component. IMF1: period 12, 11.91%; IMF2: period 36, 16.42%; IMF3: period 86, 8.98%; IMF4: period 100, 0.49%; IMF5: period 100, 0%; Residual component: 62.2%.]



Figures 9A–D present the variance contributions of the 1-year, 3-year, and 7-year temporal scales, and the long-term trend to anthropogenic activity intensity in the GBA, respectively. The variance contributions of the 1-year, 3-year, and 7-year temporal scales were generally below 30%, indicating minimal fluctuation in anthropogenic activity intensity at shorter temporal scales. The regions with variance contributions greater than 50% in the long-term trend accounted for 65%, indicating that most regions are dominated by long-term trends in anthropogenic activity intensity, and the long-term trend of anthropogenic activity intensity has a significant impact on vegetation change.


[image: Four maps labeled A, B, C, and D, depicting variance contribution across a geographic area. Each map uses color gradients to represent different percentage ranges: A shows 0-10%, B shows 10-20%, C shows 20-30%, and D shows 50-100%. A legend with color-coded percentages is provided at the bottom.]



FIGURE 9 | 
Variance contribution of different time scales to anthropogenic activity intensity (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trend.



As shown in Table 3, the LST is mainly characterized by 10 months, 36 months, and 79 months periodicities, with the residual component exhibiting an increasing trend and a variance contribution of 25.32%, indicating an increase in LST. This study summarized the multi-temporal scales of LST change as 1-year, 3-year, 7-year temporal scale, and a long-term trend.





TABLE 3 | 
Mean period and variance contribution of climate factors at different time scales.

[image: Table showing climate factors with IMFs and residual components for LST, precipitation, and sunshine duration. Each factor lists periods and variance contributions across IMF1 to IMF5. Residuals are 25.32%, 25.49%, and 10.52% respectively.]



Figures 10A–D respectively show the variance contributions of the 1-year, 3-year, and 7-year temporal scales, and the long-term trend to LST change in the GBA. The 1-year and 7-year temporal scales generally have variance contributions to LST that are less than 50%. The regions with variance contributions greater than 50% at the 3-year temporal scale accounted for 25.26%, Zhaoqing, Guangzhou, and Huizhou are dominated by 3-year LST changes. The regions with variance contributions greater than 50% in the long-term trend accounted for 12.46%, mainly distributed in the core urban areas, indicating that LST changes in the core urban areas are dominated by long-term trends.


[image: Four maps labeled A, B, C, and D show variance contribution in different regions, with a color scale from yellow (0-10%) to dark blue (90-100%). Each map represents varying levels of variance percentages across the regions, utilizing geographic contours for illustration. A legend denotes the color corresponding to each percentage range.]



FIGURE 10 | 
Variance contribution of different time scales to LST (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trend.



According to Table 3, multi-temporal scales of precipitation and sunshine duration changes are summarized as 1-year, 3-year, and 7-year temporal scales, and a long-term trend. The variance contribution of the long-term trend to precipitation was 25.49%, and the precipitation showed a decreasing trend, and there was no clear long-term trend in sunshine duration.





3.4 Effects of climatic factors and anthropogenic activity on vegetation




3.4.1 Correlation between anthropogenic activity intensity and vegetation change


Using the influence of climate factors (LST, precipitation, and sunshine duration) on vegetation change as control variables, a pixel-by-pixel partial correlation analysis was performed on the relationship between vegetation change and anthropogenic activity intensity at 1-year, 3-year, and 7-year temporal scales, as well as the long-term trend and overall values. Based on the spatial distribution of the partial correlation coefficients, the spatial heterogeneity of the correlation between vegetation change and anthropogenic activity intensity in the GBA at different temporal scales was analyzed. The area percentages of different correlations are shown in Table 4.





TABLE 4 | 
The proportion of correlation between vegetation change and anthropogenic activity intensity at different time scales.

[image: Table comparing values under different correlation conditions. Columns include IMF1, IMF2, IMF3, Residual component, and Raw values. Rows show data for correlations R<0, p<0.05; R<0, p>0.05; R>0, p<0.05; R>0, p>0.05 with corresponding values for each category.]



Figures 11A–E respectively show the spatial distribution of the partial correlation between vegetation change and anthropogenic activity intensity in the GBA at the 1-year, 3-year, and 7-year temporal scales, the long-term trend, and the overall values. At the 1-year temporal scale in the GBA, the relationship between vegetation change and anthropogenic activity intensity was not significant in 54.14% of the regions, while 22.35% and 23.51% of the regions showed significant negative or positive correlations, respectively. Pixels with negative and positive correlations were evenly distributed in the GBA. The areas with significant correlations between vegetation change and anthropogenic activity intensity increased at the 3-year and 7-year temporal scales. The contribution of the long-term trend to anthropogenic activity intensity was 62.2%, significantly greater than that of other temporal scales. The partial correlation analysis for the long-term trend showed a significant correlation between vegetation change and anthropogenic activity intensity in 47.21% of the regions, with negative correlations mainly distributed in Guangzhou, Huizhou, Zhaoqing, and Jiangmen. The partial correlation analysis for the overall values showed a significant correlation between vegetation change and anthropogenic activity intensity in 65.32% of the regions in the GBA, with negative correlations mainly distributed in the core urban areas of each city, indicating that urbanization development has a negative impact on vegetation.


[image: Five maps display variations in partial correlation coefficients across a geographic area, labeled A to E. Each map shows changes using a color gradient from dark red to blue, representing ranges from below negative zero point eight to above zero point eight. A legend on the right explains the color scale.]



FIGURE 11 | 
Spatial distribution of partial correlation between vegetation change and anthropogenic activity intensity at different time scales (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trend, (E) overall values.






3.4.2 Correlation between climatic factors and vegetation change


To reveal the spatial heterogeneity of the correlation between vegetation change and LST change at different temporal scales, partial correlation analyses were performed pixel-by-pixel on the relationship between vegetation change and LST at 1-year, 3-year, and 7-year temporal scales, the long-term trend, and the overall values, using the influence of anthropogenic activity intensity, precipitation, and sunshine duration on vegetation change as control variables. Similarly, the partial correlations between vegetation change and precipitation, between vegetation change and sunshine duration at different temporal scales were analyzed.

As shown in Table 5 and Figures 12A–E, at the 1-year, 3-year, and 7-year temporal scales, the change trends of regions with significant correlations between vegetation change and LST were similar to those of regions with significant correlations between vegetation change and anthropogenic activity intensity. For the overall values, the relationship between vegetation change and LST was not significant in 37.09% of the regions. The regions with significant negative correlations between vegetation change and LST accounted for 30.24%, mainly distributed in Zhaoqing, Jiangmen, and Huizhou. The regions with significant positive correlations between vegetation change and LST reached 32.67%, concentrated in the built-up areas of Guangzhou, Foshan, Zhongshan, Zhuhai, Hong Kong, Shenzhen, and Dongguan. The GBA is located in a humid region with abundant precipitation. The increase in temperature has a small impact on the available water for vegetation, but it can promote vegetation photosynthesis, and the increase in land surface temperature promotes vegetation growth.





TABLE 5 | 
The proportion of correlation between vegetation change and LST at different time scales.

[image: Correlation table showing values for IMF1, IMF2, IMF3, Residual Component, and Raw Values across four correlation conditions. Values vary, indicating differences in the components' contributions under each condition.]



[image: Five maps display the partial correlation coefficients across a region, showing different gradations of color to indicate varying coefficient levels. Maps (A) through (E) gradually highlight changes with key regions accentuated in green and purple. The legend on the right outlines coefficients from negative to positive, indicated by varying shades. A compass rose is in the top right corner of each map for orientation.]



FIGURE 12 | 
Spatial distribution of partial correlation between vegetation change and LST at different time scales (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trend, (E) overall values.



As shown in Table 6 and Figures 13A–E, the correlations between vegetation change and precipitation in the GBA were significantly correlated in most regions at the 3-year and 7-year temporal scales and the long-term trend. In the built-up areas of Guangzhou, Foshan, Jiangmen, Zhongshan, and Dongguan, an increase in precipitation promoted vegetation growth.





TABLE 6 | 
The proportion of correlation between vegetation change and precipitation at different time scales.

[image: Table showing correlation results with five columns: Correlation, IMF1, IMF2, IMF3, Residual component, and Raw values. Four rows display data based on different correlation conditions: R less than 0, R greater than 0, and significance levels of p less than or greater than 0.05, with corresponding numerical values for each column.]



[image: Set of five maps labeled A to E, showing partial correlation coefficients in a geographical region. Each map uses a gradient from purple to green to indicate values ranging from negative to positive correlations. A legend on the right specifies the color scale for coefficients from less than negative zero point eight to greater than zero point eight.]



FIGURE 13 | 
Spatial distribution of partial correlation between vegetation change and precipitation at different time scales (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trend, (E) overall values.



As shown in Table 7 and Figures 14A–E, for the overall values, an increase in sunshine duration promoted vegetation growth in the built-up areas of Guangzhou, Foshan, Zhongshan, Hong Kong, and Jiangmen.





TABLE 7 | 
The proportion of correlation between vegetation change and sunshine duration at different time scales.

[image: Table displaying correlations and values for different components. Columns indicate correlation conditions and components: IMF1, IMF2, IMF3, Residual Component, and Raw Values. Values vary under specific conditions where correlation R is less than or greater than 0, with P less than or greater than 0.05.]



[image: Five maps depicting regions with variations in partial correlation coefficients, indicated by different shades of purple and green. Each map shows a different focus or layer, labeled (A) to (E), with a legend on the right explaining the color gradient from negative to positive coefficients.]



FIGURE 14 | 
Spatial distribution of partial correlation between vegetation change and sunshine duration at different time scales (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trend, (E) overall values.







3.5 The contribution of climatic factors and anthropogenic activity to vegetation change


The RESTREND method was used to analyze the response of vegetation change to climate factors and anthropogenic activities in the GBA. Areas with extremely low proportions of impervious surfaces, where vegetation change is only affected by climate factors and not by anthropogenic activities, were randomly selected. The coefficients of a multiple regression model were calculated as the coefficients of the RESTREND model. Based on these coefficients, the predicted values of NDVI were calculated, and the differences between the predicted and observed values were compared. The IMF1 of NDVI was used as the dependent variable in the RESTREND model, and the IMF1 of LST, precipitation, and sunshine duration were used as independent variables. Based on this method, the relative importance of climate factors and anthropogenic activities on vegetation change was determined at the 1-year temporal scale. Similarly, the relative importance of climate factors and anthropogenic activities at the 3-year and 7-year temporal scales and the long-term trend were determined. When the relative contribution of climate factors to vegetation change was greater than 50%, vegetation change was considered to be dominated by climate factors. When the relative contribution of climate factors to vegetation change was less than 50%, vegetation change was considered to be dominated by anthropogenic activities.

As shown in Figure 15, at the 1-year, 3-year, and 7-year temporal scales, the relative contribution of the predicted NDVI values, i.e., vegetation changes induced by climate factors, was low in most regions of the GBA. The regions with a contribution greater than 50% accounted for 23.33%, 22.50%, and 18.79%, respectively, and these regions did not exhibit a clustered distribution, indicating that vegetation change was mainly driven by anthropogenic activities at short temporal scales, and the impact of urbanization on vegetation was significant. The GBA has experienced rapid urbanization in the past decade, with a significant expansion of high-intensity anthropogenic activity areas, which has significantly affected the distribution of vegetation. For the long-term trend, the regions with a relative contribution of predicted NDVI values greater than 50% accounted for 81.81%, and the regions with a contribution greater than 75% accounted for 69.85%, indicating that climate factors played a dominant role in vegetation change. The regions with a relative contribution of predicted NDVI values less than 50% in the long-term trend, i.e., where anthropogenic activities played a dominant role in vegetation change, were mainly distributed in the core urban areas. Among them, the regions with a contribution less than 25% accounted for 10.54%, indicating that with the expansion of the temporal scale, climate factors played a dominant role in vegetation change in most regions of the GBA in the long-term trend. However, in the core urban areas that were significantly affected by urbanization, vegetation change was determined by the intensity of anthropogenic activities.


[image: Four maps show the relative impact of climate change percentages on a specific region, labeled A, B, C, and D. Each map uses a color gradient from green to red, indicating lower to higher impacts, respectively. The progression from A to D shows increasing red, representing a rising role of climate change from 0-10% in A to 90-100% in D. A legend on the bottom details the color coding for different percentage ranges.]



FIGURE 15 | 
Spatial distribution of relative contributions of climate factors to vegetation change (A) 1-year, (B) 3-year, (C) 7-year, (D) long-term trends.







4 DISCUSSION




4.1 Mapping anthropogenic activity from nighttime lights


Since 1992, NTL data have been extensively utilized in urbanization research, characterizing the intensity and extent of anthropogenic activity from a nocturnal perspective and demonstrating itself as a reliable indicator (Bennett and Smith, 2017). With the proliferation of NTL sensors, algorithms, and data products, NTL data are poised to provide enhanced insight into the socio-economic and environmental changes associated with urbanization. However, limitations persist in NTL-based urban applications. For example, scale effects introduce uncertainties across both spatial and temporal dimensions; differing spatial resolutions can lead to significant discrepancies in the spatial patterns identified in research findings, while varying temporal scales (e.g., annual, monthly, daily) can elicit different NTL patterns and outcomes. Beyond anthropogenic activity influences, NTL variations are also affected by angular effects, seasonal changes, transient light sources, cloud-mask failures, and noise. This can result in inconsistencies between NTL intensity and actual anthropogenic activity intensity (Zhang R. et al., 2023), such as in some rural areas or urban peripheries (Goldblatt et al., 2018). Furthermore, anthropogenic activity mapping presents a complex challenge encompassing factors like population, infrastructure, and land cover. To improve the accuracy of NTL data in urban applications, it is essential to integrate them with geospatial data and other multi-source remote sensing data.

Electricity consumption and urban development are positively correlated; increased electricity consumption primarily stems from sustainable economic growth, urban population, and expanded construction land. Taking Beijing, Shanghai, and Guangzhou as examples, high levels of anthropogenic activity and power consumption frequently coincide (Xu, 2023). Based on this observation, this study utilizes electricity consumption data as a secondary means of validating the characteristics of anthropogenic activity intensity. As shown in Figure 16, Guangzhou and Shenzhen exhibit the highest electricity consumption in the Pearl River Delta region, followed by Foshan and Dongguan. Although Huizhou’s electricity consumption is lower, its average annual growth rate is high (Figure 4), indicating a widespread distribution of areas experiencing increasing anthropogenic activity intensity. These results align with findings based on NTL intensity, providing indirect confirmation of the reliability of NTL intensity as a proxy for anthropogenic activity intensity.


[image: Line graph showing the population growth of nine cities in Guangdong from 2012 to 2022. Shenzhen and Guangzhou have the highest populations, both exceeding one thousand million by 2022. Other cities also show steady increases, with Dongguan, Foshan, Huizhou, Jiangmen, Zhongshan, Zhuhai, and Zhaoqing trailing.]



FIGURE 16 | 
Electricity consumption by city in the Pearl River Delta.






4.2 Impact of climate change on vegetation dynamics


This study delved into the impact of climate change on vegetation dynamics in the GBA. Climate change is a key factor influencing vegetation dynamics. During the study period, land surface temperatures in the GBA generally increased, with the percentages of significantly increased areas in Dongguan and Zhongshan reaching 80.11% and 71.49%, respectively, while the long-term trend of precipitation showed a decrease, and sunshine duration showed no significant long-term changes. The greater the differences in land surface temperature, precipitation, and sunshine duration, the greater the differences in NDVI time series (Mondal and Jeganathan, 2018; Ding et al., 2023), which together constitute a scenario in which climate change has a complex impact on vegetation dynamics in the GBA.

The results showed that the impact of climate factors on vegetation in the GBA exhibited spatial heterogeneity, which is similar to the results of previous studies in northern China, the Yangtze and Yellow River basins, the Qinghai-Tibet Plateau, and West Bengal, India (Yuan et al., 2015; Banerjee et al., 2024; Xu et al., 2023). We found that the positive correlation between LST and vegetation was more pronounced in areas with higher urbanization levels, which is consistent with some studies that show rising temperatures cause earlier spring warming and delayed autumn cooling, extending the growing season and increasing the leaf area index, resulting in regional greening (Li et al., 2022). In contrast, Zhaoqing, Jiangmen, and Huizhou exhibiting a negative correlation between LST and vegetation were more common, where urbanization levels were relatively lower, increased temperatures can lead to enhanced vegetation transpiration, exacerbating water stress and inhibiting vegetation growth.

The decrease of precipitation have a limiting effect on vegetation growth in the long-term scale, which is consistent with the conclusions of relevant studies that indicate negative impacts of low precipitation and aridification on vegetation (Tuo et al., 2024). In Guangzhou, Foshan, and Zhongshan, precipitation and sunshine duration both showed a positive correlation with vegetation, which is similar to the research results from northern China, the Hengduan Mountains, the Qinghai-Tibet Plateau, and the Central Yunnan Urban Agglomeration (Chen et al., 2020; Chen et al., 2021; Zhang et al., 2019; He et al., 2024). From a mechanistic perspective, climate factors directly influence plant physiological processes such as photosynthesis, respiration, and transpiration, thereby affecting vegetation growth and distribution. Different vegetation types also exhibit varying sensitivities to these influences (Ren Y. et al., 2023), which may be the cause of spatial differences.

In the short-term scales, vegetation change may be driven by anthropogenic activities, but in the long-term trends, climate factors gradually become dominant. Some studies also point out that climate change is the main driver of vegetation change over long periods (Ge et al., 2021; Wang J. et al., 2024). This further emphasizes the key role of climate change in shaping vegetation dynamics, and the long-term impact of climate change needs to be fully considered when formulating ecological environment protection strategies.




4.3 Impact of anthropogenic activity on vegetation dynamics


From a spatial distribution perspective, the increase in anthropogenic activity intensity was mainly concentrated in the core urban areas, such as Guangzhou, Shenzhen, and Foshan, where the rate of urban expansion was faster. Zhaoqing, Huizhou, and Jiangmen showed relatively lower proportions of increased anthropogenic activity intensity, indicating that there is obvious spatial heterogeneity in the urbanization process within the GBA, which is similar to the results of research in many regions (Gao et al., 2024; Fan et al., 2022). Although the GBA generally exhibited a greening trend, with vegetation improving in 63.59% of the region, the problem of vegetation degradation remained prominent, especially in areas such as Zhongshan, Dongguan, and Guangzhou, where the total area of degradation accounted for as much as 28.99%. This indicates that rapid urbanization has a negative impact on vegetation cover (Yu et al., 2009; Ruas et al., 2022; Zhang et al., 2023a).

A significant negative correlation between anthropogenic activity intensity and vegetation change existed in some regions, particularly evident in the core urban areas (Gao et al., 2022; Zheng et al., 2021). Zhongshan, Dongguan, and Guangzhou experienced rapid expansion of impervious surfaces during the study period. Anthropogenic activity intensity increased significantly, and the proportion of vegetation degradation was relatively high, indicating that the urbanization process caused significant degradation of vegetation cover, which is similar to the research results in the GBA and the Lanzhou-Xining urban agglomeration (Wu et al., 2022; Wang J. et al., 2024). The results of the partial correlation analysis further confirmed this: as the temporal scale increased, the areas with significant correlations between vegetation change and anthropogenic activity intensity increased. In the long-term trend, anthropogenic activity intensity and vegetation change exhibited a significant negative correlation, particularly in the core urban areas, indicating that the urbanization development had a negative impact on vegetation. This is consistent with previous research that pointed out that urban expansion leads to a decrease in vegetation cover (Zou et al., 2025; Zhang et al., 2023b; Yang et al., 2021). The urbanization process leads to an increase in impervious areas and a decrease in green space areas, which directly results in a reduction of vegetation cover. At the same time, urbanization also changes surface hydrological processes and energy balance, further inhibiting vegetation growth (White and Greer, 2006; Zhou et al., 2021). For example, the dense distribution of buildings and the hardening of roads may lead to a decrease in soil moisture content, which is not conducive to vegetation growth. However, some studies have shown that anthropogenic activities promote vegetation cover, with ecological restoration projects, afforestation activities, and decreased population density becoming important factors for increased vegetation cover (Liu et al., 2023; Jin et al., 2020; Shi et al., 2020; Wang J. et al., 2024).

The impact of anthropogenic activities on vegetation varies at different temporal scales. In the short-term temporal scales, vegetation change is mainly driven by anthropogenic activities, such as the reduction of vegetation cover area caused by urban expansion, which is similar to the conclusions of some studies that found the short-term impacts of urban expansion on vegetation are more significant (Qi et al., 2023). In the long-term trend, areas with higher levels of urbanization showed a stronger dominance of anthropogenic activities, while non-urbanized areas tended to be dominated by climate factors (Prăvălie et al., 2022; Li P. et al., 2021; Pang et al., 2017; Banerjee et al., 2024; Yu et al., 2009; Hu et al., 2023). Studies have found that vegetation types and their specific ecological adaptation strategies determine their different response patterns to climate change, which also explains why vegetation changes in different regions exhibit different patterns under the same climatic conditions. For example, Zhaoqing, Huizhou, and Jiangmen had higher proportions of vegetation improvement, while Zhongshan and Dongguan showed obvious vegetation degradation.




4.4 Limitations and future directions


This study used remote sensing and meteorological data and employed various time series analysis methods to explore vegetation dynamics in the GBA and their relationship with climate change and anthropogenic activities. However, there are still some limitations, which are mainly reflected in the following aspects: 1. Data source limitations: This study relied on MODIS data and NPP-VIIRS/DNB nighttime light data, although these data have good applicability at the regional scale, there are still certain shortcomings in their spatiotemporal resolutions. This may lead to some bias in the detailed depiction of vegetation change and its influencing factors, especially for the evaluation of the lagged effects of extreme climatic events on vegetation. 2. Insufficient representation of meteorological data: Although this study used the monthly total precipitation and sunshine duration data from meteorological stations, the distribution of meteorological stations may not fully represent the climate conditions of the entire study area, especially in topographically complex regions, where the results of data interpolation may have some uncertainties. 3. Methodological limitations: In conducting multi-factor analysis, this study may not have fully captured the non-linear relationships between vegetation change and influencing factors. The selected indicators may not fully represent all climate factors when using the RESTREND method to evaluate the relative contribution of climate factors and anthropogenic activities to vegetation change, which may simplify or underestimate the complex influence of climate change on vegetation.

Future studies could be improved in the following aspects: 1. Improve data quality and resolution: Future research can try to use remote sensing data with higher spatial and temporal resolutions to monitor vegetation dynamics more precisely, and better evaluate the lagged effects of extreme climate events on vegetation. 2. Multi-source data integration: Combining remote sensing data with ground observation data can compensate for the shortcomings of remote sensing data in accuracy and validation. For example, field vegetation surveys and flux observations can be used to improve the accuracy and reliability of research results.





5 CONCLUSION


This study analyze the spatiotemporal patterns of vegetation change in the GBA, its response characteristics to anthropogenic activities and climate factors, and to quantify the relative contributions of climate factors and anthropogenic activities to vegetation change. According a comprehensive analysis of multi-source data, this study seeks to reveal the driving mechanisms of dynamic vegetation change in the context of urbanization.

The results of this study showed that the GBA as a whole experienced a significant vegetation greening process. The area with improved vegetation was significantly greater than that with degraded vegetation, indicating an overall increasing trend in vegetation cover in the region. Specifically, vegetation in Zhaoqing, Huizhou, and Jiangmen showed significant improvement, while vegetation degradation was more pronounced in the core urban areas of Zhongshan, Dongguan, and Guangzhou. Simultaneously, anthropogenic activities in the region also underwent significant changes. The intensity of anthropogenic activities showed a significant increase in half of the regions, reflecting the impact of the rapid urbanization process on anthropogenic activity intensity. In addition, LST also underwent significant changes, LST increased more noticeably in cities such as Dongguan, Zhongshan, Zhuhai, and Shenzhen, which may be related to the urban heat island effect. Further analysis showed that the dynamics of vegetation change are influenced by driving factors at different temporal scales. The intensity of anthropogenic activities showed smaller fluctuations at short temporal scales, while 65% of the region showed anthropogenic activity intensity fluctuations dominated by long-term trends, indicating that the changes in anthropogenic activities have a cumulative effect over long temporal scales. LST changes in core urban areas were also dominated by long-term trends, which may be the result of the combined effects of long-term urbanization and climate change.

The correlations between vegetation change and anthropogenic activity intensity, and between vegetation change and climate factors exhibited obvious spatiotemporal heterogeneity. As the temporal scale increased, the regions exhibiting significant correlations between vegetation change and anthropogenic activity intensity and between vegetation change and LST gradually increased, indicating that at longer temporal scales, the influences of anthropogenic activities and temperature on vegetation were more pronounced. Notably, vegetation change was significantly correlated with anthropogenic activity intensity in two-thirds of the regions, and the negative correlations were mainly distributed in the core urban areas of various cities, indicating that the urbanization process had a negative impact on vegetation. Simultaneously, regions where vegetation change was significantly negatively correlated with LST were mainly distributed in Zhaoqing, Jiangmen, and Huizhou, while regions with significant positive correlations were concentrated in the built-up areas of Guangzhou, Foshan, Zhongshan, Zhuhai, Hong Kong, Shenzhen, and Dongguan, reflecting the complex impact of temperature changes on vegetation growth in different regions. In addition, increases in precipitation and sunshine duration both promoted vegetation growth to a certain extent.

This study revealed the temporal characteristics of the impacts of climate factors and anthropogenic activities on vegetation change. At short temporal scales, vegetation change was mainly driven by anthropogenic activities, indicating that the short-term impact of urbanization on vegetation was more significant, while the influence of climate factors was relatively small. However, in the long-term trend, vegetation change in most regions was mainly dominated by climate factors, while the vegetation changes caused by anthropogenic activities were mainly distributed in the core urban areas, indicating that over the long-term, the influence of climate factors on vegetation gradually became apparent, while the influence of anthropogenic activities was mainly reflected in urbanized areas.
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Introduction: As an important global ecological security barrier, the Qinghai-Tibet Plateau is a key region for exploring how global climate change affects the grassland ecosystem. Therefore, this study explored the mechanism of the impact of intensified atmospheric Phosphorus (P) deposition on the alpine grassland plant communities in Sejila Mountain, Nyingchi, Tibet.Methods: A field experiment with four different gradients of phosphate fertilizer application (0, 50, 75, and 100 kg hm−2 a−1) was designed. The variation patterns of plant morphology, biomass, nutrient content, and stoichiometric ratio characteristics in response to P were systematically analyzed.Results: P addition significantly affected the total community biomass and root-shoot ratio, showing a trend of initial increase followed by decline (P < 0.05). Additionally, P addition significantly influenced the plant traits (average height, total coverage, and abundance) and aboveground biomass of plant community (Poaceae, Cyperaceae, and Forbs). The plant traits and aboveground biomass of Poaceae and Forbs increased significantly with increasing of P addition levels. At a P addition of 100 kg hm−2 a−1, a decline in these parameters was observed. The total coverage and aboveground biomass of Cyperaceae plants showed a significant downward trend. P addition had limited effects on plant carbon (C) and nitrogen (N) contents and their respective stoichiometric ratios. However, it significantly increased P contents in both aboveground and belowground plant parts (P < 0.05), consequently reducing the C:P and N:P stoichiometric ratios in plants. This effectively enhanced plant P use efficiency.Discussion: This study highlights the significant role of P addition in shaping the plant community structure and nutrient cycling of alpine grasslands. However, excessive P addition may exacerbate ecological competition among plants, potentially leading to nutritional imbalances and soil environmental degradation.Keywords: phosphorus addition, alpine grassland, plant traits, nutrient content, stoichiometric ratio
1 INTRODUCTION
Phosphorus (P) deposition encompasses contributions from both natural and anthropogenic sources. As a critical nutrient for plant growth, P plays an indispensable role in ecosystem functioning by influencing plant productivity, carbon sequestration, and nutrient cycling through atmospheric deposition (Dissanayaka et al., 2020). Atmospheric P deposition has gained increasing attention due to its dual natural and human-driven origins, including weathering processes, volcanic activities, agricultural runoff, dust transport, and emissions from combustion sources (Pan et al., 2021). In recent decades, global climate change and intensified human activities have substantially increased P deposition, particularly in regions such as Asia and Europe (Penuelas et al., 2020). This trend is primarily attributed to agricultural fertilization practices, windborne dust from arid and semi-arid areas, and industrial emissions. While P deposition enhances nutrient availability in terrestrial ecosystems, it is also associated with a suite of environmental challenges. Alpine grassland ecosystems, particularly those on the Qinghai-Tibet Plateau, are highly sensitive to changes in nutrient availability due to their nutrient-limited conditions and harsh environmental constraints. These ecosystems provide vital ecosystem services, such as climate regulation, water conservation, soil fertility maintenance, and support for pastoral livelihoods (Yang et al., 2020). The addition of P promotes the increase in aboveground biomass of alpine grasslands, drives the proliferation of bacteria and fungi, enhances their activity levels, and further regulates the functional traits of plants, thereby propelling changes in the overall ecological balance and ecological functions of alpine grasslands (Sun J. et al., 2022). Plant biomass is a key metric for assessing grassland ecosystem health and restoration, as it reflects the system’s capacity for carbon storage and primary production. Biomass production in grasslands is intricately linked to the availability and stoichiometry of carbon (C), nitrogen (N), and P. Among these elements, P is often the most limiting nutrient in alpine ecosystems due to its low bioavailability and slow turnover rates (Mesquita et al., 2020).
P addition can profoundly affect the structure and functioning of alpine grassland ecosystems (Sun Y. et al., 2022). Experimental studies have shown that P inputs promote plant biomass accumulation, enhance vegetation cover, and increase primary productivity (Mao et al., 2021). However, these benefits are accompanied by significant alterations in plant community composition. P addition tends to favor species with higher P demands, such as grasses and forbs, while suppressing species less dependent on P, such as sedges. This shift in community structure can lead to a decline in plant diversity, particularly in nutrient-poor environments where competition for P is a key driver of species coexistence. Over the long term, P addition may result in soil P accumulation, altering the chemical and biological properties of soils and complicating the long-term trajectory of plant biomass dynamics. P enrichment can increase soil microbial activity and alter the composition of microbial communities, which play a critical role in nutrient cycling. Enhanced microbial activity may accelerate the mineralization of organic matter, thereby influencing the availability of other essential nutrients such as nitrogen. Moreover, the interaction between P and nitrogen availability can lead to imbalances in nutrient ratios, potentially reducing the efficiency of nutrient uptake and utilization by plants.
In addition to its effects on plant biomass, P addition significantly influences the stoichiometry of C, N, and P within alpine grassland (Sun Y. et al., 2022). Changes in stoichiometric ratios are particularly important as they regulate key ecological processes, including nutrient cycling, plant-microbe interactions, and ecosystem productivity. P addition exerts profound effects on the contents of C, N, and P in alpine grasslands. It can alter the structure of soil bacterial communities, influence nitrogen forms in the soil, and affect plant nitrogen uptake (Zhang Z. et al., 2024). Additionally, P addition regulates plant growth and microbial activity in soils, indirectly impacting soil carbon content. In alpine grasslands, P addition enhances plant P uptake, influencing the forms of P in the soil. More importantly, P addition significantly affects the stoichiometric ratios of plants, soil, and microbial biomass, notably reducing C:P and N:P ratios, while its effects on the C:N ratio are relatively limited (Sun Y. et al., 2022). Such imbalances in stoichiometric ratios could have potential negative consequences for the functionality of grassland ecosystems.
The alpine grasslands of Sejila Mountain, located in Nyingchi, southeastern Tibet, are representative of high-altitude ecosystems characterized by cool winters, mild summers, and distinct wet and dry seasons. These grasslands are nutrie nt-limited and highly sensitive to external nutrient inputs, making them an ideal system for studying the effects of P deposition. Most of the current studies on the impact of P addition on alpine grasslands are short-term experiments. In this study, we conducted a long-term P addition experiment to study its impacts on the plant traits, biomass, nutrient contents (C, N, and P), and stoichiometric characteristics of the alpine grasslands in Sejila Mountain. The main objectives are as follows: (1) Analyze the responses of different plant functional groups to P addition; (2) Reveal the impacts of P addition on the plant communities in alpine grasslands; (3) Explore the relationships among plant traits, biomass, and nutrient contents under P addition. This is of great significance for clarifying the potential mechanisms of the changes in plant communities and the dynamics of nutrient cycling in alpine grasslands under P deposition, and provides a scientific basis for the protection and restoration of alpine grasslands.
2 MATERIALS AND METHODS
2.1 Study area
The experiment was conducted on the alpine grasslands of the western slope of Sejila Mountain in Nyingchi City, Tibet Autonomous Region (29°37′30″N, 94°37′13″E). The site exhibits an elevation of 4,400 m and an average slope of 21.4° (Figure 1). This plot is located in the humid mountain warm temperate zone and semi-humid mountain temperate zone. The annual average temperature is −0.73°C, and the annual average precipitation is 1,134.1 mm. Precipitation is mainly concentrated from April to October. The frost - free period is 180 days, and the average relative humidity ranges from 60% to 80%. The primary vegetation types include Poaceae, Cyperaceae, and Forbs. The soil types in the area are dominated by mountain brown soils and acidic brown soils. Basic soil parameters are presented in Table 1.
[image: Maps displaying elevation data. Panel A shows a map of China with varying shades indicating elevation; a red dot marks an experimental site. Panel B presents a map of the Tibetan Plateau with similar elevation shading and a red dot. Panel C is a detailed elevation map focusing on a specific area, also marked with a red dot.]FIGURE 1 | Geographical Location Map of the Research Area. (A) map of China; (B) map of Xizang; (C) Specific location of research site.
TABLE 1 | Soil parameters and measurement methods of the test site.
[image: Table displaying physical and chemical properties of soil, listing parameters such as pH, organic carbon (OC), total nitrogen (TN), total phosphorus (TP), ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3--N), and available phosphorus (AP). Each parameter is tested by a specified method, with units in milligrams per gram or kilogram and respective values, such as pH at 5.83 and OC at 54.60 milligrams per gram.]2.2 Experimental design
The experiment employed a field P fertilizer application approach with controlled treatments. P addition is drawn from the P addition treatment test standard (50 kg hm−2 a−1) carried out by Zhai Jiaying in 2009 for alpine grasslands. Considering that the atmospheric P sedimentation has shown an increasing trend year by year over time, high concentration addition tests have been carried out based on the above P addition standards. Three replicated blocks of equal area were established, with a 5 m wide buffer zone between blocks. Each block contained four treatment groups, corresponding to P application rates of 0, 50, 75, and 100 kg hm−2 a−1, designated as CK, P50, P75, and P100, respectively. Each treatment group consisted of a plot measuring 3 m × 3 m, with a 1 m wide buffer zone between plots. A total of 12 plots were established. Translated from what was initiated in 2019, at the beginning of August each year, dissolve calcium superphosphate [Ca(H2PO2)] in water at the specified concentration, and evenly sprinkle it within the sample plot with the help of a watering can. The amount of water applied each time is roughly equivalent to a natural precipitation of 2.0 mm. In the control sample plot, the same amount of water is applied. After evaluation, the amount of water addition during fertilization will not have an impact on the ecosystem processes.
2.3 Measurement of plant traits and biomass
In the middle of August 2024, the number of species in each experimental area was recorded in detail. The heights and quantities of plants in each functional group were measured through the direct measurement method and the quadrat method, and the coverage rate was measured by using the line transect method. Randomly select three small plots of 30 cm × 30 cm. Plants within the subplots were clipped at ground level according to their functional groups, and subsequently oven-dried at 105°C for 30 min to deactivate enzymes, followed by drying at 80°C to constant weight. The aboveground biomass of each functional group was then determined by weighing. Plant roots were collected from the soil layer of 0–20 cm in depth using a soil auger with a diameter of 5 cm (Contains 95% of underground plant biomass). For each small sample plot, the auger was used to drill three times in an S-shape pattern, and the root samples obtained from the drilling were then mixed. Subsequently, the root samples were rinsed thoroughly with deionized water, and stones and humus mixed in them were carefully picked out. The treated root samples were placed in an oven at 80°C and dried to a constant weight before being weighed, so as to calculate the belowground biomass per unit area. The root-shoot ratio of the community was calculated by dividing the belowground biomass of the community by the aboveground biomass of the community.
2.4 Determination of the nutrient contents of C, N, and P in plants
The collected aboveground and belowground plant samples were ground into powder using a mechanical grinder. Organic carbon content was measured using the potassium dichromate oxidation method, total nitrogen was determined using the Kjeldahl method, and total P was quantified using the molybdenum-antimony anti-colorimetric method. By dividing the molar content of any two elements in the plant by each other, calculated the plants C:N, C:P, N:P.
2.5 Data analyses
Data processing was performed using Microsoft Excel 2019. Statistical analysis was carried out with IBM SPSS Statistics 20. One - way analysis of variance (ANOVA) was used to evaluate the responses of plant biomass, plant traits of different functional groups, and nutrient contents under different P addition gradients. Multiple comparisons were conducted using the Least Significant Difference (LSD) test, with the significance level set at P < 0.05. The figures were plotted using Origin 2021 software, and the results were presented as Mean ± Standard Error (Mean ± SE). The Spearman correlation analysis method was employed to investigate the relationships among plant biomass, plant traits, and nutrient contents in alpine grasslands under P addition.
3 RESULTS
3.1 Effect of P addition on various plant functional groups
3.1.1 Effects of P addition on the Poaceae
The traits of the plant and aboveground biomass of the Poaceae showed a trend of increasing first and then decreasing under P treatment (Figure 2), and the highest value was reached under P75 treatment, with each plant trait increasing by 34.20%, 62.03% and 450.00% compared with CK, respectively, and the increase effect of average height and abundance of the Poaceae plants was more significant (P < 0.05); the aboveground biomass increased significantly by 140.35% compared with the control (P < 0.05); but under P100 treatment, each plant trait and aboveground biomass began to show a downward trend, indicating that excessive P addition has an adverse effect on the traits of the Poaceae and aboveground biomass. The addition of P addition not significantly affect the C content of Poaceae, and the N content showed a trend of decrease first and then increase (Figure 3). With the increase of P addition level, the P content of Poaceae plants increased significantly (P < 0.05); under P100 treatment, the P content of Poaceae plants increased by 122.10% compared with the control group. In the stoichiometric ratio characteristics, C:N showed a trend of increasing first and then falling; both C:P and N:P showed a significant trend of downward, which were 109.37 and 4.58 under P100 treatment.
[image: Four bar graphs labeled A to D show various measurements compared across four categories: CK, P50, P75, and P100. Graph A depicts average height, Graph B illustrates leaf biomass, Graph C shows shoot length, and Graph D presents root biomass. Bars are color-coded in shades of blue and include error bars. Different letters above the bars indicate statistical significance.]FIGURE 2 | Changes in the traits and aboveground biomass of the Poaceae under P addition. (A) Average height, (B) Total coverage, (C) Abundance, (D) Aboveground biomass. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
[image: Six bar graphs labeled A to F, each displaying different data sets. Graph A shows four bars with values ranging around 300 to 600. Graph B has four bars with values from about 6 to 18. Graph C contains four bars with measures between approximately 3.5 and 4. Graph D features four bars ranging from around 6 to 9. Graph E depicts four bars with values about 60 to 120. Graph F displays four bars with values between 250 and 400. Each graph uses light green to dark blue coloring for the bars.]FIGURE 3 | Changes in the nutrient content and stoichiometric ratio characteristics of the Poaceae under P addition. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.1.2 Effects of P addition on the Cyperaceae
In this study, the mean height and abundance of Cyperaceae plants showed an upward trend with the increase in P addition, but the difference was not significant, indicating that P addition had no significant effect on the mean height and abundance of Cyperaceae (Figure 4). P addition resulted in a significant downward trend in the total coverage and aboveground biomass of Cyperaceae (P < 0.05). The total coverage and aboveground biomass were the lowest under P100 treatment, with a decrease of 62.85% compared with CK treatment, and aboveground biomass decreased to 8.83 g m−2. P addition had no significant effect on C and N content in Cyperaceae (Figure 5). However, P addition significantly affected the P content of Cyperaceae (P < 0.05). With the increase in P addition level, the P content of Cyperaceae significantly increased, and under P100 treatment, the P content of Cyperaceae increased by 140.52% compared with the control group. P addition had no significant effect on C:N in Cyperaceae, but C:P and N:P showed a significant downward trend with the increase in P addition concentration (P < 0.05), which decreased to 110.01 and 6.12 under P100 treatment.
[image: Four bar charts labeled A to D. Chart A compares aboveground biomass across groups CK, P50, P75, and P100, showing P100 with the highest value. Chart B displays total coverage percentage, with CK highest and P100 lowest. Chart C depicts abundance percentages, with P100 as the highest. Chart D shows aboveground biomass measurements, with CK the highest and P100 lowest. Bars are color-coded with statistical annotations.]FIGURE 4 | Changes in the traits and aboveground biomass of the Cyperaceae under P addition. (A) Average height, (B) Total coverage, (C) Abundance, (D) Aboveground biomass. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
[image: Six bar graphs labeled A to F depict various data comparisons. Each graph shows bars representing different categories with varying heights, illustrating statistical differences. Error bars are present, indicating variability or confidence intervals. The data appears to involve numerical comparisons across different conditions or groups.]FIGURE 5 | Changes in the nutrient content and stoichiometric ratio characteristics of the Cyperaceae under P addition. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.1.3 Effects of P addition on the Forbs
The plant traits and aboveground biomass of Forbs showed a trend of increasing first and then decreasing with P addition, and the changes were significant (P < 0.05, Figure 6), and reached the maximum value under P75 treatment. Compared with CK treatment, the average height, total coverage and abundance of Forbs increased by 73.86%, 51.55%, and 42.04%, and the aboveground biomass increased to 105.23 g m−2. In the case of P addition, the C content of Forbs showed a tendency to decrease first and then increase (Figure 7), with no significant effect on the N content, which significantly affected the P content of Forbs (P < 0.05). Under P100 treatment, the P content of Forbs increased by 117.50% compared with the control group. The C:N of Forbs did not change significantly with the increase of P addition level, but both the C:P and N:P ratios decreased significantly with the increase of P addition level (P < 0.05), with the lowest under P100 treatment, at 82.40 and 5.39.
[image: Four bar charts labeled A to D display different agricultural metrics. Chart A shows average height in centimeters. Chart B presents leaf growth percentage. Chart C depicts ash content percentage. Chart D illustrates antioxidant capacity in unspecified units. Each chart compares four groups: CK, P50, P75, and P100, with variations in height and values among them. Letters above the bars indicate statistical significance.]FIGURE 6 | Changes in the traits and aboveground biomass of the Forbs under P addition. (A) Average height, (B) Total coverage, (C) Abundance, (D) Aboveground biomass. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
[image: Six bar charts labeled A to F showing various data comparisons. Each chart has bars of different heights representing different categories or conditions, with error bars indicating variability. Charts A and B show similar patterns, while C shows a progressive increase. D and E have consistent heights across categories, and F indicates a notable increase. Each label includes specific numerical values on the y-axis.]FIGURE 7 | Changes in the nutrient content and stoichiometric ratio characteristics of the Forbs under P addition. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.2 Effects of P addition on plant communities
P addition significantly affected the plant community biomass and root crown ratio in the alpine grasslands of Sejila Mountain (P < 0.05, Figure 8). The aboveground biomass, belowground biomass, total biomass, and root crown ratios of plant communities showed a consistent response pattern characterized by increased first and then decreased. Under P50 treatment, the belowground biomass, total biomass and root crown ratios of the plant community reached peaks, which were 1,464.12 g m−2, 1,568.80 m−2 and 15.16, which increased by 132.34%, 117.60% and 118.13% respectively compared with the control group; under P75 treatment, the above-ground biomass of the plant community reached the highest value of 123.91 g m−2. This trend may be due to the fact that excessive P addition changes soil conditions, thus exerting an inhibitory effect on plant growth.
[image: Four bar graphs labeled A, B, C, and D, each showing different metrics with four categories: CK, P50, P75, and P100. Graph A displays average root dry weight with CK being the lowest and P75 the highest. Graph B shows average shoot dry weight with P50 highest. Graph C illustrates total dry weight, peaking at P50. Graph D presents the root to shoot ratio, highest in P75. Error bars indicate variability, and letters above bars denote statistical significance.]FIGURE 8 | Changes in plant community biomass and root crown ratios by addition of P. (A) Aboveground biomass of the community, (B) Belowground biomass of the community, (C) Total biomass of the community, (D) Root crown ratio. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
In the alpine grasslands plant community of Sejila Mountain, P addition had no significant effect on the C and N content of the aboveground and belowground plant parts (Figure 9). P addition significantly affected the P content of the aboveground and belowground parts of the plant community (P < 0.05). With the increase in the level of P addition, the P content in the plant community increased significantly, and under the P100 treatment, the P content of the aboveground and belowground parts of the plant community increased to 3.88 mg g−1 and 2.00 mg g−1. C:N in the aboveground and belowground parts of the plant community did not change significantly under the gradual increase in P addition levels. However, C:P and N:P showed a significant downward trend. Under P100 treatment, the C:P of the aboveground and belowground parts was 98.30 and 181.32, a decrease of 58.03% and 60.14% compared with the control treatment; N:P was 5.35 and 5.56, a decrease of 57.34% and 81.60% compared with the control treatment.
[image: Six bar charts labeled A to F compare various categories titled "homogenized community" and "heterogenized community." Each chart displays three bars in different shades of blue and green, indicating different data points. Chart A features larger quantities, while charts B to F show a range of values with fluctuations. The y-axes have different scales for each chart, representing varying metrics. Differences between bars are marked with letters, signifying statistical significance.]FIGURE 9 | Changes in nutrient content and stoichiometric characteristics of P application on plant communities. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.3 Characteristics correlation analysis of P addition with plant traits, biomass, and nutrient contents
Spearman correlation analysis was conducted on plant traits, biomass and community nutrient contents in the alpine grasslands of Sejila Mountain under different gradients of P addition (Figure 10). The results showed that there were mostly positive correlations among the average height, total coverage and abundance within the Poaceae, Cyperaceae and Forbs respectively, indicating that these traits within the same group would affect each other and change jointly. The aboveground biomass of each plant group was significantly correlated with some of its own traits. The aboveground biomass of Poaceae had an extremely significant positive correlation with abundance (P < 0.001). The aboveground biomass of Forbs had extremely significant positive correlations with all its traits (P < 0.001). Notably, the aboveground biomass of Cyperaceae was negatively correlated with its average height, but positively correlated with total coverage and abundance. Meanwhile, there were also certain correlations among the aboveground biomasses of different plant groups, suggesting that they would influence the accumulation of biomass in the community. Community biomass was positively correlated with the aboveground biomasses of Poaceae and Forbs, but negatively correlated with that of Cyperaceae. The C, N and P contents of the community were not only correlated with each other, but also significantly related to the traits and biomass of plant groups. Specifically, the C and N contents had extremely significant negative correlations with the total coverage of Poaceae, there was an extremely significant positive correlation between C and N contents, and the P content had an extremely significant negative correlation with the total coverage of Cyperaceae. This indicates that nutrient contents can affect plant growth, and conversely, the growth status of plants can also have an impact on the nutrient cycling of the community.
[image: Matrix plot displaying correlation coefficients between multiple variables, indicated by ellipses with varying orientations and hues from light blue to dark blue. The color bar on the right represents correlation values from negative one to one. Variables are labeled along the top and left axes. Asterisks denote significance levels.]FIGURE 10 | Spearman correlation heat map of plant traits, biomass and nutrient contents. P-AH, Average height of Poaceae; P-TC, Total coverage of Poaceae; P-A, Abundance of Poaceae; C-AH, Average height of Cyperaceae; C-TC, Total coverage of Cyperaceae; C-A, Abundance of Cyperaceae; O-AH, Average height of Forbs; O-TC, Total coverage of Forbs; O-A, Abundance of Forbs; P-AB, Aboveground biomass of Poaceae; C-AB, Aboveground biomass of Cyperaceae; O-AB, Aboveground biomass of Forbs; C-B, Community biomass; C-C, Community carbon content; C-N, Community nitrogen content; C-P, Community P content. *, ** and *** indicate significant correlations at the 0.05, 0.01 and 0.001 levels respectively.
4 DISCUSSION
P is a component of important substances such as nucleic acids and phospholipids in plants, and is crucial for physiological processes such as energy metabolism and photosynthesis (Dissanayaka et al., 2020). Research has found that within the moderate range of P addition, grassland plants gain more abundant nutrients, enhance photosynthesis, and accelerate growth (Fan et al., 2021). In this study, it was found that moderate P supply can help improve material synthesis and accumulation in Poaceae and Forbs, thereby increasing height, coverage, and abundance. But when P addition exceeds a certain threshold, it can cause a series of problems. Excessive application of phosphate fertilizers leads to a surplus of P in the soil, increasing the risk of P loss (Zhang W. et al., 2020). These changes can interfere with the absorption of other nutrients by plants, affect their normal physiological functions, and thus inhibit plant growth. The P demand characteristics of Cyperaceae may be different from those of Poaceae and Forbs, and their growth may not be significantly regulated by the amount of P addition, so the average height and abundance changes are not significant. The decrease in total coverage may be due to P addition promoting the growth of other plants, intensifying interspecific competition, and putting Cyperaceae at a disadvantage in resource acquisition, resulting in a decrease in their coverage in the community (Yang et al., 2020).
Studies have shown demonstrated that P addition significantly increased the aboveground biomass of Poaceae in alpine grassland (Zhang W. et al., 2024). In this study, at a P application rate of 75 kg hm−2 a−1 (P75 treatment), the aboveground biomass of Poaceae and Forbs reached 4.11 g m−2 and 105.23 g m−2, respectively, representing increases of 140.35% and 58.20% compared to the control. However, this trend reversed at higher P levels. These results indicate that P addition initially promotes the growth of Poaceae and Forbs, but this stimulatory effect diminishes and may even turn inhibitory as P concentration continues to rise. Pedro et al. (2021) also supported the notion that P addition increases the aboveground biomass of non-nitrogen-fixing plants. However, when soil P concentration exceeds plant demand, a phenomenon of P saturation occurs. Excess P not only fails to further promote plant growth but may also intensify ecological competition among plant species (Kuang et al., 2021), leading to a decline in the aboveground biomass of Poaceae and Forbs. Similarly, observed in a multi-gradient nitrogen and P addition experiment in alpine grassland that the aboveground biomass of Cyperaceae significantly decreased with increasing P levels (Dong et al., 2022). This finding aligns with our study and may be attributed to Cyperaceae being more limited by nitrogen availability. In contrast, P addition promotes the growth of competing plant species, which intensify competition for resources such as light, water, and nutrients (Kuang et al., 2021), thereby suppressing the growth of Cyperaceae.
Plant biomass, as a core indicator of grassland ecosystem productivity, plays a crucial role in ecosystem stability and functionality (Gaowen et al., 2021). In a 5-year P addition experiment conducted in the alpine grasslands of Sejila Mountain, we observed a trend of initial increase followed by a decline in aboveground biomass, belowground biomass, total biomass, and root-to-shoot ratio of the plant community. Notably, the increase in belowground biomass was more pronounced than that in aboveground biomass under different P addition treatments, consistent with findings by Chen and Xiao (2023), which highlighted the stronger stimulatory effect of P addition on belowground biomass. P, as an essential nutrient for plant growth, can enhance plant growth, increase biomass, and optimize root-to-shoot ratio when applied in appropriate amounts (Lekberg et al., 2021). However, excessive P addition can induce adverse changes in the soil environment, such as salinity accumulation and pH imbalance (Yong et al., 2019), which disrupt soil microbial community structure and function, inhibiting the activity of certain microorganisms (Zhan et al., 2020). These environmental stresses eventually feedback onto plants, causing a decline in biomass and root-to-shoot ratio.
The contents of C, N, and P in plants are directly linked to primary productivity, species composition, and diversity in grassland ecosystems, playing a critical role in ecosystem function and regulation (De et al., 2019). Our results indicated that P addition had no significant effect on the C and N contents of the aboveground and belowground components of the plant community. Carbon, as a structural component in plants, is relatively stable and less influenced by external environmental factors (Sterner and Elser, 2017). Although P addition may alter soil microbial community structure, these changes did not significantly affect plant nitrogen content (Wang et al., 2020). However, the P content of the plant community significantly increased under P addition. The P contents of Poaceae, Cyperaceae, and Forbs responded similarly to P addition. Under the P100 treatment, the P contents of these functional groups increased by 122.1%, 140.52%, and 117.50%, respectively, compared to the control. This is likely because P addition elevated the concentration of available P (AP) in the soil (Cheng et al., 2020), providing a richer P source for plants and enhancing P uptake.
The C:N ratio is often regarded as an important indicator of nutrient balance in plants (Zhang J. et al., 2020). In this study, P addition had no significant effect on the C:N ratio in the aboveground and belowground components of the plant community. This suggests that P addition is not strongly correlated with nitrogen uptake or that plants can adjust nitrogen uptake and utilization to maintain a stable C:N balance (Sun Y. et al., 2022). In contrast, the C:P and N:P ratios of the plant community declined significantly with increasing P levels. This trend is attributed to enhanced P uptake efficiency, which increased P content in plants, while the absorption of carbon and nitrogen did not increase proportionally, thereby reducing C:P and N:P ratios (Mao et al., 2021; Sun Y. et al., 2022). In this study, Poaceae demonstrated stronger P uptake and utilization efficiency under P addition (Liu et al., 2020), resulting in faster growth and greater accumulation of nutrients. Conversely, Cyperaceae and Forbs showed weaker responses to P addition. The differential responses of plant species to P addition may be due to variations in their P uptake and utilization efficiency (Luor et al., 2022), as well as the influence of microbial communities altering the mineralization rate of organic P to affect P availability (Deforest and Moorhead, 2020). Despite these differences, the overall trend observed was a significant decline in C:P and N:P ratios with increasing P addition levels.
In the study of the alpine grasslands on Sejila Mountain, the correlations among plant traits, biomass, and community nutrient contents under different gradients of P addition exhibit unique patterns. Some scholars have found that within a certain range, P addition can promote the growth of Poaceae plants (Huang et al., 2018), and there is a positive correlation between their biomass and abundance, which is consistent with the extremely significant positive correlation between the aboveground biomass and abundance of Poaceae plants in this study. However, for Forbs, in this study, their aboveground biomass has an extremely significant positive correlation with all traits. This may be due to the unique environmental conditions of the alpine grasslands on Sejila Mountain, which make Forbs more sensitive to P addition and enable them to make more full use of P to promote their own growth. The results that the aboveground biomass of Cyperaceae is negatively correlated with the average height and positively correlated with the total coverage and abundance are relatively rare. It may be because P addition has changed the intra-specific or inter-specific competition relationships of Cyperaceae plants. Under high coverage and abundance, the competition among individuals intensifies, resulting in a decrease in the average height, but the overall biomass accumulation is more influenced by the total coverage and abundance. At the community level, in this study, the community biomass is positively correlated with Poaceae and Forbs, and negatively correlated with Cyperaceae. Studies on grasslands at different altitudes have shown that community biomass is affected by dominant plant groups (Chen et al., 2021). In the alpine grasslands on Sejila Mountain, Poaceae and Forbs play a positive and dominant role in the construction of community biomass, while Cyperaceae shows different correlations due to its own characteristics. In addition, the relationship between community nutrient contents and the traits and biomass of plant groups is consistent with previous studies on the interaction between nutrient cycling and plant growth, further emphasizing the importance of the complex feedback mechanism between the two in the alpine grassland ecosystem.
Given the complexity of P deposition, future research should focus on long-term monitoring and modeling to capture the spatiotemporal variability of P inputs. Additionally, integrated management strategies are needed to mitigate the environmental risks associated with excessive P deposition. Such strategies could include optimizing agricultural fertilization practices, controlling industrial emissions, and implementing land management practices that enhance the retention and utilization of P within ecosystems. By addressing these challenges, we can promote the sustainability and resilience of alpine grassland ecosystems in the face of global environmental change.
5 CONCLUSION
We conducted an in-depth analysis of a 5-year P addition experiment with varying gradients in the alpine grasslands of Sejila Mountain and drew the following key conclusions: P addition had significant and profound effects on plant traits, biomass, C, N, and P contents, as well as their stoichiometric ratios. These effects exhibited a high degree of consistency across plant communities and their constituent functional groups. Poaceae and Forbs’ overground biomass increase most under P75 treatment, but when P addition exceeds 100 kg hm−2 a−1, it will inhibit its growth, and P addition reduces the total coverage and biomass of the Cyperaceae. At the community level, however, P addition led to a notable increase in total biomass. Additionally, P addition substantially altered the elemental composition within plants, as evidenced by a significant increase in P content and a notable decrease in the C:P and N:P ratios. However, excessive P addition (P100) intensified ecological competition among plant species, posing potential threats to the functional stability and ecological balance of grassland ecosystems. Based on the above research results, in order to empirically test the impact of P addition on the ecosystem stability of the alpine grasslands in Sejila Mountain, it is very necessary to closely monitor the changes in plant community structure, and pay attention to the impact of precipitation on the effect of nutrient addition, and pay special attention to the dynamics of Cyperaceae plants. It is crucial to prevent ecological imbalances caused by fierce interspecies competition and achieve sustainable development of grassland ecosystems.
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There is an inevitable relationship between the size of soil particles and the distribution of organic matter. The soil texture in desert photovoltaic areas is poor, with variations in soil particle size and organic matter. This study explores the heterogeneity of soil particle size and organic matter distribution at different zonal scales, aiming to clarify the impact of photovoltaic array construction on microtopography and, consequently, on these indicators. This will facilitate precise vegetation restoration based on the distribution of nutrients within the region. Baced on the Kubuqi Desert photovoltaic area as the research area, the soil particle size in the 0–30 cm soil layer and the distribution of soil organic matter in the main particle size range (<250 μm, <500 μm) in this area were analyzed. Fine sand (particle size 100–250 μm) was the main component of the soil; the carbon and nitrogen stocks in the upper 0–30 cm of soil diminished linearly with escalating wind speed gradient, from 70.76 Mg C ha−1 to 53.82 Mg C ha−1 and from 13.96 Mg N ha−1 to 8.12 Mg N ha−1. The total carbon and nitrogen levels in the two soil particle sizes, together with their contribution to total soil organic carbon, diminished as the wind speed gradient intensified, with the reduction in organic carbon content becoming stronger. The organic carbon content of soil particles <250 μm accounted for 63.7%–98.6% of the total soil organic carbon, while that of particles 250μm–500 μm only accounted for 3.32%–33.34%. SOC was significantly higher in the 0–5 cm layer than in the 5–30 cm layer in all areas of the photovoltaic array. Wind causes changes in sand particle transport in PV arrays, and may also alter the microclimate environment leading to differences in soil decomposition cycling processes, which can exhibit uneven organic carbon and nitrogen distribution between particles. Our research demonstrates the internal distribution of soil carbon and nitrogen reserves in each region of the photovoltaic array, establishing a robust foundation for subsequent vegetation restoration and plant species selection in each region, thereby implementing the “photovoltaic + ecological” governance model.
Keywords: photovoltaic, soil particle-size fraction, soil organic C, wind speed, arid desert region

1 INTRODUCTION
Soil constitutes the most extensive carbon storage within terrestrial ecosystems. The organic carbon content in the soil to a depth of 1 m is approximately three fold the total carbon reservoir in the biosphere and double that of the total carbon reservoir in the atmosphere. (Li et al., 2024). Particles of different sizes store soil organic carbon, and the physicochemical properties of silt and even clay positively correlate with more than half of the organic carbon (Lavallee et al., 2020; Sokol et al., 2022). The distribution of particle sizes in various soils significantly influences the concentration of soil organic carbon, form of existence, migration process, decomposition rate, and stability of the organic carbon pool (Zhang et al., 2023). In the degradation of soil organic carbon, active organic carbon is predominantly found in soil particles sized >50 μm and <2 μm. (Lützow et al., 2006). Coarse–free particles of organic carbon constitute 70.63%–76.53% of the total amount of organic carbon in the soil, representing the primary type of soil organic carbon sequestration. It is also unprotected, highly active organic carbon, which is more likely to be released due to the influence of the environment and human activities (He et al., 2023). It typically interacts with a mineral surface that contains a lower amount of organic carbon. Contact with microorganisms reduces the rate of decomposition (Heckman et al., 2022). Enhancing plant diversity and productivity gradually alters the process of soil organic carbon input through vegetation restoration. (Deng et al., 2014; Qu et al., 2024; Liu et al., 2020b; Qu et al., 2022). This alters the rate of soil organic carbon turnover. (Liu et al., 2020a; Li et al., 2020; Qu et al., 2022). The accumulation of organic carbon in soil results from the equilibrium between carbon input and output. (Srivastava et al., 2020). The quantity, distribution, and dynamics of clay and silt associated organic carbon are reliably observed throughout a wide range of ecosystems and climate zones (Cotrufo et al., 2019; Georgiou et al., 2022). Organic carbon and total nitrogen in sand grains are generally thought to be the primary active organic carbon and nitrogen components. On the other hand, organic carbon and total nitrogen in clay and silt grains are considered to be inactive carbon and nitrogen components. (Christensen, 1992). Desertified land accounts for about 25% of the global land area, and soil carbon reserves in desert areas account for 9.5% of the total soil carbon reserves (Poulter et al., 2014). Despite the fact that desert ecosystems are a substantial portion of terrestrial ecosystems, they display distinctive traits that are associated with the presence of soil organic carbon in the soil particle size fraction. In desert areas, we may observe the following phenomena: extremely low land productivity; coarse particles dominate the soil’s mechanical composition; natural climate influences reduce the intensity of microbial activity; and the accumulation of organic carbon in coarse particles (Sokol and Bradford, 2019). The minimal intake of organic matter renders the organic carbon in clay and silt independent of their respective contents (Hassink, 1997). Wind erosion is the main factor controlling the particle size composition. High wind erosion intensity results in a large proportion of coarse particles. The arrangement of soil particles, encompassing their clay and silt proportions, affects wind erosion and dictates the role of soil particle–bound carbon in soil organic carbon. (Liu J. et al., 2021; Lei et al., 2019; Zhao et al., 2019). However, wind erosion accumulation affects the desert photovoltaic area, where the landform primarily consists of undulating sand dunes. Less agglomeration disperses the particles, and their resistance to wind erosion is low. The soil nutrients are poor, which is not conducive to plant growth. The vegetation is extremely sparse, the psammophytes are scattered, and the economic value utilization rate is small. The primary reason for this is that sandy land has a single mineral particle composition, with a concentration of particles between 0.05 and 1 mm. Vegetation restoration can be carried out on this basis, and the particle size composition and mineral composition can be changed to completely change its nutrient coordination and supply, water holding capacity, and sand fixation resistance. It is the fundamental measure to improve the productivity and ecosystem service value of sandy land (Ni et al., 2018). In recent years, some researchers have linked SOC grouping with soil particle classification and systematically classified the status quo by combining SOC with soil particles of different particle sizes, such as sand (>53 μm), silt (2–53 μm), and clay (<2 μm). Vegetation construction within the environmental tolerance threshold is the key to reversing the trend of land desertification, promoting sand and soil formation, and creating productivity (Zhang et al., 2014).
The Kubuqi Desert is surrounded by the Yellow River on the north-west, north-east, east sides, and a large amount of sand and dust from the Yellow River is deposited here. The large-scale development of the photovoltaic industry based on sufficient sunshine has not only changed the microenvironment of the surface but also affected the structure of the sand and dust flow. The spatial distribution of particles dictates the composition of soil particles (Lopez and Bacilio, 2020; Slessarev et al., 2022). The desert area has changed the original radiation balance through the construction of photovoltaic power stations. At the same time, the physical existence of photovoltaic panels has a shading effect on the surface and also affects the air flow on the surface, thus affecting the air temperature and relative humidity pattern. Barron-Gafford’s on-site observation of the Tucson photovoltaic electric field in the United States found that the photovoltaic electric field has a heat island effect, with an average annual temperature increase of 2.4°C at a height of 2.5 m and a nighttime temperature increase of 3°C–4°C (Barron-Gafford et al., 2016). Parrat’s wind tunnel test shows that the photovoltaic panel only reduces the turbulence intensity above and around it but has no significant effect on the average wind speed and wind direction. The photovoltaic field primarily influences air turbulence in the wind field (Pratt and Kopp, 2013). At the same time, during the operation period of the photovoltaic electric field, the layout of the photovoltaic array will increase the surface roughness and change the law of surface sediment transport and sedimentation. Our research team has concluded that the average particle size in the windward direction of the photovoltaic electric field is larger than that in the leeward direction. The soil particles in the leeward direction show a trend of refinement, while the soil particles in the main wind direction show a trend of coarsening. The accumulation degree of very fine sand and fine sand particles in the soil particle size from the outer edge of the photovoltaic electric field to the center of the photovoltaic electric field gradually increases. Studies have shown that the construction of photovoltaic power plants significantly increased soil organic matter, total nitrogen, and ammonium nitrogen content (Ding and Liu, 2021). The construction of a photovoltaic power station in a desert area can realize the ecological value of windbreak and sand fixation, improving microclimate, carbon fixation, and efficiency enhancement. Therefore, the construction of this project in a desert area considers the mutual benefits of energy supply and ecological enhancement. Thus far, limited research has examined the correlation between soil particle size and organic carbon in desert photovoltaic regions. This gap in knowledge hinders our understanding of the influence of soil texture on the accumulation and storage of organic carbon and nitrogen in this area, as well as soil management measures and vegetation restoration.
In general, the construction of photovoltaic power stations in desert areas has the potential to reduce the harm caused by strong winds and sand. However, the current research mostly focuses on changes in wind speed and soil texture between different positions of photovoltaic panels. There are few studies on organic reserves in photovoltaic array space. It is necessary to systematically carry out this evaluation study to clarify the direction of vegetation restoration and the photovoltaic industry in the later stage. Therefore, this study takes the photovoltaic array in the middle of the Kubuqi Desert as an example to evaluate the soil particle size distribution and the content of organic matter in the particle size range of each level in the region in order to provide a reference for the efficient use of the existing resources within the array to develop a sustainable new energy industry.
2 MATERIALS AND METHODS
2.1 Study site description
The research region exhibits characteristic climatic characteristics (arid and semi-arid) and soil types (calcium-rich grey soil, grey desert soil, and loess) prevalent in the deserts of northern China. The latitude ranges from 37.2°N to 39.5°N, and the longitude is from 107.1°E ∼ 111.5°E. The mean annual precipitation (MAP) is between 150 mm and 400 mm, while the mean annual temperature (MAT) varies between 5°C and 8°C. The mean evapotranspiration (ET) ranges from 2,100 mm to 2,700 mm, the aridity index (1-AI) varies between 0.85 and 0.93, and the predominant flora in this region consists of sand willow (Salix psammophila), sand whip (Psammochloa villosa), small-leaved golden chicken (Caragana microphylla), and sand wormwood (Artemisia desertorum) (Figure 1).
[image: Map showing the elevation of a study area in Ordos, with a color gradient from green (low) to red (high). Inset map locates Ordos in China. Two graphs below compare elevation versus water flow and precipitation across months. Legends and scale are included.]FIGURE 1 | Overview map of the research area.
2.2 Field sampling
Soil samples were collected at 12 sample points throughout the photovoltaic array, including 3 sample points from an open area outside the photovoltaic array (A), 3 sample points from the outer perimeter of the photovoltaic array near the wind measurement (B), 3 sample points from the middle of the photovoltaic array (C), and 3 sample points from the inner part of the photovoltaic array near the leeward measurement (D). The average wind speed of the four regional sampling points is A>C>B > D. For each sample point, a 1 m × 1 m plot was established, and five samples were obtained using a soil auger from the four corners and center. We mixed soil samples from the same depth (0–5 cm, 5–10 cm, and 10–30 cm) for each plot. In the lab, the soil was sieved through a 2.0 mm sieve and divided into two subsamples: one for air-dried physical and chemical analysis, including particle size classification and organic carbon and nitrogen determination, and one for ring knife soil bulk density (BD) sampling Equation 1.
[image: Equation for bulk density (BD) in grams per cubic centimeter, represented as \( \text{BD (g/cm}^3) = \frac{W_1 - W_0}{V} \), labeled as equation (1).]
where V is the ring knife volume (cm3); W1 is the weight of the soil + ring knife after drying (g); and W0 is the ring knife weight (g).
2.3 Soil particle size determination and classification
The soil samples were air-dried, sieved through 2 mm, then evaluated using PSD. The material was dispersed with sodium hexametaphosphate, organic debris removed with 10% hydrogen peroxide, and carbonates removed with 10% hydrochloric acid. We assessed PSD for each sample after pretreatment. We used a Mastersizer 3,000 laser particle size analyzer to make the measurements. Each sample was measured three times, and the average was used as the final measurement. We used a volume percentage unit with a repeatability of less than 0.5% and an accuracy error of less than 1%. USDA soil texture classification standard (Folk and Ward, 1957), and the soil particle size is divided into four grades according to the actual situation of the sample plot: very fine sand particles (50–100 μm), fine sand particles (100–250 μm), medium sand particles (250–500 μm), and coarse sand particles (500–1,000 μm). Soil particle size classification methods are important because different methods often lead to different conclusions depending on the technology used (Smith and Waring, 2019; Xu et al., 2017). Ultrasonic dispersion, chemical and density classification, and wet and dry sieving are the most commonly used methods (Gregorich et al., 2006; Moni et al., 2012). The tiny proportion of clay in the soil distribution of the experimental plot is even undetectable, so dry sieving has a less significant effect on the organic carbon of sandy soil. Place 100 g of soil in a sieve containing fine sand and medium sand, and connect the sieve cover to the sieve shaker (Mendes et al., 1999; Schutter and Dick, 2002). The soil particles were dried at 120°C for 48 h and weighed after shaking the sieve at 600 r min−1 for 2 min until no change in soil mass occurred. We repeated these steps twice for each soil sample. We held the soil in plastic bags until we determined C and N. We estimated the soil mass fractions for each particle size class using the Equations 2, 3.
[image: Formula for mass proportion in percentage: mass proportion equals dry weight of soil in grams divided by total soil dry mass in grams, labeled as equation two.]
The soil quality recovery rate R is calculated and announced as follows:
[image: R equals the total soil dry mass in grams divided by one hundred grams, multiplied by one hundred percent. Equation labeled as three.]
2.4 Determination of soil organic carbon and nitrogen
Soil particles <250 μm and <500 μm were used to measure organic carbon and nitrogen levels. 1.0 g of dry soil was treated with 0.1 mol/L HCl at 25°C for 24 h to remove carbonates (Midwood and Boutton, 1998), washed with ultrapure water until neutral, air-dried, crushed, and sieved through a 0.149 mm SOC, and TN were measured with a complete C/N analyzer. Soil organic C (g C kg−1), total N (g N kg−1), and particle size <250 and <500 μm concentrations were estimated from dry soil mass (1 g) before HCl treatment. Soil organic carbon (Mg C ha−1) and nitrogen (Mg N ha−1) stocks were calculated as follows Equations 4, 5:
[image: Mathematical equation labeled as equation four. The equation is SOC of TN equals T multiplied by BD multiplied by C of N, all multiplied by ten.]
where T represents the soil thickness (cm), BD represents soil bulk density (g/cm−3), C represents soil organic C concentration (g/kg),N represents soil total N concentration (g/kg).
[image: Mathematical equation showing a formula: \( \text{OC(TN)}_{250(500)} = T \times BD \times C(N) \times 10 / R \).]
3 RESULTS AND ANALYSIS
3.1 Soil particle size composition
In the four areas of this study, the wind speed decreased from CK to the interior of the photovoltaic array and then increased before decreasing again. The overall trend was A > C > B > D. As can be seen in Figure 2, in the 0–30 cm soil of the study area, particle composition is dominated by fine sand (53.83%–66.62%) and medium sand (27.76%–38.77%), with a low content of very fine sand (0.57%–4.92%). The volume percentage of fine sand in the soil generally decreases with increasing soil depth, while the volume percentage of coarse particles changes with soil depth in the opposite direction to fine sand. There are significant differences in the soil particle size distribution in each region of the same soil layer with wind speed. The content of medium and fine sand in 0–5 cm is significantly higher than that in other regions at each wind speed gradient. The content of coarse particles in different soil layers at points A and B is significantly different. Wind speed activities also clearly affect fine particles.
[image: Four line graphs labeled A, B, C, and D compare soil particle size percentages at different sampling points across various depths: 0-5 cm, 5-10 cm, and 10-30 cm. Each graph tracks very fine, fine, medium, and coarse sand. Similar trends are observed across all graphs, with subtle variations in sand distribution at each depth level.]FIGURE 2 | Soil particle size composition by region (A–D) in the figure represent 4 samples respectively).
3.2 Soil carbon and nitrogen storage and particle size distribution
The C and N storage in the top 30 cm of soil decreased linearly with increasing wind speed gradient, from 70.76 Mg C ha−1 to 53.82 Mg C ha−1 and from 13.96 Mg N ha−1 to 8.12 Mg N ha−1, respectively (Figures 3, 4). The soil organic C (OC250) and N (N 250) contents of the <250 μm particle size decreased linearly with the increase of wind speed gradient. The organic C (OC500) and N (N500) in soil particles <500 μm increased with the wind speed gradient, among which N500, but the difference was not significant. With the increase of wind speed gradient, the proportion of soil organic carbon reserves in <250 μm soil to total soil carbon reserves (OC250/SOC) decreased from 98.6% to 63.70%, and the proportion of N (N250/TN) decreased from 98.6% to 60.3%. At the same time, the proportion of soil particle composition with organic carbon reserves of <500 μm (OC500/SOC) decreased from 35.2% to 0.8%, and N 500/TN decreased from 7.8% to 0.4%.
[image: Six scatter plots show relationships between different soil properties with line of best fit and R² values in each. Top row: SOC/CN vs. categories D, B, C, A; TN/NH₄N vs. same categories, OC/SOC vs. same categories. Bottom row: SN/NH₄N vs. D, B, C, A; OC/NH₄N vs. D, B, C, A; N/SN vs. D, B, C, A. Points are color-coded for different data series.]FIGURE 3 | The proportion of organic C and N reserves in the two particle size groups to the soil organic reserves in the 0–30 cm soil layer as a function of wind speed (a–d) in the figure represent 4 samples respectively; Wind speeds show an increasing trend from D to A, at the same time, (a, c, e) represents C index, (B, D, F) represents N index.).
[image: Two circular charts labeled (a) and (b) compare different categories A, B, C, and D, represented by varying shades of green and blue. Each chart displays radial bars with numerical values around a central circle labeled with categories OCx1, OCx2, and OCx3 for (a) and N1, N2, N3 for (b).]FIGURE 4 | Relationship between organic carbon (nitrogen) storage and soil organic carbon (nitrogen) storage in two of the three soil layers in each region (a–d) in the figure represent 4 samples respectively, (a) the content of OC250 and OC500 in each soil layer, (b) the content of N250 and N500 in each soil layer).
3.3 Relationship between soil organic carbon and nitrogen stocks and soil particle size and non-particle size
Soil carbon and nitrogen stocks in the two particle size ranges are positively correlated with soil stocks throughout the soil depth and in each part of the photovoltaic array. In the soil of each part, the OC250 stock linearly increases with the increase of organic C stock. Ordinary least squares regression analysis of the slopes in each location ranged from 0.01 to 1.60 for C and 0.01 to 1.37 for N, and the relationship between soil organic C and soil fine-particle organic C had a higher coefficient of determination. The relationship between soil organic carbon and OC500 was not affected by depth across the entire soil depth range (Figure 5). In addition, the organic carbon content of both soil particle sizes increased linearly with the total organic carbon content of the soil, indicating that the soil was not saturated with organic carbon. The relationship between soil particle size nitrogen content and total soil nitrogen content was similar to that of organic carbon.
[image: Four scatter plots display relationships between mass proportion and OC data for two depth ranges, 0-10 cm and 10-30 cm. Plots (a) and (c) show positive correlations, while plots (b) and (d) show varied correlations. Data points are green, with red shaded confidence intervals. R-squared values indicate correlation strength.]FIGURE 5 | Relationship between soil organic carbon content in the two grain sizes and the mass fractions of organic carbon in the 0–10 cm and 10–30 cm grain sizes (a): OC250 content at 0–10 cm, (b): OC500 content at 0–10 cm, (c): OC250 content at 10–30 cm, (d): OC500 content at 0–10 cm).
3.4 Distribution of soil organic carbon by particle size
Both OC250 and OC500 showed a continuous increase with their mass fraction (Figure 6); in addition, the mass fraction of the OC250 soil particle size component explained the 95% confidence interval of the organic carbon content to a greater extent. The soil organic carbon content in areas C and D was higher than in areas A and B. Moreover, the soil organic carbon content in all areas was essentially 10–30 cm higher than that in 0–10 cm areas. The soil <250 µm particle size component (OC250/OCmax250) organic carbon content as a percentage of the maximum organic carbon content was basically the same in each soil layer. The OC250 content in area D was extremely low, with an average value of 0.24 g/kg. OC500 is low in area D and high in areas A and B. Area D shows the lowest OC500/OCmax500 (76.78%) and the highest OC250/OCmax250 (104.29%) (Figure 7). Overall, area D shows a higher OC250/OCmax250.
[image: Four box plots labeled (a), (b), (c), and (d) compare data groups A, B, C, and D. Plots (a) and (b) show DC and log-scaled DC values with significant differences. Plots (c) and (d) display tDC and scaled tDC values. Blue and green boxes indicate different datasets. Each plot contains significant difference markers (* and **).]FIGURE 6 | Soil organic C content in each region and its proportion of the maximum organic C content in each particle size class (a): OC250 content of two soil layers in four sampling sites, (b): OC500 content of two soil layers in four sampling sites, (c): OC250/Max250 in two soil layers at four sampling sites,(d): OC500/Max500 in two soil layers at four sampling sites, at the same time, blue represents 0–10 cm and green represents 10–30 cm).
[image: Scatterplot matrix displaying the relationships between variables OC250, OC500, N250, and N500. Each subplot includes a scatterplot with density ellipses, histograms on the diagonal, and Pearson's correlation coefficients for each variable pair. The color legend indicates categories A, B, C, and D.]FIGURE 7 | Correlation between organic matter and nitrogen storage for each grain size in each region (A-D) represents four sampling points).
4 DISCUSSION
Wind is caused by the movement of air currents, and changes in wind speed and direction serve as important indicators of local airflow variations (Ehrenberg, 1847). While causing deformation of the Earth’s surface, wind also alters other soil properties. The installation of solar panels in photovoltaic (PV) power stations alters the properties of the underlying surface and modifies the surrounding airflow. Research has shown that photovoltaic arrays can create a range of effects on nearby airflow, including blocking and dragging, which subsequently impacts wind speed and direction, leading to changes in the wind field (Zhao et al., 2022). It has been observed that, compared to open areas (A), the establishment of photovoltaic arrays acts as a windbreak in desert regions. Wind speeds within the photovoltaic array are significantly lower than those in open areas, dropping to as low as 44.5% of the wind speed in the surrounding open regions as one moves inward from the edges. Additionally, fluctuations in wind speed correspond with minor changes in soil particle size, mainly concentrated at depths of 0–10 cm. This may be related to the alteration of the local microclimate due to the construction of the photovoltaic power station, which reduces surface wind speeds and diminishes the transport capacity of sand materials, resulting in more fine particles remaining on the soil surface. Previous studies have concluded that when the intersection angle exceeds 45°, the photovoltaic panel array exhibits a notable “sand interception effect,” with an average sand transport rate above the array reduced by 82.58% compared to moving dunes, while significant wind and sand activity primarily occurs at the edges (Tang et al., 2021). Furthermore, reduced wind speeds increase the potential surface moisture content and enhance soil temperature and humidity, making soil particles less susceptible to erosion (Tanner et al., 2020). The negative correlation between fine particles and wind speed observed in this study is consistent with these findings.
Changes in terrain within photovoltaic (PV) areas in deserts can lead to variations in microclimate, resulting in increased ground temperatures and altered precipitation patterns. These factors affect the accumulation and decomposition rates of soil organic matter, the mineralization of organic carbon, and the nutrient content in the soil (Aryal, 2022), all of which influence the carbon storage and distribution in the region. Research indicates that rising temperatures can further promote the decomposition of soil organic matter, thereby increasing the availability of nutrients and enhancing mineralization rates (Williams et al., 2009). This study shows that soil organic carbon (SOC) and total nitrogen (TN) levels are higher within the PV arrays compared to the external areas, with a more pronounced increase on nutrient content found in the fine particles of the surface soil. The construction of PV stations alters the surface microenvironment, raising surface temperatures and moisture levels while potentially stimulating soil microbial and enzymatic activity, which accelerates the decomposition process. Additionally, the interception of rainfall by PV panels redistributes precipitation, concentrating acidic substances on the soil surface, which further speeds up microbial decomposition. Furthermore, reduced wind speeds lead to a greater retention of fine particles on the soil surface, enriching the nutrient content. The changes in soil nutrient levels within the PV arrays may be influenced by variations in wind speed that affect the deposition of particles or differences in parent material. The nitrogen levels in this area exhibit greater stability, likely due to the low vegetation cover in desert regions that limits external nitrogen consumption; moreover, the efficiency of nitrogen-decomposing soil microorganisms and enzymes is significantly lower under drought and sandstorm conditions compared to those decomposing carbon. As illustrated in the data, there is a positive correlation between fine sand content and organic carbon across various sampling locations. The correlation of soil organic carbon with different particle sizes follows a consistent pattern, with the strongest correlation in the size range of 100–250 μm, followed by 250–500 μm, 50–100 μm, and finally 500–1,000 μm (Harry et al., 2000; Zhang et al., 2017). This finding aligns with previous research, indicating that soil with predominant particle sizes contains higher levels of organic carbon.
5 CONCLUSION
The research investigated the composition of soil particle size components in the three soil depths inside and outside the photovoltaic power plant, the content and storage of organic carbon, and organic nitrogen in the two soil particle size components of the main particle size composition. Fine sand particles (particle size 100–250 μm) are the main component of the soil in this area. Compared with other particle size components, soil components with a particle size of <250 μm can better estimate soil organic carbon and nitrogen reserves. Wind speed From the outside to the inside of the photovoltaic array, the wind speed experienced a weakening-strengthening-weakening process. Particle size and wind speed showed an opposite trend, and the organic matter and total nitrogen reserves also showed an increasing-decreasing-increasing trend, while the reserves stored in the surface layer were more abundant. In future photovoltaic projects, it is necessary to carry out scientific vegetation construction based on the threshold of soil environment in the region, long-term ecological research results, the growth status of sand-fixing vegetation and the demand of plant species for nutrient elements.
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This study aims to investigate the impact of Pennisetum giganteum cultivation on soil stoichiometric ratios in different regions of Inner Mongolia (Naiman Banner, Ulan Buh Desert, and Tumd Left Banner), clarifying the relationship between years of cultivation and changes in soil nutrient contents as well as stoichiometric ratios, thereby providing a scientific basis for regional ecological restoration. The experimental design used Pennisetum giganteum as the research subject, establishing experimental plots in three regions. Soil samples from 0 to 100 cm at different depths were collected before planting (CK), after the first-year harvest (YK), and after the second-year harvest (EK). The contents of soil SOC, TN, and TP were measured, and the ratios of C/N, C/P, and N/P were calculated. Through one-way ANOVA and Pearson correlation analysis, the relationships among cultivation years, soil depth, and soil nutrients as well as stoichiometric ratios were evaluated. The results indicate that Pennisetum giganteum cultivation significantly increased soil nutrient contents. For example, in Naiman Banner, the soil layer of 0–10 cm showed an increase in C from 1.41 g/kg to 2.06 g/kg, N from 1.47 g/kg to 1.74 g/kg, and P from 1.27 g/kg to 1.85 g/kg. Changes in soil stoichiometric ratios varied with region and soil depth: in Tumd Left Banner, the C/N ratio generally decreased (e.g., from 1.48 to 0.77 in the 0–10 cm soil layer), indicating an accelerated rate of N accumulation; whereas in the Ulan Buh Desert, the C/N ratio exhibited an increasing trend, possibly due to more pronounced C accumulation under arid conditions. The C/P and N/P ratios decreased in most regions, reflecting an improvement in P availability. Correlation analysis revealed that cultivation years were significantly positively correlated with soil C, N, and P contents, while they were mostly negatively correlated with the C/P and N/P ratios.
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1 INTRODUCTION
China’s land desertification problem is extremely severe, manifesting in multiple ways such as a decline in productivity, reduced surface vegetation cover, and diminished biodiversity (Lu et al., 2024). Desertification not only leads to a reduction in available land area but also triggers a series of disasters—including frequent sandstorms and widespread flooding—that have profound impacts on the economy, society, and ecological environment (Li et al., 2024). The deterioration of the ecosystem accompanied by economic impoverishment has become one of the major factors hindering China’s sustainable development. Inner Mongolia is among the provinces with the most concentrated and severe desertification; its desertified area ranks second in the country, only trailing Xinjiang, and its trend of desertification is particularly notable nationwide, making it a key region for national desertification monitoring and remediation (Zhao et al., 2022; Liao et al., 2020; Ren et al., 2023). Based on this, the present study selected three experimental sites: Ulan Buh Desert, Tumd Left Banner in Hohhot, and Naiman Banner in Tongliao. The causes of land desertification in Inner Mongolia are mainly attributed to both natural and anthropogenic factors. Among the natural factors, insufficient precipitation is one of the key reasons for desertification; the combination of scarce rainfall and high evaporation accelerates vegetation degradation and land desertification processes (Li and Narisu, 2011; Yao, 2018). As for anthropogenic factors, the combined effects of overgrazing, excessive logging, and other human activities, together with climatic changes, have disrupted the ecological balance of grasslands, leading to increasingly severe grassland and land desertification that significantly constrain regional economic and social development (Li, 2001; Wang et al., 2006; Nie et al., 2008). Therefore, it is particularly urgent to introduce a plant species that can not only effectively stabilize the wind and fix the sand but also yield certain economic benefits.
Pennisetum giganteum, a member of the genus Pennisetum within the Poaceae family, is a perennial, erect, clump-forming plant whose distribution extends from Hainan in southern China to the northern region of Inner Mongolia (Zhou et al., 2020). This plant primarily relies on asexual reproduction, with its root system being exceptionally well-developed; it possesses a large number of adventitious and lateral roots that enable it to maintain robust vitality even in deep soil layers (Ma et al., 2023). These characteristics make Pennisetum giganteum an optimal choice for combating soil erosion. It not only enhances soil quality by optimizing soil structure, increasing organic matter content, and activating microbial activity, but also effectively prevents land degradation and desertification (Li et al., 2020; Sheng, 2023). In addition to its tall stature, Pennisetum giganteum yields impressive biomass that is rich in crude protein and crude fiber, allowing for multiple harvests annually. Its nutritional value is particularly high during the seedling stage, and its palatable taste renders it a superior forage resource. The three primary nutrients essential for plant growth—carbon (C), nitrogen (N), and phosphorus (P)—play crucial roles in plant physiological processes and are closely interrelated [15–16]. The ratios of C/N, C/P, and N/P in soil are key indicators of the composition and quality of soil organic matter, revealing the efficiency of nutrient utilization by plants and the extent of nutrient limitations(Cheng et al., 2010). Specifically, the soil C/N ratio reflects the mineralization rate of organic matter (Wang and Yu, 2008): a ratio exceeding 25 indicates that the accumulation of organic matter surpasses its decomposition rate, while a ratio between 12 and 16 suggests active decomposition of organic matter (Bui and Henderson, 2013). The soil C/P ratio demonstrates the capacity of soil microorganisms to mineralize organic matter and release phosphorus(Tao et al., 2017), whereas the soil N/P ratio serves as a diagnostic indicator for nitrogen saturation, helping to determine the critical point of nutrient limitation (Huang and Yuan, 2020).
Based on the aforementioned background, this study poses the following specific research questions: First, under varying planting durations, how does Pennisetum giganteum affect the contents of C, N, and P in soils at different vertical depths (0–100 cm) across Ulan Buh Desert, Tumd Left Banner, and Naiman Banner? Second, what changes occur in the stoichiometric ratios (C/N, C/P, and N/P) of soils in these three regions as a result of Pennisetum giganteum plantation over different planting years? Third, what is the relationship between soil nutrient contents, their stoichiometric ratios, and the duration of planting?
This study focuses on Pennisetum giganteum and conducted planting experiments in the Ulan Buh Desert, Tumd Left Banner, and Naiman Banner. Soil samples were collected at various vertical depths (0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm) to determine the content of C, N, and P in the soil after 2 years of cultivation. Subsequently, the soil C/N, C/P, and N/P ratios were calculated to analyze the influence of different planting durations on the stoichiometric characteristics of soils at varying depths. The results are intended to provide data support for the formulation of scientifically sound ecological restoration strategies and to serve as a reference for preventing land desertification in Inner Mongolia and maintaining regional ecological security.
2 MATERIALS AND METHODS
2.1 Overview of the study area
This experiment selected the Ulan Buh Desert, Tumd Left Banner, and Naiman Banner in Inner Mongolia as the research areas.
The Ulan Buh Desert study area is located in the northeastern part, with geographic coordinates ranging from 106°35′ to 106°59′ in longitude and 40°17′ to 40°29′ in latitude. This region is adjacent to the Yellow River and lies in a transitional zone between desert and desert grassland, characterized by an Asian temperate desert climate. The climate is notably arid with limited rainfall, a significant diurnal temperature range, an annual mean temperature of 7.5°C, and a frost-free period of approximately 160–170 days.
The Tumd Left Banner is situated between 110°46′ and 112°10′ in longitude and 40°51′ and 41°8′ in latitude, positioned on the Inner Mongolian Plateau within the middle section of the Yinshan Mountains, specifically in the central area of the Daqing Mountains. This area features a temperate continental climate, characterized by dryness, scarce precipitation, a short frost-free period, and an annual mean temperature of 7.3°C.
The Naiman Banner study area is located in the southeastern part of the Horqin Sandy Land, with geographic coordinates ranging from 120°19′ to 121°35′ in longitude and 42°14′ to 43°32′ in latitude (Figure 1). This region exhibits a temperate semi-arid climate, with a pronounced diurnal temperature variation, extreme low temperatures reaching as low as −29.3°C, extreme high temperatures up to 39°C, and a frost-free period of 135–140 days.
[image: Map highlighting regions within China, showing the Naiman Banner in green, Tumet Left Banner in blue, Ulan Buh Desert in red, and the nine-dash line. Inset maps detail specific areas with varied topography in different colors indicating elevations.]FIGURE 1 | Overview of the study area.2.2 Experimental design
This study selected experimental sites in the eastern Ulan Buh Desert Pennisetum giganteum plantation area, the Hailutuo plantation area in Tumd Left Banner, and the Pennisetum giganteum plantation area in the western Khorchin sandy land of Naiman Banner, Inner Mongolia. All three sites began the introduction trials in 2018. Due to the relatively weak cold tolerance of Pennisetum giganteum, which makes natural overwintering in northern regions difficult, the harvest was scheduled during the autumn and winter seasons while retaining the root systems in the soil. In the following spring, the land was tilled and Pennisetum giganteum was replanted in the original plots. During the experiment, soil samples were collected at three stages: before planting (CK), after the first year’s harvest (YK), and after the second year’s harvest (EK), with the specific sampling times occurring in mid-October of 2018, 2019, and 2020, respectively.
Each study plot was a rectangle measuring 40 × 50 m. In terms of irrigation, water was applied during the growing season based on local climatic conditions and soil moisture status. During the experimental period from 2018 to 2020, the irrigation period each year commenced after the spring planting of Pennisetum giganteum and concluded before the autumn harvest. In 2018, during the vigorous growth phase of Pennisetum giganteum (June to August), irrigation was conducted three times per month, with an application rate of approximately 0.06 m3 per square meter per event; during the other months, irrigation was applied one to two times per month at approximately 0.03 m3 per square meter per event, resulting in a total annual irrigation of about 0.78 m3 per square meter. The irrigation patterns in 2019 and 2020 were essentially the same as in 2018; however, due to slight climatic variations, the total annual irrigation was approximately 0.75 m3 per square meter in 2019 and 0.80 m3 per square meter in 2020. In terms of fertilization, a compound fertilizer containing nitrogen, phosphorus, and potassium (N:P:K = 15:15:15) was used. Prior to spring planting each year, 0.075 kg of base fertilizer was applied per square meter, and during the growth of Pennisetum giganteum, top-dressing was carried out in June and August, with 0.03 kg applied per square meter at each occasion. Additionally, for comparative analysis, soil samples were collected from adjacent bare sandy areas to serve as controls. In each study plot, soil samples were collected three times using an S-shaped sampling design. For sampling, soil profiles were first excavated, and then soil samples were collected in layers along the vertical profile (0–100 cm). Nutrient analyses conducted on the collected soil samples further evaluated the ameliorative effect of Pennisetum giganteum on the spatial distribution of soil nutrients and its ecological restoration function.
2.3 Determination of indicators and calculation of stoichiometric ratios
After natural air-drying and sieving through a 0.25 mm mesh, the soil samples were first subjected to the determination of C, N, and P contents. Carbon was measured using the potassium dichromate oxidation method with heating, nitrogen by the Kjeldahl method, and phosphorus by the molybdenum-antimony colorimetric method (Li, 2000). Based on the measured contents of C, N, and P, the ratios of C/N, C/P, and N/P were subsequently calculated (Dong et al., 2019). The determination and calculation of these indices provide an important basis for assessing soil nutrient status and its stoichiometric characteristics.
2.4 Data processing
2.4.1 Data organization and preliminary statistics
The original data were organized using Excel 2019, including the computation of the mean, standard deviation, and 95% confidence interval (CI) for soil C, N, and P contents. Data were standardized to ensure the accuracy of subsequent analyses.
2.4.2 One-way analysis of variance (ANOVA)
One-way ANOVA was conducted using SPSS 26.0 to compare the significant differences in soil C, N, and P contents and stoichiometric ratios (C/N, C/P, N/P) under different planting durations (CK, YK, EK) and soil layer depths (0–100 cm stratification). The significance level was set at p < 0.05. If the results were significant, further multiple comparisons (e.g., Tukey HSD test) were performed to clarify specific differences among the groups.
2.4.3 Correlation analysis
Pearson correlation coefficients were used to analyze the relationships between planting duration, soil layer depth, and soil C, N, and P contents as well as stoichiometric ratios. The strength of the correlations was assessed based on significance levels (p ≤ 0.05, p ≤ 0.01, p ≤ 0.001), and a heatmap (e.g., Figures 5–7) was generated to visually illustrate the trends in correlation.
2.4.4 Data visualization
Charts were created using Origin 2021, including bar charts (Figures 2–4) that display the variations in C, N, and P contents across different soil layers and planting durations, as well as tables (Tables 1–3) summarizing the patterns in stoichiometric ratios. The charts were annotated with Mean ± SD and the 95% CI to ensure the completeness of data representation.
[image: Bar charts comparing carbon, nitrogen, and phosphorus content in soil at various depths. Three treatments are shown: CK, YK, and EK, indicated by orange, green, and blue bars respectively. Chart (A) shows carbon content, (B) nitrogen, and (C) phosphorus. Values decrease with depth. Error bars represent variability, with labels indicating statistical significance.]FIGURE 2 | Contents of C, N and P in soil under different planting years of Naiman Banner Pennisetum giganteum. (A) C; (B) N; (C) P.Note: Different letters indicate significant differences at P < 0.05.TABLE 1 | Soil stoichiometry under different planting years of Pennisetum giganteum in Naiman Banner.	Soil stoichiometric ratio	Soil depth/cm	CK	YK	EK
	C/N	0–10	0.97 ± 0.17c	1.27 ± 0.18b	1.02 ± 0.11c
	10–20	1.25 ± 0.28bc	1.19 ± 0.12b	1.40 ± 0.05c
	20–40	1.59 ± 0.32ab	1.71 ± 0.06a	1.49 ± 0.17bc
	40–60	1.79 ± 0.28a	1.80 ± 0.30a	2.12 ± 0.51a
	60–80	1.56 ± 0.34ab	1.83 ± 0.24a	2.00 ± 0.37ab
	80–100	1.56 ± 0.35ab	1.88 ± 0.27a	1.99 ± 0.52ab
	C/P	0–10	1.14 ± 0.22c	1.11 ± 0.08b	0.97 ± 0.16c
	10–20	1.49 ± 0.11c	1.09 ± 0.18b	1.37 ± 0.09ab
	20–40	2.19 ± 0.44b	1.54 ± 0.04a	1.30 ± 0.04ab
	40–60	2.47 ± 0.50ab	1.36 ± 0.19ab	1.40 ± 0.22a
	60–80	2.34 ± 0.17b	1.36 ± 0.31ab	1.17 ± 0.09bc
	80–100	3.03 ± 0.62a	1.20 ± 0.23b	1.06 ± 0.12c
	N/P	0–10	1.22 ± 0.43b	0.88 ± 0.07a	0.95 ± 0.16ab
	10–20	1.22 ± 0.21b	0.92 ± 0.18a	0.98 ± 0.11a
	20–40	1.44 ± 0.44b	0.90 ± 0.05a	0.87 ± 0.08ab
	40–60	1.39 ± 0.28b	0.76 ± 0.077ab	0.69 ± 0.24bc
	60–80	1.53 ± 0.20ab	0.77 ± 0.29ab	0.59 ± 0.09c
	80–100	1.96 ± 0.29a	0.63 ± 0.03b	0.58 ± 0.25c


3 RESULTS
3.1 Changes in C, N, and P contents in soil under different planting years of Pennisetum giganteum in inner Mongolia
3.1.1 Changes in soil C, N, and P contents under different planting years of Pennisetum giganteum in Naiman Banner
In the Naiman Banner experimental area, Pennisetum giganteum planting significantly increased soil C content (Figure 2A). Before planting (CK), the C content in 0–10 cm soil layer was 1.41 ± 0.06 g/kg (95% CI: 1.31–1.51 g/kg), which decreased significantly with the deepening of soil layer (P < 0.05), and it was only 0.93 ± 0.05 g/kg (95% CI: 0.84–1.02 g/kg) in 80–100 cm soil layer. After harvest in the first year (YK), the C content in 0–10 cm soil layer increased significantly to 2.06 ± 0.11 g/kg (95% CI: 1.87–2.25 g/kg, P < 0.05), and reached the peak of 2.48 ± 0.06 g/kg (95% CI: 2.39–2.58 g/kg) in 20–40 cm soil layer. After harvest in the second year (EK), the surface C content decreased slightly (1.76 ± 0.14 g/kg, 95% CI: 1.53–2.00 g/kg), but the 10–20 cm soil layer increased significantly to 2.35 ± 0.10 g/kg (95% CI: 2.19–2.52 g/kg, P < 0.05), indicating that Pennisetum giganteum had a more lasting effect on the improvement of middle soil.
Soil N content increased significantly with the increase of planting years (Figure 2B). In the CK stage, the N content in the 0–10 cm soil layer was 1.47 ± 0.19 g/kg (95% CI: 1.17–1.78 g/kg), and the deep layer (80–100 cm) decreased to 0.61 ± 0.10 g/kg (95% CI: 0.44–0.78 g/kg). In the YK stage, the surface N content increased to 1.64 ± 0.18 g/kg (95% CI: 1.35–1.93 g/kg, P < 0.05), and the 20–40 cm soil layer maintained a high level (1.45 ± 0.07 g/kg). At the EK stage, the N content in the 0–10 cm soil layer further increased to 1.74 ± 0.25 g/kg (95% CI: 1.35–2.15 g/kg), but the increase in the deep layer (80–100 cm) was small (0.66 ± 0.13 g/kg), indicating that N accumulation was mainly concentrated in the surface layer.
Pennisetum giganteum planting significantly increased soil P content (Figure 2C). In the CK stage, the P content in the 0–10 cm soil layer was 1.27 ± 0.27 g/kg (95% CI: 0.84–1.70 g/kg), and the deep layer (80–100 cm) was significantly reduced to 0.31 ± 0.05 g/kg (P < 0.05). In the YK stage, the P content in the surface layer reached 1.85 ± 0.15 g/kg (95% CI: 1.62–2.09 g/kg, P < 0.05), and the P content in each soil layer increased significantly. In the EK stage, P content remained stable, 1.84 ± 0.17 g/kg (95% CI: 1.57–2.12 g/kg) in the 0–10 cm soil layer, but the increase in the deep layer (80–100 cm) slowed down (1.21 ± 0.24 g/kg), indicating that the improvement effect of P decreased with depth.
3.1.2 Changes in soil C, N, and P contents under Pennisetum giganteum of different planting years in Tumed Left Banner
In the Tumd Left Banner test area, Pennisetum giganteum planting significantly affected the content of soil C, N and P, and the response of different soil depths was different. As shown in Figure 3A, before planting (CK), soil C content decreased significantly with the increase of soil depth (P < 0.05), which was 1.54 ± 0.01 g/kg (95% CI: 1.53–1.57 g/kg) in 0–10 cm soil layer and 0.63 ± 0.13 g/kg (95% CI: 0.42–0.85 g/kg) in 80–100 cm soil layer. After the first year of harvest (YK), the C content of each soil layer increased significantly (P < 0.05), the 0–10 cm soil layer increased to 1.84 ± 0.15 g/kg (95% CI: 1.59–2.09 g/kg), and the 20–40 cm soil layer reached the peak (2.33 ± 0.19 g/kg, 95% CI: 2.01–2.65 g/kg). After harvest in the second year (EK), the C content in the surface layer (0–10 cm) further increased to 1.98 ± 0.04 g/kg (95% CI: 1.91–2.05 g/kg), while that in the deep layer (80–100 cm) decreased slightly (1.36 ± 0.27 g/kg, 95% CI: 0.93–1.79 g/kg), but was still significantly higher than that of CK (P < 0.05).
[image: Bar charts with error bars show the concentrations of carbon (C), nitrogen (N), and phosphorus (P) at different soil depths (0-10 cm to 80-100 cm). Three treatments, CK (orange), YK (green), and EK (blue), are compared. The EK treatment generally shows higher nutrient concentrations across all depths. Text labels indicate statistical significance groupings among treatments at each depth.]FIGURE 3 | The contents of C, N and P in soil under different planting years of Tumd Left Banner Pennisetum giganteum. (A) C; (B) N; (C) P. Note: Different letters indicate significant differences at P < 0.05.It can be seen from Figure 3B that in CK stage, N content decreased with depth (0–10 cm: 1.04 ± 0.06 g/kg, 95% CI: 0.94–1.14 g/kg; 80–100 cm: 0.72 ± 0.06 g/kg, 95% CI: 0.61–0.83 g/kg). In the YK stage, N content increased significantly (P < 0.05), reaching 2.34 ± 0.09 g/kg (95% CI: 2.18–2.50 g/kg) in the 0–10 cm soil layer and 2.41 ± 0.30 g/kg (95% CI: 1.93–2.90 g/kg) in the 10–20 cm soil layer. In the EK stage, the surface N content continued to increase to 2.57 ± 0.04 g/kg (95% CI: 2.51–2.63 g/kg), but the content of some deep layers (80–100 cm) fluctuated slightly (1.85 ± 0.43 g/kg, 95% CI: 1.15–2.55 g/kg), which was still significantly higher than that of CK (P < 0.05).
As shown in Figure 3C, in the CK stage, P content decreased significantly from the surface layer (0–10 cm: 0.64 ± 0.06 g/kg, 95% CI: 0.55–0.75 g/kg) to the deep layer (80–100 cm: 0.29 ± 0.01 g/kg, 95% CI: 0.27–0.32 g/kg) (P < 0.05). In the YK stage, the P content increased significantly (P < 0.05), reaching 1.43 ± 0.13 g/kg (95% CI: 1.23–1.64 g/kg) in the 0–10 cm soil layer. In the EK stage, the P content increased further, with 1.95 ± 0.66 g/kg (95% CI: 0.90–3.01 g/kg) in the 0–10 cm soil layer, but the increase in the deep layer (80–100 cm) slowed down (1.36 ± 0.08 g/kg, 95% CI: 1.24–1.50 g/kg).
3.1.3 Changes in C, N, and P contents in soil under different planting years of Pennisetum giganteum in Ulan Buh Desert
In the Ulan Buh Desert experimental area, Pennisetum giganteum planting significantly affected the content of soil C, N and P, and the response of different soil depths was significantly different. As shown in Figure 4A, before planting (CK), soil C content decreased significantly with the increase of soil depth (P < 0.05), 0.87 ± 0.08 g/kg (95% CI: 0.74–1.01 g/kg) in 0–10 cm soil layer and 0.27 ± 0.01 g/kg (95% CI: 0.26–0.28 g/kg) in 80–100 cm soil layer. After the first year of harvest (YK), the C content in each soil layer increased significantly (P < 0.05), and the 10–20 cm soil layer reached the peak (1.58 ± 0.10 g/kg, 95% CI: 1.42–1.76 g/kg), while the 80–100 cm soil layer had the lowest content due to weak root activity (0.06 ± 0.017 g/kg, 95% CI: 0.04–0.09 g/kg). After the second year of harvest (EK), the C content in the surface layer (0–10 cm) further increased to 1.58 ± 0.12 g/kg (95% CI: 1.39–1.78 g/kg), and the deep layer (80–100 cm) significantly recovered to 0.61 ± 0.01 g/kg (95% CI: 0.58–0.64 g/kg), but it was still lower than the shallow level (P < 0.05).
[image: Three bar graphs show the concentration of elements C, N, and P at various soil depths (0-10 to 80-100 cm) with three treatments: CK (orange), YK (green), and EK (blue). The first graph displays declining C concentrations with depth, the second shows a similar trend for N, and the third for P. Error bars and significance letters indicate variability and statistical differences among treatments and depths.]FIGURE 4 | Contents of C, N and P in soil under different planting years of Ulan Buh Desert Pennisetum giganteum. (A) C; (B) N; (C) P. Note: Different letters indicate significant differences at P < 0.05.As shown in Figure 4B, in the CK stage, the N content was the highest in the 0–10 cm soil layer (1.04 ± 0.04 g/kg, 95% CI: 0.96–1.12 g/kg), and decreased with depth to 80–100 cm (0.49 ± 0.01 g/kg, 95% CI: 0.47–0.51 g/kg). In the YK stage, N content increased significantly (P < 0.05), reaching 1.54 ± 0.13 g/kg (95% CI: 1.33–1.75 g/kg) in the 0–10 cm soil layer, but the increase in the deep layer (80–100 cm) was small (0.72 ± 0.01 g/kg, 95% CI: 0.70–0.75 g/kg). At the EK stage, the surface N content remained stable (1.53 ± 0.20 g/kg, 95% CI: 1.21–1.85 g/kg), while the deep layer (80–100 cm) increased significantly to 0.88 ± 0.05 g/kg (95% CI: 0.79–0.97 g/kg), indicating that the improvement of Pennisetum giganteum on deep soil was lagging.
As shown in Figure 4C, in the CK stage, P content decreased significantly from the surface layer (0–10 cm: 0.51 ± 0.08 g/kg, 95% CI: 0.38–0.64 g/kg) to the deep layer (80–100 cm: 0.19 ± 0.02 g/kg, 95% CI: 0.16–0.23 g/kg) (P < 0.05). At YK stage, P content increased significantly in 0–40 cm soil layer (P < 0.05), and reached 0.76 ± 0.15 g/kg (95% CI: 0.53–1.01 g/kg) in 10–20 cm soil layer. In the EK stage, P content remained stable in the surface layer (0–10 cm) (0.72 ± 0.14 g/kg, 95% CI: 0.49–0.96 g/kg), but decreased to 0.27 ± 0.08 g/kg (95% CI: 0.13–0.41 g/kg) in the deep layer (80–100 cm).
3.2 Soil stoichiometric ratio of Pennisetum giganteum under different planting years in inner Mongolia
3.2.1 Changes in soil stoichiometric ratio under different planting years of Pennisetum giganteum in Naiman Banner
As shown in Table 1, there are differences in the variation of C/N ratio across each soil layer. Some soil layers showed an upward trend after harvest in the first year, but decreased after harvest in the second year, while others showed continuous growth. Specifically, the C/N ratio in the 0–10 cm soil layer increased from the initial 0.97 to 1.27 (an increase of 0.30) after the first year of harvest, but fell back to 1.02 (a decrease of 0.25) after the second year of harvest. The C/N ratio of the 10–20 cm soil layer decreased slightly from 1.25 to 1.19 (a decrease of 0.06), and then increased to 1.40 (an increase of 0.21) in the second year. The C/N ratio of the 20–40 cm soil layer increased from 1.59 to 1.71 (an increase of 0.12), but decreased to 1.49 (a decrease of 0.22) in the second year. The C/N ratio of the 40–60 cm soil layer increased slightly from 1.79 to 1.80 (an increase of 0.01), and further increased to 2.12 (an increase of 0.32) in the second year. The C/N ratio of the 60–80 cm soil layer increased from 1.56 to 1.83 (an increase of 0.27) in the first year, and continued to increase to 2.00 (an increase of 0.17) in the second year. The C/N ratio of the 80–100 cm soil layer increased from 1.56 to 1.88 (an increase of 0.32) in the first year, and further increased to 1.99 (an increase of 0.11) in the second year.
The C/P ratio generally showed a downward trend in each soil layer, particularly in the deep soil. The C/P ratio in the 0–10 cm soil layer decreased from 1.14 at the beginning to 1.11 after the first year of harvest (a decrease of 0.03), and further decreased to 0.97 (a decrease of 0.14) in the second year. The C/P ratio of the 10–20 cm soil layer decreased from 1.49 to 1.09 (a decrease of 0.40), and increased to 1.37 (an increase of 0.28) in the second year. The C/P ratio of the 20–40 cm soil layer decreased from 2.19 to 1.54 (a decrease of 0.65) in the first year, and continued to decrease to 1.30 (a decrease of 0.24) in the second year. The C/P ratio of the 40–60 cm soil layer decreased significantly from 2.47 to 1.36 (a decrease of 1.11), and increased slightly to 1.40 (an increase of 0.04) in the second year. The C/P ratio of the 60–80 cm soil layer decreased from 2.34 to 1.36 (a decrease of 0.98) in the first year, and continued to decrease to 1.17 (a decrease of 0.19) in the second year. The C/P ratio of the 80–100 cm soil layer decreased significantly from 3.03 to 1.20 (1.83), and further decreased to 1.06 (0.14) in the second year.
The N/P ratio generally showed a downward trend in each soil layer. The N/P ratio of the 0–10 cm soil layer decreased from 1.22 at the beginning to 0.88 after the first year of harvest (a decrease of 0.34), and increased slightly to 0.95 in the second year (an increase of 0.07). The N/P ratio in the 10–20 cm soil layer decreased from 1.22 to 0.92 (a decrease of 0.30), and increased to 0.98 (an increase of 0.06) in the second year. The N/P ratio in the 20–40 cm soil layer decreased from 1.44 to 0.90 (a decrease of 0.54), and continued to decrease to 0.87 (a decrease of 0.03) in the second year. The N/P ratio of the 40–60 cm soil layer decreased significantly from 1.39 to 0.76 (a decrease of 0.63), and further decreased to 0.69 (a decrease of 0.07) in the second year. The N/P ratio in the 60–80 cm soil layer decreased from 1.53 to 0.77 (a decrease of 0.76) in the first year, and continued to decrease to 0.59 (a decrease of 0.18) in the second year. The N/P ratio in the 80–100 cm soil layer decreased significantly from 1.96 to 0.63 (1.33) in the first year, and decreased slightly to 0.58 (0.05) in the second year.
3.2.2 Soil stoichiometric ratio changes under different planting years of Pennisetum giganteum in Tumd Left Banner
Table 2 reveals that the C/N generally decreases with depth in different soil layers. In the 0–10 cm soil layer, the C/N ratio decreased significantly from 1.48 before planting to 0.78 (a decrease of 0.70) after the first year of harvest, and slightly decreased to 0.77 (a decrease of 0.01) in the second year. In the 10–20 cm soil layer, the C/N ratio decreased from 1.45 to 0.92 (a decrease of 0.53), and continued to decrease to 0.82 (a further decrease of 0.10) in the second year. In the 20–40 cm soil layer, the C/N ratio decreased from 1.45 to 0.98 (a decrease of 0.47), and increased to 1.14 (an increase of 0.16) in the second year. In the 40–60 cm soil layer, the C/N ratio decreased from 1.02 to 0.88, a 0.14 decrease, and continued to decrease to 0.85, a further 0.03 decrease, in the second year. In the 60–80 cm soil layer, the C/N ratio decreased from 0.88 to 0.83 (a decrease of 0.05), and increased slightly to 0.85 (an increase of 0.02) in the second year. In the 80–100 cm soil layer, the C/N ratio decreased from 0.88 to 0.77 (a decrease of 0.11), and continued to decrease to 0.75 (a further decrease of 0.02) in the second year.
TABLE 2 | Soil stoichiometric ratio of Pennisetum giganteum under different planting years in Tumed Left Banner.	Soil stoichiometric ratio	Soil depth/cm	CK	YK	EK
	C:N	0–10	1.48 ± 0.08a	0.78 ± 0.06b	0.77 ± 0.02b
	10–20	1.45 ± 0.16a	0.92 ± 0.16ab	0.82 ± 0.12b
	20–40	1.45 ± 0.43a	0.98 ± 0.10a	1.14 ± 0.08a
	40–60	1.02 ± 0.28b	0.88 ± 0.03ab	0.85 ± 0.28b
	60–80	0.88 ± 0.15b	0.83 ± 0.15ab	0.85 ± 0.12b
	80–100	0.88 ± 0.17b	0.77 ± 0.07b	0.75 ± 0.14b
	C:P	0–10	2.40 ± 0.20ab	1.28 ± 0.12c	1.10 ± 0.35a
	10–20	3.09 ± 0.12ab	1.71 ± 0.16abc	1.12 ± 0.32a
	20–40	3.37 ± 0.73a	2.22 ± 0.57a	1.36 ± 0.10a
	40–60	2.84 ± 1.17ab	1.69 ± 0.15bc	0.99 ± 0.06a
	60–80	2.43 ± 0.63ab	1.75 ± 0.19abc	1.10 ± 0.27a
	80–100	2.16 ± 0.51b	2.10 ± 0.43ab	1.00 ± 0.25a
	N:P	0–10	1.62 ± 0.18b	1.64 ± 0.22b	1.44 ± 0.50a
	10–20	2.15 ± 0.27ab	1.87 ± 0.15b	1.35 ± 0.22a
	20–40	2.53 ± 1.21ab	2.31 ± 0.70ab	1.20 ± 0.16a
	40–60	2.74 ± 0.50a	1.91 ± 0.23b	1.24 ± 0.36a
	60–80	2.72 ± 0.45a	2.14 ± 0.36ab	1.27 ± 0.13a
	80–100	2.44 ± 0.34ab	2.76 ± 0.79a	1.36 ± 0.34a


The C/P generally exhibited a downward trend across different soil layers. In the 0–10 cm soil layer, the C/P ratio decreased from 2.40 before planting to 1.28 (a decrease of 1.12) after harvest in the first year, and continued to decrease to 1.10 (a further decrease of 0.18) in the second year. In the 10–20 cm soil layer, the C/P ratio decreased from 3.09 to 1.71 (a decrease of 1.38), and further decreased to 1.12 (a decrease of 0.59) in the second year. In the 20–40 cm soil layer, the C/P ratio decreased from 3.37 to 2.22 (a decrease of 1.15), and continued to decrease to 1.36 (a decrease of 0.86) in the second year. In the 40–60 cm soil layer, the C/P ratio decreased from 2.84 to 1.69 (a decrease of 1.15), and further decreased to 0.99 (a decrease of 0.70) in the second year. In the 60–80 cm soil layer, the C/P ratio decreased from 2.43 to 1.75 (a decrease of 0.68), and continued to decrease to 1.10 (a further decrease of 0.65) in the second year. In the 80–100 cm soil layer, the C/P ratio decreased slightly from 2.16 to 2.10 (a decrease of 0.06), and decreased significantly to 1.00 (a decrease of 1.10) in the second year.
The change trend of nitrogen and phosphorus ratio (N/P) in different soil layers is more complex. In the 0–10 cm soil layer, the N/P ratio increased slightly from 1.62 before planting to 1.64 after harvest in the first year (an increase of 0.02), and decreased to 1.44 in the second year (a decrease of 0.20). In the 10–20 cm soil layer, the N/P ratio decreased from 2.15 to 1.87 (a decrease of 0.28), and continued to decrease to 1.35 (a further decrease of 0.52) in the second year. In the 20–40 cm soil layer, the N/P ratio decreased from 2.53 to 2.31 (a decrease of 0.22), and decreased significantly to 1.20 (a decrease of 1.11) in the second year. In the 40–60 cm soil layer, the N/P ratio decreased from 2.74 to 1.91 (a decrease of 0.83), and continued to decrease to 1.24 (a further decrease of 0.67) in the second year. In the 60–80 cm soil layer, the N/P ratio decreased from 2.72 to 2.14 (a decrease of 0.58), and further decreased to 1.27 (a decrease of 0.87) in the second year. In the 80–100 cm soil layer, the N/P ratio increased from 2.44 to 2.76 (an increase of 0.32), and decreased significantly to 1.36 (a decrease of 1.40) in the second year.
3.2.3 Changes in soil stoichiometric ratio under different planting years of Pennisetum giganteum in Ulan Buh Desert
As shown in Table 3, the C/N generally exhibited an increasing trend across different soil layers. In the 0–10 cm soil layer, the C/N ratio increased from 0.84 before planting to 0.89 after the first year of harvest (an increase of 0.05), and continued to increase to 1.04 (an increase of 0.15) in the second year. In the 10–20 cm soil layer, the C/N ratio significantly increased from 0.67 to 1.11 (a 0.44 increase), and further increased to 1.35 (a 0.24 increase) in the second year. In the 20–40 cm soil layer, the C/N ratio increased from 0.66 to 1.01 (an increase of 0.35), and continued to increase to 1.34 (a further increase of 0.33) in the second year. In the 40–60 cm soil layer, the C/N ratio increased slightly from 0.79 to 0.82 (an increase of 0.03), and increased significantly to 1.33 (an increase of 0.51) in the second year. In the 60–80 cm soil layer, the C/N ratio increased from 0.64 to 0.90 (an increase of 0.26), and continued to increase to 0.99 (an additional increase of 0.09) in the second year. In the 80–100 cm soil layer, the C/N ratio decreased significantly from 0.55 to 0.08 (a decrease of 0.47), and increased to 0.69 (an increase of 0.61) in the second year.
TABLE 3 | Soil stoichiometric ratio under different planting years of Pennisetum giganteum in Ulan Buh Desert.	Soil stoichiometric ratio	Soil depth/cm	CK	YK	EK
	C:N	0–10	0.84 ± 0.08a	0.89 ± 0.13bc	1.04 ± 0.11b
	10–20	0.67 ± 0.10a	1.11 ± 0.09a	1.35 ± 0.18a
	20–40	0.66 ± 0.11a	1.01 ± 0.14ab	1.34 ± 0.23a
	40–60	0.79 ± 0.44a	0.82 ± 0.15c	1.33 ± 0.18a
	60–80	0.64 ± 0.30a	0.90 ± 0.10bc	0.99 ± 0.14b
	80–100	0.55 ± 0.02a	0.08 ± 0.02d	0.69 ± 0.05c
	C:P	0–10	1.73 ± 0.36b	1.98 ± 0.53ab	2.24 ± 0.37ab
	10–20	2.36 ± 0.53a	2.12 ± 0.39a	2.73 ± 0.14a
	20–40	1.52 ± 0.28b	1.73 ± 0.25ab	2.57 ± 0.28a
	40–60	1.62 ± 0.35b	1.59 ± 0.16b	2.22 ± 0.19ab
	60–80	1.40 ± 0.49b	1.73 ± 0.12ab	1.77 ± 0.28b
	80–100	1.40 ± 0.17b	0.20 ± 0.05c	2.46 ± 0.96ab
	N:P	0–10	2.05 ± 0.24b	2.25 ± 0.78a	2.14 ± 0.23b
	10–20	3.65 ± 1.13a	1.92 ± 0.41a	2.06 ± 0.38b
	20–40	2.30 ± 0.08b	1.76 ± 0.53a	1.94 ± 0.31b
	40–60	2.45 ± 1.24b	2.00 ± 0.41a	1.67 ± 0.10b
	60–80	2.28 ± 0.38b	1.93 ± 0.10a	1.77 ± 0.09b
	80–100	2.55 ± 0.19b	2.32 ± 0.13a	3.60 ± 1.52a


The C/P fluctuated across different soil layers. In the 0–10 cm soil layer, the C/P ratio increased from 1.73 before planting to 1.98 after harvest in the first year (an increase of 0.25), and continued to increase to 2.24 in the second year (an increase of 0.26). In the 10–20 cm soil layer, the C/P ratio decreased from 2.36 to 2.12 (a decrease of 0.24), and increased to 2.73 (an increase of 0.61) in the second year. In the 20–40 cm soil layer, the C/P ratio increased from 1.52 to 1.73 (an increase of 0.21), and significantly increased to 2.57 (an increase of 0.84) in the second year. In the 40–60 cm soil layer, the C/P ratio decreased slightly from 1.62 to 1.59 (a decrease of 0.03), and increased significantly to 2.22 (an increase of 0.63) in the second year. In the 60–80 cm soil layer, the C/P ratio increased from 1.40 to 1.73, an increase of 0.33, and continued to increase to 1.77, a further increase of 0.04, in the second year. In the 80–100 cm soil layer, the C/P ratio decreased significantly from 1.40 to 0.20 (a decrease of 1.20), and increased significantly to 2.46 (an increase of 2.26) in the second year.
The N/P ratio fluctuated in different soil layers. In the 0–10 cm soil layer, the N/P ratio increased from 2.05 before planting to 2.25 after harvest in the first year (an increase of 0.20), and decreased to 2.14 in the second year (a decrease of 0.11). In the 10–20 cm soil layer, the N/P ratio decreased significantly from 3.65 to 1.92 (a 1.73 decrease), and increased to 2.06 (+0.14) in the second year. In the 20–40 cm soil layer, the N/P ratio decreased from 2.30 to 1.76 (a 0.54 decrease), and increased to 1.94 (a 0.18 increase) in the second year. In the 40–60 cm soil layer, the N/P ratio decreased from 2.45 to 2.00 (a decrease of 0.45), and continued to decrease to 1.67 (a further decrease of 0.33) in the second year. In the 60–80 cm soil layer, the N/P ratio decreased from 2.28 to 1.93 (a decrease of 0.35), and continued to decrease to 1.77 (a further decrease of 0.16) in the second year. In the 80–100 cm soil layer, the N/P ratio decreased from 2.55 to 2.32 (a decrease of 0.23), and increased significantly to 3.60 (an increase of 1.28) in the second year.
3.3 Correlation of Pennisetum giganteum planting years with soil C, N, P and their stoichiometric ratios
3.3.1 Correlation between planting years of Naiman Banner Pennisetum giganteum and soil C, N, P and their stoichiometric ratios
Figure 5 illustrates that there is a positive correlation between the number of cultivation years and the contents of soil carbon (C), nitrogen (N), and phosphorus (P), with these correlations reaching statistical significance at various levels. This indicates that as the cultivation period of Pennisetum giganteum increases, the contents of C, N, and P in the soil also increase. The extensive root system of Pennisetum giganteum continuously grows and decomposes in the soil, supplying additional organic matter that promotes the accumulation of soil nutrients, thereby progressively enhancing the contents of C, N, and P. The relationship between the C/N ratio and cultivation age is more complex. In some cases, the C/N ratio initially increases and then decreases, reflecting that during the early stages of cultivation, the growth of Pennisetum giganteum leads to a relative accumulation of C in the soil, which elevates the C/N ratio; however, as cultivation years increase, enhanced microbial decomposition of C or a faster rate of N accumulation causes the C/N ratio to decline. In contrast, the C/P and N/P ratios exhibit a negative correlation with cultivation years. This suggests that as the years of cultivation increase, the relative proportions of C to P and N to P in the soil undergo continuous changes, with either an increase in the relative content of P or a decrease in the relative contents of C and N. This may be due to shifts in the absorption and utilization patterns of P by Pennisetum giganteum over time, or alterations in the release and migration processes of P in the soil, ultimately leading to decreases in both the C/P and N/P ratios.
[image: Correlation matrix displaying the relationships between different variables labeled CK-C, YK-C, EK-C, and others. Circles indicate correlation strength, with color ranging from teal to orange. Significance levels are marked by asterisks: * for p ≤ 0.05, ** for p ≤ 0.01, and *** for p ≤ 0.001. A color bar on the right ranges from -1 to 1.]FIGURE 5 | Correlation of Naiman Banner Pennisetum giganteum planting years-soil depth-soil C, N, P and their stoichiometric ratios.3.3.2 Correlation between Tumd Left Banner Pennisetum giganteum planting years and soil C, N, P and their stoichiometric ratios
It can be seen from Figure 6 that there is an extremely significant positive correlation between the duration of cultivation and soil C content (p ≤ 0.001). As the cultivation period increases, the soil C content rises, indicating that the cultivation of Pennisetum giganteum has a marked facilitative effect on soil C accumulation. For instance, in the 0–10 cm soil layer, the C content increased from 1.54 ± 0.01 g/kg before cultivation (CK) to 1.98 ± 0.04 g/kg after the second-year harvest (EK). This increase is attributed to the continuous input of organic substances into the soil via root exudates and plant residues from Pennisetum giganteum, which are decomposed and transformed by microorganisms, thereby enhancing the soil’s C reserves. Furthermore, there is a significant positive correlation between the cultivation period and soil N content (*p ≤ 0.01, p ≤ 0.05). The longer Pennisetum giganteum is grown, the higher the soil N content becomes. For example, in the 0–10 cm soil layer, the soil N content increased from 1.04 ± 0.06 g/kg in the CK stage to 2.57 ± 0.04 g/kg in the EK stage. This increase may be due to the nitrogen-fixing ability of Pennisetum giganteum and its capacity to improve the soil environment, thereby promoting the activity of nitrogen-fixing microorganisms in the soil. Additionally, there is a positive correlation between the duration of cultivation and soil P content (p ≤ 0.05). With the passage of time, the soil P content gradually increases. For instance, in the 0–10 cm soil layer, the soil P content rose from 0.64 ± 0.06 g/kg in the CK stage to 1.95 ± 0.66 g/kg in the EK stage. This is because Pennisetum giganteum absorbs and accumulates P during its growth, and after its death and decomposition, the P is returned to the soil, thereby enhancing the soil P content.
[image: Correlation heatmap displaying various factor pairings labeled CK, YK, and EK with subgroups -C, -N, -P, -C:N, -C:P, -N:P. Correlation strength is indicated by circle size and color, ranging from teal to orange with significance levels marked by asterisks. A color scale on the right shows correlation values from negative one to one.]FIGURE 6 | Tumd Left Banner Pennisetum giganteum planting years-soil depth-soil C, N, P and their stoichiometric correlations.The planting duration is significantly negatively correlated with the C/N ratio (p ≤ 0.05). As the planting duration increases, the C/N ratio decreases, indicating that the accumulation rate of nitrogen in the soil is relatively faster than that of organic carbon, thereby enhancing the decomposition of soil organic matter. For example, in the 0–10 cm soil layer, the C/N ratio declined from 1.48 before planting to 0.77 after the second-year harvest, demonstrating that the cultivation of Pennisetum giganteum improved the nitrogen supply in the soil. This improvement favorably facilitates microbial decomposition and transformation of organic matter, thereby increasing the effectiveness of soil nutrients.
Additionally, the planting duration is extremely significantly negatively correlated with the C/P ratio (p ≤ 0.001). With increased planting time, the C/P ratio sharply decreases, indicating a relatively more pronounced accumulation of phosphorus in the soil compared to organic carbon. In the 10–20 cm soil layer, the C/P ratio dropped from 3.09 before planting to 1.12 after the second-year harvest, reflecting that the cultivation of Pennisetum giganteum markedly increased soil phosphorus content. This alteration in the relative proportions of carbon and phosphorus in the soil has important implications for the soil phosphorus cycle and plant phosphorus utilization.
Moreover, the planting duration is also significantly negatively correlated with the N/P ratio (*p ≤ 0.01). As the planting duration increases, the N/P ratio decreases, indicating a shift in the relative contents of nitrogen and phosphorus in the soil, with phosphorus accumulating at a faster rate than nitrogen. In the 20–40 cm soil layer, the N/P ratio declined from 2.53 before planting to 1.20 after the second-year harvest, thereby affecting the balance of nitrogen and phosphorus uptake by plants and ultimately influencing plant growth and the functioning of the soil ecosystem.
3.3.3 Correlation between planting years of Ulan Buh Desert Pennisetum giganteum and soil C, N, P and their stoichiometric ratios
As shown in Figure 7, soil carbon content is highly significantly and positively correlated with the duration of Pennisetum giganteum cultivation (p ≤ 0.001), indicating that soil carbon accumulates substantially as cultivation time increases. For example, the carbon content in the 0–10 cm soil layer increased from 0.87 ± 0.08 g/kg before planting to 1.58 ± 0.12 g/kg after the second harvest. Moreover, soil nitrogen content demonstrated a significant positive correlation with cultivation duration (p ≤ 0.01), suggesting that longer cultivation periods lead to greater nitrogen accumulation; for instance, nitrogen content in deeper soil layers gradually increased during the cultivation process. In contrast, soil phosphorus content showed a weak correlation with cultivation duration, with variations observed in the topsoil and at certain stages, yet overall the association remained tenuous—exemplified by fluctuations in topsoil phosphorus content across different cultivation stages and complex changes at greater depths.
[image: Correlation matrix showing relationships between different nutrient ratios, with color-coded circles indicating correlation strength and significance. Dark teal represents strong positive correlations, while dark orange indicates strong negative correlations. Significance levels are marked with stars: one star for p ≤ 0.05, two stars for p ≤ 0.01, and three stars for p ≤ 0.001.]FIGURE 7 | Correlation of Ulan Buh Desert Pennisetum giganteum planting years-soil depth-soil C, N, P and their stoichiometric ratios.The C/N ratio was significantly and positively correlated with cultivation duration (p ≤ 0.05), reflecting that as cultivation time increases, the rate of carbon accumulation in the soil exceeds that of nitrogen, thereby altering soil organic matter mineralization and nutrient cycling, with a general increase in the C/N ratio across different soil layers. The correlation between the C/P ratio and cultivation duration was complex; although no clear unified trend emerged, variations across different stages and soil depths were evident. This suggests that the capacity of soil microorganisms to mineralize organic matter and release phosphorus is influenced by the duration of cultivation, with responses varying across soil depths. Similarly, the N/P ratio exhibited a relatively complex correlation with cultivation duration, fluctuating across different soil layers, which indicates that the relative abundances of nitrogen and phosphorus in the soil are affected by cultivation duration, thereby altering the nutrient supply to plants and the conditions of growth limitation.
4 DISCUSSION
Studies on soil element dynamics have revealed that, following the cultivation of Pennisetum giganteum in the experimental areas of Naiman Banner, Tumd Left Banner, and Ulan Buh Desert, the overall contents of soil carbon (C), nitrogen (N), and phosphorus (P) tend to increase (Liu, 2019). This trend is primarily attributable to the well-developed root system of Pennisetum giganteum, whose root exudates and litter provide an abundant source of organic matter, thereby promoting the growth and activity of soil microorganisms and consequently accelerating the accumulation of soil nutrients (Zhou, 2019). In certain soil layers, nutrient content fluctuations observed after the second-year harvest may result from substantial nutrient uptake during the later growth stages of Pennisetum giganteum, as well as seasonal influences on soil microbial activity that alter the dynamic balance between nutrient release and immobilization (Yang, 2019).
Soil stoichiometric ratios reflect the relative proportions and interrelationships of elements in the soil and serve as critical indicators of soil ecosystem functions. In Naiman Banner, the C/N ratio in some soil layers initially increased and then decreased, while in others it continuously rose. This pattern suggests that the early stages of Pennisetum giganteum cultivation may have promoted the accumulation of soil organic matter, followed by an enhancement of decomposition processes in later stages; meanwhile, both the C/P and N/P ratios generally declined, indicating an enhanced mineralization of phosphorus by soil microorganisms and an increased availability of soil phosphorus (Bi, 2019). In Tumd Left Banner, the C/N and C/P ratios generally decreased, and the N/P ratio exhibited complex variations, reflecting that soil nutrient cycling was significantly influenced by the cultivation of Pennisetum giganteum, with the transformation relationships among C, N, and P changing over the years of cultivation (Mei, 2018). In the Ulan Buh Desert, the C/N ratio generally increased while the C/P and N/P ratios fluctuated, a pattern closely related to the unique soil texture and moisture conditions characteristic of desert regions. The cultivation of Pennisetum giganteum improved soil structure, thereby affecting the retention and release of soil nutrients (Wu, 2018).
Regional distribution differences have had a significant impact on the soil chemical stoichiometry under the cultivation of Pennisetum giganteum. Naiman Banner experiences a temperate semi-arid climate, Tumd Left Banner a temperate continental climate, and Ulan Buh Desert a temperate desert climate; these varying hydrological conditions directly affect the growth rate, biomass, and the structure and activity of soil microbial communities associated with Pennisetum giganteum (Huang, 2011). For instance, under the arid and low-precipitation conditions in Ulan Buh Desert, the growth of Pennisetum giganteum may rely more on deep soil moisture and nutrients, thereby exerting a greater influence on the chemical stoichiometry of deeper soil layers; in contrast, the relatively milder climatic conditions in Tumd Left Banner may be more conducive to soil microbial activity, promoting the transformation and cycling of soil nutrients (Song et al., 2023).
From the perspective of spatial distribution, as soil depth increases, soil nutrient content and stoichiometric ratios exhibit various trends. The surface soil is strongly influenced by the exudates and litter of Pennisetum giganteum roots, resulting in more dynamic nutrient changes and notable fluctuations in stoichiometric ratios; whereas the nutrient variations in deeper soils are relatively minor. However, in the long term, the extension of Pennisetum giganteum roots can gradually improve the quality of the deeper soil layers (Wang et al., 2023). This suggests that in ecological restoration practices, it is important to fully consider the characteristics of different soil layers and develop targeted planting and management strategies in order to achieve overall optimization of the soil ecosystem.
5 CONCLUSION
	(1) Pennisetum giganteum planting significantly increased soil nutrient content: Pennisetum giganteum planting significantly increased soil C, N and P content, especially in the surface soil (0–20 cm), nutrient accumulation was more significant. For example, Naiman Banner increased C from 1.41 g/kg to 2.06 g/kg, N from 1.47 g/kg to 1.74 g/kg, and P from 1.27 g/kg to 1.85 g/kg in the 0–10 cm soil layer.
	(2) The change of soil stoichiometric ratio reflects the dynamics of nutrient cycling: After Pennisetum giganteum was planted, the soil C/N, C/P and N/P changed significantly. The change of C/N ratio indicates that the decomposition rate of soil organic matter is accelerated, and the decrease of C/P ratio and N/P ratio indicates that the mineralization of phosphorus by soil microorganisms is enhanced, and the effectiveness of soil P is improved.
	(3) Regional differences significantly affected soil nutrient transformation: The climatic conditions and soil texture in different regions affected the growth of Pennisetum giganteum and the transformation of soil nutrients. The drought conditions of Ulan Buh Desert make Pennisetum giganteum more dependent on the nutrient absorption of deep soil, while the mild climate of Tumd Left Banner is more conducive to the activity of soil microorganisms and promotes the rapid transformation of nutrients.
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The Alpine Canyon Area of Southwest China represents a region of ecological and cultural significance, where multi-ethnic communities rely heavily on ecosystem services for sustenance, including food, water, and other vital resources. To systematically evaluate these dependencies, this study utilized multi-source datasets to quantify the spatiotemporal patterns of four key ecosystem services in the region: carbon sequestration food supply (FS), water yield (WY), and soil conservation (SR). Spearman correlation analysis, geographically weighted regression, and the geographic detector method were employed to analyze trade-offs and synergies among these ecosystem services and explore their driving mechanisms. The results indicated: (1) The four ecosystem services in the study area exhibited significant spatiotemporal heterogeneity. (2) During the study period, the synergies were observed between CS-WY, CS-SR, and WY-SR, highlighting a particularly strong synergy for WY-SR. Conversely, trade-offs were observed for CS-FS, FS-WY, and FS-SR, with the strongest trade-off occurring between food supply and water yield. (3) The trade-offs and synergies among ecosystem services in the region were significantly influenced by a combination of natural and socio-economic factors, with elevation, slope degree, temperature, and population density playing pivotal roles. Among all ecosystem services pairs, the interaction between elevation and other influencing factors represented the most critical driver combination. This study highlights the importance of ecosystem services in multi-ethnic regions, provides insights into ecosystem services trade-offs and synergies, and offers scientific support for regional ecological management.
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1 INTRODUCTION

Ecosystem services (ESs), derived from ecosystem structures, processes, and functions, bridge ecological and social systems, ensuring ecological security, human safety, and quality of life (Fu and Yu, 2016; Reid et al., 2005; Costanza et al., 1998). Addressing the challenge of meeting humanity’s growing demand for natural resources while maintaining fundamental ecosystem functions and resilience require an in-depth understanding of the complex relationships between ESs, understanding trade-offs - where enhancing one ESs diminish another - and synergies, where multiple ESs change concurrently (Tomscha and Gergel, 2016; Tomscha et al., 2016). Optimizing the management of conflicts between multiple objectives in ecosystem services management and alleviating trade-offs between ESs are essential for ensuring the diversification of ecosystem services and high-quality regional development (Cord et al., 2017).

According to the United Nations Millennium Ecosystem Assessment, most of the global ecosystem services have experienced degradation or unsustainable use over the past half-century, posing significant threats to regional and global ecological security (Pereira et al., 2024; Tomscha et al., 2016; Reid et al., 2005). To address challenges and conflicts arising from the impacts of ecosystem services on sustainable development, interdisciplinary research in geography, ecology, and economics have increasingly focused on ESs trade-offs and synergies (Boithias et al., 2014; Peng et al., 2017). Recent studies have employed diverse methodologies to explore ESs spatial-temporal patterns and capture trade-offs/synergies across diverse regions and scales (Wang et al., 2022; Yang et al., 2024). For instance, Shifaw et al. (2024) mapped the spatial-temporal distribution of four ESs (water production, carbon-fixation, habitat quality, and soil conservation) in the Upper Qing Nile River Basin in northwestern Ethiopia to evaluate the trade-offs and synergies. Similarly, Feng et al. (2021) utilized a Bayesian probability network to analyze trade-offs and synergies in the Beijing-Tianjin-Hebei region. These studies underscored the importance of understanding trade-offs and synergies in ESs for effective regional ecological management (Hao et al., 2023). Based on this, this study aims to examine these dynamics in ESs trade-offs/synergies and identify the underlying mechanisms driving these patterns, offering actionable insights to support sustainable ecological decision-making.

The Southwest Alpine Canyon are situated in southwestern China. Over 40 snow-capped mountains exceeding 6,000 m in elevation dominate the landscape, providing freshwater for China major rivers, such as the Yangtze and Pearl Rivers. Water vapor and river runoff influenced by the Qinghai-Tibet Plateau and the Himalayas (Li, 2010; Da-ming and Xuan-juan, 2001; Daming et al., 2004). It is also a multi-ethnic settlement area, where diverse ethnic groups have developed unique cultural, religious, and customary practices, fostering ecosystem protection through traditional beliefs like “nature worship” and sacred ancestral lands (Wang et al., 2019; Lin and Gui, 2024). Settlements are concentrated in lowland areas, where water and soil cultivation, combined with natural barriers, enhance production and living spaces (Guo et al., 2023). However, rapid economic development has led to significant anthropogenic interference, resulting in resource overconsumption and ecosystem degradation (Ramyar et al., 2020; Zhang et al., 2020). Despite its ecological and cultural significance, the region remains understudied, with previous research primarily focusing on low and medium altitude areas, which differ markedly from the alpine canyon environment. Systematic evaluations of ESs are urgently needed to understand their overall characteristics, complex interactions, and the mechanisms driving trade-offs and synergies. Addressing these gaps are critical for advancing regional research, enhancing ESs value, and informing sustainable management in this unique alpine canyon area.

The Southwest Alpine Canyon exhibit significant ecological vulnerability due to its complex geological landforms, which create intricate ecosystems with low stability, poor recovery capacity, and high sensitivity to external disturbances (Ding et al., 2021; Tan et al., 2024). Key ecological challenges include degradation from soil erosion, bedrock exposure, and stone desertification (Guo et al., 2023), making water yield and soil retention particularly crucial for ecosystem management (Yahdjian et al., 2015). These processes are further exacerbated by land use changes that affect carbon sequestration services (Hall et al., 2012) and alter food supply systems, ultimately impacting regional governance and the livelihoods of ethnic minority communities dependent on these ecosystems. Based on the above, this study utilized multi-source datasets in the Southwest Alpine Canyon Area to analyze ESs. (1) The InVEST model was employed to evaluate four key ESs: carbon sequestration (CS), food supply (FS), water yield (WY), and soil conservation (SR). (2) Spearman correlation analysis and geographically weighted regression were used to reveal trade-offs, synergies, and spatial heterogeneity among these ESs. (3) The geographic detector model was applied to explore the mechanisms driving variations in ESs trade-offs and synergies. Our findings provide valuable insights for rational land use, ecological management, and the formulation of targeted strategies to ensure ecological safety in ethnic minority areas, offering guidance for the sustainable utilization of alpine canyon resources.



2 STUDY AREA AND DATA


2.1 Study area

The Southwest Alpine Canyon Area, located in southwestern China (Figure 1), spans geographic coordinates from 24°56′N−33°09′N latitude and 91°24′E−104°15′E longitude. It encompasses three major topographic steps of China: The Transverse Mountains on the first topographic step, the Sichuan Basin on the second topographic step, and the plains in the middle and lower reaches of the Yangtze River on the third topographic step (Wang et al., 2019). The region exhibits a complex geological structure shaped by extensive tectonic movements, with landscapes ranging from mountains, hills, and plateaus to basins, canyons, river valleys, and dams, characterized by significant elevation variations (Li, 2010). The climate is diverse and vertically stratified, encompassing subtropical, temperate and cool-temperate (Lin and Gui, 2024). The water system is dense, with major rivers such as the Yarlung Zangbo, Lancang, and Jinsha Rivers flowing from northwest to southeast, forming extensive river networks (Daming et al., 2004). The region is home to a wide distribution of ethnic minorities, with nearly 30 groups, including the Yi, Pumi, Lisu, Hani, Lahu, Tibetan, and Hui, accounting for approximately 80% of the total population. This cultural diversity adds to the socio-environmental complexity of the area.


[image: Map showing elevation and alpine canyon areas in Southeast Tibet, Yunnan, and Sichuan regions. Areas are color-coded from blue (high elevation, 8589 meters) to red (low elevation, -484 meters). Cities such as Lhasa, Chengdu, and Kunming are marked. Inset shows the location of the regions within Tibet, Sichuan, and Yunnan.]


FIGURE 1 | 
Location of the study area.



2.2 Data sources

Estimation of ESs relies on multi-source datasets (Table 1). Spatial data were primarily sourced from public databases, with additional data derived using conversion tools and formulas. Land use data for 2002, 2012, and 2022, with a spatial resolution of 30 m × 30 m, were obtained from the CLCD dataset, updated by Prof. Jie Yang and Xin Huang of Wuhan University. The dataset includes land use types such as cropland, forests, shrubs, grasslands, watersheds, snow and ice, bare ground, impervious surfaces, and wetlands (Figure 2). Meteorological data (temperature, precipitation, and evapotranspiration) were acquired from the National Earth System Science Data Center at a 1 km resolution. Elevation data, derived from a DEM, were sourced from the Geospatial Data Cloud Platform at a 30 m resolution. Plant-available water content data were obtained from the World Soil Database, jointly developed by the Food and Agriculture Organization (FAO) and the International Institute for Applied Systems Analysis (IIASA). Vegetation cover data, with a resolution of 250 m, were downloaded from the Earth Resources Data Cloud Platform. Soil data were extracted from the Harmonized World Soil Database (HWSD), with soil erodibility calculated from soil texture using the EPIC model. Socio-economic data, including population density, GDP, and primary, secondary, and tertiary industry data, were sourced from the China County Statistical Yearbook of the National Bureau of Statistics.


TABLE 1 | Data required for the InVEST model.




	Data requirements
	Data sources





	Land use
	
https://zenodo.org/




	DEM
	
https://www.gscloud.cn/




	Temperature, precipitation, evapotranspiration
	
https://www.geodata.cn/data/




	Plant Available Water Content
	
https://www.fao.org/soils-portal/data-hub/




	Fractional Vegetation Cover
	
http://www.gis5g.com/




	Harmonized World Soil Database
	
https://gaez.fao.org/pages/hwsd




	Population density, GDP, primary sector, secondary sector, tertiary sector
	
https://www.stats.gov.cn/










[image: Three maps depict land use changes in a region for the years 2002, 2012, and 2022. In each, various land types are color-coded: cropland, forest, shrub, grassland, water, snow/ice, barren, impervious surfaces, and wetland. Over time, areas of cropland and impervious surfaces appear to increase, while forest and shrubland fluctuate. The legend indicates color codes, and a north arrow and scale bar are also included.]


FIGURE 2 | 
Land use in the Southwest Alpine Canyon, (a) 2002; (b) 2012; (c) 2022.



2.3 Methods


2.3.1 Quantification of ecosystem services

The assessment methodology employs the InVEST model, a spatially explicit tool developed by Stanford University and collaborators to evaluate how ecosystem changes influence the provision of benefits to human societies. Based on a production function approach, the InVEST model quantifies ecosystem services and supports decision-making in natural resource management by identifying priority areas for investment to enhance both human wellbeing and ecological sustainability. The specific assessment procedures and computational frameworks for four key ecosystem services, carbon sequestration, food supply, water yield, and soil conservation, are detailed in Table 2.


TABLE 2 | Methods for evaluating ecosystem services.




	Ecosystem services
	Principles and methods
	Calculation process





	Carbon sequestration
	Carbon Storage and Sequestration module of the InVEST model: summarizing the amount of carbon stored based on the land use data provided. The amount of carbon stored in the study area depends strongly on the size of four carbon reservoirs: above-ground biomass, underground biomass, soil and dead organic matter
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	Food supply
	InVEST model Crop Production module: based on regression models. Crop production regression models can provide yield estimates for a given fertilizer input (Mueller et al., 2016) 
	



	Water yield
	The InVEST model Annual Water Yield module: runs on a rasterized map and evaluates the amount of water in each sub-basin of a given watershed (Donohue et al., 2012)
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Where, AET (x) is the annual actual evapotranspiration of the x grid and P (x) is the annual precipitation of the x grid



	Soil conservation
	InVEST model Sediment Delivery Ratio module: it can overcome the limitations of traditional soil erosion models, analyze the soil loss and sediment output of each land use type. Quantifying the amount of sediment in rivers, reservoirs and other water bodies, thus enabling the characterization of hydrological connectivity in watersheds
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Where, SR is the annual soil conservation (t/hm2), RKLS is the maximum possible soil loss (t/hm2), USLE is the actual soil loss (t/hm2)










2.3.2 Correlation analysis

Correlation analysis can effectively reflect the direction and intensity of ESs trade-offs and synergies (Agudelo et al., 2020). Spearman correlation analysis was used to quantify variation and relationships between ESs trade-offs and synergies on the three temporal scales in 2002, 2012, and 2022. Positive correlations between ESs correspond to synergies, and negative correlations correspond to trade-offs. The formula was as follows:
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 denote the Spearman’s correlation coefficient applied to the rank order of the original variables.



2.3.3 Geographically weighted regression (GWR) model

While correlation analysis offers a general understanding of overall trade-offs and synergies, it fails to capture the spatial heterogeneity of these effects. The GWR model, a robust spatial data analysis method, addresses this limitation by accounting for the heterogeneity and non-stationarity of spatial data, surpassing traditional regression models (Kupfer and Farris, 2007). To gain deeper insights into the spatial distribution of trade-offs and synergies among ESs, the GWR model was employed to reveal their spatial variations. The calculation formula was as follows:
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In the formula, 
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 is the regression coefficient, K is the ordinal number of the independent variable, P is the number of the independent variable, and β > 0 is the positive correlation between explanatory and independent variables, and vice versa for the negative correlation. 
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 is a random disturbance term.



2.3.4 Geographic detector model

Geographic detector is a new statistical method for revealing the underlying mechanism driving it. Its q-statistics, which detect explanatory factors, and analyze interactions between variables, have been widely applied across natural and social sciences (Zhao et al., 2020). In this study, factor detection within the geographic detector framework was employed to explore the influence of individual factors on trade-offs and synergies among ESs, while interaction detection was used to further elucidate the interplay among these driving factors.

Factor detection quantifies the extent to which a single driver explains spatial divergence in ESs trade-offs and synergies, measured using the q-value metric. The formula was calculated as follows:
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where q is the effect of the driving factor on ESs trade-offs and synergies. K = 1, … , n is the classification of this influencing factor. NK and N are the number of cells in the sub-region and the whole region, respectively. σ2
K and σ2 are the variance in the Y-values in the sub-region and the whole region, respectively.

Interaction detection was conducted to assess the relationships among different factors, specifically whether their combined interactions enhance or diminish the explanatory power of trade-offs and synergies among ESs, or whether their effects operate independently. The following five types of relationships were included:

If q(A∩B)<Min(q(A), q(B)), the two factors are nonlinearly weakened.

If Min(q(A), q(B))<q(A∩B)<Max(q(A), q(B)), the one-factor nonlinearity is weakened.

If q(A∩B)>Max(q(A), q(B)), then the two factors are enhanced.

If q(A∩B) = q(A)+q(B), the two factors are independent of each other.

If q(A∩B)>q(A)+q(B), then the two factors are nonlinearly enhanced.

Building on the primary factors identified in previous studies as drivers of variation in ESs trade-offs and synergies, and considering the distinctive landscape patterns of the Southwest Alpine Canyon Area, 12 influencing factors, encompassing both natural and socio-economic dimensions, were selected for analysis (Table 3).


TABLE 3 | Factors affecting ESs trade-offs and synergies.




	Type
	Nature
	Socio-economic





	Driving factors
	Elevations
	Population density



	Precipitation
	GDP



	Evapotranspiration
	primary industry



	Temperature
	secondary industry



	Slope degree
	tertiary industry



	Slope aspect
	



	Forest vegetation cover
	












3 RESULTS


3.1 Spatial and temporal patterns of ecosystem services

The four ESs of CS, FS, WY, and SR in study area exhibit distinct spatial distribution patterns (Figure 3). During the study period, low-value areas of CS were predominantly concentrated in the high-altitude alpine canyon regions of southeastern Tibet and the alpine canyon areas of eastern Tibet-western Sichuan (Figure 1). High-value areas of FS were mainly located in the southern part of the study area, particularly in the high mountain canyon regions of southeastern Yunnan-southwestern Sichuan. WY exhibited high-value areas primarily in the high-altitude alpine canyon region of southeastern Tibet, while SR high-value areas were concentrated along the edges of the high-altitude alpine canyon region in southeastern Tibet and the alpine canyon region of northwestern Yunnan. Severe soil erosion and low soil conservation efficiency are prevalent in this region. High-value areas of soil retention and water yield were primarily located in the forested regions of the southern high-altitude alpine canyon area in southeastern Tibet, where extensive vegetation coverage, effective artificial protection measures, and high water and soil retention capacities prevail. These areas experience minimal human interference and exhibit elevated levels of ESs. In contrast, low-value zones were mainly found in the high mountain canyon regions of northern Yunnan-southwestern Sichuan and northwestern Yunnan, where intensive human activities have reduced naturalness and ESs levels. Arable lands in the high mountain valley areas of northern Yunnan-western Sichuan and northwestern Yunnan were significantly influenced by anthropogenic activities, leading to enhanced crop production capacity. The study area exhibited superior carbon storage services due to the widespread distribution of forest, which enhance carbon sequestration capabilities. Conversely, low-value areas of carbon storage were primarily located in the ice and snow-covered regions of the western part of the study area.


[image: Three panels display maps of a region from 2002, 2012, and 2022. Each row represents different data types: CS (top row, green), FS (second row, red), WY (third row, blue), and SR (bottom row, orange). Each map includes distinct metrics and gradients indicating various data levels, with color scales and units provided for each type. A compass and scale bar indicating 150 miles are at the top.]


FIGURE 3 | 
Spatial and temporal characteristics of ESs in the Southwest Alpine Canyon Area listed left to right as follows: (a) 2002, (b) 2012 and (c) 2022, and from top to bottom: CS, carbon sequestration; FS, food supply; WY, water yield; SR, soil conservation.

From 2002 to 2022, the degree of change in ESs is illustrated in Figure 4, with distinct patterns observed across different services. Carbon sequestration initially decreased and then increased, while both water yield and soil conservation showed a declining trend, with more pronounced changes in water production. Among all ESs, food supply demonstrated the most significant increase, showing a continuous upward trend. For the periods 2002–2012 and 2012–2022, water yield decreased by 1.14% and 6.75%, respectively, while soil conservation decreased by 1.72% and 1.63%, respectively. In contrast, food supply experienced an overall improvement, increasing by 8.46% and 10.04% during the same periods. Carbon sequestration decreased by 0.11% from 2002 to 2012 but showed a slight increase of 0.25% from 2012 to 2022.


[image: Bar chart depicting ecosystem service change percentages from 2002 to 2012, 2012 to 2022, and 2002 to 2022 across four categories: CS, FS, WY, and SR. FS shows significant positive change, while WY shows a negative trend.]


FIGURE 4 | 
Changes in ESs in the southwestern alpine canyon area, 2002–2022. Note: CS, carbon sequestration; FS, food supply; WY, water yield; SR, soil conservation.



3.2 Ecosystem services trade-offs and synergies


3.2.1 Trade-offs and synergies between ecosystem services

From 2002 to 2022, the study identified trade-offs and synergistic relationships among four ecosystem services: CS, FS, WY, and SR (Figure 5). Six pairs of relationships were found, revealing significant synergistic effects for CS-WY, CS-SR, and WY-SR, highlighting a particularly strong synergy for WY-SR. Conversely, trade-off effects were observed for CS-FS, FS-WY, and FS-SR, with FS consistently exhibiting trade-offs with other ESs. The most pronounced trade-off was between FS and WY. Over the three time periods, the trade-offs between FS-WY and FS-SR initially intensified and subsequently weakened. The weakest trade-offs were recorded in 2002 (−0.44 and −0.38, respectively), while the strongest trade-offs occurred in 2012 (−0.66 and −0.56, respectively).


[image: Three annotated heatmaps from 2002, 2012, and 2022 compare trade-offs and synergies among variables CS, FS, WY, and SR. Each grid shows correlation values with varying circle sizes and colors. Negative correlations are in darker blue, positive in lighter shades. Statistical significance is noted with an asterisk for p-values less than or equal to 0.001.]


FIGURE 5 | 
Trade-offs and synergies among ESs in the southwestern alpine canyon area: spearman correlation between different ecosystem services, in (a) 2002, (b) 2012, and (c) 2022. (Green indicate trade-offs, purple indicate synergies and the size of the circle indicate the strength of the correlation) Note: CS, carbon sequestration; FS, food supply; WY, water yield; SR, soil conservation.



3.2.2 Spatial heterogeneity in ecosystem services trade-offs and synergies

The study revealed significant spatial heterogeneity of trade-offs and synergies among ecosystem services (Figure 6). The spatial synergies of between FS and WY as well as between FS and SR exhibited a broad distribution, predominantly concentrated in the high-altitude alpine canyon regions of southeastern Tibet and the alpine canyon areas of eastern Tibet-western Sichuan within the western part of the study area (Figure 1). Conversely, the spatial trade-offs of between WY and SR were widely distributed across most regions in study area, excluding the northern edge of the study area, with particularly pronounced strong trade-offs observed in the alpine canyon regions of northern Yunnan-southwestern Sichuan and northwestern Yunnan. Furthermore, during the study period, a pronounced increasing trend in the spatial strong trade-offs between CS and WY, as well as between WY and SR, was consistently observed over time.


[image: Maps display spatial trade-offs and synergies over three years: 2002, 2012, and 2022. Each year has six separate maps labeled CS-FS, CS-WY, CS-SR, FS-WY, FS-SR, and WY-SR. The maps use color coding to indicate levels of trade-off (red to light colors) and synergy (dark blue to light colors) with a scale from high to low. The maps show regional variations across similar geographical boundaries. A north arrow and a 50-mile scale are included.]


FIGURE 6 | 
Spatial patterns of trade-offs and synergies among ESs in the Southwest Alpine Canyon Area from top to bottom: (a) 2002, (b) 2012 and (c) 2022. Note: CS-FS, carbon sequestration and food supply; CS-WY, carbon sequestration and water yield; CS-SR, carbon sequestration and soil conservation; FS-WY, food supply and water yield; FS-SR, food supply and soil conservation; WY-SR, water yield and soil conservation.




3.3 Mechanisms driving ecosystem services trade-offs and synergies


3.3.1 Explanatory power of natural factors and socio-economic factors

The study assessed the explanatory power of drivers affecting trade-offs and synergies among ecosystem services, and used q-statistic to identify dominant drivers (Figure 7). In 2002, elevation was the primary driver for the vast majority ESs trade-offs and synergistic pairs, while slope degree dominated CS-SR. Temperature ranked second for CS-FS and WY-SR. GDP was the second most influential factor for CS-WY, and population density was the second most important for FS-WY and FS-SR. In 2012, elevation remained the primary factor for CS-FS, while temperature emerged as the dominant driver for CS-WY and WY-SR. Slope degree continued to lead CS-SR, and population density became the primary factor for FS-WY and FS-SR. In 2022, elevation retained its dominance for most ESs trade-offs and synergistic pairs. Secondary industry became the primary factor for CS-SR, and temperature was the most influential for WY-SR. Temperature ranked second for CS-FS, population density was the second most important for CS-WY, FS-WY, and FS-SR, slope degree was the second most significant for CS-SR, and elevation was the second most important for WY-SR.


[image: Three heatmaps labeled (a) 2002 Factor detector, (b) 2012 Factor detector, and (c) 2022 Factor detector display the relationship between driving factors and paired ecosystem services. Each heatmap includes color gradients representing q-values ranging from 0.0080 to about 0.6860. Rows indicate paired ecosystem services, such as CS-FS, CS-WY, FS-WY, against columns of driving factors like Elevations, Precipitation, Evapotranspiration, etc. The color key on each map illustrates the q-value gradient from light to dark, indicating variation in factor detection over the years.]


FIGURE 7 | 
Factor detection results revealing the effects of factors on trade-offs and synergies between ESs. From top to bottom, respectively: (a) 2002 Factor detector, (b) 2012 Factor detector and (c) 2022 Factor detector. Note: CS-FS, carbon sequestration and food supply; CS-WY, carbon sequestration and water yield; CS-SR, carbon sequestration and soil conservation; FS-WY, food supply and water yield; FS-SR, food supply and soil conservation; WY-SR, water yield and soil conservation.

In summary, elevation consistently drove CS-FS dynamics, other ESs pairs exhibited temporal shifts in dominant factors, such as slope degree (2002–2012) and secondary industry (2022) for CS-SR. Furthermore, the trade-offs and synergies among ESs in the region are significantly influenced by a combination of natural and socio-economic factors, with elevation, slope degree, temperature, and population density playing pivotal roles.



3.3.2 Combination of interactions between natural factors and socio-economic factors

The results showed that the interactions between any two factors significantly enhanced explanatory power (Figure 8). During the study period, FS-WY and FS-SR interactions exhibited the highest sensitivity. In 2002, the interactions between elevation and slope degree, forest vegetation cover, tertiary industry exhibited the strongest explanatory power for CS-FS. For CS-WY, the interaction between slope degree and elevation, secondary industry, had significant influence. Forest vegetation cover and slope degree dominated CS-SR. The interactions between elevation and precipitation, evapotranspiration, and forest vegetation cover were the primary driver combinations for FS-WY and FS-SR. Regarding WY-SR, the interaction between temperature and primary industry, tertiary industry was the most significant explanatory power. In 2012, elevation and slope degree, primary industry, and tertiary industry were the main interaction combinations for CS-FS. For CS-WY, slope degree and elevation, GDP and evapotranspiration, and temperature and precipitation were the primary combinations of explanatory power. Tertiary industry and slope degree exerted the most significant influence on CS-SR, while the interactions between elevation and population density, primary industry had the largest effect on FS-WY and FS-SR. The interactions between temperature and evapotranspiration, slope degree, primary industry, and tertiary industry were the primary driver combinations for WY-SR. In 2022, secondary industry and elevation were the most significant for CS-FS and CS-WY. Primary industry and elevation dominated CS-SR. The interaction between elevation and other factors constitutes the primary driver combination for FS-WY and FS-SR. Primary industry and temperature were the most influential for WY-SR.


[image: Three panels comparing interaction detectors for 2002, 2012, and 2022 using heatmaps. Each panel depicts heatmaps for combinations of driving factors like elevation, precipitation, and GDP along vertical and horizontal axes. The heatmap color intensity represents q values, measuring interactions, with scales provided for each year on the right.]


FIGURE 8 | 
Interaction detection results of factors driving trade-offs and synergies between ESs from top to bottom: (a) 2002 Interaction detector, (b) 2012 Interaction detector and (c) 2022 Interaction detector. Note: CS-FS, carbon sequestration and food supply; CS-WY, carbon sequestration and water yield; CS-SR, carbon sequestration and soil conservation; FS-WY, food supply and water yield; FS-SR, food supply and soil conservation; WY-SR, water yield and soil conservation.

In summary, interactions were primarily characterized by two-factor enhancement or nonlinear enhancement, with no independent effects. In all ESs pairs, the interaction between elevation and other influencing factors represents the most critical driver combination.





4 DISCUSSION


4.1 Ecosystem services in alpine canyon areas of Southwest China

Human survival is fundamentally dependent on the continuous provision of ecosystem services, and this dependence intensifies over time (Bennett et al., 2009). In the alpine canyon area of southwest China, carbon sequestration services provide the most significant ESs benefits. Areas with high carbon sequestration capacity are predominantly located in mountainous and hilly regions, where extensive natural and semi-natural forest landscapes serve as critical carbon sinks (Shen et al., 2020). Furthermore, the region’s high elevation and rugged terrain enhance humid airflow, resulting in abundant precipitation, while the elevated altitude reduces evaporation rates (Tan et al., 2024). These topographic and climatic characteristics collectively enhance the carbon sequestration potential and protective capacity of the Southwest Alpine Canyon. However, soil conservation and water yield services in this region have exhibited a decline, undermining their ecological functions (Aneseyee et al., 2020). Previous studies have indicated that water yield and soil conservation services tend to diminish when the forest area ratio exceeds a certain threshold (Pergams and Zaradic, 2008). To meet growing service demands, ecosystems are often transformed, either by reducing natural ecosystem areas or intensifying human energy inputs (Zhou et al., 2022). For instance, converting mountains and slopes for crop cultivation increases food supply but exacerbates soil erosion. Similarly, deforestation for agricultural expansion boosts food production but reduces biodiversity, water production, and soil retention capacity. To address these challenges, ecological protection must be prioritized during development, ensuring a balance between progress and conservation.



4.2 Dynamics of ecosystem service trade-offs and synergies

The relationships between ESs in the study area have changed over time. These changes are characterized by trade-offs and synergies, influenced by the diversity of ESs types, their uneven spatial distribution, and selective human utilization (Wang et al., 2024). These interactions are inherently complex (Schirpke et al., 2019), necessitating systematic analysis to clarify their dynamics and optimize ecosystem structure. In this study, trade-offs were observed between food supply and carbon sequestration, water yield, and soil conservation, consistent with findings from other regions. For instance, Raudsepp-Hearne and Peterson (2016) highlighted the importance of scale in ESs evaluation in the Richelieu and Yamaska basins of Canada, while Hao et al. (2023) identified similar trade-offs in the Qiantang River Basin in southeastern China. Additionally, significant synergies were observed for CS-WY, CS-SR, and WY-SR. These findings align with studies in the Beijing-Tianjin-Hebei region (Feng et al., 2021) and the Nile River Basin (Shifaw et al., 2024), which also reported synergies between CS, SR, and WY. The spatial heterogeneity of ESs trade-offs and synergies further underscores their complexity. For example, in the eastern part of the study area where precipitation is abundant, precipitation enhances wind erosion resistance and carbon fixation by regulating soil moisture and increasing vegetation coverage, fostering synergies between water production and carbon fixation services (Abera et al., 2021). However, arid and semi-arid areas in the western part of the study area, increased precipitation and soil moisture elevate evaporation rates, reducing surface temperatures and limiting vegetation photosynthesis in high-altitude cold areas (Xu et al., 2017; Tallis et al., 2008), resulting in a trade-off between water production and carbon fixation services. Understanding these dynamics provide a scientific foundation for regional land planning, biodiversity conservation, and ecological compensation.



4.3 Factors influencing ecosystem services trade-offs and synergies

The study explore the intrinsic mechanisms underlying changes in ESs trade-offs and synergies, and identify the natural and socio-economic factors influencing ESs trade-offs and synergies (Li et al., 2022; Liang et al., 2024; Yang et al., 2024). The results reveal that the trade-offs and synergies among ESs in the region are significantly influenced by a combination of natural and socio-economic factors, with elevation, slope degree, temperature, and population density playing pivotal roles. These factors are intricately interconnected, shaping the dynamics of ESs interactions in the region. Notably, in all ESs pairs, the interaction between elevation and other influencing factors represent the most critical driver combination. Mountainous areas, characterized by more complex topographic conditions than plains (Li et al., 2013), the effect of elevation is amplified by carrying greater elevation change per unit of horizontal distance and by the mountain range orientation interfering with atmospheric circulation. Widely varying elevation differences are common in the study area, leading to reorganization of hydrothermal conditions that directly determine vegetation types, soil development, and species distribution (Wang and Dai, 2020). These findings corroborate the conclusion that elevation are primary drivers of ESs trade-offs and synergies. Population density and GDP significantly explained ESs interactions, underscoring the regulatory role of human activities. Furthermore, the results indicate that two-factor enhancement and nonlinear enhancement dominated, emphasizing the critical role of factor interactions in shaping ESs dynamics (Bennett et al., 2009).



4.4 Sustainable development and research prospects

Ethnic minority communities in Southwest China have long inhabited the high-altitude alpine canyon areas, where limited production and construction land coexist with fragile ecosystems. These communities have accumulated substantial ecological wisdom, integrated into their traditional culture, which is crucial for the region’s sustainable development. This study conducted an in-depth analysis of ESs trade-offs and synergies in the alpine canyon, elucidating the mechanisms by which natural and human factors interact to shape ESs dynamics. This approach addresses the limitations of quantitative analyses in highly vulnerable and complex ecosystems, providing novel insights into ESs research in alpine canyons. By emphasizing the importance of individual factors and their interactions, as well as analyzing the spatial heterogeneity of ESs trade-offs and synergies, establishing development and protection priorities can inform optimal land use planning and policy measures. These measures support sustainable development, environmental protection, and regional planning in the Alpine Canyon area. Furthermore, this study offers scientific and technological support for ecological civilization policies and economic development in ethnic minority gathering areas of the China Southwest Alpine Canyon.




5 CONCLUSION

This study, utilizing multi-source datasets from the Southwest Alpine Canyon Area, quantitatively evaluate the spatiotemporal dynamics of key ESs - including carbon sequestration, food supply, water yield, and soil conservation - from 2002 to 2022. The trade-offs and synergies among ESs were quantified, and their spatial heterogeneity was systematically analyzed. Furthermore, the primary driving factors of ESs trade-offs and synergies, as well as the explanatory power of interactions among these factors, were identified. For the whole study area, carbon sequestration initially decreased and then increased. Water yield and soil conservation generally declined, with water yield showing more significant changes. Among all services, food supply exhibited the most significant increase, continuing to rise over the study period. A trade-off was observed between food supply and other ESs, with the most pronounced trade-off occurring between food supply and water yield. Spatially, this trade-off was predominantly distributed in the environmentally favorable alpine canyon regions of North Yunnan-Southwest Sichuan and Northwest Yunnan. In all ESs pairs, the interaction between elevation and other influencing factors represent the most critical driver combination. The trade-offs and synergies among ESs in the region are significantly influenced by a combination of natural and socio-economic factors, with elevation, slope degree, temperature, and population density playing pivotal roles. These factors are intricately interconnected, shaping the dynamics of ESs interactions in the region. These findings provide both valuable insights and theoretical foundations for the scientific management of ESs in the Southwest Alpine Canyon Area. By analyzing the trade-offs and synergies among ESs, this research identifies strategies to optimize resource utilization intensity, thereby reducing the vulnerability of both the environment and society to emergencies. Additionally, the study offers practical value for land use management in multi-ethnic gathering areas, as well as for enhancing ecological construction and environmental protection in key watersheds within the region.
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The process of mining is invariably associated with ecological and environmental challenges within the mining region, making ecological restoration efforts in these areas especially crucial. Bryophytes, acting as key pioneer species, exhibit distinctive advantages and potential for application in the ecological restoration of mining sites. This study offered a concise overview of the fundamental traits of bryophytes, as well as their classification and distribution in mining regions across China using literature synthesis and field surveys. It primarily explored the role bryophytes played in the ecological restoration of such areas, the selection of appropriate bryophyte species, and cultivation techniques through systematic analysis. Additionally, the case studies of bryophytes’ applications in ecological restoration within mining regions were analyzed. Results indicated that bryophytes in China’s mining areas were diverse and widely distributed. Notably, bryophytes contributed to soil improvement, vegetation recovery, and the monitoring and indication of heavy metal pollution, with most demonstrating a robust tolerance to these contaminants. Future research should focus on screening suitable bryophytes, refining cultivation methods, and investigating their interactions with soil microorganisms.
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1 INTRODUCTION
Mining activities have significantly contributed to the economic development of mining regions and adjacent areas, but the detrimental impacts on the ecological environment cannot be underestimated. Prolonged mineral extraction has led to the destruction of surface vegetation, exacserbating soil erosion and degradation (Figure 1). These processes have reduced soil fertility and hinder vegetation recovery and growth (Chen et al., 2023). Furthermore, waste residues and effluents generated during mining operations have caused severe contamination of soil and water resources, posing threats to both the local ecosystem and public health (Feng et al., 2025). The resulting environmental degradation has also triggered a decline in biodiversity, disrupted ecological equilibrium, and destabilized the broader ecosystem (Chen et al., 2023). To mitigate these challenges, ecological restoration in mining areas is imperative. Effective strategies include vegetation rehabilitation, soil amelioration, water resource conservation, and heavy metal pollution remediation. These measures enhance environmental quality, conserve biodiversity, create sustainable economic opportunities, and ultimately advance the goals of ecological civilization and long-term sustainability (Feng et al., 2025). Given the severe ecological damage caused by mining activities, exploring effective ecological restoration strategies is imperative. Among these strategies, bryophytes offer unique advantages and potential, as detailed in the following sections.
[image: Diagram illustrating the environmental impacts of mining activity. At the center, an excavator represents mining. Arrows indicate effects: direct destruction leads to soil erosion, mine pits/tailings, and groundwater damage. Pollution diffusion causes water, soil, and air pollution. Biodiversity loss results in habitat fragmentation, extinction, and food chain disruption.]FIGURE 1 | Impacts of mining activities on the ecological environment.Bryophytes act as pioneer species in ecological restoration, contributing to soil improvement and vegetation recovery through strong adaptability and tolerance to harsh environments. Although bryophytes possess a simple structure without true roots, stems, or leaves, these organisms thrive in harsh environments and are therefore regarded as pioneer species in vegetation restoration. Bryophytes demonstrate extraordinary vitality, capable of surviving in extreme environments such as barrenness, drought, and acidity. Additionally, these plants exhibit excellent soil-binding and water-retaining abilities, which effectively control soil erosion and improve soil structure (Cao et al., 2020). Unlike conventional methods (e.g., vascular plant seeding, chemical stabilization), bryophytes establish on degraded slopes without soil replacement/amendment, reducing long-term maintenance costs through minimized reseeding or chemical applications. Furthermore, bryophytes can absorb carbon dioxide and release oxygen through photosynthesis, improving air quality and creating favorable conditions for the growth of other organisms. Bryophytes assimilate atmospheric carbon dioxide via photosynthesis and convert it into organic carbon stored within biomass, thereby contributing to long-term carbon sequestration. This process holds substantial relevance for advancing China’s “dual carbon” goals. Bryophytes regulate net carbon dioxide emissions via litter input, photosynthesis, and respiration (Elbert et al., 2012). For example, Sphagnum contributes more than half of the world’s peat, accounting for 10%–15% of terrestrial carbon storage (Zhu, 2022). Therefore, bryophytes are ideal materials for ecological restoration and have shown great potential in the ecological restoration of mining areas.
In recent years, extensive research has been conducted globally on the application of bryophytes in ecological restoration of mining areas. Internationally, universities and research institutions have validated the efficacy of bryophytes under diverse environmental conditions through experimental studies. Notable examples include investigations in Ukraine (Lobachevska et al., 2019), Canada (Liu et al., 2024), Slovakia (Širka et al., 2018), the United States (Stern et al., 2016), Turkey (Karakaya et al., 2015), Portugal (Anawar et al., 2013), Poland (Rola and Osyczka, 2018), and Japan (Suzuki et al., 2016), which collectively highlight the adaptability of bryophytes in varying mining contexts. In China, significant advancements have also been achieved. For example, researchers from Sichuan University showed that bryophyte mats not only significantly reduced rainfall-induced heavy metal migration (particularly Cd and Cu) but also improved critical soil characteristics including pH regulation, cation exchange capacity, and bulk density optimization. These improvements further stimulated microbial community diversity and abundance in pyritic tailings (Lin K. K. et al., 2024). Investigations by research groups from Wuhan City and Guizhou Province characterized bryophyte assemblages in mining areas through community architecture (Pengpeng et al., 2023; Han et al., 2022; Huang and Zhang, 2017; Ji and Zhang, 2015; Jiang and Zhang, 2012; Pan and Zhang, 2011), metallophyte adaptation (Pengpeng et al., 2023; Ma et al., 2023), life history strategies (Liao et al., 2024), and restoration ecology applications (Ren et al., 2021). Furthermore, scholars explored bryophyte community dynamics and artificial cultivation techniques in rare earth mining regions of southern Jiangxi Province, providing critical insights for region-specific restoration practices (Kong et al., 2023; Shen et al., 2022).
Despite the significant potential of bryophytes in ecological restoration of mining areas, practical application of bryophytes in ecological restoration faces persistent challenges. Key issues include the selection of species adapted to site-specific environmental conditions, optimization of planting techniques and management protocols, and the development of robust evaluation frameworks to assess restoration efficacy. These challenges demand immediate attention, as unresolved limitations may hinder the scalability and long-term success of bryophyte-based restoration strategies. Consequently, advancing research on the mechanistic roles of bryophytes and refining technical methodologies is critical for enhancing restoration technologies and accelerating ecological recovery. Through a systematic review and meta-analysis of global case studies, this work evaluated the practical viability of bryophytes in mining area restoration, aiming to bridge knowledge gaps and inform future scientific and engineering endeavors.
2 BIOLOGICAL CHARACTERISTICS AND ECOLOGICAL FUNCTIONS OF BRYOPHYTES
2.1 Morphological characteristics and adaptive traits
Bryophytes, classified as non-vascular plants, lack true roots and vascular tissues. The morphology is typically characterized by small stature, green leaf-like structures, and simple thalloid or foliose gametophytes, accompanied by distinct reproductive organs (Table 1). Reproduction occurs through sexual (spore dispersal) and asexual strategies (vegetative fragmentation, stem segment regeneration, and clonal colonization via specialized structures like gemmae) (Wang et al., 2022). Notably, bryophytes exhibit exceptional environmental adaptability, thriving under extreme conditions such as drought, low temperatures, nutrient-poor substrates, and limited light availability (Wang et al., 2022). Additionally, bryophytes demonstrate remarkable tolerance to abiotic stressors, including high salinity, acidic pH, and elevated heavy metal concentrations (Lin X. et al., 2024; Guan and Zhang, 2020). These adaptive traits underpin their ecological resilience in mining areas, where harsh environments (e.g., metal-contaminated soils, unstable substrates) necessitate robust survival mechanisms. Consequently, bryophytes serve as pivotal agents in mining area restoration by stabilizing substrates, enhancing microhabitat conditions, and facilitating secondary succession.
TABLE 1 | Morphological and structural characteristics of bryophytes.	Characteristic	Specific manifestation	Ecological significance
	Morphological structure	Absence of vascular tissues, rhizoids composed of uniseriate cells (not unicellular)	Reduced metabolic consumption; adaptation to nutrient-poor substrates
	Water metabolism	Direct water absorption through leaves, low transpiration rate (0.5–2.0 mmol m-2 s−1)	Drought tolerance, maintenance of microhabitat humidity
	Reproductive strategy	High spore production (>106 per plant), regenerative capacity of vegetative propagules (<2 mm)	Rapid colonization, facilitation of community succession


2.2 Role of bryophytes in ecological restoration in mining areas
Bryophytes play a pivotal role in ecological restoration within mining areas, particularly through capacity to rehabilitate degraded soils (Figure 2). During growth, bryophytes accumulate substantial organic matter, which enhances soil structure and fertility, thereby establishing a nutrient-rich foundation for subsequent vegetation recovery (Chun et al., 2021). The water absorption capability of bryophytes reduce soil moisture evaporation, improving water-holding capacity and creating optimal hydration conditions for plant regeneration (Chun et al., 2021). Furthermore, bryophytes secrete organic acids that chelate mineral ions, forming insoluble complexes. These complexes, combined with bryophyte detritus, facilitate the accumulation of soil organic matter, ultimately elevating nutrient availability and promoting vascular plant establishment (Feng et al., 2022). Empirical validation from the Shengli Coal Mine reclamation project in Inner Mongolia confirmed fundamental bryophyte-soil synergies, with statistical analyses demonstrating significant positive correlations between bryophyte colonization density and critical soil nutrient parameters including total nitrogen content and phosphorus availability across rehabilitation chrono sequences. Bryophyte distribution patterns further aligned with microscale improvements in organic matter stabilization and biogeochemical cycling efficiency, establishing these non-vascular plants as both biomarkers and active mediators of pedogenic recovery in post-mining ecosystems (Chun et al., 2021). Similarly, long-term studies on a potassium-magnesium salt tailings pond in Sweden revealed that natural succession over decades led to the formation of resilient biological soil crusts dominated by bryophytes, lichens, and cyanobacteria. These crusts demonstrated high tolerance to heavy metals (e.g., Cd, Pb) and effectively restored soil functionality by stabilizing substrates and enhancing microbial activity (Lobachevska et al., 2019). Complementary research by Ren et al. in manganese slag areas further highlighted the role of bryophytes in enriching bioavailable nutrients and diversifying soil microbial communities, which collectively primed the environment for vascular plant colonization (Ren et al., 2021). These findings underscore the pivotal role of bryophytes in initiating ecological succession, which is further explored in the following section on species screening.
[image: Circular chart divided into four quadrants, each with a focus area: "Soil and Water Conservation" (orange), "Pollution Control" (gray), "Micro-ecological Reconstruction" (blue), and "Carbon Sink and Climate Regulation" (yellow). Each section lists related actions such as intercepting precipitation, heavy metal adsorption, providing microbial habitats, and carbon fixation.]FIGURE 2 | Ecological functions of bryophytes.As pioneer species in mining area restoration, bryophytes colonize exposed slag surfaces, creating foundational soil and moisture conditions for subsequent vegetation establishment (Chun et al., 2021). The collaborative interactions with algae, lichens, bacteria, and fungi drive the formation of biological soil crusts (BSCs). BSCs stabilize substrates, mitigate erosion, and shield emerging plant communities during early succession (Song et al., 2018). Beyond physical protection, bryophytes regulate soil microenvironments by modulating temperature fluctuations and enhancing moisture retention, thereby optimizing conditions for vascular plant recruitment (Gao et al., 2017). Field investigations in rare earth tailing ecosystems revealed the crucial ecological functions of bryophytes. Shen et al. recognized Trichostomum brachydontium, T. involutum, Anoectangium stracheyanum, and Brachymenium exile as stress-adapted bryophyte species that can expedite revegetation via rapid substrate stabilization (Shen et al., 2022). Similarly, Širka et al. measured the contributions of bryophytes to biodiversity restoration in Central Slovakian mercury and copper slag heaps. Total of 83 and 76 bryophyte taxa were reported respectively. These bryophytes together increased species richness and promoted successional paths (Širka et al., 2018).
Bryophytes act as potent bioindicators in mining areas due to high heavy metal capability. Quantifying metal concentrations in bryophyte tissues (e.g., Cu, Pb, Cd) provides a reliable proxy for assessing soil pollution levels, with elevated values directly correlating to anthropogenic mining impacts (Ren et al., 2020). Moreover, changes in bryophyte communities, particularly increases in the number of species and their diversity, can be used to measure the success of ecological restoration. This is because a greater variety of species often indicates better habitat conditions (Feng et al., 2022). Field investigations in Wanshan mercury mining district in Guizhou Province demonstrated that mercury speciation analysis (total Hg and methyl-Hg concentrations) in seven bryophyte species effectively tracked atmospheric Hg pollution sources and quantified spatiotemporal dispersion gradients. This biomonitoring approach revealed distinct species-specific accumulation patterns correlated with industrial emission profiles and microclimatic deposition dynamics (Cao et al., 2016). Although lichens and bryophytes are well-known for indicating air quality, their potential for diagnosing soil pollution is not fully used. Notably, Rola and Osyczka documented that lichen-bryophyte consortia in southern Poland’s Zn-Pb mining zones exhibited high sensitivity to soil metal gradients, enabling quantitative estimation of contamination severity (Rola and Osyczka, 2018). Similarly, in Turkey’s Giresun sulfide deposits, Rhabdoweisia crispata, Pohlia nutans, and Pohlia elongata showed remarkable metal accumulation capabilities, which could be ascribed to the absence of cuticles and cation-exchangeable cell walls (Karakaya et al., 2015). Japanese researchers further identified Scopelophila cataractae as a dual Cu-As hyperaccumulator in aquatic systems near copper tailings, demonstrating bryophytes’ niche-specific adaptation to polymetallic stress (Suzuki et al., 2016).
2.3 Distribution characteristics of bryophytes in mining areas of China
There are approximately 3,108 bryophyte species spanning 160 families and 632 genera in mining areas of China, demonstrating exceptional diversity and stress adaptation (Zhu et al., 2022). Recent research prioritizes the spatial heterogeneity and metal hyperaccumulation capacities, particularly regarding bioremediation mechanisms in post-mining ecosystems. Figure 3; Table 2 systematically presented the bryophyte species and the heavy metal enrichment characteristics in copper, gold, manganese, rare earth, and coal mining areas in China.
[image: Map of China showing bryophyte diversity in various mining areas.   1. Mongolia Autonomous Region, Shengli coal mine: 4 families, 6 genera, 7 species.  2. Guizhou Province, Wanshan mercury mine: 21 families, 52 genera, 95 species; Lannigou gold mine: 15 families, 37 genera, 81 species; Zhangjiawanzi gold mine: 9 families, 16 genera, 23 species.  3. Yunnan Province, Tangdan copper mine: 6 families, 16 genera, 22 species.  4. Guangxi Province, mine slag area: 6 families, 15 genera, 24 species.  5. Jiangxi Province, rare earth mining area: 36 families, 66 genera, 118 species.]FIGURE 3 | Distribution of bryophyte species in different types of mines in China.TABLE 2 | Comparison of species diversity and heavy metal enrichment characteristics of bryophytes in Chinese mining areas.	Mine type	Representative mine	Number of moss species	Dominant families	Heavy metal enrichment ability	Typical data source
	Copper mine	Tangdan Copper Mine in Yunnan Province	22 species	Pottiaceae	68% of species inhabited patinated cupreous rocks and 32% cupreous soil	Zhou and Zhang (2007)
	Gold mine	Guizhou Zhangjiawanzi Gold Mine	23 species	Pottiaceae and Bryaceae	Gymnostomum subrigidulum has a strong ability to enrich Cd, with an enrichment coefficient of 5.58 for Cd	Bing and Zhaohui (2008)
	Mercury Mine	Guizhou Wanshan Mercury Mining Area	95 species	Hypnaceae, Thuidiaceae and Brachytheciaceae	With total mercury contents of 120–450 mg kg−1, methylmercury contents of 0.8–3.2 mg kg−1	(Pan and Zhang (2011), Cao et al. (2016)
	Manganese Mine	Guizhou Yinjiang Manganese Slag Area	24 species	Pottiaceae and Bryaceae	Mn enrichment coefficient of 0.009–0.212, Cd enrichment coefficient of 0.754–5.360	Ren et al. (2021)
	Rare Earth Mine	Jiangxi South rare earth ion-type mine	118 species	Polytrichaceae, Dicranales, Fissidentales and Pottiales	—	Kong et al. (2023), Cai et al. (2023)
	Coal Mine	Inner Mongolia Shengli Coal Mine	7 species	Ditrichaceae, Bryaceae, Funariaceae and Pottiaceae	—	Feng et al. (2022)


2.3.1 Copper mines
The Tangdan Copper Mine in Yunnan Province’s metallogenic belt exemplified extreme edaphic constraints on bryophyte colonization, sustaining merely six families (e.g., Pottiaceae, Mniaceae) with 68% of observed species selectively inhabiting Cu-oxide encrustations rather than Cu-saturated soils. This niche partitioning showed specialized substrate optimization. Protonemal attachment and exocellular metal exclusion strategies allowed survival in Cu-rich environments (Zhou and Zhang, 2007).
2.3.2 Gold mines
The Zhangjiawanzi and Lanni Gou gold mines in Guizhou Province exhibited striking bryophyte community contrasts driven by microenvironmental heterogeneity. At Zhangjiawanzi, 23 species (16 genera, 9 families) demonstrated extreme oligotrophic adaptation. The families Polytrichaceae and Bryaceae were particularly dominant, indicating a preference for the nutrient-poor, acidic soils often found in gold mine environments. In contrast, the nearby Lanni Gou Gold Mine boasted a richer bryophyte community, with 81 species spread across 37 genera and 15 families, pointing to a greater ecological complexity and a higher level of biodiversity in this area (Bing and Zhaohui, 2008).
2.3.3 Mercury mines
The Wanshan Mercury Mine in Guizhou Province presented a striking contrast to typical mining environments, with a notable diversity of 95 bryophyte species spanning 52 genera and 27 families. This remarkable biodiversity might stem from the unique ecological niches formed by mercury extraction activities, which created heterogeneous microhabitats. A parallel example from Yunchangping Town, also in Guizhou Province, documented 62 bryophyte species over a 1-year period. These findings underscored the resilience and adaptability of bryophyte communities in heavily contaminated environments, suggesting high dynamic capacity to colonize and thrive under persistent heavy metal stress (Pan and Zhang, 2011).
2.3.4 Manganese mines
A 50-year-old manganese slag heap in Guizhou Province has developed into a distinct bryophyte refuge, supporting 20 taxa dominated by the structurally resilient families Bryaceae and Polytrichaceae. In the manganese slag area of Yinjiang County, 24 bryophyte species were found. Gymnostomum subrigidulum, Pohlia gedeana, and Bryum atrovirens were the most common, probably because they can tolerate high levels of metals. By contrast, the electrolytic manganese slag area in Songtao County hosted a depauperate bryophyte community of just six species, reflecting harsher edaphic or microclimatic conditions. Strikingly, B. atrovirens populations in both regions exhibit dual hyperaccumulation of manganese and cadmium. This remarkable ability of B. atrovirens to bind metals makes it a prime candidate for phytostabilization efforts in ecosystems contaminated with heavy metals (Ren et al., 2021).
2.3.5 Rare earth mines
In Jiangxi Province, ion-adsorption rare earth mines presented a unique ecological scenario where bryophyte biocrusts played a crucial role in shaping microbial community diversity and structure. Land-use intensity and anthropogenic disturbances strongly mediated bryophyte distribution patterns, with soil moisture regimes and substrate stability identified as key determinants of habitat suitability. Erect-growing forms were the most common in these groups, a trait that likely helps them retain moisture and stabilize soil in damaged areas. This ecological specialization positioned bryophytes as pivotal agents for post-mining revegetation, offering a natural template for restoring biogeochemical cycles in leached soils (Kong et al., 2023). Building on this, Cai et al. demonstrated that targeted bryophyte cultivation could accelerate ecosystem recovery pathways, leveraging dual role in microbial habitat provisioning and physical substrate rehabilitation (Cai et al., 2023).
2.3.6 Coal mines
In the semi-arid steppes of Inner Mongolia Autonomous Region, the Shengli Coal Mine was a key test site for studying how bryophytes adapt to post-industrial environments. Bryophyte assemblages here were tightly mediated by soil edaphic filters, particularly pH gradients and silt content, which served as deterministic forces structuring community composition. Only 7 bryophyte species were observed in the Shengli Coal Mine, likely due to aridity and alkaline soils limiting diversity. These findings revealed that the physical and chemical characteristics of the soil play a pivotal role in determining the species composition and distribution of bryophytes in coal mine environments (Feng et al., 2022).
Together, these studies delineated bryophytes as biodiversity hotspots within China’s mining regions, showcasing not only wide biogeographic range but also evolutionarily refined heavy metal detoxification pathways. The capacity to dominate oligotrophic, metal-laden substrates underscored the dual ecological role as pioneers in primary succession and engineers of microhabitat amelioration. This dominance is further underpinned by critical interactions with soil microbiomes, including the secretion of organic acids (e.g., oxalate) for nutrient solubilization and metal bioavailability control, as well as stress-alleviating fungal symbioses that form nutrient-sharing networks analogous to mycorrhizae. Crucially, this functional resilience positioned bryophytes as keystone species for phytostabilization protocols and bioindicator frameworks. These distribution patterns further exemplify niche partitioning theory, with species like B. atrovirens (Mn-Cd hyperaccumulator) and G. subrigidulum occupying distinct ecological niches. Metal toxicity and edaphic filters shape these niches, driving community assembly through resource-use differentiation (Table 2).
3 MINE-ADAPTED BRYOPHYTES SCREENING
Screening aimed to identify bryophyte species with high adaptability to the harsh environmental conditions of mining areas, such as heavy metal contamination, soil erosion, and extreme pH levels. The selection of bryophyte species suitable for mining ecosystem rehabilitation was guided by a multi-criteria screening framework that integrates environmental tolerance, functional performance, and ecological benefits (Figure 4). The screening criteria encompassed five key parameters: (1) Tolerance to Heavy Metals, defined as the ability to survive and proliferate in soils contaminated with elevated concentrations of toxic elements, (2) Soil Adaptation, reflecting the capacity to establish in nutrient-poor substrates characterized by low organic matter and extreme pH ranges, (3) Drought Resistance, quantified through survival rates under prolonged water scarcity and post-dehydration recovery efficiency, (4) Growth Rate, prioritizing species with rapid colonization and high biomass accumulation, and (5) Ecosystem Benefits, including soil stabilization via rhizoid networks, enhanced water infiltration capacity, and facilitation of microbial symbionts.
[image: Screening criteria and process diagram for mining-adapted bryophytes. Criteria are divided into environmental tolerance, including heavy metal tolerance, soil adaptation, and drought resistance, and functional performance, featuring growth rate and ecosystem benefits. The screening process includes field collection, laboratory cultivation, heavy metal exposure test, soil adaptation test, drought simulation, and field trials.]FIGURE 4 | screening criteria and process for mining-adapted.The screening process followed a sequential experimental protocol (Figure 4). Initially, bryophyte samples were collected from naturally occurring populations in mining-impacted zones or analogous degraded ecosystems. These specimens underwent laboratory cultivation under controlled light, temperature, and humidity to assess baseline growth dynamics and stress resilience. Subsequent heavy metal exposure tests employed dose-response assays to evaluate metal tolerance thresholds and bioaccumulation potential. Concurrently, soil adaptation tests measure establishment succussed in mining-derived substrates, with performance metrics including shoot elongation rate and biomass partitioning. Drought simulation experiments utilized osmotic stress gradients to quantify desiccation tolerance and rehydration recovery kinetics. Finally, candidate species demonstrating robust laboratory performance were subjected to field trials involving transplantation to target mining sites, where long-term viability, ecological integration, and functional efficacy were monitored over ≥2 growing seasons. This systematic approach ensured the identification of bryophyte species that align with site-specific rehabilitation goals while minimizing ecological risks.
Researchers systematically evaluated bryophyte species to identify candidates with high adaptability, rapid growth rates, and multifunctional ecological benefits for mining area restoration. Selected species exhibited exceptional survival rates and restoration efficacy under harsh mining conditions. Early research emphasized the pioneering role of bryophytes in ecological restoration, particularly the drought tolerance (xerophytic adaptation), resilience to nutrient-poor substrates, and prolific reproductive strategies, which collectively prime degraded sites for subsequent vegetation recovery (Sun et al., 2004; Zuo et al., 2006). For instance, Sun et al. assessed the feasibility of bryophyte-mediated restoration in Jiuzhaigou Valley’s post-disaster landscapes, identifying key constraints (e.g., substrate instability) requiring mitigation in practical applications (Sun et al., 2004). Subsequent studies shifted focus to drought resistance screening. Through controlled drought simulations, Li et al. identified three hyper-tolerant bryophyte species (e.g., Bryum argenteum) in northern Hebei Province and optimized the cultivation protocols for slope stabilization (Li, 2017). Following the Jiuzhaigou earthquake, Xia et al. developed an Analytic Hierarchy Process (AHP)-based evaluation framework to prioritize bryophyte species for revegetating exposed slopes. Criteria included stress tolerance, propagule availability, ecological functionality, reproductive capacity, biomass yield, and aesthetic value. This approach selected five species—Racomitrium japonicum, Hypnum plumaeforme, Eurohypnum leptothallum, Plagiomnium acutum, and Brachythecium rutabulum—for targeted slope greening (Xia et al., 2023).
4 CULTIVATION OF BRYOPHYTES
Figure 5 outlined a standardized in vitro protocol for bryophyte rapid propagation, integrating surface sterilization, hormone-regulated differentiation, and cyclic subcultures to achieve high-efficiency biomass production while maintaining genetic uniformity and pathogen-free status. This optimized protocol enabled rapid clonal propagation of bryophyte species (e.g., Physcomitrium patens) through surface-sterilized gametophyte explants cultured on hormone-supplemented media (MS/B5) under controlled light and temperature. Protonema induction, cytokinin-mediated gametophore differentiation, and cyclic subcultures ensured scalable biomass production, followed by acclimatization on low-nutrient substrates. Genetic fidelity and contamination-free status were validated via molecular assays, supporting applications in research and ecological restoration.
[image: Flowchart illustrating the process of moss propagation in nine steps: Explant Selection, Surface Sterilization, Culture Medium Preparation, Inoculation, Protonema Induction, Gametophore Differentiation, Multiplication Phase, Rooting and Acclimatization, Transplanting, and Quality Control. Each step details specific actions like sterilization methods, medium preparation, and conditions for growth and differentiation. Arrows indicate the sequential order of stages, from selecting healthy moss fragments to conducting genetic fidelity testing.]FIGURE 5 | Rapid propagation scheme for bryophytes.Common methods for bryophyte cultivation include stem cutting propagation and tissue culture rapid propagation. Stem cutting propagation technology can rapidly propagate certain bryophyte species and adapt to artificial environmental control. For example, Chen et al. successfully identified the suitable environmental conditions and propagation factors for the feather bryophyte in artificial culture through stem cutting propagation experiments, providing an efficient rapid propagation method for stone slope greening and ecological restoration (Chen et al., 2022). Additionally, the application of tissue culture technology has made rapid propagation of bryophytes possible while ensuring the genetic stability of the seed sources (Zhang X. et al., 2023). Taking Yue’s research as an example, rapid propagation of bryophytes was achieved by inducing callus formation, adventitious buds, and adventitious roots (Huanli, 2009). Huang et al. used four wild bryophyte species from a uranium tailings area as materials to explore the effects of different pH, temperature, cultivation substrates, and plant growth regulators on bryophyte growth and established the rapid propagation techniques for the grey bryophyte, large grey bryophyte, sharp-leafed creeping light bryophyte, and scale bryophyte (Huang et al., 2019). Although bryophyte cultivation techniques have made some progress, there are still some challenges. The application scalability of bryophytes is compromised by poikilohydric constraints, particularly slow biomass accrual rates and multi-year reproductive maturation periods, requiring targeted culturing innovations to overcome these physiological barriers. Spore propagation is greatly influenced by environmental factors, and its germination rate and survival rate are usually low. Moreover, bryophytes have strict requirements for the growth environment, necessitating precise control of light, water, temperature, and other conditions, which can lead to relatively high cultivation costs.
In recent years, important research achievements have been made in the field of bryophyte cultivation techniques. Studies indicate that bryophyte species possess different preferences for cultivation substrates. Common cultivation substrates like peat, perlite, and vermiculite demonstrate high compatibility with multiple bryophyte species. This was exemplified by a Canadian case study on lithium mine waste rock revegetation in Quebec, where bryophyte regeneration success rates showed significant variation depending on substrate composition and microenvironmental conditions (Liu et al., 2024). Meanwhile, special substrates such as volcanic rock and forest humus have a significant promotional effect on the growth of certain bryophyte species (Shi et al., 2022). Through proportional experiments with different substrates, researchers can select the most suitable ratio for the growth of specific bryophytes. For example, a volume ratio of peat to vermiculite of 2:1 is most beneficial for the growth of short-toothed bryophyte (Yu et al., 2024). In terms of environmental factors, light intensity is a key factor affecting bryophyte growth. Studies have shown that moderate shading helps the growth of certain bryophyte species (Fazan et al., 2022). Water and temperature are also limiting factors for bryophyte growth. Appropriate watering and a suitable temperature range can promote bryophyte growth, while excessive watering or extreme temperatures can inhibit bryophyte growth (Slate et al., 2024; Zhang Y. et al., 2023).
5 APPLICATION CASES OF BRYOPHYTES IN MINE ECOLOGICAL RESTORATION
5.1 Application of bryophytes in ecological restoration of limestone mine slopes in northern Guangxi Province
Guangxi Province is one of China’s representative regions for karst landscapes, rich in limestone resources. In the past, simple open-pit mining methods severely damaged the landforms and vegetation in mining areas, making ecological restoration research critical. Li conducted a case study at the Tieshan Quarry (Qixing District, Guilin City, Guangxi Province) to investigate bryophyte-based ecological restoration on limestone mine slopes. The mining area located in a subtropical monsoon climate zone with brown-gray limestone soil. Open-pit mining has damaged the land, vegetation, mountain structures, and rock and soil exposures. By integrating drone surveys with ground-based observations, a 3D terrain model was developed and six bryophyte species across five families and six genera were identified, with Barbula unguiculata as the dominant taxon. The study revealed that climatic temperature-humidity fluctuations critically regulate bryophyte colonization, while an optimized protocol combining crushed bark inoculation, Hoagland solution application, and intermittent misting achieved a coverage of 7.18% within 20 days, which was much higher than the control treatment (0.17%) (Li, 2023).
5.2 Application of bryophytes in semi-underground space ecological restoration of a 100-m deep mining pit
In karst areas, abandoned mining pits often have complex geological conditions due to post-mining changes like increased karstification and more fissures in rock walls. This makes it hard for plants to grow and difficult to redevelop the land. In the ecological restoration of Xinsheng Cement Plant’s abandoned mining pit (Changsha City, Hunan Province), a novel rapid greening technology was developed using cold-tolerant bryophytes and biodegradable bio-glue for concrete and rock wall stabilization (Li et al., 2021). Through rigorous species screening, xerophytic mosses with 99.5% survival rates under high solar irradiance and drought stress were selected. This approach significantly accelerated plant community succession, transforming the degraded site into the “Joyful Paradise” landscape within 12 months. This ecological engineering approach created synergistic value chains where bryophyte-mediated slope stabilization enhanced biodiversity, which in turn attracted nature-based tourism while empowering local stakeholders through hands-on restoration workshops.
These applications operationalize ecological succession theory. Bryophytes act as early-successional engineers that accelerate trajectory shifts from degraded to functional states. Bryophyte restoration helps achieve UN Sustainable Development Goals by naturally repairing damaged land. Bryophytes act as pioneer species that form erosion-proof living crusts on degraded sites like mines, supporting SDG 15 for terrestrial ecosystems. These organisms capture carbon three to five times more effectively than regular plants, directly advancing climate action under SDG 13, with peat mosses alone locking away 10%–15% of the world’s land-based carbon. Dense mats of bryophytes also filter toxic metals from runoff, protecting water quality for SDG 6. Unlike traditional methods that often need chemicals or repeated planting, bryophyte solutions eliminate pollution while cutting long-term costs. By creating self-sustaining microhabitats that boost biodiversity, bryophytes offer a practical nature-based path to meet global sustainability targets in challenging environments.
6 CONCLUSION
Bryophytes are emerging as pivotal agents in mining ecosystem restoration, bridging applied remediation needs with fundamental ecological research due to strong adaptability, soil-binding ability, and heavy metal enrichment capacity. While substantial progress has been made in laboratory settings, field implementation challenges persist, particularly regarding scaling propagation protocols and ensuring survivability in oligotrophic substrates or metal-contaminated environments. Notably, tolerant species immobilize contaminants through exclusion/detoxification mechanisms, enabling phytostabilization, whereas hyperaccumulators actively concentrate metals in harvestable tissues for phytoextraction, which requires distinct deployment strategies to avoid ecological risks. Moreover, overcoming key practical barriers, notably high propagation costs, slow growth rates, and the logistical complexity of large-scale deployment, remains critical for enhancing the scalability and economic feasibility of bryophyte-based restoration as a transformative ecological strategy. Future research should prioritize three interconnected fronts: 1) conducting long-term monitoring studies on bryophyte-based restoration projects, 2) exploring the combined use of bryophytes with other plant species for enhanced restoration outcomes, and 3) refining species-specific cultivation matrices through machine learning optimization, deciphering bryophyte-microbiome synergies governing metal (loid) sequestration, and mapping epigenetic adaptation pathways under climate fluctuation scenarios. These investigations will catalyze next-generation phytostabilization technologies while advancing ecological theory on pioneer species’ roles in anthropogenic landscape rehabilitation.
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The Qinghai–Tibet Plateau is a region with rich biodiversity and fragile ecosystems, and its plant species diversity is greatly affected by grazing activities. In this study, we aimed to explore the impact of grazing on the diversity of different plant communities on the Qinghai–Tibet Plateau. To this end, we collected grazing and vegetation data for the period of 1982–2015; calculated the grazing, Shannon–Wiener diversity, inverse Simpson’s, and Pielou’s evenness indices along with species richness; and conducted correlation and regression analyses. The results show that the grazing index was positively correlated with the richness of grassland plant communities, and in particular, there were significant relationships between the variance and maximum value of the grazing data and plant species richness. However, no significant correlations were found between the grazing index and diversity indices in shrub land and desert plant communities. Moderate grazing promotes the renewal and growth of grassland vegetation and increases plant species diversity. Therefore, grazing management plans should be developed based on specific ecological environments to achieve sustainable ecosystem development and to protect species diversity.
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1 INTRODUCTION
The Qinghai–Tibet Plateau is the highest and largest plateau on Earth and is a key ecological functional area for water conservation, windbreaks, and sand fixation in Asia (Sun et al., 2012; Wang et al., 2022). It is also an important ecological security barrier in China, with rich ecosystems and unique biodiversity (Li et al., 2024). Biodiversity is crucial for maintaining ecosystem stability and plays an important role in water-source protection, climate regulation, and soil conservation (Li et al., 2022; Lee et al., 2015; Sun et al., 2023). The biodiversity of the Qinghai–Tibet Plateau also has a profound impact on the lives and cultures of local residents, especially pastoral communities that rely on natural resources as an indispensable foundation for their livelihood (Zhou et al., 2019). With the increase in human activities, especially overgrazing and infrastructure construction, the ecological environment of the Qinghai–Tibet Plateau is facing unprecedented pressure (Yang et al., 2024). Therefore, protecting the biodiversity of the Qinghai–Tibet Plateau is of great importance for maintaining regional ecological security and promoting sustainable development. Additional research is required to identify effective protective measures to preserve the biodiversity of the Qinghai–Tibet Plateau.
The high elevation and extreme climate of the Qinghai–Tibet Plateau region limit the growth and reproduction of many plant species, increasing their vulnerability and influencing plant species diversity (Mu et al., 2021; Chen et al., 2021; Bhattarai et al., 2021). Additionally, the intensification of climate change and human activity in this region has increased the survival pressure on plant species (Tilman and Lehman, 2001). With increases in temperature and changes in precipitation patterns caused by global warming, many plant species may experience habitat loss and display inadequate adaptability (Theodoridis et al., 2024). This lack of adaptability hinders the ability of plant species to cope effectively with rapidly changing environments, thereby increasing their risk of extinction (Losapio and Schöb, 2017). Temperature changes have led to an increase in forest and shrub land areas and a decrease in alpine meadows on the Qinghai–Tibet Plateau, whereas the intensification of drought has resulted in vegetation degradation in some areas of the southern Qinghai–Tibet Plateau (Gao et al., 2016; Wang et al., 2021). Protecting the plant species diversity of the Qinghai–Tibet Plateau is not only an urgent need for ecological protection but also an important measure to mitigate the impacts of climate change and maintain the ecological balance (Wang et al., 2022).
Animal husbandry is a crucial part of the Qinghai–Tibet Plateau economy, and grasslands are the main locations where local herders engage in grazing activities. Grazing is a traditional agricultural activity that has potential impacts on biodiversity. Moderate grazing can promote the growth and renewal of grasslands (Luo et al., 2012; Zhang et al., 2018); however, a large number of livestock foraging and trampling on grasslands can damage vegetation and lead to soil erosion, which in turn affects biodiversity (Wang Q. X. et al., 2023; Barros and Pickering, 2014). In particular, concentrated grazing may lead to the excessive consumption of vegetation or overgrazing (Hao et al., 2018). With an increase in grazing intensity, the diversity and richness of herbaceous plants, shrubs, and other plant communities on the Qinghai–Tibet Plateau markedly increased and then decreased (Wang et al., 2022). Studies have also reported that high-intensity grazing reduced plant diversity on the Qinghai–Tibet Plateau, whereas both non-grazing and low-intensity grazing alleviated plant biomass loss (Wang Q. X. et al., 2023). Furthermore, community resistance was optimal under low-intensity grazing conditions (Wang Q. X. et al., 2023). However, livestock manure and urine add nutrients and organic matter to the soil, affecting nutrient cycling and organic matter decomposition, thereby influencing the accumulation and distribution of soil organic carbon (Du et al., 2022). Grazing also affects the soil biota and functions, which are important components of material cycling and energy flow in underground ecosystems (Zhou et al., 2023). Thus, rational grazing can help maintain plant diversity and enhance ecosystem productivity and stability, whereas overgrazing can lead to the degradation of grassland vegetation, thereby reducing the richness and diversity of plant species, which in turn affects the quality of animal habitats and ultimately causes ecosystem imbalances (Li et al., 2023; Hao et al., 2018). With human population growth and economic development, the scale and intensity of grazing activities have gradually increased, and grazing has become a major contributing factor to grassland degradation on the Qinghai–Tibet Plateau in recent years (Fayiah et al., 2020). Therefore, grazing management is crucial for protecting plants and animals, and the adoption of effective grazing management strategies can effectively maintain ecosystem health (Zhao et al., 2022).
With the intensification of global climate change and human activity, the stability of ecosystems and biodiversity is facing unprecedented challenges (Liu et al., 2024). The Qinghai–Tibet Plateau is a unique and fragile ecosystem, and changes in its biodiversity are influenced by various factors, with grazing activities playing a dominant role. Although previous studies have explored the impacts of different degrees of grazing on grassland ecosystems, the specific mechanisms of and differences in the effect of grazing on different vegetation types remain unclear. Therefore, in this study, we aimed to explore: (1) the effects of grazing on the species diversity of plant communities on the Qinghai–Tibet Plateau and (2) the differences in this effect among different plant communities. The results of this study provide a scientific basis for the ecological protection and sustainable management of the Qinghai–Tibet Plateau.
2 MATERIALS AND METHODS
2.1 Vegetation data
The plant-plot data used in this study were extracted from datasets published by Wang Q. et al. (2023) and Jin et al. (2022). The datasets include quadrat sampling data from 455 herb quadrats in the Huangshui River Basin, Qinghai Province, including Haiyan County in Haibei Tibetan Autonomous Prefecture; the main urban area of Xining City, Huangyuan County, Huangzhong District; and Datong Hui and Tu Autonomous County, as well as Ledu District, Ping’an District, Minhe Hui and Tu Autonomous County, Huzhu Tu Autonomous County, and Hehuang New District in Haidong City. The quadrats of grassland communities are dominated by plant species belonging to Leguminosae, Rosaceae, Ranunculaceaem Cyperaceae and Poaceae. Shrub species are included, but their abundances are low, and individual sizes are small in the herb quadrats (Wang Q. et al., 2023; Supplementary Figure S1). In shrub plots, the abundances of shrub species were relatively low due to grazing effects and human disturbance. The plots of shrubland communities are dominated by shrub species belonging to Dasiphora.
The sampling locations of the plot-based dataset of plant communities on the Qinghai–Tibet Plateau included the Three River source region, southern Tibetan mountains, Ali region, and Qaidam Basin, as well as high mountains, oases, and desert areas, such as the Qilian, Altun, and Kunlun mountains. These two datasets report detailed information on the species present in the survey plots, including species name, number of plants, and coverage of each species. Additionally, the datasets report information on each plot, such as the plot number, longitude, latitude, elevation, degree of human interference, and total coverage of the plot.
These two datasets contain 1,213 sample plots, and we merged the data into one table. After removing forest sample plots based on vegetation type data, 880 sample plots remained. Each plot retained the plot number, plant name, coverage, and vegetation type information. The study area encompasses three principal vegetation types: grassland, shrubland, and desert. Sampling protocols employed vegetation-specific plot dimensions: grassland quadrats were established at 0.5 m × 0.5 m or 1 m × 1 m scales, while shrubland communities were surveyed using nested plots of 2 m × 2 m, 5 m × 5 m, and 10 m × 10 m. The maps of shrub species richness, individual and relative abundance of plant communities were shown on Supplementary Figure S1, showing that shrub species were distributed in many plots of our study. It is certainly determined to identify grassland, shrubland, and desert based on vegetation classification ranges. Vegetation classification for Qinghai-Tibet Plateau plant communities was predominantly guided by the phytosociological framework delineated in the Revised Scheme of the Vegetation Classification System of China (Guo et al., 2020), with additional reference to biogeographic zonation descriptors in the Vegetation and Its Geographical Pattern in China: Specifications for the Vegetation Map of the People’s Republic of China (1:1,000,000) (Editorial Committee of Vegetation Map of China, the Chinese Academy of Sciences, 2007).
2.2 Grazing data
Grazing data were obtained from a dataset published by Meng et al. (2023). This dataset was constructed using a methodological framework that combined the cross-scale feature extraction method and a random forest model to produce a high-resolution gridded grazing dataset for the Qinghai–Tibet Plateau from 1982 to 2015. This framework included the following steps: identifying features that affect grazing, extracting theoretically suitable grazing areas, building a grazing spatialization model, and correcting the grazing spatialization dataset. When building the grazing spatialization model, combining a random forest model with partition and cross-scale features increased the model accuracy by 35.59% compared to that of traditional random forest models. Furthermore, Meng et al. (2023) compared this dataset with three other datasets (the actual livestock carrying capacity dataset, Gridded Livestock of the World 2.01, and Gridded Livestock of the World 3) and concluded that its time resolution was higher, making it more suitable for long-term research. Hence, we selected grazing data from Meng et al. (2023) for analysis. All grazing data is presented as sheep units/pixel/year, which was calculated based on the number of livestock (e.g., cattle, sheep, and horses), according to national standards. Livestock had strong accessibility to the study plots under grazing pressure. The sample plots were overlaid with the grazing data pixels.
2.3 Data analysis
We used ArcGIS 10.7 to extract grazing grid data from 1982 to 2015 and obtained the grazing status of each plot in each year through multi-value point extraction. We calculated the Shannon–Wiener diversity, inverse Simpson’s diversity, and Pielou’s evenness indices, along with species richness, for 880 plots; merged these indices with the grazing data; and removed invalid data. There were no correlations between diversity indices and plot size, which did not affect our results (P > 0.1). We used R 4.4.1 for data analysis and visualization and employed a generalized linear model to evaluate the differences in the impact of the grazing index on diversity among different vegetation types. We employed an analysis of variance (ANOVA) model to identify significant interactions and perform multiple comparisons of significant combinations, grouping them by vegetation type to establish a linear regression model.
3 RESULTS
3.1 Relationships between grazing index and plant diversity indices
In grassland plant communities, the variance (SD) of the grazing data from 1981 to 2015 was directly proportional to plant species richness, and the fitting formula was: richness = 7.6860785 + 0.0012608 × SD (P < 0.1, R2 > 0.1; Figure 1). The maximum value (Max) of the grazing index was directly proportional to plant species richness, and the fitting formula was: richness = 8.0253677 + 0.0001065 × Max (P < 0.1, R2 > 0.1; Figure 1). There were no significant correlations between other grazing data and the grassland plant community diversity indices (P < 0.1; Figure 1). We calculated the following mean values for grassland plant diversity: Shannon–Wiener index, 1.54; inverse Simpson’s index, 3.99; richness, 9.08; and Pielou’s evenness index, 0.73. The Shannon–Wiener index ranged from 0.07 to 2.75, the inverse Simpson’s index ranged from 1.03 to 11.28, the richness ranged from two to 26, and Pielou’s evenness index ranged from 0.11 to 1 (Figure 2).
[image: Grid of scatter plots showing relationships between various biodiversity indices (Shannon, InverseSimpson, and Relative Richness) and environmental variables (SD, Max, Min, Mean1, Mean2). Each plot compares one biodiversity index against an environmental variable, illustrating data spread and potential correlations in red points.]FIGURE 1 | Scatter plots of grazing values and diversity indices of grassland communities. SD: variance of grazing data from 1981 to 2015; Max: maximum value of grazing data from 1981 to 2015; Min: minimum value of grazing data from 1981 to 2015; Mean1: mean of grazing data from 1981 to 2000; Mean2: mean of grazing data from 2001 to 2015. The red line represents the fitting line.[image: Four side-by-side box plots depict different diversity metrics. The first plot represents Shannon diversity, the second shows Inverse Simpson, the third illustrates Richness with six outliers, and the fourth presents Pielou's evenness with three outliers. All plots display central tendency and variability.]FIGURE 2 | Boxplots of four species diversity indices of grassland communities. Boxplots show the medium values (black lines), 25% and 75% quartiles (boxes), and 5% minima and 95% maxima (bars) of four species diversity indices.3.2 Comparison of relationships between grazing index and plant diversity indices among vegetation types
When comparing the models with and without interaction terms through ANOVA, P < 0.05 was considered significant, indicating a significant interaction effect. The impacts of the SD of the grazing data on the Shannon–Wiener index and species richness differed significantly between grassland and shrub land, with the slope of the grassland regression line being significantly steeper than that of the shrub land regression line. The diversity index of desert vegetation had no significant interaction with either the grazing index or other vegetation types (Figure 3).
[image: A grid of scatter plots displaying various statistical relationships. Each row corresponds to a different metric: Shannon, InverseSimps, Richness, and Pielou's evenness. The columns show comparisons across statistical measures: SD, Max, Min, Mean1, and Mean2. Data points are marked in red and green, highlighting variations or trends in each plot.]FIGURE 3 | Correlations between grazing index and plant species diversity across different vegetation types. Red, green, and blue lines represent fitted lines for relationships between grazing index and plant species diversity in three vegetation types, namely, grassland, shrub land, and desert, respectively. SD: variance of grazing data from 1981 to 2015; Max: maximum value of grazing data from 1981 to 2015; Min: minimum value of grazing data from 1981 to 2015; Mean1: mean of grazing data from 1981 to 2000; Mean2: mean of grazing data from 2001 to 2015.4 DISCUSSION
4.1 Impact of grazing on plant diversity
Grazing had different effects on the species diversity of different vegetation types. The results indicate that the Max from 1981 to 2015 was directly proportional to the grassland plant community richness, whereas grazing did not have a substantial impact on plant community diversity in shrub land and deserts. The Max reflects an extreme level of grazing, and its correlation with plant richness suggests that the grassland received high nutrient inputs from livestock manure and urine, which provided favorable growth conditions for the plants. Meanwhile, the SD reflects the differences in the grazing index at different temporal and spatial scales. Heterogeneity can create diverse habitat conditions and promote plant species coexistence. In addition, neither shrub land nor desert vegetation showed significant correlations in their responses to grazing. This difference from grassland may have arisen from the inherent life strategies of the vegetation. Shrubs typically possess deep root systems and lignified stems, enabling them to tolerate trampling and browsing by livestock. Jafarian et al. (2013) compared the soil physicochemical properties (organic carbon, total nitrogen, and electrical conductivity) of grasslands and shrub lands in Iran and found that the soil conditions in shrub lands were more suitable for plant growth than those in grasslands. Meanwhile, desert vegetation adapts to arid environments through physiological mechanisms such as succulent tissue and reduced transpiration. The conservative ecological niche of desert vegetation makes it less sensitive to grazing disturbance. In addition, by comparing the correlations between the grazing and species diversity indices among different vegetation types, we found that the correlations were stronger for grassland vegetation than for other vegetation types. Similar to the findings of this study, desert and dry grasslands in Mongolia have shown significant negative responses to severe grazing (Munkhzul et al., 2021). However, the increase in species richness in meadow steppes may be attributed to reduced competitive pressure from dominant species due to grazing, which aligns with the “intermediate disturbance hypothesis.” These regional differences highlight the moderating effects of vegetation type and climatic context on grazing impacts. Due to the lack of recent data from 2016 to 2025, the current study was based on long-term observational data from 1982 to 2015, covering multiple climatic fluctuation cycles and grazing management phases. This study systematically revealed the response patterns of different vegetation types to grazing disturbance, providing a reference for future research.
4.2 Mechanisms of the impact of grazing on plant diversity
Grazing is an essential component of animal husbandry on the Qinghai–Tibet Plateau and can directly or indirectly affect vegetation. Direct impacts are typically manifested when herbivores directly feed on plants, which can lead to a reduction in species biodiversity and vegetation biomass (Zhu et al., 2012). Selective grazing by livestock may reduce high-nutrient species and increase low-nutrient ones (Török et al., 2018), thus altering plant community structure and function. Indirect impacts arise in several ways. Livestock excreta release nutrients into the soil, changing its properties (e.g., nutrient levels and water content) and affecting plant growth (Du et al., 2022). Moreover, grazing can indirectly influence plant productivity and ecosystem services by altering the soil microbial community composition and functions. A global meta-analysis by Zhou et al. (2023) demonstrated that moderate grazing boosts soil nematode diversity and organic matter decomposition efficiency.
The grazing index, which is based on the number of grazing animals, grazing time, and grazing frequency, is used to evaluate the pressure and impact of grazing on grassland ecosystems (Zhang et al., 2018). Many studies have been conducted on the effects of the grazing index. Different grazing intensities and durations were found to have different effects on the species diversity of grassland plant communities (Deng et al., 2014). Moderate grazing increased grassland species diversity, whereas heavy and long-term grazing reduced it. Along with the grazing intensity, different grazing practices have been found to impact grassland ecosystems. Liu et al. (2015) found that for grasslands with high plant diversity, mixed grazing by cattle and sheep significantly improved plant diversity; however, grazing by either cattle or sheep alone had no effect. Meanwhile, for grasslands with low plant diversity, both individual and mixed grazing significantly increased plant diversity but significantly reduced plant biomass (Liu et al., 2015). Additionally, the impacts of grazing on vegetation can become more complex through interactions with other ecological factors. For instance, climate change may alter vegetation growth conditions and herbivore behavior, thereby amplifying or mitigating grazing effects (Qiqige et al., 2023).
4.3 Recommendations
Based on our findings regarding the impact of grazing on plant diversity and its mechanisms on the Qinghai–Tibet Plateau, we propose the following grazing management practices. First, grazing strategies that are tailored to different vegetation types should be developed. Our results indicate that grassland vegetation is highly responsive to grazing, and moderate grazing can enhance species coexistence and community stability. Thus, a dynamic moderate grazing strategy should be implemented in grasslands to prevent biodiversity loss and ecological degradation from long-term high-intensity grazing. For shrub lands and deserts, which show weak or complex responses to grazing, more conservative and observation-driven grazing measures are recommended. Second, the monitoring and management of grazing intensity and timing should be strengthened. For example, remote sensing and ground observations could be integrated to establish a grazing index monitoring and early warning system. Continuous monitoring and assessment of the risks of extreme grazing events will help to avert irreversible grassland degradation beyond the ecological carrying capacity. Additionally, the ecological role of a fluctuating grazing index should be recognized by adjusting grazing rhythms to create diverse microhabitat conditions, which can boost species coexistence and plant diversity (Du et al., 2022). Moreover, mixed cattle and sheep grazing should be promoted as an effective approach to enhance grassland plant diversity. Liu et al. (2015) reported that mixed grazing regulates interspecific competition among different plant functional groups, optimizes the vegetation structure, and improves resource-use efficiency, particularly in high-diversity grasslands. Therefore, multi-species livestock combination grazing should be prioritized, and the types and ratios of cattle, sheep, and other livestock should be scientifically allocated based on local ecological conditions and forage composition to achieve the dual goals of biodiversity conservation and improved forage-use efficiency.
5 CONCLUSION
Grazing activities have varying effects on the species diversity of different vegetation types on the Qinghai–Tibet Plateau. For grassland vegetation, the grazing index was positively correlated with plant community richness. Among the shrub land and desert vegetation types, grazing activity had no significant effect on plant community diversity. In addition, there were differences in the correlations between the grazing and diversity indices among the different vegetation types, with stronger correlations for grassland vegetation. These results indicate that the impact of vegetation type and grazing activity on plant community diversity on the Qinghai–Tibet Plateau is complex and diverse. Moderate grazing can promote vegetation renewal and growth and improve plant species diversity. Rational grazing plans should be developed based on specific ecological environments and biological community characteristics to achieve sustainable ecosystem development and to preserve species diversity.
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To clarify the influence of photovoltaic (PV) panels on the spatial distribution characteristics of soil properties in desert areas, the soil of fixed-axis (FIX) PV panels and tracking tilted single-axis (TTS) PV panels in the Gonghe large-scale PV power plant in the Qinghai desert was taken as the research object. The PV panels were divided into the south edge, the north edge, under and between panels. The soil in the undisturbed area outside the PV power plant was taken as the control area. The results showed that, except between the PV panels, the soil bulk density (BD) increased significantly at other locations of the TTS PV panels (p < 0.001), soil organic carbon (SOC), total carbon (TC) and total nitrogen (TN), and available nitrogen (AN) decreased significantly (−35.07%, −29.62%, −38.25%, and −32.86% under the panels, respectively), and the total phosphorus (TP) content was significantly decreased only in the north edge and between the panels (p < 0.01). Soil water content (SWC) of FIX PV panels increased significantly (+74.74% under the panels, p < 0.001), and pH decreased. Comparing the two types of PV panels, except the north edge, SWC, SOC, TN, SOC: TP, TN: TP, and AN were significantly higher in the FIX PV panels than in the TTS PV panels, and BD, total potassium (TK), and SOC: TN were considerably lower than in the TTS PV panels. There was no significant difference (p > 0.05) in soil quality and multifunctionality index in the PV panel area. The research results can provide theoretical support for soil restoration of PV power plants in desert grassland.



Keywords: desert area, large-scale PV power plant, soil properties, soil quality index, multifunctionality index


1 INTRODUCTION

In order to cope with energy needs and reduce carbon emissions, renewable energy has become an essential choice, and photovoltaic (PV) has become the dominant force in the growth of renewable energy. According to an estimate by the International Renewable Energy Agency (IRENA), global renewable energy capacity additions will exceed 5,500 GW from 2024 to 2030, almost tripling the increase from 2017 to 2023. From 2024 to 2030, the global average annual increase in PV installed capacity will exceed 600 GW (IEA, 2024). By the end of 2024, China’s total installed power generation capacity reached approximately 3,350 GW, with PV capacity accounting for about 890 GW (National Energy, 2024). Large-scale deployment of ground-mounted PVs requires vast land. Consequently, China’s northwestern deserts and Gobi desert regions have become the main development areas of PV power generation.

The installation of PV power plants has consistently been regarded as a “win-win” strategy, as it reduces carbon emissions and prevents desertification in arid regions (Xia et al., 2023; Xia et al., 2022; Lu et al., 2021). However, the leveling of the site during the construction of the PV power plant will destroy the soil structure and make the soil more susceptible to wind and water erosion. The removal of topsoil during construction reduces soil carbon (Choi et al., 2020), nitrogen, and phosphorus (Geissen et al., 2013) and reduces the stability of soil aggregates, which has a negative impact on the environment. During the operational stage, the physical presence of the PV panels changes the local climatic conditions (Bai et al., 2022). At the same time, the PV panels will concentrate water on their lower edge, which increases the local heterogeneity of the soil moisture distribution and produces more lasting water storage under the PV panels (Adeh et al., 2018). In addition, due to the reduction in solar radiation directly under the PV panels, the potential evaporation is reduced, which reduces drought, increases soil moisture availability, and helps to reduce water loss in arid climates (Choi et al., 2020). Wu et al. (2023) showed that different positions of PV panels have little effect on SOC and available phosphorus (AP). The contents of nitrate nitrogen (NO3-N), TN, and TC under the PV panel are slightly higher than those between the PV panels, and the content of available potassium (AK) is significantly increased. Wang et al. (2016) showed that the soil SWC, organic matter, AK, and AP in the PV panel area increased compared with the non-PV control area. The soil BD increased in the shaded area and decreased in the unshaded area. Andrew et al. (2024) found that soil organic matter in the PV plant in the northeastern United States increased, and the pH increased significantly. Sheep grazing in the PV plant may improve the pasture quality of the solar site over time. In contrast, Moscatelli et al. (2022) showed that soil nutrients, soil moisture, and soil temperature under PV panels were significantly reduced. Furthermore, the heterogeneous light intensity under PV panels results in significant differences in soil microbial community composition (Li et al., 2023), decreased microbial activity (Moscatelli et al., 2022) and microbial biomass (Lambert et al., 2021b), whereas increased alpha diversity of the fungal community (Li et al., 2023). These studies found that the influence of PV plants on soil properties is still uncertain, and may be affected by local climate, soil conditions, PV panel operation mode and other factors (Yavari et al., 2022).

Tracking PV panels can adjust the solar incident angle in real time to obtain maximum power generation efficiency (Li et al., 2025). Compared to fixed systems, their annual electricity output can increase by up to 29% (Lubitz, 2011), and the gap between adjacent PV module strings receives up to 84% of solar radiation (Graham et al., 2021). Tracking PV panels optimise ventilation, light and humidity through elevated panels and dynamic shading, creating a more uniform microenvironment conducive to positive changes in soil properties (Liu et al., 2025). This enhances vegetation photosynthesis and SOC inputs, thereby improving soil quality (Ramos-Fuentes et al., 2023; Zhang B. et al., 2024). In contrast, FIX PV panels are mounted at a fixed angle; they reconfigure precipitation and solar radiation differently than tracking PV panels. Static shading in FIX PV panels may limit photosynthesis and SOC accumulation (Zhang et al., 2025).

In view of this, the goal of this research is to assess the effects of TTS PV panels and FIX PV panels on soil physicochemical properties and whether the PV panels induced spatial heterogeneity of soils in desert areas. The specific goals were to: (1) compare soil physicochemical properties of TTS PV panels, FIX PV panels, and undisturbed control areas (CK), and (2) compare soil physicochemical properties of PV panels at different shading locations.



2 STUDY AREA AND METHODS


2.1 Overview of the study area

The study area is located in the Longyangxia Hydro-PV Park in Talatan, Qinghai Province (100°22′E−100°39′E, 35°56′N-36°13′N). The PV power plant was built in 2012 and completed in 2015, with a total installed capacity of 850 MW. It is characterized by ‘PV + ecological management + ecological pastoralism'. We collected soil samples at a FIX and a TTS PV array (Figure 1). FIX PV mounting system that does not track the rotation of the sun. The lower eaves of the PV panels are 0.5 m from the ground, the inclination angle of the PV panels is 39°, and the spacing between the PV panels is 6.87 m (Figure 2c). TTS PV mounting system rotates at a fixed inclination to track the sun’s trajectory from east to west, with the lower eave of the PV panels 1.2 m above the ground (Figure 2d).


[image: Aerial view of solar panel arrays in a desert landscape. The left section features an extensive layout of panels. The right section highlights a fixed-axis PV array, a tracking tilted single-axis PV array, and a control area. Labels identify each section, and scale bars provide distance measurements.]


FIGURE 1 | 
The position of the FIX PV array, the TTS PV array and the CK. FIX, fixed-axis. TTS, tracking tilted Single-axis. CK, control area.


[image: Diagram illustrating solar panel layouts and sampling lines. Panel (a) shows a grid layout of solar panels labeled A to E with five sampling lines. Panel (b) details sampling points with distances marked. Panel (c) and (d) display side views of panels showing sun angle, elevation differences between the northedge, southedge, under panel, and between panel areas, marked with specific heights. Arrows indicate the sun’s position relative to the panels.]


FIGURE 2 | 
Soil sampling point layout diagram. (a) PV arrays. (b) CK. (c) Schematic detailing the sampling locations relative to the FIX PV panels. (d) Schematic detailing the sampling locations relative to the TTS PV panels.

The ground elevation of the PV plant is 2,900–2,950 m. The overall terrain is high in the west and low in the east, and the slope is not large. The climate in the region is predominantly a highland continental climate, with an annual rainfall of 246.3 mm and an average annual temperature of 4 °C. Local soil types mainly include calcic brown soil and calcite chestnut soil (Zhao and Na, 1996).



2.2 Soil sample collection

In July 2019, 6 years after the construction of the PV power plant, soil samples were collected. Five samples were taken from five rows of 20 m intervals along the east-west direction in the FIX and TTS PV arrays (Figure 2a). The sampling points were located on the south edge, north edge, under, and between PV panels (Figures 2c,d). Therefore, there were 100 sampling positions in the FIX and TTS PV arrays, respectively. The non-PV panel area at 400 m east of the TTS PV array area was used as the control area. The spacing of the east-west and north-south sampling points in the control area was 20 m (Figure 2b). There were 25 sampling points in the control area. Soil samples were collected from the 0–20 cm top soil layer mixed and bagged, air-dried, and brought back to the laboratory for physical and chemical properties. A total of 225 soil samples were collected.



2.3 Measurement of soil physicochemical properties

A total of 14 soil physicochemical indicators were measured. The indicators were monitored referencing the “analytical method of soil agriculture chemistry” (Lu, 2000). Bulk density was measured by ring knife method, and pH was measured by potentiometric method. TN was measured by the concentrated sulfuric acid-catalyst-flow analyzer method. TP was measured based on the sodium hydroxide melting-molybdenum antimony colorimetric method. TK was measured by the sodium hydroxide melting-flame photometric method. TC was measured by the combustion method. SOC was measured using potassium dichromate combined with the heating method. AK was measured by the ammonium acetate-flame photometric method. AP was measured by the molybdenum antimony anti-colorimetric method. AN was measured by the alkaline hydrolysis diffusion method. Mechanical composition was measured using a laser particle sizer (Malvern, model 2000), and SWC was measured in situ with a WET instrument (Delta-T, WET-2).



2.4 Calculation of the soil quality index (SQI)

The data of the 14 soil physicochemical indicators measured were standardised and the indicators were converted to values between 0 and 1 using the linear scoring function method. Indicators were categorized into two types based on the sensitivity of soil quality. If the indicator is positively correlated with soil quality, the “more is better” scoring model applies, i.e., Equation 1. Conversely, the “less is better” scoring model, Equation 2, applies.
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Where S

L
 is the linear score of each indicator between 0 and 1; x is the measured value; x
max and x
min are the maximum and minimum values of the indicator, respectively.

The weight of each indicator is calculated by principal component analysis. The calculation method is detailed in Yue et al. (2024). The results were shown in Supplementary Tables 1–9. The SQI is calculated according to Equation 3:
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Where W
i is the weight value of each quality factor, n is the total number of indicators, S
i is a linear score. The SQI ranges from 0 to 1, with higher SQI indicating higher soil quality.



2.5 Calculation of the soil multifunctionality index (MFI)

The multifunctionality of soils reflects the cycling of carbon, nitrogen, and phosphorus, as well as the supply capacity of the resources available to the soil (Manning et al., 2018). MFI was calculated based on the measured 14 soil physicochemical indicators. MFI was calculated by the mean value method, and the measured values of different functions were transformed and averaged. Finally, the representative index of functional average level, namely, the soil multifunctional index, was obtained. The MFI calculation formula is as shown in Equation 4:
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Where F is the number of functions measured, f

i
 is the measured value of function i, r

i
 is the mathematical function that transforms f

i
 into a positive function, and g is the normalization function.



2.6 Statistical analysis

SPSS 25.0 software was used to perform one-way ANOVA, principal component analysis, and significance tests. Origin 2021 software was used for graphing.




3 RESULTS


3.1 Characteristics of soil basic physicochemical properties

The soil BD in the south edge, north edge, under, and between panels of TTS PV panels was significantly (p < 0.001) higher than that in the control area. They were 3.14%, 3.11%, 3.38% and 2.90% higher, respectively. Whereas, the BD of the FIX PV panels was not significantly different (p > 0.05) from the control area. The soil BD of the two PV panels was significantly (p < 0.05) different only at the southern edge, under and between the panels, whereas there was no significant difference (p > 0.05) at the northern edge (Figure 3a).


[image: Seven bar graphs presenting soil properties across different locations: (a) Bulk density (BD), (b) Soil water content (SWC), (c) Clay percentage, (d) Silt percentage, (e) Sand percentage, (f) Soil organic carbon (SOC), and (g) pH. Each graph compares results from four treatments: FIX, TPS, CK, and ITS across four areas: Southedge, Under, Northedge, and Between. Significance levels labeled as n.s. (not significant), *, **, *** for p-values less than 0.05, 0.01, and 0.001, respectively. Each graph includes error bars.]


FIGURE 3 | 
Results of analyses of soil basic physicochemical properties at different locations of PV panels. (a) Bulk density (BD), (b) soil water content (SWC), (c) clay, (d) silt, (e) sand, (f) soil organic carbon (SOC). (g) pH. FIX, fixed-axis PV panels. TTS, tracking tilted Single-axis PV panels. CK, control area.

SWC of the FIX PV panels was significantly (p < 0.001) higher than that of the TTS PV panels and the control area. SWC of the FIX PV panels increased by 64.81%, 64.12%, 74.74%, and 48.49% at the south edge, north edge, under, and between PV panels, respectively, compared with the control area (Figure 3b).

There was no significant difference (p > 0.05) in soil clay, silt, and sand content among FIX PV, TTS PV panels, and control area (Figures 3c–e).

SOC at the south edge, north edge, under and between TTS PV panels was significantly (p < 0.001) lower than that of the control area by 32.57%, 32.10%, 35.07% and 30.06%, respectively. While the SOC of FIX PV panels was not significantly different (p > 0.05) from the control area. SOC at the southern edge, under and between TTS PV panels was significantly (p < 0.05) decreased by 24.93%, 25.35%, and 23.88% compared to the FIX PV panels (Figure 3f).

Soil pH at the south edge, north edge, and under FIX PV panels was significantly (p < 0.05) decreased by 3.07%, 2.58% and 3.57% compared to the control area. Soil pH between panels with FIX and TTS PV was not significantly different (p > 0.05) from the control area (Figure 3g).



3.2 Soil total nutrient properties

TC content in the south edge and under the TTS PV panel was significantly (p < 0.01) decreased by 29.03% and 29.62% compared to the control area, and the north edge was significantly (p < 0.05) decreased by 27.94%. There was no significant (p > 0.05) difference in FIX PV panels (Figure 4a).


[image: Seven line charts depict different variables: TC, TN, TP, TK, SOC:TN, SOC:TP, and TN:TP. Each chart compares treatments at various locations: Southedge, Under, Northedge, and Between, indicating significance levels (n.s., *, **, ***). Error bars represent variability. Data points are color-coded for different treatments: IPX, TPS, CK. The charts explore the significance of treatments on these variables.]


FIGURE 4 | 
Results of analyses of soil total nutrient properties at different locations of PV panels. (a) Total carbon (TC), (b) total nitrogen (TN), (c) total phosphorus (TP), (d) total potassium (TK), (e) C: N ratio (SOC: TN), (f) C: P ratio (SOC: TP), (g) N:P ratio (TN: TP).

TN content of the south edge, north edge, under and between TTS PV panels was significantly lower (p < 0.001) than that in the control area, which was reduced by 43.71%, 42.56%, 42.27%and 35.86%, respectively. Whereas, there was no significant difference (p > 0.05) in the FIX PV panels. TN content of TTS PV panels was significantly decreased by 38.25% (p < 0.001) in the south edge, and by 34.93%, 36.14%, and 32.80% (p < 0.01) in the north edge, under and between panels, respectively, compared to that of the FIX PV (Figure 4b).

TP content was significantly reduced by 12.02% and 12.06% only in the north edge and between TTS PV panels compared with the control area. There was no significant difference (p > 0.05) between the FIX PV panels (Figure 4c).

TK content in FIX PV and TTS PV panels was not significantly different (p > 0.05) from that of the control area, whereas TK content in the south edge and under the FIX PV panels was significantly lower (p < 0.001) than that of TTS PV, and in the north edge and between the panels was significantly lower (p < 0.01) by 7.15%, and by 6.97%, respectively (Figure 4d).

SOC: TN of the TTS PV panels was significantly increased (p < 0.001) than that in the control area (Figure 4e), SOC: TP (except between panels), and TN: TP was significantly decreased (p < 0.001), while the FIX PV panel had no significant difference (p > 0.05) (Figures 4f,g).



3.3 Soil available nutrient properties

Compared with the control area, the south edge of the TTS PV panel significantly increased AP (p < 0.05, +27.56%), and AN was significantly reduced (p < 0.05, −27.97%). AN under the panel and the north edge were significantly reduced (p < 0.01) by 32.86% and 30.12%, and there was no significant difference (p > 0.05) in AK. There was no significant difference (p > 0.05) in AP, AK, and AN between the FIX PV panels and the control area (Figure 5).


[image: Three bar charts showing nutrient levels: (a) AN, (b) AP, and (c) AK across four site conditions: South edge, Under, North edge, and Between for FIX, ITS, and CK with significance levels. Error bars indicate variability, with annotations marking significance levels as not significant (n.s.) or significant at p<0.05, p<0.01, and p<0.001.]


FIGURE 5 | 
Results of analyses of soil available nutrient properties at different locations of PV panels. (a) Available nitrogen (AN), (b) available phosphorus (AP) and (c) available potassium (AK).



3.4 Soil quality and multifunctionality assessment


3.4.1 Principal component analysis

Principal component analysis (PCA) was conducted on 14 indicators (S1-S9). The results indicate that three principal components can be extracted for soil indicators at the north edge of the TTS panels (S6), between FIX panels (S7), and between TTS PV panels (S8), with cumulative contribution rates of 76.864%, 74.421%, and 74.771% respectively. Meanwhile, soil indicators from the remaining locations can be extracted into four principal components, with cumulative contribution rates exceeding 80.342%, effectively representing the variation information of the indicator variables. This demonstrates that the extracted components effectively represent the variation in the indicator variables. In the first principal component, BD at the southern edge of the TTS PV panel (S2) and under TTS PV panels (S4) has a higher weight, whereas TN at other locations has a higher weight. In the second principal component, the sand indicator demonstrates higher weighting at the following locations: under TTS PV panels (S4), north edge of the TTS PV (S6), between TTS PV (S8), and control area (S9).

The weights of soil quality evaluation indexes at different locations were obtained by PCA (Figure 6), and the weights were between 0.0712 and 0.0715, with little difference.


[image: Bar chart displaying weight values across four categories: Southedge, Under, Northedge, and Between. Each category has three types: FIX, TTS, and CK, with orange, green, and purple bars, respectively. The weight values range from 0.00 to 0.08, with similar values across all categories.]


FIGURE 6 | 
The average weight value of soil quality evaluation index at different locations.



3.4.2 Soil quality and multifunctionality index

Changes in soil physicochemical properties directly affect soil fertility and plant growth. There was no significant difference (p > 0.05) in SQI and MFI between the FIX PV panel, the TTS PV panel, and the control area (Figure 7). The SQI of FIX PV panels was higher in the south edge than in the control area, and the MFI was higher in the control area than in other locations. The SQI of the TTS PV panel was higher in the south edge and under the panel than in the control area, and the MFI was higher under the panel than in the control area.


[image: Two graphs show mean values with error bars for different treatments labeled FIX, TTS, and CK across four conditions: Southedge, Under, Northedge, and Between. Graph (a) presents SQI values, ranging from 0.40 to 0.60. Graph (b) shows MFI values between 0.40 and 0.60. Both include "n.s." annotations indicating no significant differences. Significance is marked with asterisks (p-values) below the graphs.]


FIGURE 7 | 
Soil quality and multifunctionality index. (a) Soil quality index (SQI) at different locations of PV panels. (b) Soil multifunctionality index (MFI) at different locations of PV panels.

Regression analysis of SQI and MFI showed a significant positive correlation (R
2 > 0.89) (Figure 8).


[image: Scatterplots labeled (a) and (b) show the relationship between SQI and MFI. Both graphs display a linear regression line, with equations \(y=0.807x+0.041\) and \(y=0.888x+0.007\) respectively. Each plot includes a 95% confidence and prediction band, highlighted in pink. The \(R^2\) values are 0.918 and 0.927, indicating strong correlations.]


FIGURE 8 | 
The linear model of SQI and MFI. (a) FIX PV panels. (b) TTS PV panels.





4 DISCUSSION


4.1 Effect of PV panels on soil physicochemical properties

In this study, soil BD of TTS PV panels increased significantly, while there was no significant difference in FIX PV panels (Figure 3A). This may be due to the shading effect of PV panels will reduce soil moisture evaporation, enhance soil water retention capacity, reduce porosity, and increase BD (Zhang et al., 2021). In addition, PV panels cause uneven distribution of precipitation, and uneven precipitation affects BD differently, as concentrated precipitation causes soil erosion and increases bulk density (Wang Y. et al., 2021; Zhang et al., 2020; Dvoráčková et al., 2024). If the soil is located in arid regions, the addition of water can lead to a decrease in BD, as moisture helps to loosen the bond between soil particles, thereby increasing the gaps between them. This decrease in soil density enhances water and air permeability, positively impacting plant growth and other biological processes within the soil (Pan et al., 2020).

In this study, SWC of the FIX PV panel was significantly higher than that of the control area and the TTS PV panel (Figure 3b). The main reason was that the FIX PV panel had a relatively large shading area and reduced soil water evaporation. In contrast, tracking PV systems were found to increase SWC in the Zhangjiakou PV power plant at the southern edge of the typical temperate grassland in Inner Mongolia, China, but the increase was not significant for fixed PV systems (Zhang S. et al., 2024). The presence of PV panels concentrates water along their lower edges, resulting in great heterogeneity in the spatial distribution of soil moisture (Choi et al., 2023), and soil moisture heterogeneity may have an important effect on plant growth, especially in arid regions where small changes in water availability may have a large impact on plant growth (D’Odorico et al., 2007). Compared with the fixed PV system, the east/west (E/W) agricultural PV design for vertical bifacial solar panels provides better spatial uniformity in the daily crop shading distribution of crops, providing higher crop yield and greater energy production (Riaz et al., 2021).

The pH of the FIX PV panels in this study was generally reduced (Figure 3g). Shading by PV panels lowers soil temperatures and slows down the rate of biological processes in the soil, such as organic matter decomposition and nutrient mineralization. With the slow decomposition of organic matter, humic and fulvic acid, and other acidic substances are released, which can reduce soil pH (Wang C. et al., 2021). Soil pH decreased by 13.93% at the Datong saline-alkali PV power plant in China (Yi, 2020).

The TN, TC, and SOC contents of FIX PV panels were higher than those of TTS PV panels at all locations in this study (Figures 4a,b,e). While soil TN and TC content in Zhangjiakou PV power plant at the southern edge of the typical temperate grassland in Inner Mongolia, China was significantly higher in the tracking tilted PV system. And soil TN, TC, and SOC contents were significantly lower in the fixed system (Zhang S. et al., 2024). The rotation of the tracking tilted PV system allows plants to capture more light and increase litter, thereby further increasing biomass accumulation and improving soil nutrients. In the desert grassland PV power plant on the southern margin of the Mu Us Sandy Land, it was also found that SOC under the flat single-axis tracking PV panel was significantly higher than that under the fixed adjustable tracking PV panel (Tong et al., 2024). In the Hongsibu PV power plant in Ningxia, it was found that the SOC under and in front of the PV panel increased, and the PV panel had a positive impact on the carbon sink of arid and semi-arid ecosystems (Liu et al., 2023). Since the topsoil was removed during the PV construction process, the carbon and nitrogen contents in the PV soil were still lower than those in the control area after 7 years of vegetation restoration in a non-vegetated PV power plant in Colorado, United States (Choi et al., 2023). In addition, studies on PV power plants in Malaysia have shown that significant changes in microclimate characteristics cannot affect the physical and chemical properties of the soil (Noor and Reeza, 2022).

In this study, SOC: TP and TN: TP were significantly reduced at all positions of the TTS PV panel (Figures 4f,g), which may be due to the improvement of soil moisture conditions promoting plant growth and increasing biomass and litter input, which further altered the soil C/N and N/P ratios (Hume et al., 2016). On the other hand, if precipitation infiltration is too intensive, it may lead to soil nutrient leaching and loss of organic matter, which may also lead to changes in soil C/N ratios (Brust, 2019).

In this study, soil AP significantly increased in the south edge of TTS PV panels, AN significantly decreased under and between panels, and there was no significant difference in AK (Figure 5). PV panels change the distribution of precipitation and affect soil moisture, nitrogen, and phosphorus availability (Uldrijan et al., 2023). TTS PV panels promoted biomass accumulation and grassland restoration (Zhang S. et al., 2024), potentially reducing AN. In contrast, the desert grassland PV plant at the southern edge of the Mu Us Sandy Land showed that soil NO3-N, AP and AK content did not change significantly under panels, between panels and at the control site (Tong et al., 2024), The reason may be that in the aeolian sandy soil, the content of these available nutrients is very low, and the degree of disturbance under and between the panels is not enough to have an impact on the content of these available nutrients, and also because the time for natural restoration is only 2 years, so the content of the soil available nutrients changes have not yet been observed.



4.2 Soil quality in PV power plant

There is no significant difference in SQI and MFI between FIX PV panels and TTS PV panels in this study (Figure 7). It may be due to the fact that the mean value method was used to calculate the MFI in this study. While this method is straightforward to calculate and widely used, it fails to reflect the differing weightings of each individual function. SQI is greater than the control area for the south edge of FIX PV panels, and greater than the control area for the south edge and under panels of TTS PV. MFI is less than the control area for the FIX PV panels at all locations, and TTS PV with the south edge and under the panels is higher than the control area. MFI is lower than the control area for FIX PV panels at all locations, and higher than the control area for the under and south edge of the panels with TTS PV. This may be due to the fact that the tracking PV panel has a dynamic change in the precipitation redistribution at the southern edge of the PV panel, and there are also differences in the light and heat distribution. The influence of TTS PV panels on microclimate and soil is more complicated than that of FIX PV panels (Suuronen et al., 2017). Soil quality of tracking flat single-axis PV panels in a typical sandy PV plant in western Inner Mongolia was higher than that of the control area, with higher soil quality between PV panels, before and after the panels, and lower soil quality under the panels (Yuan and Gao, 2024). The soil quality between and under the flat single-axis tracking PV panels in the desert grassland on the southern edge of the Mu Us Sandy Land is better than that of the fixed PV panel (Tong et al., 2024). Yunnan agro-PV plant showed that planting crops significantly improved the soil quality and versatility index (Luo et al., 2024). In rocky desertification PV power plants, different degrees of shading by PV panels had no significant effect on the SQI (Wu et al., 2023). Similarly, agricultural PV systems in the Mediterranean environment of the Puglia region (Italy), the land equivalence ratio was improved and without negative impacts on biological soil quality (Riaz et al., 2021). The SQI in Mediterranean PV power plants is about three times lower than that of semi-natural land (Lambert et al., 2021a), and the main reason for the decrease in soil quality is the increase in soil erosion due to the disturbance of the soil during the construction period, the decrease in soil compaction (Quinton et al., 2010) and organic matter content, and consequently the decrease in the soil’s water-holding capacity (Mujdeci et al., 2017) and stability (Šimansk’y et al., 2013).




5 CONCLUSION

The environmental heterogeneity of different shading positions of PV panels affected soil physicochemical properties to different degrees. FIX PV panels showed a significant increase in SWC, which was very beneficial to vegetation restoration in the desert area. There was no significant difference in soil quality and soil multifunctionality index between the two types of PV panels. The high efficiency of tracking PV arrays in electricity generation also contributes to a more uniform distribution of sunlight and moisture. In the future, as we face arid climates and increasing land scarcity, the combination of tracking PV technology and agriculture holds great potential.
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Evaluation of obstacle factors of ecological restoration in mining
area

Edaphic condition Total phosphorus content of soil 15.06 1361
Soil total nitrogen 8.48 7.6
Soil available phosphorus 648 5.86
content
Soil alkaline nitrogen content 256 233
Organic matter content 271 245
Site condition Gradient 1974 1784
Vegetation coverage Vegetation coverage 334 302
conditions
Ecological landscape Landscape fragmentation 13.40 1211
conditions
Patch density 15.06 1361
Shannon diversity index 256 231
Surface damage conditions Damage degree 2125 1920
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Resource and energy use Land use per unit GDP m?/10,000 yuan Negative
Energy consumption per unit GDP Tons of standard coal/ Negative
10,000 yuan
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GDP (X4)
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Areas (X5)

R&D Investment as a Percentage of 0,072 (0.003) 0.082 (0.002) 0,077 (0.003) 0.106 (0.000)
GDP (X6)

Urban Registered Unemployment 0017 (0.697) 0025 (0.598) 0035 (0.446) ~0.099 (0.005)
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