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1 INTRODUCTION
Climate change and the intensification of human activities can induce unprecedented alterations in global hydrological and ecological systems. These disruptions manifest in altered river flows, degraded water quality, biodiversity loss, and compromised ecosystem services. In a warming world, ecological systems have different hydrological responses to changes in climate and human activities and have different water demands in different basins or regions. However, the hydrological and ecological system response remains uncertain. Water resources management and ecological restoration in a changing world need to elucidate its hydrological and ecological response and then provide a suitable way to adapt to global change. Understanding the interactions between water cycles and ecological processes is critical for devising adaptive management strategies that reconcile socioeconomic development with environmental sustainability.
This Research Topic “Water and Ecological System: Response, Management, and Restoration-Volume II” aims to collect and present the latest research developments in hydrological and ecological response in different basins or regions and its implication for water resources management and ecological restoration. Articles published in this Research Topic would shed light on divergent evidence in hydrological and ecological response, explain it with new and deeper insight, and interpret its implication for ecological water demand, water resources management and planning, and ecological restoration. These articles are expected to benefit communities, basins, and government agencies in water and ecosystem management that deal with hydrological and ecological responses in a changing world.
This Research Topic collects 14 manuscripts that explore these interactions across varied geographic and climatic contexts. From the cascade reservoirs of the Yellow River to the coal mining regions of Huainan and the Karst landscapes of Guizhou, the articles investigate hydrological responses to environmental stressors, evaluate ecosystem health, and propose frameworks for r This synthesis consolidates their findings, identifies cross-cutting themes, and outlines future research priorities.
2 MAIN RESEARCHES AND CONTRIBUTIONS
2.1 Hydrological responses to climate change and human activities
Climate change including global warming and other related Research Topic profoundly affects hydrological processes such as precipitation and evaporation. Li et al. attribute streamflow reductions in the Daqing River Basin in the North China Plain, to a combination of climate change (35% contribution) and human activities (65%), notably afforestation and water conservancy projects. Hydrological simulations and elasticity coefficient analyses highlight the vulnerability of semi-arid regions to compounding stressors, urging adaptive strategies to mitigate water scarcity.
Human activity and climate change have significantly modified the hydrological processes of groundwater. In coal mining areas, dewatering operations have become more influential than climate change, making human activity the primary factor impacting groundwater systems. Zhou et al. investigate groundwater level fluctuations in the Pansan Coal Mine in Huainan, China, demonstrating that El Niño-Southern Oscillation (ENSO) signals persist despite over-exploitation. Wavelet analysis reveals interannual resonance between groundwater levels and precipitation, underscoring the dual pressures of climate variability and mining. The study highlights the need to integrate climate teleconnections into groundwater management, particularly in regions reliant on fossil fuel extraction. Quaternary aquifers showed 80 m declines in water tables, underscoring the need for managed aquifer recharge.
Cascade hydropower development significantly alters the structure and function of river ecosystems. Phytoplankton, as primary producers, are highly sensitive to environmental changes, and their diversity and community structure reflect the state of the water environment. Luo et al. examine the role of hydraulic residence time (HRT) in shaping phytoplankton communities in the Upper Yellow River cascade reservoirs. Their study reveals that HRT positively correlates with phytoplankton abundance and diversity, with deterministic processes (e.g., water temperature, nutrient availability) dominating community assembly. Annual regulation reservoirs (e.g., Liujiaxia) exhibited 30% higher species richness than runoff-dominated systems. Annual regulation hydropower stations, characterized by longer HRT, support higher species richness compared to runoff stations. These findings emphasize HRT as a critical factor in reservoir management to balance hydropower generation and aquatic ecosystem health. However, prolonged HRT amplified cyanobacterial dominance, raising concerns about eutrophication risks.
Rivers are critical to ecological and societal sustainability, yet human activities like urbanization, industrialization, and agricultural runoff increasingly threaten their ecological health. Bu et al. apply set pair analysis to assess Dalian’s rivers, identifying S12 and S15 as healthy (Grade II) due to restored connectivity. In contrast, S7 (near a steel mill) ranked as severely polluted (Grade V), with macroinvertebrate assemblages dominated by pollution-tolerant Chironomidae.
2.2 Water resources, ecological system and environmental carrying capacity assessment
The agricultural water footprint (WF) is essential for understanding environmental impacts and managing water resources, especially in waterscarce regions. Wei et al. develop an integrated framework to assess agricultural water footprints (WF) in Beijing, combining blue, green, and grey water metrics with reliability-resilience-vulnerability (RRV) indices. WF were analysed using STIRPAT model. The overall WF decreased from 22.0 × 108 m3 to 3.9 × 107 m3, showing a significant downward trend from 1978 to 2018, and 25 out of 35 years exceed the water stress thresholds (WSI >1), They were driven by improved irrigation efficiency and crop restructuring. However, water stress indices (WSI >1) persist, underscoring the need for policies that enhance water-use efficiency and reduce nitrogen pollution.
Evaluating resource and environmental carrying capacity (RECC) within the framework of ecological civilization is essential for reconciling development with ecological preservation and optimizing land-use patterns. Yang et al. evaluate resource and environmental carrying capacity (RECC) in Guizhou’s Karst regions using an obstacle degree model and Pearson’s correlation analysis. They find significant medium-to-high positive correlations: resource carrying capacity with environmental capacity (0.61) and overall capacity (0.74). The environmental capacity correlates with the overall capacity (0.80). Conversely, the socioeconomic carrying capacity shows no significant correlations with the resource carrying capacity (−0.21), environmental capacity (−0.32), or overall capacity (0.23). These results indicate that resource and environmental capacities have a significantly greater influence on the overall carrying capacity than socioeconomic indicators. They identify delayed socioeconomic development and inadequate infrastructure as key constraints, advocating for industrial modernization and market-driven resource allocation to enhance RECC.
For urban river ecological health, Bu et al. and Zhang et al. advance bioassessment protocols for urban and undammed rivers. Bu’s entropy-weighted set pair analysis identifies pH, dissolved oxygen, and ammonium nitrogen as critical determinants of river health in Dalian, while Zhang’s multimetric index (MMI) for the Zaogang River integrates hydrologic, chemical, and biological indicators to guide restoration.
The Chishui River, as an important tributary of the upper Yangtze River without dams, the macroinvertebrate community structure and habitat suitability conditions holds significant implications for water ecological conservation and restoration. Li et al. identify taxa of Ephemeroptera, Plecoptera, and Trichoptera as key bio-indicators in the pristine Chishui River. ANOSIM analysis revealed seasonal shifts in community composition, with dry-season dominance by Baetis and Heptagenia. Habitat suitability modeling prioritized riffle habitats with moderate flow velocities (0.3–0.6 m/s) and gravel substrates (D50 = 100–300 mm).
Liu et al. quantify the gross ecosystem product (GEP) of Shandong Mata Lake National Wetland Park, valuing its regulatory and cultural services at CNY 74.8 million annually. Regulation services (78.5% of total) dominated, with water purification (CNY 480,000) and flood regulation (CNY 220,000) as primary contributors. Scenario modeling suggests carbon sequestration could increase by 25% under afforestation.
2.3 Innovations in monitoring and modeling
In order to explore the relationship between groundwater levels and hydrometeorological factors in Fengnan District. Zhang et al. employ a PCA-CIWOABP neural network to predict groundwater levels in Fengnan District, achieving mean absolute errors (MAE) of 0.19–0.23. Their model, which integrates hydrological and meteorological data, demonstrates the potential of machine learning for real-time groundwater management in the North China Plain.
Large-scale afforestation projects on the Loess Plateau have resulted in significant vegetation greening, contributing to ecosystem restoration and enhanced soil conservation. Tan et al. identify the drivers of evapotranspiration (ET) changes, attributing long-term increases (80%) to vegetation greening and interannual variability to climate fluctuations. Their findings caution against afforestation in arid zones, where ET amplification exacerbates water deficits.
3 OTHER CROSS-CUTTING INSIGHTS
Multiple studies highlight the growing frequency of droughts and floods under climate change. For instance, Li et al. note a 1.09–1.32 mm/year decline in precipitation across the Daqing River Basin, while Tan et al. report rising temperatures as a key driver of increasing ET on the Loess Plateau. These trends necessitate adaptive infrastructure, such as sponge cities and managed aquifer recharge, to buffer against hydrological extremes.
Anthropogenic pressures—overfishing, mining, urbanization—emerge as primary drivers of ecosystem decline. Du et al. document the recovery of fish populations in the Yangtze River following a 10-year fishing ban, noting a 91% increase in average body length for nine species (e.g., Hemiculter leucisculus). However, piscivores like Pseudobagrus crassilabris declined due to trophic cascades. Spatial heterogeneity was evident: Huangshi showed improved Margalef richness (from 4.55 to 4.78), while Jingzhou stagnated. yet stress that full biodiversity restoration requires decades. Similarly, Zhou et al. link groundwater depletion in Huainan to coal mining, advocating for stricter regulations on dewatering.
The studies collectively advocate for holistic approaches that bridge hydrology, ecology, and socioeconomics. Wei et al. and Yang et al. demonstrate how water footprint analysis and RECC evaluations can align agricultural practices and land-use planning with ecological limits. Meanwhile, Liu et al. and Bu et al. showcase the policy relevance of ecosystem service valuation and bioassessment.
4 CHALLENGES AND FUTURE DIRECTIONS
4.1 Data gaps and methodological limitations
Several studies identify limitations in data resolution and model accuracy. For example, Zhang et al. note the scarcity of long-term groundwater monitoring data, while Li et al. emphasize the need for high-temporal-resolution biodiversity surveys. Future research should leverage emerging technologies—remote sensing, IoT sensors, eDNA—to enhance data Research Topic.
4.2 Scaling local findings to regional policies
While case studies provide valuable insights, scaling local solutions (e.g., the Chishui River’s undammed management) to regional or national levels remains challenging (Li et al.). Participatory modeling and decision-support systems could facilitate knowledge transfer, as demonstrated by Cui et al. in optimizing crop structures for water-energy-food nexus sustainability.
4.3 Balancing ecological and socioeconomic goals
The tension between conservation and development persists, particularly in rapidly urbanizing regions. Zhang et al. and Li et al. propose “happy river” frameworks that integrate ecological health with human wellbeing metrics (e.g., flood safety, cultural value). Such frameworks require robust stakeholder engagement and adaptive governance.
The studies in this Research Topic collectively advance our understanding of water-ecosystem interactions in a changing climate. Moving forward, interdisciplinary collaboration, technological innovation, and adaptive governance will be essential to navigate the complexities of water and ecosystem management. This synthesis underscores the urgency of translating scientific insights into actionable policies to safeguard water resources and ecological resilience for future generations.
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The ecological health of urban rivers serves as a critical indicator of the overall health of urban ecosystems. The water ecological health status of the Zaogang River in Changzhou City was evaluated; nine sections of the river and the Old Zaogang River were sampled, and an assessment system with 8 indexes for hydrologic integrity, physical structural integrity, chemical integrity, and biological integrity was set up. A comprehensive scoring system, based on index scores and their corresponding weights, was employed to evaluate the ecological health of the Zaogang River. The assessment revealed that most sections of the Zaogang River were in a healthy state, classified as second-class level. In contrast, the Old Zaogang River exhibited sub-health conditions in one section, indicating a need for comprehensive restoration measures. Water ecological health evaluation system constructed in this study is relatively complete and comprehensive, and provides a good example for the rapid evaluation of urban rivers. Additionally, the findings of the study offer guidance for managing rivers in Changzhou city.
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1 Introduction

In recent years, with the accelerated progress of industrialization and urbanization, a large amount of domestic sewage and industrial wastewater has been discharged into rivers, far exceeding the self-purification capacity of the rivers themselves. Rivers and lakes are increasingly facing ecological challenges. Preserving the health and vitality of rivers and lakes, while ensuring the sustainable use of water resources, has become a critical and urgent societal task.

The evaluation of water ecological health serves as a crucial basis for the scientific formulation of water resource allocation plans and river protection measures, providing a scientific basis for the rational utilization of water resources and ecological protection and restoration in the river basin (Stoddard et al., 2006; Poikane et al., 2020; Brosed et al., 2022). Two primary methodologies currently dominate the study of water ecological health: the comprehensive index method and predictive modeling. The comprehensive index method employs a mathematical comprehensive assessment model and a set of biological, chemical, and physical indicators to determine the overall status of water ecological health. Common methods include the Index of Stream Condition (ISC) (European Commission, 2000), Riparian, Channel, and Environmental Inventory (RCE), and Rapid Bioassessment Protocols (RBPs) (Tang et al., 2002). Predictive modeling evaluates the status of water ecological health by comparing actual river species with the species that should exist without human interference. Common methods include the Index of Biological Integrity (IBI) (Wright et al., 1984) proposed by Karr and the River Invertebrate Prediction and Classification System (RIVPACS) (Thornbrugh et al., 2018) proposed by Wright. The rapid development of monitoring technology has facilitated the measurement of river biological characteristics, structural morphology, water quality, and quantity. The comprehensive evaluation index method MMI, developed in the 1990s, enables a holistic assessment of water ecosystems (Prudente et al., 2018). MMI has a wide range of applications and can be used in many types of water bodies, such as rivers, lakes, and reservoir areas (Zhou et al., 2019; Li et al., 2021). In recent years, the evaluation system for urban river health has been gradually improved and developed (Martinez-Haro et al., 2015; Díaz et al., 2019). While focusing on aquatic organisms, abiotic elements have been incorporated into the evaluation system, making the evaluation system more perfect and comprehensive. Deng et al. (2014) built an urban water ecological health evaluation index system containing 24 indicators from three aspects, including natural ecology, social economy, and landscape environment, and established a fuzzy comprehensive evaluation model based on the analytic hierarchy process. Su et al. (2019) developed a river ecosystem health evaluation index system focusing on integrity, stability, and sustainability to explore the impact of water transfer projects on the Yangtze River ecosystems’ health. Under the guidance of the concept of resilience, Zhang et al. (2022) built an urban water ecological health evaluation index system based on the pressure-state-response model (PSR), evaluating and predicting water ecological health levels and development trends using combined weighting methods and matter-element extension models. Becker et al. (2022) used the River Ecosystem Service Index (RESI) to evaluate the service function of the ecosystem and to guide the restoration of the ecological service function of rivers to cities. Meanwhile, water ecological evaluation is to describe the physical structure, chemical state, and biological state of the water ecological system, thereby evaluating the health status of the system, identifying critical issues, and providing a basis for evaluating the effectiveness of ecological restoration measures and adjusting policies and regulations (Zhang et al., 2023). In this study, a rapid evaluation system for water ecological health was established by combining the predictive modeling method and comprehensive index method, integrating the advantages of both methods and aiming to identify the key issues of urban rivers in Changzhou, thereby providing guidance for relevant policies for water ecological health protection.

Changzhou, located in the Taihu Lake basin, boasts a well-developed plain river network. Changzhou has attached great importance to water ecological health in recent years. In 2014, the city established the water ecological health evaluation index system by referencing the Indicators, Standards, and Methods of River Health Assessment and the assessment report of important rivers in Jiangsu Province, and combining the specific conditions of the city. Based on the various characteristics and functions of rivers, a single-factor evaluation of water ecological health status is carried out using 14 indicators, including physical, chemical, ecological characteristics, and social service functions. On this basis, the natural and social attributes of rivers are further evaluated, and the health status of rivers is comprehensively evaluated. In 2019, Changzhou renamed “River and Lake Health Assessment” to “River and Lake Ecological Status Assessment,” aligning with the local standard of Jiangsu Province, Ecological Assessment of River and Lake (Water Resources Department of Jiangsu Province, 2019). Based on the hydrological and ecological characteristics of the city rivers, the “phytoplankton” index in aquatic organisms has been adjusted to “zooplankton and benthic animals,” and the original two indicators of “aquatic organisms” have been increased to three, while the total weight coefficient of “aquatic organisms” remains unchanged. It includes 13 indicators from 5 aspects: water security, aquatic organisms, aquatic habitat, water space, and public satisfaction (Ji et al., 2020).

As a multifunctional river in Changzhou, China, the Zaogang River plays a vital role in water transfer to the Yangtze River. Therefore, evaluating its water ecological health status is of utmost importance. In this study, the assessment of the water’s ecological health status is conducted to establish a scientific understanding of the river’s ecological condition and provide a basis for effective river management.




2 The research area and data



2.1 Overview of the research area

Changzhou is located in the northwest of the Taihu Lake Basin, bordering the Yangtze River in the north, Taihu Lake in the south, and the Jinli hills and mountains in the west. Reservoirs and dams are dotted all over the place, with plains and polders situated between the rivers in the north and the lakes in the south. The river system is highly developed, forming a complete network. Renowned as the “Jiangnan water town,” Changzhou’s Zaogang River is one of its significant backbone rivers, connecting with the Yangtze River in the north and the Guan River in the south, ultimately leading to the Dawanbang River. Stretching 20.2 kilometers in length, the Zaogang River serves multiple functions, including flood control, drainage, irrigation, water supply, ecological balance, and navigation in the west of the Wuchengxi region. There are many tributaries of the river, and the dredging project was completed in 1996. The upstream, in Yutang town, has been curved and straightened, and the downstream has been diverted into two streams in Huzhuang, north of Longhutang. One stream flows southwest along the river through Changzhou High-tech Zone into the Guan River, while the other flows southeast along the east branch of the Old Zaogang River through the Yonghui River to the Beitang River, and ultimately reaches the Grand Canal through the tributaries such as the Hengtang River, Dingtang Port, and Sanshan Port. Some parts of the river flow into Jiangyin (Zhong, 2013). The locations of the Zaogang River and the Old Zaogang River are shown in Figure 1.




Figure 1 | Sampling sites of the Zaogang River and the Old Zaogang River in Changzhou city.






2.2 Data source and processing

River macrobenthos, ecological water level satisfaction degree, and phytoplankton double index of biotic integrity use the data from Changzhou Academy of Environmental Science. The data on vegetation cover, artificial disturbance of the riparian zone, and river connectivity are obtained through the interpretation of Orvital satellite images. More information can be found at https://www.ovital.com.





3 Methods



3.1 Set of sampling sites

The sampling and investigation of the water quality was conducted on September 23 and 24, 2023, for detailed ecological and environmental analysis of the Zaogang River in Xinbei District, Zhonglou District, and Tianyu District, Changzhou City, Jiangsu Province, China. As a key water resource in this region, the Zaogang River system is comprised of two main sections: the Zaogang River and the Old Zaogang River. The core objective of this survey is to obtain the latest and accurate data to ensure the typicality and timeliness of the analysis results. Therefore, in order to avoid that the local conventional monitoring points usually selected cannot represent the ecological status of the whole river, the local conventional monitoring points were avoided in the selection of sampling points, and multiple sampling sites were set up along the river, hoping to fully reflect the ecological status of the Zaogang River.

Sampling sites were strategically selected at critical points along the river, including its headwaters, midsection, and terminus, as well as at the confluences of tributaries and key dam locations. The sampling sites extend from the outer section of the Zaogang River Junction to the section after the intersection of the Dawanbang River and the Sanjing River. The Zaogang River is a smaller urban river, but multiple sampling sites were still set up, with the points spaced at an appropriate distance and having a certain degree of representativeness. The river length represented by the sampling sites is considered to be able to cover both the Zaogang River and the Old Zaogang River, so it is believed that the sampling sites can represent the ecological condition of the river. To minimize external interference factors, careful observations are carried out at least 500 meters upstream of each sampling site to avoid areas that may affect the physical and chemical properties of the river, such as industrial sewage outfalls, livestock manure accumulation points, and household garbage dumping areas. Taking into account the water quality, water quantity, and coastal discharge status of the Zaogang River, 9 sampling sites are selected (Figure 1), among which 6 are along the Zaogang River and 3 along the Old Zaogang River. The latitude and longitude coordinates and the basic description of each sampling site are shown in Table 1. The distance between S1 and S2 is relatively short; however, S1 is situated outside the Zaogang River junction while S2 lies within it. Analyzing the ecological conditions of S1 and S2 can provide insights into how the junction influences the river’s ecological status to some extent. Meanwhile, S3 is positioned at the confluence of the Zaogang River and the Old Zaogang River, serving as a valuable reference for comparing ecological conditions between these two rivers. The remaining sampling sites are located where both rivers converge, making them representative and significant.


Table 1 | The basic situation of the sampling sites of the Zaogang River and the Old Zaogang River.



Stainless steel water quality samplers are used for sampling. For sites S1, S2, S3, S7, and S8, the sampler is dropped vertically from the bridge, with sampling locations primarily in the middle of the river. The sampling locations for the remaining sites are 1-2 meters away from the riparian zone, and the depth of sampling is approximately 1 meter below the river’s surface.




3.2 Sample analysis method

The indicators of water quality investigation are comprised entirely of indoor detection indicators, including COD (mg/L), NH3-N (mg/L), TP (mg/L), TN (mg/L), Pb (mg/L), and Electrical conductivity (μs/cm). The GW-2000E portable multi-parameter water quality tester is used for determination, while the DIS-1D portable digester facilitates the digestion process.




3.3 Evaluation methods



3.3.1 Evaluation principles

Based on the acquired data, an evaluation system is constructed to evaluate the water ecological health status of the Zaogang River, focusing on four criteria levels: hydrologic integrity, physical structural integrity, chemical integrity, and biological integrity. Considering the impact of dams on the Zaogang River, assessing its flow holds little significance. Dams have a relatively important impact on river connectivity to a certain extent, thus the indicators of hydrological integrity are selected as the ecological water level satisfaction degree and river connectivity. The Zaogang River is a typical urban river greatly affected by human activities, making it crucial to evaluate vegetation cover and artificial disturbance of the riparian zone. Benthic animals and phytoplankton are sensitive to environmental changes and can indicate the cleanliness and ecological status of water bodies to a certain extent. Fish, at the top of the nutrient level in the water ecosystem, play a vital role in representing the water environment’s stability. Therefore, indicators of biological integrity such as Hilsenhoff index, phytoplankton double index, and fish retention index were selected for assessment purposes. The determination of index weights is based on the “Technical guidelines for river and lake health assessment” (Ministry of Water Resources of the People’s Republic of China, 2020). Table 2 presents the specific indicators along with their respective weights.


Table 2 | Evaluation index system, including 8 indices.






3.3.2 Ecological water level satisfaction degree assessment methods

Urban rivers have varying degrees of ecological functions. The essence of river ecological levels and ecological discharge is that both water quantity and quality must be simultaneously satisfied to maintain the normal development of diverse ecological functions. However, because urban rivers are controlled by sluices and dams, they affect river connectivity and, consequently, river discharge. Therefore, the index of river ecological discharge satisfaction is used instead of the river ecological water level satisfaction. The scoring criteria are shown in Table 3.


Table 3 | Ecological water level satisfaction degree scoring criteria.






3.3.3 River connectivity assessment methods

River connectivity is an important parameter to measure the degree of correlation among each part of the river (Amoros and Roux, 1988), and maintaining connectivity is of great significance and thus crucial for river integrity (Wang et al., 2019). As the Zaogang River is a typical urban river, its connectivity is vulnerable to human interference. Therefore, investigating the number of artificial dams and other blocking facilities along the river is crucially important for evaluating its hydrological integrity.:



where A is the connectivity index of the river (pieces/10km), NB is the number of facilities affecting river connectivity (pieces), and L is the length of the river (km).

The score is assigned according to A, and Table 4 presents the detailed scoring criteria used in the assessment.


Table 4 | River connectivity scoring criteria.






3.3.4 Vegetation cover of the riparian zone assessment methods

According to the “Guidelines for River and Lake Health Assessment” (Department of River and Lake Management, 2020), two 10m×10m quadrates on both sides of the riparian zone of each site are selected to calculate the vegetation cover using the following calculation formula:



where PCr is the vegetation cover of the riparian zone, Aci is the vegetation coverage area (km2) of the riparian zone i, and Aai is the area (km2) of the riparian zone i. Scoring is performed according to PCr, and the scoring criteria and the description are shown in Table 5.


Table 5 | Vegetation cover of the riparian zone scoring criteria.






3.3.5 Artificial disturbance of the riparian zone assessment methods

Located in the main urban area of Changzhou City, the Zaogang River is closely intertwined with urban life and is susceptible to disturbance by human activities. Therefore, evaluating the degree of artificial disturbance is essential. Utilizing remote sensing maps and other tools, we conduct investigations to ascertain the presence of 15 typical human activities within the riparian zone and its adjacent land areas. Following this, the degree of artificial disturbance is assessed. The scoring criteria is based on the “Technical guidelines for river and lake health assessment” (Ministry of Water Resources of the People’s Republic of China, 2020). The scoring criteria for this assessment are detailed in Table 6.


Table 6 | Artificial disturbance of the riparian zone scoring criteria.






3.3.6 Water quality assessment methods

The single-factor evaluation method is employed for each water quality index. Afterward, these indices are synthesized to obtain a comprehensive evaluation of water quality at the sampling site. Measured concentrations of COD, ammonia nitrogen, total phosphorus, total nitrogen, and Pb are rated according to the standard values specified in the “Environmental Quality Standards for Surface Water” (Ministry of Ecology and Environment of the People’s Republic of China, 2002). The water quality category of the worst-performing parameter is then taken as representative of the water quality category for each sampling site of the Zaogang River. A comprehensive evaluation of the water quality category is subsequently determined.

Each water quality index for each sampling site undergoes linear interpolation against the scoring threshold to derive the scoring value. The scoring criteria are detailed in Table 7. It is assumed that each index is of equal importance, so the water quality index for each sampling site is determined by calculating the average of the values.


Table 7 | Water quality scoring criteria.






3.3.7 River macrobenthos assessment methods

Macrobenthos are important components of water ecosystems. They are sensitive to environmental changes and have weaker migration abilities than other aquatic animals. Therefore, compared with fish and plankton, macrobenthos can better represent the level of pollution in the water environment (Riato et al., 2020). The assessment of river macrobenthos is based on data provided by the Changzhou Academy of Environmental Science, with the monitoring section designated as the No. 9 Bridge section. The Hilsenhoff index (HBI) can be briefly explained as a measure of the sensitivity of macrobenthos in rivers to organic pollution. The Hilsenhoff index is used to evaluate the water quality of these sections, leveraging the varying sensitivity or tolerance of different macrobenthos to organic pollution and the abundance of information on different groups. The evaluation formula is as follows:



where ni is the number of individuals of the I th taxon, N is the total number of sample individuals, and it is the tolerance value (TV) of the I th taxon.

The tolerance values of macrobenthos refer to the “aquatic organism monitoring and evaluation of rivers” (Ministry of Ecology and Environment of the People’s Republic of China, 2023). The corresponding score table and description of HBI values are shown in Table 8.


Table 8 | HBI scoring criteria.






3.3.8 Phytoplankton double index of biotic integrity assessment methods

Phytoplankton is sensitive to changes in environmental factors, and changes in its abundance and community composition can often represent changes in the water environment, especially for relatively static water bodies. The Zaogang River is an urban river, and its flow rate is relatively slow. The community structure of phytoplankton can well represent the quality of the water environment. The monitoring section is the No. 9 Bridge section. Biological indicators are evaluated by the percentage of cyanobacteria density and total phytoplankton density (Zhang et al., 2024). The evaluation formula is as follows:



where CPD is the standardized value of total phytoplankton density, CCP is the standardized value of the percentage of cyanobacteria density, and PDIBI is the phytoplankton biodiversity index. The standardization method of the P-DIBI index is shown in Table 9.


Table 9 | Standardization method of P-DIBI index.






3.3.9 Fish retention index assessment methods

Fish plays a crucial role in the water ecosystem, occupying the top position in the nutrient structure and contributing to its overall stability. Changes in fish species can serve as an indicator of the long-term ecological health of a river. The evaluation of the fish retention index is based on data provided by Changzhou Academy of Environmental Science. Due to the unavailability of historical data for Zaogang River, the Changzhou section of Jing-Hang Grand Canal was selected as a reference point for evaluation (Qin et al., 1988). The Jing-Hang Grand Canal and the Zaogang River are the main urban rivers in Changzhou city, sharing similar characteristics during this period. Therefore, it is considered that Jing-Hang Grand Canal can be used as a reference point for evaluating fish retention index to some extent. The calculation formula is as follows:



Where FOEI is fish retention index (%), FO is the number of fish species obtained from the river survey, and FE is the number of fish species in the 1980s.




3.3.10 Comprehensive assessment methods

Based on the corresponding weights and scores of each indicator at each sampling site, a comprehensive score for each site is obtained. The calculation formula is as follows:



where RHI is the comprehensive score of each sampling site, as is the I index, and bi is the score assigned to the I index.

According to the comprehensive scores of each sampling site, the water ecological health status of each sampling site is determined, and the water ecological health assessment classification table is shown in Table 10.


Table 10 | Water ecological health assessment classification table.








4 Results



4.1 Ecological water level satisfaction degree results

According to the “Water Ecological Protection Target Plan of Changzhou City”, the lowest ecological water level at the main control section in Changzhou City is 3.44 meters. The average water levels of the Zaogang River, measured at 1.59 meters, 1.54 meters, 1.84 meters, and 1.72 meters on four consecutive days from February 19 to 22, were all below this threshold. Consequently, the Zaogang River received a score of 75 for ecological water level satisfaction, which indicates a good level of ecological water level satisfaction.




4.2 River connectivity results

Utilizing remote sensing maps, we investigated the artificial facilities, such as dams, along the Zaogang River and the Old Zaogang River. The presence of two dams along the Zaogang River results in a connectivity index of 1.40, reflecting moderate disruption in river continuity. In contrast, there is only one artificial facility along the Old Zaogang River, yielding a higher connectivity index of 2.28, which suggests reduced river connectivity and, by extension, hydrological integrity compared to the Zaogang River. The evaluation and scoring of river connectivity were conducted using linear interpolation, with the detailed results presented in Table 11.


Table 11 | Results of river connectivity, showing that the situation of the Old Zaogang River is worse.






4.3 Vegetation cover of the riparian zone assessment results

The assessment included nine representative sites: the outer section of the Zaogang River junction (S1), the inner section (S2), the Honghe Road Bridge section (S3), the Taojiawan Bridge section (S4), the ecological channel section (S5), the section at the confluence of the Dawanbang and Sanjing Rivers (S6), and three sections along the Old Zaogang River, namely the section at the confluence with the Beitang River (S7), the Xinxiaotang Bridge section (S8), and the Panlong Road section (S9). These last three sites are part of the Old Zaogang River. The evaluation results for all sites are detailed in Table 12.


Table 12 | Results of vegetation cover, indicating the vegetation cover performs great especially in the Zaogang River.



The riparian zone along the Zaogang River was characterized by high-density vegetation cover, with the Taojiawan Bridge section (S4) and the ecological channel section (S5) showing an exceptionally high level of 100% coverage. In contrast, the Old Zaogang River has significantly lower vegetation cover. The Xinxiaotang Bridge section (S8) and the Panlong Road section (S9) are notably below the 50% mark, indicating medium-density coverage. The vegetation cover at the confluence of the Beitang River and the Old Zaogang River (S7) slightly exceeds 50% and is considered high-density coverage. The overall vegetation cover of the riparian zone of the Old Zaogang River requires improvement.




4.4 Artificial disturbance of the riparian zone assessment results

Using remote sensing maps, we investigated the presence of various artificial disturbance activities in the riparian zone of the Zaogang River. Additionally, the degree of artificial disturbance for both the Zaogang River and the Old Zaogang River was evaluated. The findings of this assessment are detailed in Table 13.


Table 13 | Results of artificial disturbance.



The degree of artificial disturbance along the Zaogang River and the Old Zaogang River is as follows: all sections of the Zaogang River (S1, S2, S3, S4, S5, S6) feature masonry fortifications. Constructions extend into the riparian zone and land areas, particularly at the inner section of the Zaogang River junction (S2). The Honghe Road Bridge section (S3) includes coastal constructions and pipelines within the riparian zone. Along the ecological channel section of the Zaogang River (S5), constructions are present, and highways or railways are observed. Similarly, the riparian zone at the confluence of the Dawanbang River and the Sanjing River (S6) features highways or railways. In summary, the outer section at the Zaogang River junction (S1) and the Taojiawan Bridge section (S4) exhibit low levels of artificial disturbance. However, the Honghe Road Bridge section (S3) and the ecological channel section (S5) show high degrees of artificial disturbance, with typical human activities such as masonry fortifications, construction, and highways or railways in the riparian zone and adjacent land.

The Old Zaogang River exhibits a higher degree of artificial disturbance across all sections (S7, S8, S9), characterized by masonry fortifications and the presence of highways or railways. Notably, the riparian zone of the Xinxiaotang Bridge section (S8) also features coastal structures and pipelines. Overall, the Old Zaogang River, particularly section S8, experiences significant human activity interference, including masonry fortifications, construction, highways, railways, and pipelines.

Artificial disturbances are present to varying extents in both the Zaogang River and the Old Zaogang River, with each section showing different degrees of disturbance. Comparatively, the Zaogang River fares better in terms of lower disturbance levels. Nonetheless, enhanced management and protection measures are essential to mitigate the negative impacts on the riparian zones and the adjacent lands of both rivers.




4.5 Water quality assessment results

According to the results of water quality experiments, both the Zaogang River and the Old Zaogang River primarily fall within Class V, signifying poor water quality. The primary pollution factors include total nitrogen, lead (Pb), and chemical oxygen demand (COD). The COD levels across the sampling sites range from Class II to Class V, revealing notable variability. Among these, the more significant pollutants are COD and Pb. This may be attributed to the fact that the Zaogang River and the Old Zaogang River are typical urban rivers with a high level of human activity in their vicinity. Additionally, there are several factories and enterprises located nearby, leading to higher concentrations of COD and Pb in both the Zaogang River and the Old Zaogang River. The detailed assessment results, including these findings, are presented in Table 14.


Table 14 | The main pollution indicators at each sampling point in the Zaogang and Old Zaogang rivers, highlighting the difference in COD and total nitrogen concentrations.



Each water quality index is analyzed separately, with the results reflecting the changes in ammonia nitrogen concentration along each section of the Zaogang River. Notably, with the exception of the section of the confluence of Beitang River and Old Zaogang River (S7), which has a high ammonia nitrogen concentration of 1.01 mg/L and is classified as Class IV, the water quality in other sections is classified as Class II.

Additionally, the COD concentration at Section S4, located at the Taojiawan Bridge (50.7 mg/L), significantly exceeds the standard, resulting in surface water quality that is classified below Class V. This may be due to the presence of tributaries in this section, which has a higher COD concentration, thus affecting the COD concentration of the river. Similarly, the COD concentrations in the outer section of the Zaogang River junction (S1) at 30.65 mg/L, the inner section of the Zaogang River junction (S2) at 38.8 mg/L, and the Honghe Road Bridge section (S3) at 31.75 mg/L, are also extremely high, all categorized as Class V water quality. In contrast, the COD concentration at the Xinxiaotang Bridge section of the Old Zaogang River (S8), while relatively high at 22.1 mg/L, corresponds to a Class IV water quality rating. However, the remaining sections adhere to Class II water quality standards.

It is evident that the concentration of total nitrogen at the Panlong Road section of the Old Zaogang River (S9) is alarmingly high at 2.11 mg/L, resulting in water quality worse than Class V. Additionally, the concentrations at the Zaogang River ecological channel section (S5) with 1.73 mg/L, the confluence of the Dawanbang River and the Sanjing River (S6) at 2 mg/L, and the confluence of the Beitang River and the Old Zaogang River (S7) at 1.87 mg/L, are also high, all classified as Class V water quality. Slightly high concentrations, corresponding to Class IV water quality, are found in the outer section of the Zaogang River junction (S1) at 1.3 mg/L, the Taojiawan Bridge section (S4) at 1.42 mg/L, and the Xinxiaotang Bridge section of the Old Zaogang River (S8) at 1.27 mg/L. The remaining sections have low total nitrogen concentrations, meeting Class III water quality standards.

On the other hand, in terms of total phosphorus concentration, that certain sections, specifically the inner section of the Zaogang River junction (S2) at 0.11 mg/L, the confluence of the Dawanbang River and the Sanjing River (S6) at 0.11 mg/L, the confluence of the Beitang River and the Old Zaogang River (S7) at 0.14 mg/L, and the Xinxiaotang Bridge section of the Old Zaogang River (S8) at 0.11 mg/L, all adhere to Class III water quality standards. The remaining sections perform better, meeting Class II water quality standards.

At the same time, the Pb concentrations in the Xinxiaotang Bridge section of the Old Zaogang River (S8) at 0.12 mg/L and the Panlong Road section of the Old Zaogang River (S9) at 0.15 mg/L seriously exceeds the standard, indicating water quality that is worse than Class V. The Pb concentration in the outer section of the Zaogang River junction (S1) at 0.09 mg/L and the confluence of the Beitang River and the Old Zaogang River (S7) at 0.09 mg/L is also extremely high, classified as Class V water quality. Other sections comply with Class III water quality standards.

Electrical conductivity, on the other hand, shows minimal variation, consistently ranging from 90 to 200 μs/cm. Notably, the sections at the confluence of the Dawanbang River the Sanjing River, and the Panlong Road section of the Old Zaogang River, exhibit relatively high electrical conductivity, measuring 210.6 μs/cm and 188.9 μs/cm, respectively. Conversely, the Honghe Road Bridge section and the Taojiawan Bridge section of the Zaogang River show relatively low electrical conductivity, at 91.2 μs/cm and 90.6 μs/cm, respectively.




4.6 River macrobenthos assessment results

The macrobenthos in the Zaogang River mainly belong to Chironomidae, with a few specimens belonging to Monoculodes limnophilus, and some belonging to Limnoperna lacustris and Nephtys. The specific distribution is shown in Figure 2.




Figure 2 | Show the distribution and dominant species of the macrobenthos.



The Hilsenhoff index of the Zaogang River is 4.26, corresponding to clean water quality, and the linear interpolation score is 80.




4.7 Phytoplankton double index of biotic integrity assessment results

Phytoplankton in the Zaogang River include Bacillariophyta, Chlorophyta, Chrysophyta, Cryptophyta, and Cyanophyceae, with the majority being Cyanophyceae, which account for 92% of the total phytoplankton. Cyanobacteria, or Cyanophyceae, are common harmful algae known for producing the most algal toxins. Their dominance among the phytoplankton suggests a certain degree of eutrophication in the Zaogang River, indicating significant pollution. The specific distribution of phytoplankton is detailed in Figure 3. The standardized value for total phytoplankton density is 86.53, the standardized value for the percentage of Cyanophyceae density is 5.64, and the phytoplankton biodiversity index stands at 62.27.




Figure 3 | Distribution proportion of phytoplankton, which shows that the number of Cyanophyceae is at most.






4.8 Fish retention index results

Eight species of fish were monitored in the Zaogang River, with the dominant species being crucian carp, grass carp, and minnow. Additionally, five minor species including the flower loach, loach, Chinese paracobitis, triangular bream, and blunthead bream were also detected. Compared with the monitoring results from the 1980s, the number of species detected has significantly decreased, and some new species, such as minnow, blunthead bream, flower loach, and Chinese paracobitis, have been introduced. This indicates that the ecological condition of the river has undergone significant changes. Compared with the 1980s, the health status has declined significantly and new species have been introduced. The scoring result is 14.81 points. The extremely low score of the fish conservation index may be partly due to the significant changes in water quality of the Zaogang River compared to the reference point, with a noticeable decrease in cleanliness, and partly due to the slow flow rate of the Zaogang River and the impact of sluice dams on river connectivity, which are not conducive to fish reproduction.




4.9 Comprehensive assessment results

A comprehensive score is obtained by comprehensive evaluation of each index of each sampling site, and the results are shown in Table 15.


Table 15 | Index scores and comprehensive scores of various points in Zaogang River.



The analysis is based on the scores of various sections of the Zaogang River and the Old Zaogang River. The Zaogang River’s overall condition is slightly better than that of the Old Zaogang River, yet neither is ideal. The comprehensive scores for all the sections (S1, S2, S3, S4, S5, S6) of the Zaogang River all fall within the inclusive range of 68 to 72. The “Technical guidelines for river and lake health assessment” (Ministry of Water Resources of the People’s Republic of China, 2020), places the Zaogang River in the second-class level, indicating a healthy status in terms of morphological and structural integrity, water ecological integrity, resilience against disturbance, and biodiversity. However, defects are noted, particularly in the phytoplankton biotic integrity index, river connectivity, fish retention index, and water quality score. Strengthening daily management and water quality care is essential to further enhance the river’s health status.

One sections of the Old Zaogang River are in a sub-healthy status, with unsatisfactory scores for vegetation cover, artificial disturbance, water quality, and fish retention index indicating a need for timely water environment repair to restore the Old Zaogang River to health. Among all indicators, the fish retention index performs the worst. Fish, being a vital component of the ecosystem, play a crucial role in maintaining its stability and deserve serious attention. Governance measures should be implemented to restore the diversity of fish populations and ensure the stability of aquatic ecosystems.

In 2015, the Zaogang River’s water ecological health status was assessed with a comprehensive index of 0.67, graded as ‘medium,’ with a relatively low health index for natural attributes. The river’s overall water quality was inferior, mainly due to high concentrations of ammonia nitrogen, averaging 2.27 mg/L, and 3.2% of the riparian zone was unstable. Compared to the health status in 2015, it has notably improved, transitioning from “medium” to “good”. This improvement is particularly evident in the water quality and the status of the riparian zone condition.By 2019, the Zaogang River’s overall water ecological health status had improved to ‘good’. The macrobenthos diversity score was low, indicating a less diversified river ecosystem and lower aquatic biodiversity. The vegetation cover score of the riparian zone was also low. Despite a slight decrease in overall water quality compared to 2015, the macrobenthos assessment showed improvement, and there was a significant improvement in the riparian zone’s vegetation cover. The results indicate that over the past decade, the ecological health status of the Zaogang River has significantly improved since 2019, demonstrating that comprehensive renovation efforts have had a lasting effect on the river’s ecological status.

It is noteworthy that fish were previously excluded from the health assessment of the Zaogang River. Nonetheless, fish are a crucial component of the water ecosystem, and assessing them holds significant importance. The results of the fish assessment in this study are far from satisfactory, possibly due in part to the oversight of fish in prior evaluations of water ecological health. The preservation and enhancement of fish integrity and diversity should be accorded serious attention, aiming to establish a robust and stable water ecosystem and further advance river health.





5 Discussion

In this study, nine sections of the Zaogang River and the Old Zaogang River were sampled to assess water quality indices such as chemical oxygen demand (COD), ammonia nitrogen (NH3-N), total phosphorus (TP), total nitrogen (TN), and lead (Pb). These parameters were determined using established analytical methods, including the dichromate method for COD, Nessler’s reagent spectrophotometry for NH3-N, ammonium molybdate spectrophotometry for TP, alkaline potassium persulfate digestion UV spectrophotometry for TN, dithizone spectrophotometry for Pb, and the electrochemical probe method.

According to the ‘Environmental Quality Standards for Surface Water,’ the obtained indices were scored using linear interpolation. Additionally, the ecological water level satisfaction degree, Hilsenhoff index, fish retention index and phytoplankton biotic integrity index were calculated based on data provided by the Changzhou Academy of Environmental Science. Satellite maps and remote sensing data were employed to assess river connectivity, vegetation cover, and human interference levels, contributing to the establishment of an evaluation index system for assessing the ecological health status of the Zaogang River.

The results indicate that most sections of the river are in a healthy status, classified as second-class level, while the health condition of the Old Zaogang River is slightly poor, with one section in a sub-healthy status requiring comprehensive treatment.

This study assessed the aquatic ecological health of the Zaogang River across four dimensions: hydrological, biological, chemical, and physical structural integrity. Key indicators reflecting water ecological health were selected from multiple perspectives, establishing a comprehensive evaluation system for water ecological health. This system offers a scientific understanding of the Zaogang River’s health, guides further comprehensive improvement measures, and enhances the river’s ecological health across multiple dimensions. Additionally, this study provides a rapid yet rigorous framework for assessing the ecological health of urban rivers, significantly enhancing the health of urban river ecosystems.

However, as the data in this study relied solely on a single sampling, it may have been influenced by seasonal factors. Future research should involve multiple samplings across different seasons and times to gather more data, thereby minimizing the impact of seasonal factors on river health assessments, achieving more objective and comprehensive results, and providing more targeted guidance for integrated river management strategies.

Currently, the evaluation of water ecological health is gradually incorporating the assessment of water ecosystem services. These services encompass a variety of functions, including supply services that provide essential resources such as drinking water and irrigation; cultural services that offer recreational opportunities and aesthetic enjoyment; regulation services that help maintain environmental balance through processes like flood control and water purification; and support services that underpin other ecosystem functions, such as nutrient cycling and habitat provision (Cao et al., 2021).

Water ecosystem services serve as a crucial link between ecosystems and human society, highlighting the interdependence between natural systems and human well-being. The evaluation of these services can be achieved through various methodologies, including ecological modeling methods (Yang et al., 2019), which utilize mathematical representations to simulate complex interactions within ecosystems; survey questionnaires designed to gather data on public perceptions and usage patterns related to water resources; and value evaluation methods aimed at quantifying the economic benefits derived from these ecosystem functions.

The system for evaluating water ecosystem services established in this study acknowledges its limitations in comprehensiveness. It is important to recognize that while it provides valuable insights into certain aspects of river ecosystems, there are numerous factors influencing their health that may not be fully captured by current models or assessments. Future research could benefit from integrating additional methodologies mentioned above—such as participatory approaches involving local communities—to build a more holistic understanding of river ecosystems.

By expanding upon existing frameworks for evaluation, researchers can enhance their ability to identify critical areas requiring conservation efforts or policy interventions. This comprehensive approach will ultimately contribute to more effective management strategies aimed at preserving both aquatic environments and the myriad benefits they provide to society. Such advancements in knowledge will facilitate informed decision-making processes among policymakers tasked with safeguarding natural resources while balancing societal needs.
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The Daqinghe River Basin is located in the North China Plain. In recent years, however, climate warming, drying, and intense human activities have led to declining ecosystem functions and shrinking wetlands in the region. Understanding streamflow changes in the upstream mountainous areas of the Daqinghe River Basin in this changing environment and identifying the driving factors can provide a scientific basis for water resources management and optimization in these areas. This study focuses on the Beihedian River watershed, the Xidayang Reservoir watershed, and the Wangkuai Reservoir watershed in the upstream mountainous areas of the Daqinghe River. It is based on hydro-meteorological data collected between 1963 and 2019. The methods used in the study include the linear tendency estimation method, the non-parametric Mann-Kendall trend test, the elasticity coefficient method, and hydrological simulation methods. The results of this study suggest that the streamflow, precipitation, and potential evapotranspiration (PET) in the three watersheds showed an overall decreasing trend. The minimum precipitation decrease rate ranged from −1.09 to −0.55 mm/a, and the minimum streamflow decreasing rate at the Beihedian Hydrological Station was −1.32 mm/a, with a minimum range of 0–176.03 mm. Change-point analysis revealed that the streamflow in the Beihedian River and Xidayang Reservoir watersheds experienced a significant change point around 1999, with a significant level of α=0.05. As for the Wangkuai Reservoir watershed, a significant change point was observed around 1980, which is likely attributable to land system reforms and protective forest projects. The attribution analysis which combined both climate change and human activities using the elasticity coefficient method and hydrological simulation methods indicated that climate change contributed an average of 32.93%, 34.50%, and 35.12% to the reduction in streamflow in the three watersheds, respectively. Human activities accounted for an average contribution of 67.07%, 65.50%, and 64.88%, respectively. Water conservancy projects, afforestation, and other human activities were identified as the primary factors contributing to streamflow decreases.
Keywords: streamflow, land use change, climate change, human activities, hydrological simulation method
1 INTRODUCTION
On a global scale, climate change and human activities are affecting the water cycle in many watersheds (Chien et al., 2013; Liu et al., 2020). Climate change including global warming and other related issues profoundly affects hydrological processes such as precipitation and evaporation, which exhibit varying temporal and spatial distributions. It can also lead to an increased frequency of extreme weather events (Wu et al., 2021; Yang et al., 2019). In the past 40 years, significant human activities have had an undeniable impact on hydrological processes within the watershed (Lyu et al., 2024; Zhang et al., 2023). Human activities primarily influence hydrological cycling by altering the structure of underlying surfaces (Zhang and Yu, 2021). Therefore, human activities within the watershed are also one of the main causes of river evolution (Deng et al., 2024; Zheng et al., 2023). In this context, understanding the hydrological evolution under changing environments and quantifying the impact of various factors on streamflow is crucial for water resource management and sustainable development (Liu et al., 2020; Jiang et al., 2015; Liang et al., 2015; Zeng et al., 2020).
Baiyangdian Lake, situated within the Daqing River System in the Haihe River Basin, is of significant importance. The lake plays an irreplaceable role in maintaining the ecological balance of North China, regulating the climate in the Beijing-Tianjin-Hebei region, replenishing groundwater resources, alleviating floods and droughts, and preserving biodiversity and rare species (Moiwo et al., 2010; Song et al., 2018; Zerizghi et al., 2020). The upstream areas of the Daqing River Basin include eight rivers that flow into the lake, contributing an average annual streamflow volume of 2.23 billion m³ and an average streamflow depth of 71.5 mm (Liu et al., 2022). The upstream mountainous areas in the western part of the basin are the primary catchment areas, accounting for 85% of the total streamflow. However, the water resources situation in the Daqing River Basin has become increasingly challenging due to the combined effects of climate warming, drying in North China, and intense human activities since the 1960s (Cheng et al., 2017; Wang et al., 2021; Yang and Cao, 2021). This has led to a growing conflict between water resource availability and economic development (Song et al., 2018; Dai et al., 2011; Xu et al., 2013). Given that the upstream mountainous areas are crucial as primary water sources in the Daqing River Basin (Hu et al., 2012), understanding the main causes of streamflow decline in these regions is essential for the rational development and effective allocation of water resources within the basin. It also supports the implementation of scientifically informed water resource management practices.
Numerous studies have investigated the evolution and causes of streamflow changes in the Daqing River Basin. Lei et al. used a process-based terrestrial model (version 4 of the Community Land Model, CLM4) to quantify the spatiotemporal variation in streamflow across the region due to climate factors and changes in carbon dioxide concentration. Their results indicate a decreasing trend in streamflow related to climate since 1960, with a limited impact from the rise in atmospheric CO₂ concentration (Lei et al., 2014). Du et al. developed a monthly ABCD model for the Yongding River Basin and two subbasins, the Yanghe and Sanggan Rivers, to assess the relative contributions of climate change and human activities to streamflow reduction. They found a significant decline in annual streamflow since the 1980s, with human activities being the predominant influencing factor, especially during the rainy season (Du et al., 2023). Li et al. employed the Statistical DownScaling Model (SDSM) to downscale predicted precipitation and temperature for the mountainous Yongding watershed under four SSP-RCP climate scenarios across four General Circulation Models (GCMs). The Bayesian Model Averaging (BMA) method was then used for multi-model integration to mitigate GCM uncertainty, and the multi-model ensemble data were adjusted using the Quantile Mapping (QM) method. Subsequently, the SWAT model was applied to simulate streamflow responses under future climate conditions (Li et al., 2023). Qiao et al. applied two methods, the watershed water-energy balance equation and the Geomorphology-Based Hydrological Model (GBHM), to study streamflow changes in a semiarid mountainous watershed. Their findings revealed a significant downward trend in streamflow and leaf area index (LAI) over the past 40 years, with different interdecadal quantitative results from the two methods. GBHM, in particular, struggled to accurately simulate reservoir scheduling and other processes (Qiao et al., 2023). Zhang et al. calculated multi-year averages of 17 environmental variables from 57 selected watersheds, including hydrological, meteorological, vegetation, land use, terrain, and soil data. They established a quantitative relationship between streamflow and watershed area for the first time and evaluated the correlation between environmental factors and the impact on streamflow scale (Zhang et al., 2019). Wang et al. used the Mann-Kendall test, double cumulative curve method, and streamflow sensitivity analysis to separate and quantify the relative effects of climate variability and land use changes on streamflow. Then they estimated the sensitivity of streamflow in North China from 1957 to 2000 to these factors (Wang et al., 2019). Huang et al. developed an extended Budyko framework incorporating Total Water Storage (TWS) from the Gravity Recovery and Climate Experiment (GRACE), and applied it to the Qinba Mountain area by four classic Budyko equations. Their results indicated that the extended Budyko framework more accurately represents the relationship between monthly water supply and demand compared to the original framework (Huang et al., 2021).
This study specifically targets three primary streamflow-producing areas located in the upstream mountainous regions of the Daqing River Basin. By comprehensively analyzing the trends in water cycle elements, the study employs both the elasticity coefficient method and the hydrological simulation method to determine the causes of water resource depletion within the basin. Additionally, it quantitatively examines the sensitivity of streamflow to variations in various driving factors and assesses the respective contribution rates of climate change and human activities to streamflow variation. The ultimate objective of this study is to provide scientific references for improving water resource management within the watershed and implementing effective measures for managing small watersheds.
2 MATERIALS AND METHODS
2.1 Study area
The study area is located in the upstream mountainous regions of the western Daqing River Basin and includes three hydrological stations: Beihedian Station, Xidayang Reservoir Station, and Wangkuai Reservoir Station (Figure 1). Geographically, it is located between 113°39′–115°48′E and 38°39′–40°03′N, covering a total area of 15,028 km2. The terrain generally exhibits high elevation in the northwest and low elevation in the southeast, with an average altitude of 868.42 m and the highest point reaching 2,857 m (Figure 1). The study area experiences a temperate semiarid continental monsoon climate, characterized by four distinct seasons. Rain and heat often occur simultaneously. Spring is characterized by little rainfall and low humidity, while summer is hot and rainy. Autumn is typically clear with moderate temperatures, and winter is cold with little precipitation. The average annual precipitation in the study area is 533 mm, and the average annual PET is 817 mm. Precipitation is unevenly distributed throughout the year, with the majority of rainfall occurring from June to September. Additionally, there is significant interannual variability in rainfall, which can lead to both droughts and floods.
[image: Figure 1]FIGURE 1 | Location map of the study area.
2.2 Data sources and Preprocessing
The data required for this study include meteorological and hydrological station observation data, Digital Elevation Model (DEM) data, land use type data, and Normalized Difference Vegetation Index (NDVI) data. Seven national meteorological stations located in the upstream mountainous areas of the Daqing River Basin were carefully selected for this study. Daily observation data covering the period from 1963 to 2019 were obtained from the China Meteorological Data Service Centre (http://data.cma.cn/). The dataset includes various meteorological parameters such as average temperature, maximum and minimum temperature, precipitation, wind speed, sunshine duration, relative humidity, and vapor pressure. To address missing data, temporal and spatial interpolation methods were applied. Spatial interpolation was used when nearby stations with similar natural conditions to the stations with missing data were available, while temporal interpolation was performed by data from the same period in adjacent years when spatial interpolation was not possible. The PET was estimated by the Penman-Monteith equation recommended by the Food and Agriculture Organization (FAO). The basin-scale precipitation and PET data were obtained through the inverse distance weighting (IDW) interpolation method. Daily streamflow observation data from Wangkuai Reservoir, Xidayang Reservoir, and Beihedian hydrological stations, spanning 1963 to 2019, were sourced from the Hebei Hydrological Survey and Research Center and the Baoding Hydrological Survey and Research Center. The DEM data were acquired from the Geospatial Data Cloud (http://www.gscloud.cn/). The land use type data and NDVI data used in the study were obtained from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/).
2.3 Methodology
2.3.1 Trend analysis
The trend patterns of hydrometeorological variables in the Daqing River Basin were analyzed using the linear propensity estimation and the non-parametric Mann-Kendall trend test methods.
2.3.1.1 Linear propensity estimation method
The linear propensity estimation method was employed to establish a simple linear regression equation that reflects the changes in hydrometeorological variables over time. The formula is shown in Equation 1 
[image: image]
where [image: image] is the sequential value of years; [image: image] is the value of the hydrometeorological variable corresponding to the year [image: image]; [image: image] is the regression coefficient, with positive and negative signs indicating an upward or downward trend, respectively; and [image: image] is the regression constant.
2.3.1.2 Mann-Kendall trend test method
The Mann-Kendall (MK) test method is a widely used approach for testing trends in hydro-meteorological variables, including temperature, precipitation, and streamflow. This method does not require samples to follow a specific distribution and can directly assess change in the variables. When performing a trend test on a given sequence [image: image] with [image: image] samples, the test statistic [image: image] is calculated by the following formula 2:
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where, [image: image] is the length of the hydrometeorological variable sequence. [image: image] is calculated by the following formula 3:
[image: image]
where [image: image] and [image: image] are the hydrometeorological variable values for the [image: image] -th and ([image: image] +1)-th years, respectively. The function [image: image] is calculated by the following formula 4:
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When the sample size [image: image] is sufficiently large, the variance [image: image] of the test statistic [image: image] is calculated by the following expression Equation 5:
[image: image]
The Mann-Kendall method utilizes the test statistic [image: image] to assess the trend of the hydro-meteorological variable sequence. A positive value of [image: image] indicates an upward trend while a negative value ([image: image] < 0) indicates a downward trend. The magnitude of [image: image] reflects the significance of the change in the sequence. When [image: image] the variable exhibits a significant upward or downward trend at the significance level α. The critical value required for the test, [image: image], can be obtained by referencing a table.
2.3.2 Abrupt change analysis
The Pettitt method is used for detecting abrupt change points by directly analyzing rank sequences. The change point [image: image] is identified at time [image: image] if the following condition is satisfied as represented by the following formula 6:
[image: image]
Then [image: image] is considered as an abrupt change point. Here, the rank sequence [image: image] is the cumulative count of values at time [image: image] that is greater or less than the values at time [image: image], where [image: image] = 1, 2, …, [image: image].
The statistical significance level of an abrupt change point is determined by the statistical quantity [image: image], which is calculated according to the following formula 7:
[image: image]
If [image: image] is not larger than 0.5, then the detected abrupt change point is considered statistically significant.
2.3.3 Elasticity coefficient method
2.3.3.1 Budyko Hypothesis
The Budyko theory (Budyko, 1974) is based on the water balance equation, which can be expressed as Equation 8:
[image: image]
where, [image: image] is the multi-year average streamflow depth, mm; [image: image] is the multi-year average precipitation, mm; [image: image] is the multi-year average actual evapotranspiration, mm; and [image: image] is the change in basin storage, mm.
After years of research, Budyko proposed that the multi-year evapotranspiration rate of a watershed is determined by PET and precipitation. Therefore, the Budyko Hypothesis can be simply expressed as Equation 9:
[image: image]
where, [image: image] is the multi-year average PET, mm; [image: image] is the multi-year average precipitation, mm, and [image: image] is the aridity index.
The original Budyko Hypothesis did not consider the effects of underlying surface conditions and watershed characteristics. Based on this, several studies have proposed a series of empirical Budyko formulas that incorporate parameters to represent underlying surface conditions (Milly and Dunne, 2002; Porporato et al., 2004). These formulas have been theoretically derived and validated. In this study, we selected the equations developed by Fu, Choudhury-Yang, and Zhang (Table 1) to attribute and identify the changes in watershed streamflow.
TABLE 1 | Three Commonly Used Formulas based on the Budyko Hypothesis.
[image: Table 1]It is generally considered that the change in basin storage (ΔS) can be neglected when studying closed watersheds over long-term hydrological sequences. In other words, under the assumption of constant basin storage, the water balance equation can be expressed as  Equations 10–12:
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2.3.3.2 Elasticity coefficients
Assuming that [image: image], [image: image] and [image: image] are independent variables and combining them with the water balance equation, the annual streamflow volume can be expressed in the form of a total differential, given by Equation 13:
[image: image]
The sensitivity of streamflow volume [image: image] to each influencing factor can be represented by the elasticity coefficient [image: image]. The elasticity coefficient is defined as the degree of change in watershed streamflow resulting from a unit change in a climatic factor. It can be expressed as Equation 14:
[image: image]
where, [image: image] is the sensitivity of streamflow volume to the influencing factor [image: image], where [image: image] can be [image: image], [image: image], or [image: image]. Both [image: image] and [image: image] are multi-year average values of the watershed.
2.3.3.3 Contribution of climate and underlying surface to streamflow variation
To quantitatively differentiate the contributions of various factors to streamflow variation, a complementary method based on the Budyko Hypothesis is employed. Zhou et al. proposed a complementary equation to separate the contributions of climate change and underlying surface change to streamflow variation, based on the complementary relationship of elasticity coefficients and the assumption of independence between [image: image] and [image: image] (Zhou et al., 2015). This method eliminates theoretical calculation errors. The complementary relationship equation can be expressed as Equation 15:
[image: image]
Due to the uncertainty associated with climate and underlying surface conditions, the complementary relationship weighted factor method based on the Budyko Hypothesis introduces the weighting factors α to represent different pathways of change (Zhou et al., 2016). Through algebraic identity derivation, the complementary method for attributing streamflow variation is proposed. The expression can be given as Equation 16:
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where, [image: image] is the change in streamflow volume, mm; α is the weighting factor (0≤ [image: image] ≤1), which is the contribution of different pathways of climate change and human activities to the changes in streamflow volume. In this study, [image: image] is set to 0.5. Subscripts 1 and 2 are the baseline period and abrupt change period before and after the abrupt change point, respectively. The formulas for calculating the changes in precipitation, evapotranspiration, and underlying surface, denoted as [image: image], [image: image] and [image: image] are as  Equations 17–19:
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2.3.4 Hydrological simulation method
The WATLAC hydrological model (Li et al., 2016; Li et al., 2021; Ren et al., 2017; Ye et al., 2011) is a distributed hydrological model that simulates the surface and subsurface streamflow processes in a watershed driven by rainfall and evaporation. It incorporates processes such as vegetation interception, soil water storage, surface streamflow, soil recharge to groundwater, and saturated groundwater movement. The model adopts spatial discretization based on grid cells to simulate surface streamflow and the flow paths are determined based on terrain elevation and the water network. Groundwater movement is simulated by MODFLOW with finite difference grid discretization in space and coupling with the surface streamflow model to facilitate data transfer within the program. The finite difference grid used for groundwater simulation matches the planar grid cells used for surface water simulation on the horizontal plane. The WATLAC hydrological model allows for variable time steps for surface and subsurface streamflow, considering the differences in flow velocity between the two components and reducing the computational workload for groundwater simulation. Moreover, the model enables the quantitative differentiation of different streamflow components and provides detailed water balance outputs.
This paper employs the WATLAC hydrological model. Based on the change-point analysis of hydrometeorological data, the long-term data are divided into a baseline period and an abrupt change period. The meteorological data, soil data, and river data from the baseline period are used as inputs to simulate the watershed streamflow. The model parameters are calibrated by observed streamflow data. Using the well-calibrated model, the meteorological data from the abrupt change period are substituted for the original baseline period data to simulate the abrupt change period streamflow in the watershed. The quantitative relationship between the abrupt change in climate change and human activities is then analyzed.
The Nash-Sutcliffe efficiency (NSE) is used as the objective function for parameter calibration. The calculation formula is as Equation 20:
[image: image]
where [image: image] is the measured values; [image: image] is the simulated values; [image: image] is the average value of the measured values; and n is the length of the streamflow series.
The NSE quantitatively indicates the goodness-of-fit of the entire modeling process and serves as a dimensionless statistical parameter to assess the accuracy of the simulated values compared to the measured values. An NSE value of 1 indicates a perfect match between the simulated values and the measured values. If NSE is negative, it indicates that the credibility of the model’s simulated values is lower than that of directly using the measured average value.
3 RESULTS
3.1 Trend Analysis Results
An overall decreasing trend in streamflow depth, precipitation, and PET for the three watersheds over the past 60 years can be obtained in Figure 2. The decreasing trends for the three variables are consistent across the different watersheds, indicating a high degree of similarity. The interannual variation range of streamflow depth varies between 3.97 and 404.33 mm, 9.20–338.07 mm, and 0–176.03 mm, indicating significant fluctuations and differences between wet and dry seasons (Figure 2). For example, in the control watershed of Xidayang Reservoir Station, the maximum streamflow depth occurred in 1964 with a value of 338.07 mm, while the minimum streamflow depth was recorded in 2008 with a value of 9.20 mm (Figure 2). The overall decrease rate of precipitation was the lowest, ranging from −1.09 to −0.55 mm/a. The decrease in precipitation was smaller than the decrease in streamflow depth, indicating that variables other than precipitation changes also affect streamflow reduction. On the other hand, the decrease in PET did not lead to an increase in streamflow depth. This may be due to the moderate impact of a decrease in PET on streamflow when PET is greater than precipitation. The streamflow depth exhibited a decreasing trend in all three small watersheds, with decreasing rates of −1.76 mm/a, −1.97 mm/a, and −1.32 mm/a, respectively.
[image: Figure 2]FIGURE 2 | Analysis results of linear estimation method.
The Z-values obtained from the Mann-Kendall test for streamflow, precipitation, and PET in the three watersheds are all less than 0 (Table 2; Figure 3). This indicates that all variables exhibit a decreasing trend, which is consistent with the results obtained from the linear propensity estimation method. At the same time, it further demonstrates that the results of linear propensity estimation are reasonable and reliable. Additionally, the PET in all three watersheds shows a significant decreasing trend and passes the significance test at a confidence level of 99% (Table 2). The decreasing trend in runoff depth in the Wangkuai River watershed is lower compared to the other two watersheds, only passing the significance test at a confidence level of P < 0.05 (Table 2). This indicates that the degree of runoff reduction in the Wangkuai Reservoir watershed during the study period was not as severe as the other two watersheds. However, the decreasing trend in annual precipitation is not significant and does not pass the significance test. Therefore, the annual precipitation in the three river basins did not decrease continuously during the study period, but instead showed alternating periods of high and low rainfall (Figure 3). Furthermore, the Cv of runoff depth, precipitation, and evapotranspiration are similar among the three basins. This also shows the fluctuation levels of the variables in the three watersheds are similar, indicating a high level of consistency among the watersheds.
TABLE 2 | MK trend analysis statistical results table.
[image: Table 2][image: Figure 3]FIGURE 3 | MK Trend Analysis Change Chart [Note: From top to bottom are Beihedian, Xidayang, and Wangkuai, and from left to right are evapotranspiration (ET0), precipitation (P), and runoff depths (R)].
3.2 Change-point Analysis Results
The Pettitt abrupt change-point detection test was applied to detect the abrupt change points in the annual streamflow series of the Xidayang Reservoir Hydrological Station, Wangkuai Reservoir Hydrological Station, and Beihedian Hydrological Station from 1963 to 2019. The Pettitt statistic for the Xidayang Reservoir Station and Beihedian Station fluctuated and increased before 1999 but decreased afterward, reaching a significant level of α=0.05 (Figure 4). This indicates that both stations experienced a significant change point around 1999. On the other hand, the streamflow series of the Wangkuai Reservoir Station showed a significant change point around 1980 (Figure 4). This could be attributed to the implementation of land system reforms and the construction of the Three-North Shelterbelt Forest Program in China during the mid to late 1970s (Huang, 2018). These initiatives led to improved forest quality in the watershed, significantly increased vegetation coverage, and enhanced plant transpiration. Combined with the effects of meteorological conditions such as precipitation and temperature, these factors contributed to the decrease in watershed streamflow. Therefore, the derived change points in the watershed streamflow are considered reasonable, and the results of the abrupt change-point detection test are consistent with those of relevant studies, confirming the reliability of the conclusions.
[image: Figure 4]FIGURE 4 | Results of abrupt change-point detection test.
Based on the analysis of the change points in the three hydrological stations, the years 1980 and 1999 were selected as the change years. The period 1963–1979 (Period I) was designated as the natural baseline period. During this period, the hydrometeorological variables were relatively stable and there was minimal human interference that could impact streamflow. The period 1980–2019 represented the period of human activities’ influence on streamflow and was further divided into two periods: 1980–1998 (Period II) and 1999–2019 (Period III). These periods experienced intense human activities such as water conservancy construction, afforestation, and increased water consumption, which resulted in significant disturbances to the streamflow.
In this study, an analysis was conducted based on these three periods, and the values of hydro-meteorological variables within each period are shown in Figure 5. The results demonstrate a high level of consistency among the three methods. The parameter n, representing the underlying surface, shows an increasing trend in all three watersheds. This trend is particularly pronounced in the Beihedian River watershed, where the change from Period II to Period III is most significant. This indicates that the impacts of human activities such as water conservancy projects and afforestation on streamflow have been progressively intensifying year by year.
[image: Figure 5]FIGURE 5 | Values of hydrological elements and underlying surface parameters.
3.3 Calculation results from the elasticity coefficient method
3.3.1 Sensitivity analysis
The sensitivity of streamflow depth to precipitation, PET, and underlying surface parameters is analyzed by three methods based on the Budyko Hypothesis. In this study, the elasticity coefficient εx is employed to quantitatively characterize the sensitivity of streamflow depth to these variables.
It is evident that precipitation is positively correlated with streamflow, while PET and underlying surface parameters are negatively correlated with streamflow (Table 3, Figure 6). Taking the calculation results based on Zhang Lu’s empirical formula as an example, for the Beihedian River watershed, a 10% increase in baseline precipitation corresponds to a 25.9% increase in streamflow depth, while a 10% decrease in PET and underlying surface parameters corresponds to a 15.9% and 7.1% increase in streamflow depth, respectively. Furthermore, the sensitivity of streamflow depth to both precipitation and PET in the Beihedian River watershed increases over time. The precipitation sensitivity coefficient increases from 2.92 to 6.95 and the PET sensitivity coefficient increases from 1.92 to 5.95. Similar patterns were observed in the Xidayang Reservoir watershed, where the sensitivity of streamflow depth to precipitation and Pet also increases over time. The precipitation sensitivity coefficient increases from 2.62 to 4.24 and the PET sensitivity coefficient increases from 1.26 to 3.24. In contrast to the above two watersheds, the Wangkuai Reservoir watershed exhibits an initially significant enhancement and then a slight weakening in the sensitivity of streamflow depth to precipitation and PET over time.
TABLE 3 | Sensitivity of runoff to precipitation, PET, and underlying surface parameters.
[image: Table 3][image: Figure 6]FIGURE 6 | Result of sensitivity analysis.
Regarding the elasticity coefficients of streamflow depth to underlying surface parameters in the three watersheds, there are discrepancies among the calculation results obtained from the three methods (Table 3, Figure 6). Notably, the calculation results based on the Choudhury-Yang Formula exhibit an opposite trend compared to the other methods. However, the overall observation of a weak increasing tendency in sensitivity indicates the increasing influence of human activities on streamflow variations.
3.3.2 Quantitative analysis
Based on the results of the abrupt change-point detection test for streamflow depth in the three watersheds, the study period is divided into three periods: before 1980, after 1999, and between 1980 and 1999. Using formulas and three water balance equations based on the Budyko Hypothesis, the contribution rates of [image: image] and [image: image] to the changes in streamflow depth are calculated.
Analysis of the data in Table 4, Figure 7 indicates that the results obtained from the three methods are relatively consistent, demonstrating a certain level of reliability. The impact of human activities on streamflow in the Beihedian River watershed is found to be above 57% and shows an increasing trend overall. In the Xidayang Reservoir watershed, the impact of human activities is higher compared to the other two watersheds, with the contribution rates in the order of Periods II and III, I and III, and I and II (Table 4, Figure 7). Moreover, the impact of human activities is more pronounced in Period III compared to Period II. Since the year 2000, the intensification of human activities has led to a rapid decrease in streamflow. In contrast to the other two watersheds, the Wangkuai Reservoir watershed shows a lower contribution rate of human activities to streamflow, with the contribution rates in the order of Periods I and II, I and III, and II and III. The decreasing role of human activities in reducing streamflow has become weaker over time in this watershed.
TABLE 4 | Contribution rates of climate change and human activities to runoff.
[image: Table 4][image: Figure 7]FIGURE 7 | Result of quantitative analysis.
3.4 Calculation results from the hydrological simulation method
In this study, the WATLAC hydrological model is employed to simulate three small watersheds within the study area at a spatial scale of 1 km and a daily time scale. Taking the Beihedian River watershed as an example for Periods I and II, the watershed data from Period I was used to build the model. The model was calibrated and parameterized using measured data, and the calibration results showed an NSE of 0.74 for this period, indicating a high accuracy and reliability of the model. To quantitatively assess the impacts of climate change and human activities on streamflow, the watershed data from Period II was used as input for the calibrated model to simulate the daily streamflow volume for that period. The difference between the simulated streamflow for Periods I and II was then calculated to represent the contribution of climate change to streamflow, and the contribution rate of human activities was determined accordingly.
Human activities have a significant influence in all three watersheds. Except for Periods II and III in the Wangkuai Reservoir watershed, human activities accounted for more than 50% of the influence on watershed streamflow in all three watersheds during the different periods. Particularly in the Xidayang Reservoir Basin during Periods II and III, human activities accounted for approximately 75% of the influence, far exceeding the 25% attributed to climate change’s impact on watershed streamflow (Figure 8).
[image: Figure 8]FIGURE 8 | Proportion of climate change and human activities impact obtained by hydrological simulation method.
4 DISCUSSION
4.1 Attribution analysis of precipitation runoff process
The formation and evolution of precipitation-streamflow processes are comprehensive processes influenced by a complex interplay between natural and human activities. These processes are affected by a multitude of factors. From the perspective of human activities, their impact on surface streamflow can be categorized into direct and indirect effects. The direct effects include activities such as water consumption, water induction projects, water diversion projects, and the construction of reservoirs (Shakarami et al., 2023).
The indirect effects primarily manifest in changes to the underlying surface of the watershed. Changes in land use types and alterations in vegetation cover can modify surface roughness (Bronstert et al., 2002; Zhang et al., 2007). These modifications can have profound effects on processes such as watershed streamflow yield, concentration, and evapotranspiration (Sterling et al., 2013; Xin et al., 2019). Such changes have significant implications for regional and even global water cycling processes and variations in water resources. Therefore, it is important to analyze the four aspects of human activities that have a significant impact on human activities: soil erosion control, changes in land use types, changes in the fraction of vegetation cover (FVC), and changes in water consumption. This analysis will help clarify the causes of variations in streamflow.
Due to the combined effects of natural factors and human socioeconomic activities, severe soil erosion occurs in the mountainous area of the Daqing River Basin. It results in damage to water and soil resources as well as loss of land productivity. The watershed experiences frequent disasters such as heavy rainstorms, floods, dust storms, and sandstorms. For example, in 2005, the city of Baoding had a total area of soil erosion of 6,180 km2, with moderate to severe erosion accounting for 72% of this area. Soil erosion is severe in the region. To improve the current ecological environment, various soil and water conservation measures were implemented in the city, including terracing, afforestation, grass planting, and the closure and management of degraded land. The status of these treatment measures can be seen in Figure 9. In 2020, the area affected by soil erosion in Baoding decreased to 4,345.96 km2, with moderate to severe erosion covering 3.6% of this area. The area of soil erosion decreased by 1.27% compared to 2019 and by 29.68% compared to 2005, indicating significant effectiveness in soil and water conservation efforts (Figure 9). On one hand, soil and water conservation measures improve soil structure and result in increased soil porosity. This allows for greater infiltration depth and prolonged infiltration time, which in turn can intercept streamflow. On the other hand, these measures enhance the watershed’s flood control and water storage capacity, thus affecting the collection of surface streamflow and increasing effective evaporation, thereby reducing the volume of river streamflow.
[image: Figure 9]FIGURE 9 | Completion status of various treatment measures.
In order to visually demonstrate the impact of soil and water conservation measures on land use and vegetation cover in the watershed, an analysis of land use types from 1980 to 2019 was conducted for the typical years. Figures 10, 11 illustrate the spatial distribution changes of different land use types in the watershed and their respective area proportions. It is evident that the main land use types in the study area are grassland, forestland, and farmland. Comparing Period III with Period II, there was a decrease in the area of farmland, grassland, and unused land, accompanied by an increase in forestland, which became the dominant land use type in the watershed. This change can be attributed to large-scale deforestation and cultivation on slopes that occurred from the late 1950s to the early 1960s, resulting in significant alternations to land use and damage to natural vegetation. Since the late 1970s, extensive soil and water conservation projects have been implemented in the watershed. In the early 1980s, largescale afforestation campaigns were carried out, leading to an increase in the forestland area within the watershed. The expansion of forestland played a significant role in water conservation by enhancing soil water retention capacity and reducing surface streamflow volume. In the rainy season, a portion of rainfall may be converted into underground streamflow. These measures had a positive effect on controlling flood and maintaining river flow during the dry season, increasing the low-flow volume and ensuring stable river discharge. However, it is important to note that the study area has deep soil layers and belongs to a semiarid region where vegetation transpiration consumes a significant amount of water. Therefore, the regulating effect of forest vegetation on river flow during the dry season is limited. In fact, during the dry season, vegetation can further intercept and retain streamflow by absorbing soil moisture through root growth. This can lead to drier soil conditions and increased storage of precipitation, further exacerbating the impact on streamflow.
[image: Figure 10]FIGURE 10 | Completion status of various treatment measures.
[image: Figure 11]FIGURE 11 | Proportion of land use types in different watersheds.
Under the influence of human activities, changes occur in soil erosion, land use types, etc., thereby affecting the values of underlying surface parameters (Jiang et al., 2015). Among these parameters, the underlying surface parameter n is mainly influenced by factors such as vegetation, soil, and topography, while the variability of soil properties and topography within the watershed is relatively weak over a short period. Changes in the underlying surface parameters are mainly related to vegetation. Therefore, NDVI is selected as a parameter to reflect vegetation growth status and analyze the impact of human activities and climate change on the underlying surface. It exhibits a linear relationship with chlorophyll density and vegetation productivity. And precipitation plays a very important role in the growth process of plants, so we simply consider precipitation as a factor in climate change. Figure 12 displays the changes in NDVI and precipitation. It can be observed that the overall NDVI values are relatively small with significant fluctuations but show an upward trend. Although both climate change and human activities can contribute to changes in underlying surface conditions, the increase in NDVI within the watershed is primarily influenced by human activities due to the insignificant changes in precipitation.
[image: Figure 12]FIGURE 12 | Changes in NDVI and precipitation in various watersheds.
In the early 1980s, China implemented land reform policies, which encouraged farmers to increase agricultural activities to boost agricultural production. This resulted in a significant increase in grain output. However, water productivity remained relatively unchanged. As a consequence, there was an increase in agricultural water usage (Hu et al., 2012). Taking the city of Baoding as an example, the irrigated area was 6,573.33 km2 in 2008, four times that of the early days of the People’s Republic of China and twice that of 1957. Despite this expansion, large-scale flooding irrigation practices persist in the watershed, with a lack of water-saving measures. To meet irrigation needs, a large amount of groundwater is extracted, leading to the formation of extensive, deep underground cones of depression. This increases the extent of the unsaturated zone in the soil and its water storage capacity, thereby reducing streamflow formation. Furthermore, the significant decline in groundwater levels increases the hydraulic gradient between surface water and groundwater, leading to increased infiltration and further reducing the volume of surface streamflow.
The explosive growth of urban, industrial, mining, and residential land from 2000 to 2018 (Figure 11) indicates an accelerated pace of urbanization and rapid socioeconomic development. The proportion of industrial land is continuously rising, reflecting higher levels of urbanization. With the increase in population. and the demand for domestic and industrial water, the main water supply methods are through water diversion projects and groundwater extraction. However, engineering water induction directly reduces the flow in river channels, leading to a decline in surface streamflow. Moreover, the conversion of urban development land to impermeable hardened surfaces results in a rapid increase in surface streamflow and evaporation loss during heavy rainfall events, further reducing streamflow volume.
Based on the findings of this study, the following recommendations are proposed for the sustainable utilization and management of water resources in the watershed: In the field of agriculture, it is important to strengthen regulations on total water usage and efficiency, adjust planting structures, and actively promote water-saving technologies such as drip and sprinkler irrigation, while gradually advancing industrial upgrades. In the industrial sector, efforts should be closely aligned with industrial layout and urban planning, aiming to phase out high-water-consumption and heavily polluting enterprises, and to improve industrial water efficiency and recycling rates. In urban development, there should be a strong emphasis on promoting public water conservation initiatives, enhancing water quota management, and implementing water-saving measures for urban residents.
5 CONCLUSION
This study focuses on three small watersheds in the upstream mountainous areas of the Daqing River Basin. Attribution analysis of streamflow changes was conducted from the perspectives of climate change and human activities. The main factors influencing streamflow changes in the watershed were explored. The conclusions are as follows:
(1) From 1963 to 2019, a significant decreasing trend was observed in both the annual streamflow depth and PET across the Beihedian River, Xidayang Reservoir, and Wangkuai Reservoir watersheds. The magnitude of the decrease was similar among these watersheds, indicating a high level of consistency. However, the decreasing trend in annual precipitation was not significant and did not pass the significance test.
(2) The streamflow series in the Wangkuai Reservoir and Beihedian River watersheds exhibited significant change points in 1999, whereas the streamflow series in the Xidayang Reservoir watershed experienced a significant change point in 1980. These change points may be related to the implementation of land system reforms and the construction of the Three-North Shelterbelt Forest Program in the mid to late 1970s.
(3) Based on the elasticity coefficient method and hydrological simulation method, consistent results were obtained: the average contribution rates of climate change to streamflow reduction in the three small watersheds were 32.93%, 34.50%, and 35.12%, respectively, while the average contribution rates of human activities were 67.07%, 65.50%, and 64.88%, respectively. Climate change has led to a reduction in streamflow volume in the watershed to some extent, but the primary reason for water resource depletion in the watershed is still the excessive interference of human activities.
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Evaluating resource and environmental carrying capacity (RECC) within the framework of ecological civilization is essential for reconciling development with ecological preservation and optimizing land-use patterns. This evaluation through the lens of ecological civilization is crucial for effective resource allocation. This article introduces a technical framework specifically designed for analyzing and evaluating resource and environmental carrying capacity in karst regions, focusing on Anshun City in Guizhou Province as a case study. The framework follows a structured approach, i.e., “problem identification, problem decomposition, and decision-making assessment,” which proves effective for these evaluations. Furthermore, the integrated evaluation index system incorporating resources, environment, and socioeconomic factors under the principles of ecological civilization aligns with contemporary developmental requirements while reflecting the distinctive characteristics of the resources and environment in karst regions. This alignment enhances the specificity and relevance of the evaluation methodology. The application of the obstacle degree model strengthened the utility and depth of the evaluation results. Additionally, Pearson’s correlation analysis clarified the complex interrelationships among various index factors, highlighting the significant role of unique local resources in the carrying capacity of karst regions. Additionally, the article reveals a delay in the socioeconomic development of karst regions, which adversely impacts their carrying capacity. Thus, promoting regional economic growth is crucial for enhancing the overall carrying capacity. In light of these findings, the article proposes practical strategies to enhance resource and environmental carrying capacity. These include establishing technical standards for evaluation, accelerating industrial transfers focused on technological innovation, and enhancing market mechanisms for resource allocation.
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1 INTRODUCTION
Resource and environmental carrying capacity (RECC) is essential for advancing regional ecological civilization; conversely, the establishment of ecological civilization is crucial for enhancing this carrying capacity. The concept of ecological civilization represents a key path toward sustainable socioeconomic development in China, tackling challenges such as resource depletion, environmental pollution, and ecological imbalance stemming from rapid industrialization and urbanization. Promoting green development and fostering harmonious coexistence between humans and nature are pivotal strategies for China’s socioeconomic progress in the contemporary era. Major initiatives include deepening ecological civilization, aiming for carbon neutrality and carbon peaking emissions, and refining the market allocation system for resource and environmental management. These initiatives serve as fundamental principles for national planning and sustainable development. Evaluating resource and environmental carrying capacity in the context of ecological civilization is essential for achieving sustainable and high-quality socioeconomic transformation in regions. This approach ensures the alignment of economic and social development with ecological protection and optimizes regional resource allocation while safeguarding natural and cultural heritage. In recent years, the evaluation of resource and environmental carrying capacity has increasingly become a fundamental consideration in regional development strategies (Huang and Song, 2019). The outcomes of these evaluations have been utilized in land planning, urban development, and regional economic strategies (Huang, 2017; Fan, 2007), providing valuable theoretical frameworks for optimizing regional land use and resource management.
The concept of RECC has significantly evolved since its inception. Initially, carrying capacity referred to biological populations, defined by Park and Burgess (1921) as the population size an environment can support under specific conditions. Malthus (1978) expanded this idea, proposing that unchecked population growth would outpace food production, causing famines. However, the RECC concept has since been expanded to include ecological, resource, and environmental capacities, referring to the sustainable population or activity level that an ecosystem can support while maintaining ecological balance (Sun et al., 2020). Recent studies have divided RECC into several subdomains: (1) resource carrying capacity (RCC), which focuses on land, water, and mineral resources. The RCC assesses resource availability to support human activity without degradation (Liu et al., 2023). (2) Environmental carrying capacity, which is the environment’s capacity to absorb pollutants and waste while sustaining ecosystem health (Gao et al., 2020). (3) Ecological carrying capacity relates specifically to ecological system resilience and biodiversity maintenance capacity (Niu et al., 2020). These definitions underscore RECC as a multi-dimensional concept that integrates physical resource limitations with ecological resilience and environmental quality (Liu et al., 2020; Niu et al., 2020). Evaluating RECC necessitates moving from single-factor to multi-factor assessment models, incorporating land, water, climate, and ecological health metrics. Resource and environmental carrying capacity synthesizes these concepts (Sun et al., 2020) and indicates the maximum population that a region can support while preserving optimal natural conditions and ecological balance (Niu et al., 2018). Research in developing evaluation systems has shifted from single-factor to multi-factor assessments (Shen et al., 2022). Scholars have deepened the principles, content, and perspectives of indicators, resulting in studies focused on various factors such as land, water, and ecological conditions (Liu et al., 2023; Gao et al., 2020). Research has encompassed both single-factor (Yang and Wang, 2022) and comprehensive assessments of carrying capacity (Shao et al., 2013; Yang et al., 2016). Additionally, studies have also varied in spatial scale, addressing evaluations at national, provincial, and urban levels (Wang J. et al., 2023; Luo et al., 2022), contributing to the development of assessment systems that incorporate factors such as water, climate, and land (Feng et al., 2021; Zhang et al., 2018; Yang et al., 2015; Liu and Borthwick, 2011).
Various methodological approaches are key to evaluating RECC, each suited to specific ecological complexities, data availability, and geographic requirements. These methods offer unique advantages in understanding RECC, particularly in ecologically sensitive, resource-limited karst regions. Comprehensive assessments integrate resource, environmental, and ecological data into composite RECC scores, providing policymakers with a holistic view of carrying capacity (Wang and Wang, 2022). System dynamics models analyze interactions between ecological, economic, and social factors and are effective for long-term, predictive assessments (Wang M. et al., 2023; Ge et al., 2021). These models are suitable where complex feedback loops and time-dependent changes are vital for understanding sustainability trends in karst landscapes. The ecological footprint method quantifies natural resource demand relative to regional supply and is particularly valuable in high-stress areas like karst regions (Liu et al., 2022; Jia et al., 2020). This method allows researchers to determine whether a region’s resource consumption aligns with its regenerative capacity, making it highly applicable for comparative studies in stressed environments. Fuzzy evaluation models incorporate qualitative data and account for uncertainties, making them suitable for RECC evaluation in ecologically complex regions with limited data (Min et al., 2022; Tan et al., 2021). Fuzzy models’ adaptability is advantageous in karst areas, where data precision is often challenging and uncertainty requires effective management. Advances in remote sensing and GIS now provide high-precision spatial data, enabling the detailed mapping of resource distributions and environmental impact zones (Peng et al., 2020). The barrier degree model critically identifies and assesses primary factors limiting regional RECC. This model quantifies obstacle factors, pinpointing issues that hinder sustainable resource management and environmental protection, particularly under ecological civilization constraints (Zhang et al., 2018; Lin et al., 2023). The model uses a structured approach, using indicators like urbanization rate, wastewater discharge, and resource use efficiency to calculate an “obstacle degree.” A high barrier degree suggests major challenges to sustainable RECC, while a low degree indicates fewer obstacles (Chen et al., 2023). By identifying these barriers, the model aids policymakers in targeted interventions to strengthen resource and environmental resilience in karst and other fragile regions. Pearson’s correlation analysis determines linear relationships between key RECC indicators, providing insights into dependencies among resource, environmental, and socioeconomic factors. In karst regions, Pearson’s analysis reveals associations between land-use intensity and water resource availability, aiding in identifying leverage points for enhancing RECC (Wu and Hu, 2020). However, its linearity assumption limits it, potentially missing complex, non-linear relationships in ecological systems, suggesting a need for complementary analyses (Wei et al., 2019). These methodologies enable adaptive, region-specific RECC assessments, addressing unique geographic, ecological, and resource constraints. This variety of approaches supports sustainable policy formulation, allowing researchers to select the most suitable tools based on study requirements and regional ecological characteristics.
Scholars have delineated various terms such as resource carrying capacity, environmental carrying capacity, ecological carrying capacity, and land and water resource carrying capacities (Liu et al., 2020; Niu et al., 2020; Niu et al., 2018). The concept of carrying capacity was first articulated by Park in 1921, who defined it as the maximum number of biological individuals that an environment can sustain under specific conditions (Park and Burgess, 1921), laying the groundwork for further exploration. Malthus (1978) later proposed a population growth model that indicated that famines and poverty would arise when the population exceeded the limits of food supply. Resource and environmental carrying capacity is a comprehensive synthesis of these concepts (Sun et al., 2020) and indicates the maximum population that can be supported in a region while maintaining an optimal natural environment and ecological balance (Niu et al., 2018). Research in developing evaluation systems has shifted from single-factor to multi-factor assessments (Shen et al., 2022). Scholars have deepened the principles, content, and perspectives of indicators, resulting in studies focused on various factors such as land, water, and ecological conditions (Liu et al., 2023; Gao et al., 2020). Research has encompassed both single-factor (Yang and Wang, 2022) and comprehensive assessments of carrying capacity (Shao et al., 2013; Yang et al., 2016). Additionally, studies have also varied in spatial scale, addressing evaluations at national, provincial, and urban levels (Wang J. et al., 2023; Luo et al., 2022), contributing to the development of assessment systems that incorporate factors such as water, climate, and land (Feng et al., 2021; Zhang et al., 2018; Yang et al., 2015; Liu and Borthwick, 2011). Researchers have also adopted diverse evaluation methods and models to meet different objectives, including comprehensive assessments (Wang J. et al., 2023; Wang and Wang, 2022), system dynamics (Wang M. et al., 2023; Ge et al., 2021; Yang et al., 2015), ecological footprints (Liu et al., 2022; Jia et al., 2020), fuzzy evaluations (Min et al., 2022; Tan et al., 2021), and energy value analysis. Recent studies, including those by Peng et al. (2020), have utilized remote sensing and GIS technology to conduct comprehensive evaluations in the karst regions of Southwest China.
Existing research in the field encompasses a wide range of aspects, including concepts, frameworks, indicator systems, evaluation methods, and models, yet several challenges persist. Existing assessment indicator systems often lack specificity, especially for karst regions, where limited studies fail to sufficiently highlight the region’s unique characteristics. Moreover, the presentation of evaluation results is often insufficient, and a deeper analysis of factors influencing the regional carrying capacity and their interrelationships requires further exploration. Additionally, there is also a disconnection between current analyses and the realities of modern societal development. This highlights the necessity for a comprehensive evaluation framework specifically tailored to the distinct attributes of karst regions as this is crucial for enhancing the theoretical and methodological foundations of resource and environmental carrying capacity evaluations. In summary, although a relatively comprehensive theoretical framework for resource and environmental carrying capacity has been established (Li et al., 2022), karst regions encounter distinct challenges in this evaluation due to their unique geological and ecological conditions. Future studies should further integrate the concept of ecological civilization and deepen theoretical and empirical investigations of resource and environmental carrying capacity in karst regions, with the aim of providing more scientifically grounded guidance for sustainable development in these regions.
Karst regions are characterized by expansive landscapes, unique geological environments, ecological sensitivity, and constrained resource endowments. Although industrialization, urbanization, transportation, and tourism contribute to regional economic growth, they also result in significant land-use disruptions, severe ecological degradation, and escalating resource constraints. The growing conflicts between ecological preservation, development needs, and the conservation of natural and cultural heritage expose the limitations of current human activities. Consequently, it is essential to establish an analytical framework that accurately captures the distinctive characteristics of karst regions. This article focuses on this important area, specifically examining Anshun City in Guizhou, which exemplifies a karst region. Utilizing 2019 as the evaluation timeframe and county units as the fundamental evaluation units, the article uses qualitative methods such as surveys and expert consultations to construct an evaluation framework for resource and environmental carrying capacity based on the principles of ecological civilization. This framework not only enhances the theoretical foundation and analytical methodologies of resource and environmental assessments but also provides practical guidelines for policymaking related to ecological civilization development, land-use planning, and sustainable resource management in karst regions.
2 RESEARCH AREA
The research area is located in the central–western part of Guizhou, China, at the watershed between the North Panjiang and Wujiang river systems. This accessible region is geographically defined between longitudes 105°15′ to 106°35′ E and latitudes 25°21′ to 26°37′ N. It experiences an average annual temperature of 14.8°C, receives an annual precipitation of 1,222 mm, and benefits from 1,238.80 h of sunshine each year. Rich in mineral and water resources, this region is also recognized for its biodiversity, making it a focal point for national initiatives in natural forest protection and ecological development. Notably, over 12% of the region consists of scenic areas, significantly higher than the national average of 1% and Guizhou’s average of 4.2%. Despite these advantages, the region faces challenges, including significant land degradation and soil erosion, characterized by high elevations in the central region and lower terrain in the north and south, as well as higher elevations in the northwest and lower elevations in the southeast. This spatial differentiation showcases it as a quintessential region of concentrated karst topography (Figure 1).
[image: Figure 1]FIGURE 1 | Overview of the research area [Approval Qian S (2023) No. 009], with simplified elements on the base map but no changes to the scope.
In 2019, the total land area amounted to 9,267 km2, with arable land covering 4.39 million acres. The forested cover reached 7.6194 million acres, resulting in a forest coverage rate of 59.03%. The region experienced an average annual runoff of 6.217 billion m³, with a technical potential for hydropower generation estimated at 1.5929 million kilowatts, of which 1.5429 million kilowatts are economically viable. The resident population is approximately 2.3636 million, contributing to a regional gross domestic product (GDP) of 92.394 billion yuan with an annual growth rate of 8.1%. The industrial structure is divided into three sectors at a ratio of 17.0:31.7:51.3. The research area encompasses six districts and counties, Xi Xiu, Ping Ba, Pu Ding, Guanyin, Zi Yun, and Zhen Ning (Figure 1), supported by 2,003 healthcare institutions. Known as the “Mountain Park Province,” Guizhou is characterized by striking landscapes, abundant water resources, beautiful valleys, impressive rock formations, and a wealth of natural resources, which contribute to its reputation as a “natural air conditioner,” “green oxygen bar,” and “summer resort.” Under the province’s expansive ecological strategy, the research area has actively pursued ecological civilization initiatives, including rocky desertification control, river management, and pollution reduction. These efforts, strongly supported by national policies, have resulted in gradual enhancements in resource and environmental endowments, as well as improvements in carrying capacity.
3 RESEARCH DESIGN
3.1 Data sources
This article derives data from various authoritative sources, encompassing land use, climate, water resources, socioeconomic factors, and ecological conditions. These sources include the results of the third national land resource survey, comprehensive land-use planning for the region from 2006 to 2020, and statistical yearbooks and public reports from 2015 to 2019. Additional data sources consist of environmental condition reports, plans for addressing stoniness in the region (2008–2015), water ecological civilization construction (2016–2030), soil and water conservation (2016–2030), government work reports, and various development plans related to industrial growth, transportation during the 13th Five-Year Plan, energy development, and wetland conservation. The evaluation indicators for land, water, and air quality are illustrated by a single, representative baseline indicator for each category (Figure 2).
[image: Figure 2]FIGURE 2 | Radar chart presentation of typical indicators.
3.2 Research methods
3.2.1 Establishing the analysis framework for resource and environmental carrying capacity
This research addresses the distinct resource and environmental characteristics of karst regions, along with the characteristics of socioeconomic development. Through interviews, expert consultations, and empirical validation, we developed an analytical framework for evaluating resource and environmental carrying capacity, guided by the concept of ecological civilization (Figure 3). The framework consists of three logical phases: problem identification, analysis, and decision-making. When evaluating carrying capacity in karst regions, these phases are applied as follow:
(1) Problem identification: In this initial phase, we recognize critical issues such as widespread rocky desertification, severe soil erosion, ecological vulnerability, significant disturbances in land use, increasing resource constraints, and conflicts between development and conservation. The analysis is contextualized within national and regional commitments to green development, low-carbon initiatives, ecological protection, and high-quality growth, leading to the formulation of relevant research questions addressing the carrying capacity of resources and the environment in karst regions.
(2) Problem analysis: Due to the distinct natural environment and resource endowments in karst regions, achieving sustainable development requires compliance with natural laws and customized approaches for local conditions. This phase constructs a comprehensive evaluation index system reflecting the region’s unique features while examining resources, the environment, and socioeconomic dimensions. A mixed-method approach integrates interviews, expert consultations, comprehensive evaluation models, obstacle degree models, and Pearson’s correlation analysis. It is used to assess the carrying capacity level, identify hindering factors, and explore the interrelations among these factors, with the results illustrated through spatial visualization.
(3) Decision-making: Utilizing the evaluation results as a foundation, this phase addresses current national macroeconomic strategies and urgent regional development needs. The focus is on identifying and mitigating obstacles to enhance resource and environmental carrying capacity, thereby promoting a harmonious human–environment relationship and achieving long-term sustainable development goals for the karst region. This process includes proposing scientifically grounded strategies and recommendations for improvements.
[image: Figure 3]FIGURE 3 | Research framework diagram for analyzing resource and environmental carrying capacity based on “problem design–problem deconstruction–decision evaluation.”
3.2.2 Technical process for evaluating resource and environmental carrying capacity
3.2.2.1 Development of an evaluation index system
Index selection principles: Adhering to the concept of ecological civilization, index selection emphasizes a systematic and locally relevant approach. Indicators must reflect the conditions of the research area, be easily interpretable, align with the basic theoretical framework for carrying capacity evaluation and national technical standards, and appropriately represent the carrying capacity status.
Selection of evaluation indexes: The research area, as a typical karst region, is abundant in mineral and tourism resources but also faces significant ecological challenges, including extensive rocky desertification, severe soil erosion, and inadequate vegetation cover. Although the economy is growing, its overall level remains relatively low. Drawing from existing research, technical standards, and expert consultations, we established an evaluation index system comprising three main criteria: resource, environmental, and socioeconomic carrying capacity. This system incorporates eight evaluation indexes, such as land resources and air quality, leading to a total of 30 specific indicators, including per capita arable land and per capita water usage (Table 1).
TABLE 1 | Construction of the evaluation indicator system and weight setting (Equations 1–3).
[image: Table 1]Setting weights for evaluation indexes: We applied a combination of the variance and Delphi methods to assign weights to the evaluation indexes. This process involved engaging experts from various fields, such as land planning, resource management, and ecological development, encompassing administrative officials, technical personnel, educators, and community representatives, to account for obstacles to regional ecological construction.
Variance-based weighting approach: The variance weighting method involves calculating the average values and variances of evaluation indicators, followed by normalizing the variance coefficients to derive the indicator weight values. The main steps are as follows:
① The average of each evaluation indicator is calculated:
[image: image]
where [image: image] is the average value of indicators, [image: image] is the value of the jth evaluation indicator in the ith evaluation region, and n is the total number of indicators.
② The variance of the evaluation indicators is computed:
[image: image]
where [image: image] is the mean square error of the indicators and [image: image] is the number of indicators.
③ The variance coefficients are normalized to derive the weight coefficients:
[image: image]
where [image: image] is the normalized weight coefficient of the indicator and [image: image] is the total number of indicators.
Various indicators have diverse focuses and attributes, influencing the carrying capacity of the resources and environment differently. In the evaluation, the weight coefficients obtained through both the variance and Delphi methods are used to comprehensively determine the weight values of the indicators. The weights are assigned based on the significance of resource carrying capacity, environmental carrying capacity, and socioeconomic carrying capacity, as shown in Table 1.
Data standardization of evaluation indicators: This article encompasses a comprehensive system of indicators, featuring 3 criterion levels, 8 indicator levels, and 30 specific indicators. Indicators are categorized into positive and negative attributes to highlight their roles in evaluating resource and environmental capacities (Table 1). To eliminate dimensional disparities, we used the extreme value method for the standardization of the original data using the following formulas:
[image: image]
[image: image]
where [image: image] represents the standardized value of the [image: image]th evaluation indicator in the [image: image]th evaluation region, [image: image] is the actual value of the [image: image]th evaluation indicator in the [image: image]th evaluation area, [image: image] and [image: image] denote the minimum and maximum values of the [image: image]th evaluation indicator in the [image: image]th evaluation region, respectively, [image: image] refers to the number of evaluation objects, and [image: image] is the total number of evaluation indicators.
Results and analysis of standardized indicators: In this article, we applied the extreme value method to standardize the indicators. The resource, environmental, and socioeconomic capacities of the research region include both positive and negative attributes. For positive indicators, the optimal value is the maximum observed in each district. Conversely, for negative indicators, the minimum value serves as the optimal baseline. The standardized values were computed using corresponding formulas, resulting in transformed indicator values ranging from 0 to 1, with 1 being the maximum and 0 being the minimum.
3.2.2.2 Selection of the evaluation model
After standardizing the indicators, we used a comprehensive evaluation model to calculate the index values for each criterion level pertaining to the resource and environmental carrying capacity in the research region. The model is expressed as follows:
[image: image]
where [image: image] represents the index value for the ith criterion level, [image: image] represents the weight coefficient for the jth indicator, and [image: image] represents the standardized value of the jth indicator in the ith evaluation region.
3.2.2.3 Introduction of the barrier model
The barrier degree model can be utilized to analyze the key factors contributing to disparities in the regional resource and environmental carrying capacity (Li et al., 2024; Ding et al., 2024). This model serves as a guiding tool to promote the efficient utilization of resources (Jia et al., 2017), such as land, within the research region by identifying and mitigating potential obstacles. By utilizing this model, we can effectively identify the primary barriers that impede the resource and environmental carrying capacity in the region. A higher barrier degree indicates a greater hindrance to achieving the region’s overall resource and environmental capacity goals, while a barrier degree of 0 suggests no hindrances to these objectives. The barrier degree model incorporates several important variables, including factor contribution [image: image], indicator deviation [image: image], and indicator barrier degree [image: image]. The overall barrier degree [image: image] assesses the impact of all identified obstacles on the resource and environmental carrying capacity in the research region.
[image: image]
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In this model, the indicator deviation [image: image] represents the difference between the standardized value of the jth indicator in the ith city and 1. The factor contribution [image: image] represents the weight of the jth indicator in that city. The barrier degree [image: image] represents how much the jth indicator impedes the resource and environmental carrying capacity, with higher values indicating greater hindrance. The barrier degree [image: image] for each indicator is expressed on a scale of 0% to 100%, where larger values signify a more significant impact on the carrying capacity.
3.2.2.4 Pearson’s correlation analysis
Pearson’s correlation analysis is utilized to evaluate the linear relationship between two sets of indicators. A higher correlation coefficient indicates a stronger relationship. This method calculates the correlation coefficient between two variables and determines its statistical significance. The introduction of Pearson’s correlation analysis in this article aims to explore the linear associations among various evaluation indicators related to the resource and environmental carrying capacity in the research region. By examining these relationships, we can identify the critical factors that influence and determine the levels of resource and environmental carrying capacity in karst regions, as well as the primary obstacles. This comprehension enables targeted interventions to improve the area’s resource and environmental carrying capacity, fostering high-quality and sustainable socioeconomic development in the region.
[image: image]
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where [image: image] represents the correlation coefficient (r), which illustrates the strength and direction of the relationship between two variables. The overall mean is denoted by [image: image], and the overall covariance is represented by [image: image].
4 EMPIRICAL ANALYSIS AND RESULT INTERPRETATION
4.1 Evaluation results of resource and environmental carrying capacity and spatial disparities
4.1.1 Evaluation result analysis
The comprehensive evaluation of standardized indicator data (Equations 4, 5) generated an index for resource and environmental carrying capacity across different regions within the research region, as shown in Tables 2, 3 (Equation 6).
TABLE 2 | Comprehensive evaluation results of the indicator level.
[image: Table 2]TABLE 3 | Comprehensive evaluation results of the criterion level.
[image: Table 3]4.1.1.1 Analysis of resource carrying capacity results
The findings correspond well with the regional resource endowments; regions with higher water resource indexes demonstrate greater resource carrying capacities. The sequence of resource carrying capacity, from highest to lowest, is as follows: Guanling, Ziyun, Xixiu, Pingba, Zhenning, and Puding. Regions like Xi Xiu and Ping Ba, located near Gui’an New District, exhibit high land resource scores but low water resource scores, while Guan Ling and Zi Yun present high water resource scores and moderate land resource scores. Notably, Guan Ling has the lowest region of stoneland desertification and the least annual per capita water usage, coupled with high average annual rainfall, resulting in the highest resource carrying capacity. Conversely, Pu Ding consistently shows low values, and it ranks second-highest in stoneland desertification, soil erosion, and flooded land area, while its per capita water resources and average annual rainfall are fifth in the region, culminating in the lowest resource carrying capacity evaluation and reflecting the existing disparities in resource distribution.
4.1.1.2 Analysis of environmental carrying capacity results
The evaluation of the environmental carrying capacity effectively illustrates the ecological heterogeneity of the research region. There is a strong correlation between the evaluation indexes and actual conditions. The comprehensive evaluation ranks the regions from highest to lowest as follows: Guan Ling, Xi Xiu, Zi Yun, Pu Ding, Zhen Ning, and Ping Ba. A disparity of more than 6-fold exists between the highest and lowest values. In terms of the 11 measured indicators, Guan Ling excels in 7 indexes, including average annual SO2 and NO2 concentrations and the proportion of karst land region, although it scores lower in water pollution capacity and wastewater treatment rates. Conversely, Ping Ba ranks the lowest across six indicators, reflecting overall poor environmental quality.
4.1.1.3 Analysis of economic and social carrying capacity results
The evaluation results reveal significant disparities in local economic and social development. The research region displays markedly higher scores for economic conditions than for social conditions, with high and low values typically present in the same regions. The ranking from high to low is as follows: Xi Xiu, Ping Ba, Zhen Ning, Pu Ding, Guan Ling, and Zi Yun. A 4-fold difference exists between the highest and lowest values. Among nine measured indicators, Xi Xiu and Ping Ba showed the highest values for per capita GDP and fixed asset investment, whereas Zi Yun ranks lowest in six indicators for per capita GDP and investment. The regions of Pu Ding, Zhen Ning, and Guan Ling fall in the moderate range. Geographically adjacent Xi Xiu and Ping Ba present high economic and social carrying capacities, while Zi Yun demonstrates the lowest value, indicating a strong correlation with the current state of economic and social development.
4.1.1.4 Comprehensive evaluation of the resource and environmental carrying capacity
The cumulative results, representing the collective evaluation of resource, environmental, and socioeconomic carrying capacities, are ranked from high to low as follows: Guan Ling, Xi Xiu, Zi Yun, Zhen Ning, Ping Ba, and Pu Ding. Guan Ling boasts the highest overall scores, particularly in resource and environmental capacities, reflecting abundant availability and favorable conditions of land and water resources, albeit with weaker socioeconomic conditions. Conversely, Xi Xiu shows high resource and environmental carrying capacities, along with the highest socioeconomic capacity, attributed to advantageous spatial characteristics. Conversely, Pu Ding is characterized by its lowest resource carrying capacity and intermediate environmental and socioeconomic development capacities, culminating in the lowest comprehensive carrying capacity, highlighting the region’s inadequate ecological and socioeconomic conditions.
4.1.2 Analysis of spatial disparities at the county level
Utilizing the spatial analysis capabilities of ArcGIS 10.8, we conducted a comprehensive evaluation of the resource and environmental carrying capacity in the research region. The results are visually represented at the county level (Figure 4), illustrating the diverse spatial heterogeneity of these capacities. To categorize these results effectively, we applied the natural breaks method, which focuses on minimal intra-group variation and maximal inter-group variation, dividing the groups into three defined categories: “high,” “medium,” and “low.” Figures 4, 5 show that
(1) The overall evaluation of resource carrying capacity reveals a pronounced spatial distribution of “high in the south and low in the north,” which closely correlates with the region’s topographical features. Notably, high values are found in Zi Yun and Guan Ling, while Pu Ding reveals lower values. The spatial distribution of water and land resources demonstrates distinct disparities. Land resources generally follow a pattern of “low in the center, high at both ends,” with Xi Xiu standing out as a high-value region. Conversely, water resources display a distribution pattern of “high in the south, low in the north,” with significant values also shown in Zi Yun and Guan Ling.
(2) The comprehensive assessment scores for environmental carrying capacity exhibit a similar “high in the south, low in the north” distribution, closely linked to the region’s topography. Guan Ling receives high scores, while Ping Ba presents lower and intermediate values. The differences between high and low scores highlight notable gaps in environmental capacity evaluations. Patterns in atmospheric, geological, and ecological environment scores are comparable, with mid–high values clustered in the southwestern regions, particularly in Guan Ling and Zhen Ning, as well as in southeastern Zi Yun. In contrast, water environment scores indicate a “high in the north, low in the south” trend, with Xi Xiu presenting a noteworthy high score across four evaluation indicators, emphasizing the substantial disparity between high and low values. Additionally, Ping Ba shows some indicators with a minimum score of 0, emphasizing the spatial heterogeneity in environmental capacity evaluations.
(3) The social and economic carrying capacity scores reveal a spatial pattern of “high in the northeast, low in the southeast, and mid-values in the central and western regions.” Regions such as Xi Xiu and Ping Ba, which are adjacent to the Guian New District, exhibit higher values, whereas Zi Yun shows a lower score. Significant differences in economic and social conditions are evident in towns like Guan Ling and Pu Ding, reflecting a similar spatial distribution of high and low values, indicating a spatial homogeneity in socioeconomic carrying capacity assessments.
(4) Finally, the overall evaluation scores for carrying capacity consistently exhibit a “high in the south, low in the north” distribution. This pattern is significantly influenced by environmental and resource carrying capacities rather than socioeconomic factors. The northern areas, particularly Ping Ba and Pu Ding, present lower values, while Xi Xiu and Guan Ling display higher scores, reinforcing the identified spatial disparities in the carrying capacity within the region.
[image: Figure 4]FIGURE 4 | Spatial distribution map of comprehensive evaluation scores at the indicator level.
[image: Figure 5]FIGURE 5 | Spatial distribution map of comprehensive evaluation scores at the criterion level.
4.2 Statistical correlation analysis
This section presents a statistical analysis of the relationships among the resource carrying capacity, environmental carrying capacity, socioeconomic carrying capacity, and overall carrying capacity in the research region. Utilizing univariate linear regression to fit the data and assessing the linear correlation coefficients (Figure 6), we find a strong linear relationship among the resource carrying capacity, environmental carrying capacity, and overall carrying capacity. To further elucidate the interdependencies among these indicators, we applied Pearson’s correlation coefficient method for correlation analysis (Figures 7, 8) (Equations 10, 11).
[image: Figure 6]FIGURE 6 | Linear fitting chart of resource carrying capacity, environmental carrying capacity, socioeconomic carrying capacity, and comprehensive carrying capacity (95% confidence interval).
[image: Figure 7]FIGURE 7 | Pearson’s correlation coefficient chart of comprehensive evaluation scores at the criterion level.
[image: Figure 8]FIGURE 8 | Pearson’s correlation coefficient chart of comprehensive evaluation scores at the indicator level.
The analysis of the standard layers (Figure 7) reveals significant medium-to-high positive correlations and resource carrying capacity, with environmental capacity (0.61) and overall capacity (0.74). The environmental capacity correlates with the overall capacity (0.80). Conversely, the socioeconomic carrying capacity shows no significant correlations with the resource carrying capacity (−0.21), environmental capacity (−0.32), or overall capacity (0.23). These results indicate that resource and environmental capacities have a significantly greater influence on the overall carrying capacity than socioeconomic indicators. A detailed statistical analysis of the indicator levels (Figure 8) reveals several key relationships:
(1) Land and water resources show differentiated correlations with other indicators, highlighting a strong connection between land resources and socioeconomic factors, as well as a robust relationship between water resources and environmental elements. Specifically, land resources show medium-to-high positive correlations with the water environment (0.68), economic status (0.70), and social status (0.50). Water resources also show strong positive correlations with the atmospheric environment (0.61), ecological environment (0.81), and ecological environment (0.76). However, there are significant negative correlations between water resources and economic status (−0.71) and social status (−0.53).
(2) Within the environmental dimension, complex interdependencies exist among the indicators. Except for the water environment, there are notable negative correlations between environmental indicators and socioeconomic indicators. Significant positive correlations are evident between the atmospheric and geological environments (0.65), atmospheric and ecological environments (0.96), and geological and ecological environments (0.73). Other correlations within this dimension tend to be weaker, while the water environment positively correlates with economic status (0.79) and social status (0.36).
(3) The intricate relationships between resource carrying capacity and both environmental and socioeconomic capacities reveal that socioeconomic indicators significantly correlate with land resources, while environmental indicators strongly associate with water resources. Socioeconomic indicators show negative correlations with environmental indicators, despite having a high positive correlation (0.80) within their own dimension.
In addition, we categorized the comprehensive scores of the standard layers into “high, medium, and low” using the natural-breaks method. This classification is visualized through alluvial diagrams (Figure 9), illustrating the flow of scores among the different capacities. The diagrams reveal complex interrelations driven by the region’s diverse resources, environments, and socioeconomic characteristics within the karst region. Notably, resource carrying capacity nodes primarily consolidate into an “M” category of environmental capacity, which then subsequently disperses into “H,” “M,” and “L” nodes for socioeconomic capacity. In turn, these socioeconomic nodes flow into overall capacity nodes. Notably, no cross-layer transitions occur between the resource and environmental capacities at an “H-L” level, indicating a stable relationship. However, socioeconomic capacity nodes exhibit cross-layer transitions, highlighting the intricate socioeconomic dynamics and their minor impact on the overall carrying capacity.
[image: Figure 9]FIGURE 9 | Alluvial diagram of comprehensive evaluation scores at the criterion level.
4.3 Analysis of obstacle factors
Given the extensive number of indicators, this article focuses on Equations 7–9 the top three obstacle factors ranked by their severity (Table 4).
TABLE 4 | Comprehensive analysis of obstacle factors at the indicator level.
[image: Table 4]4.3.1 Obstacle factors impacting the resource carrying capacity
Water resources pose a greater challenge than land resources regarding the overall carrying capacity (Figure 10). Notable spatial disparities exist between water and land resources. Important factors influencing the resource carrying capacity include per capita water availability (R8), average annual precipitation (R9), per capita arable land area (R1), water resource utilization rate (R10), and proportion of rocky desertification region (R2). Notably, R8, R9, and R10, which pertain to water resources, often rank as primary or secondary factors. This indicates that water scarcity is the primary impediment to resource carrying capacity in karst regions. The findings reveal a discrepancy between water availability and the overall resource carrying capacity, highlighting the need for improved coordinated management of water resources. Additionally, the abundance of per capita arable land area (R1) and the proportion of rocky desertification area (R2) further impede resource capacity. This contributes to significant regional disparities, with regions like Xi Xiu exhibiting strong land resource support, while regions such as Pu Ding and Zhen Ning show comparatively weak support. In terms of water resources, Zi Yun and Guan Ling have considerable support, whereas Pu Ding, Xi Xiu, and Ping Ba are notably weaker.
[image: Figure 10]FIGURE 10 | Statistical chart of different types of obstacle factors.
4.3.2 Obstacle factors impacting the environmental carrying capacity
The obstacle factors affecting environmental carrying capacity are more complex. Notably, key barriers include forest coverage and the proportion of karst areas, which are more significant than other elements (Figure 10). Factors such as the area proportion of ecological protection zones (E6), proportion of the karst area (E8), forest coverage (E9), water pollutant absorption capacity (E5), and centralized sewage treatment rate (E4) frequently emerge as key obstacles. The karst region proportion (E8) is particularly impactful, frequently ranking as a primary obstacle, thereby indicating its substantial restriction on enhancing environmental carrying capacity. The variables E6, E5, and E4 emphasize the strong influence of water environment factors on environmental capacity. Furthermore, forest coverage (E9), classified within the ecological environment dimension, significantly hinders the overall environmental carrying capacity.
4.3.3 Obstacle factors affecting the economic and social carrying capacity
The primary obstacle factors impacting the economic and social carrying capacity are predominantly economic in nature. The industrial development across the six counties lags behind population and social development (Figure 10). This disparity highlights the need for coordinated efforts to elevate economic levels and promote the mutual reinforcement of population dynamics and industrial growth. Key factors influencing economic and social carrying capacity include per capita fixed asset investment (S3), disposable income of rural residents (S5), per capita GDP (S1), the contribution of the tertiary sector to the GDP (S2), and disposable income of urban residents (S4). The indicators S3 and S5 illustrate how these economic factors constrain the development of the overall economic carrying capacity in the region. There is significant economic disparity among the regions, with Ping Ba and Xi Xiu performing better, while Zi Yun ranks lowest. This economic inequality closely correlates with resource and environmental factors, revealing a disconnection between industrial and social development in karst regions.
5 DISCUSSION AND CONCLUSION
5.1 Discussion
In Southwest China, karst topography presents several challenges, including poor soil quality, rock desertification, and water scarcity, which profoundly affect the region’s sustainable socioeconomic development. Therefore, constructing a technical framework and indicator system for analyzing resource and environmental carrying capacity aligned with ecological civilization principles is essential. The proposed evaluation index system for assessing resource and environmental carrying capacity is well-suited to challenges specific to karst regions, such as rocky desertification, water scarcity, and soil erosion. However, its applicability across regions with varied ecological types and developmental stages may be limited. Although the focus on karst-specific environmental factors enhances precision, broadening this framework’s application would require integrating flexible, region-specific indicators to capture diverse ecological and developmental characteristics.
(1) This technical framework is developed based on existing research to provide insights for specific regions’ carrying capacity evaluation. The proposed framework entails a process of “problem design–problem decomposition–decision assessment,” beginning with the identification of conflicts among resource, environmental, and socioeconomic factors. This framework aims to clearly define primary issues to ensure targeted decision-making. Moreover, its value extends beyond its theoretical application, offering practical guidance for spatial planning in karst regions through the integration of regional realities and optimization of resource, production, and ecological spaces while facilitating viable technical solutions.
(2) The comprehensive evaluation indicator system emphasizes regional characteristic elements.1 The interplay of these factors demonstrates a system of mutual causality and interaction, reflecting the area’s resource endowments and socioeconomic realities. Many current studies on carrying capacity indicator systems tend to overlook the significance of regional characteristics in indicator design and weight settings, often neglecting the ecological constraints on development initiatives. This article addresses this gap by proposing a comprehensive evaluation indicator system that combines the resource carrying capacity, environmental carrying capacity, and socioeconomic carrying capacity, aimed at effectively analyzing key issues and obstacles in the research area. The evaluation results reveal that the comprehensive carrying capacity is relatively high in the central region, especially in Xi Xiu and the southern area of Guan Ling, while the northern regions, like Ping Ba and Pu Ding, display lower capacities. The resource carrying capacity is highest in the southern counties, such as Guan Ling and Zi Yun, diminishing northward toward Ping Ba. Regarding the environmental carrying capacity, Guan Ling represents a high-value area compared to the lower-value zone in northeastern Ping Ba. Economic and social capacities show a more favorable profile in the central and northern regions, whereas the middle and southwest regions have lower ratings. Notably, these empirical findings correspond with the geographical economic realities of the research area. Furthermore, the analysis also highlights that critical resource and environmental deficiencies have not received adequate attention, underscoring the necessity for strengthened monitoring and assessment of these dynamic changes to effectively guide regional development in the future.
(3) This article thoroughly analyzes the key factors influencing resource and environmental carrying capacity through the integration of multiple data sources. It shifts the focus from a localized perspective to a holistic view, emphasizing the balance between resource utilization and conservation. By introducing an obstacle degree model, this article identifies primary constraints, such as water resources and rock desertification, assessing their significance in order to inform subsequent improvement measures. Challenges in karst regions are interconnected issues arising from a complex interplay of multi-dimensional factors. Future research should aim to distill the insights obtained from the model’s results into practical regional development policies.
(4) The application of Pearson’s correlation analysis provides a robust methodological tool for understanding the inherent relationships among various obstacle factors in karst regions, facilitating region-specific optimization strategies. Current research frequently fails to analyze these internal correlations adequately, which undermines the effectiveness of resource and environmental policy implementation. This article visually illustrates the associations among factors through Pearson’s correlation coefficient diagrams and scatter plots, highlighting the importance of integrating quantitative analysis with systematic thinking. This approach will enhance the theoretical, methodological, and technical aspects of carrying capacity analysis and evaluation. Future research should concentrate on the diversity of factor characteristics and their dynamic interconnections, analyzing the intricate relationships underlying carrying capacity and reconsidering the networks of interaction between humans and nature, as well as between humans and society.
This article systematically constructs a technical framework and an indicator system for analyzing the resource and environmental carrying capacity in karst regions within the constraints of ecological civilization. It highlights the dialectical relationship among various environmental and social factors. Future research should prioritize the integration between qualitative and quantitative analyses, utilizing multi-dimensional, multi-method, and multi-spatial scale approaches to deeply examine the current characteristics and relational dynamics of resources, environment, ecology, and social development in karst regions. This approach will enable the implementation of targeted measures to improve resource and environmental quality while respecting natural systems.
5.2 Conclusion and policy implementation
5.2.1 Conclusion
This article provides a comprehensive analysis of the resource and environmental carrying capacity of Anshun City, a typical karst region in Guizhou Province, China, within the context of ecological civilization. It establishes a three-dimensional integrated evaluation framework that encompasses resource, environmental, and socioeconomic capacities, using quantitative research methods to better facilitate regional socioeconomic development. This article contributes a robust technical framework and case studies to support the advancement of ecological civilization while introducing new methodologies and theoretical insights.
The principal findings are summarized as follows: ① the novel technical framework for comprehensive evaluation effectively addresses current research limitations by systematically examining regional resources, environmental factors, and socioeconomic characteristics within the framework of ecological civilization, which enables empirical assessments of karst regions. Subsequently, it provides practical policy recommendations to improve the resource and environmental carrying capacity in these regions, contributing to a deeper theoretical and technical foundation for conducting carrying capacity analyses in karst environments. ② The integrated index system, which combines resource, environmental, and socioeconomic factors, demonstrates strong adaptability to contemporary regional challenges and research demands. Unique indicators, such as the proportion of rock desertification and karst regions, effectively reflect the distinctive ecological characteristics of these regions. By systematically adjusting weights to reflect the diverse impacts of each indicator on the carrying capacity, the evaluations ensure objectivity and reliability. Higher weights are allocated to indicators representing the specific features and limitations of karst regions, while varied values are allocated to guiding indicators pertaining to the environmental carrying capacity, effectively integrating regional resource characteristics and development stages. This article enhances the relevance and practicality of the evaluation system, fostering a nuanced response to the specific conditions of karst regions. ③ The article also identifies critical factors that impede the resource and environmental carrying capacity in karst regions, providing a solid foundation for regional policy development. The implementation of an obstacle degree model enriches the analysis, providing increased usability and depth in assessing the carrying capacity related to resources, the environment, and socioeconomics. This model highlights significant obstacle factors that affect evaluations, granting insights that can improve regional resource and environmental carrying capacities. ④ Additionally, the intricate interrelations among various indicator factors were clarified, emphasizing the significant influence of characteristic resources on the carrying capacities in karst regions. Pearson’s correlation analysis has elucidated these complex interactions, revealing that the impact of resource and environmental carrying capacities on the overall carrying capacity surpasses that of socioeconomic factors. The assessment portrays a distinctive environmental carrying capacity focused on water resources while indicating a strong correlation between land resources and socioeconomic capacities. Here, water resources reflect resource disparities, while land resources reveal variations in socioeconomic development. ⑤ Lastly, the delay in economic and social development notably restricts the advancement of comprehensive carrying capacities in the karst region. The region’s inadequate resource endowment and low levels of economic development impede overall enhancements in carrying capacity. Socioeconomic factors play a notable obstructive role in bolstering socioeconomic capacities, as reflected in the underdevelopment of industrial sectors across the six counties compared to their population and social growth. Therefore, it is imperative to promote economic development indicators holistically across the region while tailoring support strategies to address the diverse developmental stages of different regions.
5.2.2 Policy implications
The main policy recommendations for enhancing the overall resource and environmental carrying capacity are as follows: ① lead by the natural resource management authorities to draft technical standards for assessing the carrying capacity in karst regions. This approach will ensure that evaluations are scientifically robust and tailored to the unique challenges of these regions. ② Focus on improving resource and environmental carrying capacity in the northern regions to promote high-quality and coordinated economic growth. The existing advantages of the southern counties should be utilized to support the northern regions’ shift toward greener, low-carbon production through technological innovation. ③ Strengthen market-oriented resource allocation and environmental protection efforts by rigorously controlling pollution emissions from industrial and daily activities while reducing disparities between different regions. ④ Establish targeted regional initiatives for optimizing water resource management to improve the ecological status in karst regions. This approach should consider the distinct resource and environmental attributes of the region, guiding ecological civilization construction and development in a targeted manner. ⑤ Enhance the capacity for resource and environmental carrying, as well as high-quality development within the research area, by accelerating green technology innovations. The advantages of northern counties in funding, technology, and talent should be leveraged to implement energy-saving and emission-reduction initiatives and foster collaboration with the southern and southwestern counties.
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In order to explore the relationship between groundwater levels and hydro-meteorological factors in Fengnan District, accurate estimation of groundwater levels in the area was undertaken. Real data on groundwater levels, water consumption, and rainfall from 2018 to 2021 in various townships within Fengnan District were selected. Utilizing the Principal Component Analysis method, the main influencing factors were extracted from the hydrological data of each township. Subsequently, a groundwater level calculation model was established using the CIWOABP(Cubic map - Intelligent weight adjustment - Whale Optimization Algorithm–Back Propagation) neural network in combination with these factors. The results indicate that: (1) Principal Component Analysis extracted a total of five principal components from various hydrological data in Fengnan District, namely, groundwater levels of monitoring wells #11 and #12, rainfall from rainfall station r1, and water consumption from Fengnan (FN) and Qianying (QY) towns. (2) The CIWOABP neural network was trained using 36 sets of actual measurement data and validated with 12 sets of simulated data. The mean absolute errors (MAE) for monitoring wells #11 and #12 were 0.19 and 0.23 respectively, and the mean squared errors (MSE) were 0.05 and 0.09 respectively. The model exhibited high computational accuracy and can be effectively employed to calculate actual groundwater levels. The research outcomes can provide theoretical and methodological insights for groundwater resource management in the North China Plain.
Keywords: groundwater level, principal component analysis, intelligent weight adjustment, whale optimization algorithm, BP neutral network
1 INTRODUCTION
Groundwater resources play an irreplaceable role in various sectors such as production, daily life, and ecological environments (Chai et al., 2023; Stigter et al., 2023). However, persistent overexploitation and improper utilization of groundwater have led to various issues, including continual decline in groundwater levels (Costa et al., 2021) and deterioration of water quality (Hou et al., 2023). These problems pose threats to the sustainable utilization of water resources and ecological balance. Effectively addressing these potential risks necessitates the accurate prediction of groundwater level fluctuations, a challenging task. Groundwater level prediction is often hindered by issues such as high-dimensional data, model complexity, and computational costs, posing significant challenges in practical applications (Zaghiyan et al., 2021). Therefore, the quest for a more efficient and precise groundwater level prediction method becomes especially crucial.
Subject to the comprehensive influences of various factors including rainfall, soil type, evapotranspiration, groundwater extraction, recharge, seasonal and climatic variations, land cover, and groundwater flow, the simulation and prediction of groundwater levels face substantial hindrances (Li et al., 2013; Deb, 2024). In order to mitigate the adverse impact of these complex factors on the simulation and prediction of groundwater level fluctuations, some researchers have employed the Principal Component Analysis (PCA) method to address the intricate relationships among influencing factors of groundwater levels. This approach involves dimensionality reduction to enhance the accuracy and stability of predictive models. Generally, there are two approaches to dimensionality reduction of original data concerning groundwater levels and their influencing factors using PCA: The first approach involves employing PCA to extract primary components from a multitude of factors that contribute to fluctuations in groundwater levels (Almanaseer and Sankarasubramanian, 2012; Chang et al., 2017). Jung et al. (2021) utilized Principal Component Analysis to perform dimensionality reduction on observed data including rainfall, evaporation, groundwater usage, tides, and more. Subsequently, they identified rainfall as a primary component, leading to a notable reduction in subsequent monitoring costs. The second approach involves Principal Component Analysis to extract composite data from a single factor that represents the original dataset (Naderianfar et al., 2017; Kim et al., 2021). Triki et al. (2014) applied Principal Component Analysis and cluster analysis to actual groundwater level data from 24 monitoring wells, categorizing them into three distinct groundwater fluctuation patterns. They further analyzed how these different patterns responded to variations in rainfall and temperature.
When dealing with accurate simulation and prediction of groundwater levels, traditional hydraulic calculations and big data-driven neural networks emerge as two primary methodologies. Traditional approaches build mathematical models for groundwater flow based on hydraulic motion equations. However, the complexity of groundwater systems and difficulties in data acquisition restrict their applicability and predictive capability (Matiatos et al., 2019; Li X. Q. et al., 2022). In recent years, neural network technology has emerged as a promising avenue for groundwater level prediction, offering new perspectives. Neural network types such as Convolutional Neural Networks (CNN), Recurrent Neural Networks (RNN), and Long Short-Term Memory Networks (LSTM) have been widely applied in groundwater level modeling. They can capture nonlinear relationships, enhancing model accuracy and generalization (Bowes et al., 2019; Xu et al., 2022; Yang and Zhang, 2022). Among these, the Backpropagation Neural Network (BPNN) stands out for its adaptability and generalization capabilities. BP neural networks adjust weights across multiple layers of neurons, learning groundwater level variation patterns from input data to achieve precise predictions (Zhang et al., 2022). Moreover, the incorporation of optimization algorithms further enhances the performance of the BP neural network. These algorithms adjust weights and biases to reduce prediction errors. Optimization techniques such as Artificial Bee Colony, Ant Colony, and Wavelet Decomposition have been introduced to improve model convergence speed, computational accuracy, and stability, resulting in improved predictive capabilities (Dash et al., 2010; Hosseini et al., 2016; Li et al., 2019; Zhang, 2022; Serravalle Reis Rodrigues et al., 2023).
The reviewed studies present advanced methodologies leveraging the Whale Optimization Algorithm (WOA) for improving water resource management. Notably, (Wang et al., 2023) introduces a robust monthly runoff interval prediction model combining WOA, Variational Modal Decomposition (VMD), LSTM networks, and non-parametric kernel density estimation. This innovative approach addresses the limitations of traditional point prediction by effectively capturing prediction uncertainty, thus aiding water management decisions. Other studies demonstrate the application of enhanced WOA variants in diverse contexts. For example, a multi-level scheduling method for mine water reuse utilizes opposition-based learning, Levy flight, nonlinear convergence factors, and adaptive inertia weight to enhance convergence speed, accuracy, and efficiency, significantly boosting reuse efficiency (Bo et al., 2022). Another study focuses on optimizing water resource allocation in Handan, China, using an ameliorative WOA with logistic mapping and inertia weighting, leading to more reliable water usage predictions (Yan et al., 2018). Further, an enhanced WOA for clustering incorporates elements from water wave optimization and tabu search, achieving superior performance compared to existing algorithms (Singh et al., 2023). Finally, the application of WOA and its enhancement at the Klang Gate Dam for reservoir operation optimization shows significant improvements in reducing water deficits and increasing reliability (Lai et al., 2021). Collectively, these studies highlight the versatility and efficacy of WOA and its variants in addressing complex water management challenges, providing valuable insights and tools for decision-makers.
In conclusion, the fluctuation of groundwater levels is influenced by complex factors, and traditional hydraulic calculation methods struggle to comprehensively account for various changing elements compared to neural network models. Therefore, this study aims to explore and enhance groundwater level prediction methods by combining principal component analysis for dimensionality reduction with an optimized BP neural network model. This approach seeks to elevate the accuracy and stability of groundwater level simulation.
2 MATERIALS
2.1 Research area
The North China Plain is the world’s largest area of groundwater funneling, with the majority of groundwater funnel zones concentrated in Hebei Province. Currently, over 20 groundwater funnel zones have merged into a vast interconnected area within Hebei Province, forming a super-sized groundwater funneling region. The study area (Fengnan District) is located in the eastern coastal plain of Hebei Province, in the southern part of Tangshan City, situated between 117°51′43″E and 118°25′28″E longitude, and 39°11′59″N and 39°39′28″N latitude. The study area is bordered to the north by Fengrun District and Lutunan District of Tangshan City, to the south by the Bohai Sea, and is adjacent to Kaiping District, Luan Nan County, and Caofeidian New Area of Tangshan City to the east. To the west, it adjoins Binhai New Area and Ninghe District of Tianjin Municipality. Within the study area, there are two fifth-level rivers, Tang River and Sha River, and adjacent to it, there are two other rivers, Ning River and Luan River. The study area spans approximately 50 km from north to south and 48 km from east to west, covering a total area of 1288.4 square kilometers. The distribution of groundwater monitoring wells within Fengnan District and its surroundings is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Map of research area. Created by ArcGIS 10.6 software (https://www.arcgis.com).
2.2 Data source
In the study area, the groundwater level experiences fluctuation due to both anthropogenic factors such as domestic and industrial water consumption, and natural factors including rainfall and infiltration. Currently, we have obtained water consumption data for major townships within the region from 2018 to 2021, rainfall data from rainfall stations, and groundwater level data from 12 monitoring wells. Detailed data information can be found in Table 1.
TABLE 1 | Data attributes.
[image: Table 1]3 METHODS
3.1 Combined PCA and CIWOABP neural network structures
The empirical dataset of this study exhibits the following characteristics: a relatively small variety of factors influencing groundwater level fluctuations, longer time series for the data records, but a relatively smaller number of data instances; within the same factor, multiple data categories are present, including 12 types of monitoring wells for groundwater levels, four rainfall stations for rainfall, and eight townships for water consumption. If the raw dataset is directly employed for training and prediction using the BP neural network, it is difficult to achieve highly desirable results.
Therefore, Dimensionality reduction was performed on water consumption, rainfall, and groundwater level data based on PCA. This process involved selecting mutually complementary townships, rainfall stations, and monitoring wells, as well as eliminating collinearity among variables. Principal components with cumulative variance contribution rates ranging from 85% to 100%, or eigenvalues greater than 1, were chosen as input and output data for the CIWOABP neural network (Wold et al., 1987; Jolliffe, 2022). Ultimately, a fitting study of the groundwater level calculation model for the Fengnan area was conducted. The technical roadmap of the study is illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Technical flow chart.
3.2 Principal component analysis
The PCA method finds widespread application in data dimensionality reduction and denoising. PCA achieves this by linear transformation, converting high-dimensional data into a lower-dimensional space where the components are relatively independent. This approach maximizes the retention of essential key information from the original dataset, thereby achieving dimensionality reduction. The calculation steps of PCA are as follows (Demšar et al., 2013; Lin et al., 2022; Marukatat, 2023):
The formula for calculating the covariance matrix is as Equation 1:
[image: image]
where [image: image] represents the covariance matrix, [image: image] is the number of samples, [image: image] denotes the original data, and [image: image] is the mean vector of the data.
The formula for eigenvalue decomposition is as Equation 2:
[image: image]
where P is a matrix composed of eigenvectors, and D is a diagonal matrix consisting of eigenvalues arranged on the diagonal.
Selecting the eigenvectors corresponding to the k largest eigenvalues as principal components, the dimension-reduced data can be calculated using Equation 3:
[image: image]
where [image: image] represents the data after dimensionality reduction, [image: image] is the data after subtracting the mean from the original data, and [image: image] represents the eigenvector of the ith principal component.
4 CIWOABP NEURAL NETWORK
4.1 Whale optimization algorithm
In nature, whales form social groups and seek food based on interactions and foraging behaviors among individuals. Whales adjust their behavior to find more food by responding to changes in their surroundings and their own perception of the environment. The WOA applies this foraging strategy, treating the problem-solving process as a search for food (i.e., optimal solutions) in the solution space. In Figure 2, the basic structure of the BP neural network is 'input layer - neurons - output layer’, which involves forward propagation calculation and backward feedback adjustment of weights and biases to optimize the solution. The whale optimization algorithm combines global and local search strategies to optimize the weights and biases of the BP neural network, thereby improving the performance and convergence speed of the neural network (Mirjalili and Lewis, 2016).
In the WOA, the current optimal individual is assumed to be the prey, while other individuals converge towards the optimal one. The mathematical model of this process is represented as follows:
[image: image]
where [image: image] is the individual’s position vector, [image: image] represents the ith iteration or evolution count, [image: image] denotes the prey’s position vector, and [image: image] and [image: image] are coefficient vectors, which can be defined as:
[image: image]
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where [image: image] and [image: image] are random numbers within the range [0, 1], a is known as the convergence factor, which linearly decreases from 2 to 0 as the iteration count increases, i.e.,:
[image: image]
where [image: image] represents the maximum number of iteration evolutions.
To mathematically describe the bubble-net feeding behavior of whales, this study incorporates two distinct approaches within the WOA algorithm: the Converging Encircling Mechanism and the Spiral Updating Position. The Converging Encircling Mechanism is implemented through Equations (4–7) as the convergence factor 'a' diminishes. In the Spiral Updating Position method, the simulated spiral motion of whales is employed to capture prey, and its mathematical model is represented as Equation 8:
[image: image]
where [image: image] represents the distance between the current individual and the prey, b is a constant, and l is a random number within the range [-1, 1].
In addition to the bubble-net feeding behavior, whales can also search for food randomly. When [image: image], individual whales perform random searches based on their positions relative to each other. The mathematical model for this is:
[image: image]
where [image: image] represents the position vector of a randomly selected whale individual from the current population.
4.2 Cubic map
The initial whale population generated by random methods is unevenly distributed in the solution space, with poor diversity, which cannot effectively extract useful information from the solution space, thus affecting the search efficiency of the algorithm to some extent. Cubic mapping can be used to replace pseudo-random number generators, i.e., generating chaotic numbers between 0 and 1. Previous research has shown that using chaotic sequences for population initialization often yields better results (Wang et al., 2014; Kaur and Arora, 2018).
In this study, the Cubic map is employed to optimize the random approach for initializing the population in the WOA, with the following Equation 10:
[image: image]
where [image: image] represents the iteration value of the kth generation, and c is the adjusting coefficient.
4.3 Intelligent weight adjustment
From the previous Equation 7, it can be observed that in the basic WOA algorithm, the value of the control parameter “a” linearly decreases from 2 to 0 as the number of iterations increases. In fact, the optimization process of the WOA algorithm is highly complex, and the linear decrease strategy of the control parameter “a” cannot adapt well to the actual optimization process. It can easily lead to low convergence accuracy or getting stuck in local optima (Li M. et al., 2022). This study employs an adaptive algorithm to modify the weight values of the whale population during each evolution process, as Equation 11:
[image: image]
where w is the weight coefficient, [image: image] and [image: image] are the initial and final values of the weight coefficient, and m is the adjustment coefficient.
4.4 Model evaluation
To validate the predictive results of the PCA-CIWOABP coupled model for groundwater levels in the Fengnan area, this study employs the following six evaluation metrics as quantitative assessment criteria for evaluating the prediction results: Mean Absolute Error (MAE), Mean Squared Error (MSE), Root Mean Squared Error (RMSE), Mean Absolute Percentage Error (MAPE), Nash efficiency coefficient (NSE) and Pearson correlation coefficient (R), with the calculation formulas as Equations 12–17 (Zhang et al., 2023; Zhang et al., 2024a; Zhang et al., 2024b):
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where [image: image] represents the actual measured values, [image: image] represents the predicted values, [image: image] and [image: image] are the average values of their respective datasets, and n denotes the number of data samples.
5 RESULT AND DISCUSSION
5.1 Fluctuations in the distribution of groundwater levels
In this study, the fluctuation of groundwater level is primarily associated with residential water consumption and rainfall, while the distribution of groundwater level is correlated with the local water systems and elevation. Based on the annual average groundwater levels of monitoring wells within the region from 2018 to 2021, a contour map of groundwater levels was generated using the inverse distance weighted interpolation method, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Distribution of annual average groundwater levels: (A) 2018, (B) 2019, (C) 2020, and (D) 2021.
To further investigate the seasonal fluctuation of groundwater levels within the Fengnan area, this study took monitoring wells #01, #05, #07, and #12 as examples and plotted the water level variations for each month. The specific results are depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Fluctuations in monthly average groundwater levels: (A) #01, (B) #05, (C) #07, and (D) #12.
The groundwater levels at various monitoring wells exhibit a trend of “initial decrease followed by an increase,” with the lowest levels typically occurring between May and July. Among them, the lowest water levels for each monitoring well were generally observed in May for the years 2018, 2019, and 2021. However, in 2020, the groundwater levels at all locations reached their nadir in July. For instance, monitoring well #12 reached its lowest levels in July 2020 and May 2021, with levels of 3.73 m and 4.45 m respectively.
The fluctuation of groundwater levels is not only influenced by local government water management measures but also related to the replenishment from nearby water systems. Combining with Figure 1, it can be observed that monitoring well #01 is located near the downstream of the Tang River, monitoring well #05 and #12 are situated in the middle and upper reaches of the Sha River respectively, and monitoring well #07 is positioned between the Tang River and the Sha River, receiving minimal replenishment from the river systems. Additionally, monitoring well #01 is closer to the Bohai Sea compared to other monitoring wells, and the rivers in Figure 1 all belong to the fifth-level river system, indicating relatively weak influence of river systems on groundwater levels. Therefore, monitoring well #01 steadily increased from 2018 to 2021, with a water level difference of 7.02 m between the beginning of 2018 and the end of 2021; monitoring well #05, #07, and #12 did not show significant changes in water levels compared to monitoring well #01, with differences in groundwater levels at the beginning and end of 2018 and 2021 being less than 1 m for monitoring well #05 and #07.
5.2 Principal component analysis results
In this study, due to the existence of multiple indicator factors for rainfall, water consumption, and groundwater levels, directly constructing a neural network would require a substantial amount of measured data. Consequently, the raw data was first standardized and then subjected to PCA using SPSS. The cumulative contribution rates and correlation coefficients of each component are illustrated in Figures 5, 6, respectively. In order to reduce data dimensionality, enhance data interpretability, filter out data noise, and prevent overfitting, this paper not only ranked and accumulated the variance contribution rates of each component one by one but also regarded components with cumulative variance contribution rates greater than 85% as the principal components of their respective datasets.
[image: Figure 5]FIGURE 5 | Cumulative variance contribution ratio.
[image: Figure 6]FIGURE 6 | Correlation coefficient.
As shown in Figure 5, for groundwater levels, the variance contribution rates of monitoring wells #11 and #12 are 71.74% and 13.77%, respectively, with a cumulative contribution rate exceeding 85%. Hence, these two monitoring wells can be extracted as principal components and denoted as [image: image] and [image: image]. Concerning residential water usage, the variance contribution rates for towns FN and QY are 78.78% and 14.23%, respectively, resulting in a cumulative contribution rate exceeding 90%. Therefore, these two towns can be extracted as principal components and labeled as [image: image] and [image: image]. For rainfall, only rainfall station r1 achieves a contribution rate of 92.80%, leading to a cumulative contribution rate exceeding 90%. Thus, this rainfall station can be extracted as a principal component and denoted as [image: image].
Considering the correlation coefficients in Figure 6, it's evident that the larger the absolute value of correlation coefficient between components, the closer the relationship between the original variables and that principal component. For groundwater levels, the first principal component [image: image] shows higher correlation coefficients with monitoring wells #3 to #7, while the second principal component [image: image] demonstrates higher correlations with monitoring wells #1 to #10, all exceeding 0.5. The linear combinations expressing the relationships between each principal component and the original variables are as Equations 18 and 19:
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where [image: image] represents the standardized data of the original variables.
For residential water consumption, the first principal component [image: image] has a strong correlation with DX, XJ, CH, HG, and XG, while the second principal component [image: image]. shows a significant correlation only with DQ, all with correlations above 0.5. The linear combination expressions between each principal component and the original variables are as Equations 20 and 21:
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where [image: image] represents the standardized data of the original variables.
For rainfall, the primary component [image: image] shows significant correlation coefficients with r2 to r4, all exceeding 0.8. The linear combination between the principal component and the original variables is expressed as Equation 22:
[image: image]
where [image: image] represents the standardized data of the original variables.
5.3 Simulation results and analysis
The magnitude of calculation errors in the BP neural network model is not only related to the application of data mining techniques but also depends on the selection of input and output layer factors. To achieve a higher simulation accuracy model, this study utilizes principal component analysis to perform dimensionality reduction on the original data, thereby eliminating the influence of collinearity. Ultimately, five principal components are obtained as the input and output layer factors for the neural network model.
The hydro-meteorological actual measurement data from 2018 to 2020 were selected to construct the groundwater level model for the Fengnan area. The actual measurement data from 2021 were used for model validation. The BP neural network was set up with the sigmoid activation function for the input layer and the tansig activation function for the output layer. The network was trained for 1000 iterations with a learning rate of 0.01 and a target minimum error of 0.00005. In the WOA, the initial population size and the maximum evolution generations were set to 30 and 50, respectively. The upper and lower limits of the independent variables were set to three and -3, respectively. For initializing the population using chaotic mapping, the adjustment coefficient c was set to 1. For updating the shrink-wrap mechanism using the adaptive weight method, the initial values wmin and wmax of the weight coefficients were set to 0 and 1, respectively, and the weight coefficient m was set to 1.
Furthermore, the neural structure in the BP neural network is a single layer with the number of neurons determined using a loop iteration in the Matlab algorithm. After evaluating the mean squared error, it was ultimately set to seven neurons. The neural network structure is 3-7-2. The comparison between different model training results and actual measurements is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Comparison and analysis of different models: (A) The simulated prediction value of groundwater level in #11, and (B): The simulated prediction value of groundwater level in #12.
The simulation and prediction values of the BP neural network and the CIWOABP neural network exhibit significant differences. Detailed data information can be found in Table 2. The overall error of the CIWOABP neural network’s simulation prediction values is less than 12%. For monitoring wells #11 and #12, MAE is 0.19 and 0.23, MSE is 0.05 and 0.09, RMSE is 0.22 and 0.31, MAPE is 5.06% and 2.77%, NSE is 0.95 and 0.97, and R is 0.987 and 0.993, respectively. On the other hand, the BP neural network demonstrates lower prediction accuracy, with MAE values for monitoring wells #11 and #12 being 1.06 and 2.20, both exceeding 1. This indicates that the model’s generalization ability is poor, and the credibility of the simulated results is low. Based on the validation results of the two models, it can be concluded that the PCA-CIWOABP neural network established for predicting groundwater levels in the Fengnan area has high prediction accuracy, good fitting performance, and can be used to calculate and predict actual groundwater levels effectively.
TABLE 2 | Comparison of simulations between BP and CIWOABP.
[image: Table 2]6 DISCUSSION
The study area of this article is located in the North China Plain, the largest “groundwater funnel” area in China, where the local government has been continuously strengthening management measures in recent years. Measures include hydrogeological investigations, development of groundwater models, zoning protection of groundwater, and pollution control and remediation of groundwater (Kløve et al., 2014; Gleeson et al., 2020). The introduction of groundwater models and development, as outlined in the introduction, primarily involve traditional hydrological models and neural network models under the drive of big data. Benefiting from local government regulations and monitoring, the availability of more hydrological information enables numerous researchers to conduct neural network research.
In this research work, it is noteworthy that although the neural network has five input and output elements, due to the limited training dataset, we introduced the PCA-CIWOA algorithm to meet the multi-input and multi-output requirements of the BP neural network. Other algorithms with similar capabilities include particle swarm optimization (Marini and Walczak, 2015), grey wolf optimization (Emary et al., 2016), and seagull optimization (Dhiman et al., 2021), each with some differences. For example, the whale optimization algorithm exhibits excellent global search capability and rapid convergence; particle swarm optimization involves information sharing and collaboration among individuals, making it suitable for continuous space optimization problems; the grey wolf algorithm combines competitive and cooperative characteristics, possessing good global search capability and convergence speed, applicable to continuous space optimization and multi-objective optimization problems. These algorithms require further comparative analysis, particularly for simulating and predicting groundwater levels in practical engineering applications.
Additionally, the interpolation methods can be used to generate images in regions with abundant water systems, and graph neural networks can be employed to achieve training and prediction results. Such as Bai and Tahmasebi (2023) represented each well as a node in a graph using a graph neural network (GNN) and utilized convolutional networks to obtain temporal features of sequences. The findings indicated that the model could achieve high simulation accuracy, even when spatial dependency relationships were completely unknown, through learning from the data. Nevertheless, the image interpolation methods are extremely important. The study employed the inverse distance interpolation method to generate groundwater level contour maps for the study area based on data from 12 monitoring wells. Xiao et al. (2016) examined seven interpolation methods, including inverse distance weighted interpolation, global polynomial interpolation, local polynomial interpolation, tension spline interpolation, ordinary Kriging interpolation, simple Kriging interpolation, and universal Kriging interpolation, to assess trends in groundwater level fluctuations in the study area. The effectiveness of these interpolation methods still needs to be further compared with actual engineering in future research work to determine their applicability.
Recently, deep learning algorithms have attracted significant attention in the field of water resources engineering. Although they are widely applicable, machine learning algorithms that rely on feature extraction still hold certain application value when the number of data samples is limited. However, when dealing with more complex multi-input and multi-output problems, the number of training samples required by deep learning algorithms far exceeds that of machine learning algorithms. Particularly in small-scale areas that urgently need remediation and have limited data samples, machine learning algorithms represented in this paper often demonstrate higher applicability than deep learning algorithms.
7 CONCLUSION
By reducing data dimensionality and incorporating optimization algorithms, the aim is to enhance the accuracy and stability of groundwater level simulations. The empirical research yields the following conclusions.
1. The resulting principal components (rainfall station r1, water consumption FN and QY, monitoring wells #11 and #12) still effectively represent the overall hydrological conditions in the study area, thus reducing the training complexity of the BP neural network.
2. In situations where the training samples are limited and there are multiple inputs and outputs, the BP neural network exhibits overall poor accuracy in simulating and predicting groundwater levels. The annual trend of water level changes in the simulation results may even be contrary to the actual situation.
3. The coupling of chaotic mapping and adaptive weight-based WOA significantly enhances the computational accuracy of groundwater level simulation in the BP neural network. The RMSE for monitoring wells #11 and #12 is 0.22 and 0.31, respectively, and the MAPE is 5.06% and 2.77%, respectively.
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The “Happy Rivers and Lakes” initiative is an important measure to systematically address the complex water issues in China. It further highlights the effectiveness of constructing happy rivers and lakes based on river health assessments. This approach aims to identify typical practices and the effectiveness of river and lake management and protection at the local level, guiding for river and lake management and conservation work in the new era. This study focuses on county-level administrative units and develops a research framework for the evaluation index system of happy rivers and lakes. A total of 11 primary indicators and 22 secondary indicators are selected from aspects such as river and lake safety, water resources, water environment, biodiversity, and social services. The evaluation and analysis are conducted around the Chengtan River, Huangze River, and Xinchang River, as well as two large reservoirs in Xinchang County. The results show that the comprehensive evaluation score of happy rivers and lakes in Xinchang County is 92.66, categorizing it as a model of happy rivers and lakes. The evaluation results aim to provide references and guidance for similar regions inside and outside Zhejiang Province in their research and practical applications related to happy rivers and lakes.
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1 Introduction

Amid the intensifying global climate change and the accelerated pace of urbanization, the ecological integrity of rivers and lakes confronts increasingly formidable challenges (Vinna et al., 2018). The scarcity of freshwater resources has emerged as a significant impediment to China’s economic advancement, with the country’s per capita water resources amounting to merely one-quarter of the global average (Yang, 2021). In response, the Ministry of Water Resources of China promulgated the “Notice on the Construction of Happy Rivers and Lakes” in April 2022. Furthermore, in July 2023, a more methodical framework for the administration and protection of China’s rivers was articulated with the publication of the “Work Plan for the Evaluation of the Effectiveness of Happy Rivers and Lakes Construction (Trial).” This plan encompasses the integrated stewardship of water resources, the aquatic environment, and water ecology, as well as stringent regulation of river and lake shoreline space management, and river sand mining oversight, with an emphasis on building and sustaining safe, healthy, beautiful, and blissful rivers and lakes. Zhejiang Province is spearheading the national endeavor to craft happy rivers and lakes. In 2023, it unveiled a five-year “Zhejiang Province Comprehensive Plan for Building Happy Rivers and Lakes” (2023-2027), aiming to establish an axis based on eight principal water systems (Statistics Bureau of Zhejiang Province. Water environment, 2023) and to create nearly a hundred distinctive county-level happy mother rivers. This initiative also aspires to establish over a thousand high-quality, aesthetically pleasing water villages and to revitalize waterfront corridors extending beyond ten thousand kilometers, forming a foundational pattern of “eight belts, a hundred corridors, a thousand pearls, ten thousand paths” (“Among the eight major water systems, a hundred ecological corridors of joyful rivers and lakes are formed, with numerous beautiful lakes and rivers scattered throughout the fluvial network, extending the reach of the happiness-inducing waterway network to thousands of miles (Voice of Zhejiang, 2023).”)throughout the region.

Upon examining national and international research, the concept of happy rivers and lakes is unique to China. Related scholarly pursuits, such as river health and ecological restoration (HAN and XIA, 2020), are more prevalent elsewhere (Wang, 2020). The notion of river health traced back to the 1970s in the United States and saw further refinement in the 1990s (Faust et al., 2016; Gardner et al., 2019). Initially, research centered on the natural characteristics of rivers, but over time, it evolved to encompass the river itself, human requirements, and the societal functions of rivers. Scofield defines river health as a state wherein a river’s biodiversity and ecosystem functions remain largely unimpaired (Schofield and Davies, 1996).

Rooted in the concept of healthy rivers and lakes, happy rivers and lakes prioritize a people-centric approach, fostering harmonious coexistence between humans and water. This paradigm takes into account human needs and perceptions as its starting point, undertaking comprehensive evaluations of aspects such as river safety, ecology, livability, intelligence, culture, development, and public satisfaction to establish a holistic, scientific, and actionable system for assessing the quality of river and lake ecological environments and integrated development. Research in the realm of happy rivers and lakes emphasizes not only the conservation of river ecosystems but also sustainably addressing human needs (Li and Huang, 2024). Wu (2024) encapsulates Xiangtan City’s endeavors in constructing happy rivers and lakes from the perspectives of ecological restoration, soil and water conservation, environmental enhancement, and cultural preservation. He advocates that the construction of happy rivers and lakes should honor and adhere to natural principles by conserving water resources and optimizing river hydrological conditions while cultivating a wholesome and livable aquatic milieu. Several scholars have advanced management suggestions, recommending that the construction of happy rivers and lakes encompass aspects such as implementing the river and lake chief system (Wu et al., 2020; Zhang et al., 2022, 2023b), optimizing the allocation and scheduling of water resources, bolstering water ecological protection and restoration, enhancing comprehensive water environment management, promoting water culture, and invigorating green water economy pilots (Jiang, 2024; Song, 2024b; Tong, 2024). Yang Along (2024) evaluated the Songhua River, Nemur River, and Tongken River using the analytic hierarchy process grounded in understanding the essential connotations and system construction of happy rivers and lakes in Longjiang.

Since the concept of happy rivers and lakes was put forward, some scholars have explored research methods. Lv et al. (2024) employed the DPSIR model to construct a happy rivers and lakes evaluation index system for Heilongjiang Province, thereby overcame the pronounced subjectivity inherent in the priorly established indicator system and analyzed the main influencing factors that affect the happy rivers and lakes index. The evaluation framework for happy river and lakes is structured around the concept of “goal—criteria—indicator.” The methodology employed for index calculation involves the “single index quantification—multiple indices synthesis—poly-criteria integration” approach (Zuo et al., 2021). The method verified that the proposed evaluation system accurately represented the happy river status of the Yellow River, and the evaluation system is therefore reliable and applicable. The role of the assessment framework for the happy rivers and lakes evaluation index system thus far has been to furnish policymakers with valuable insights integral to comprehensive river management (Zuo et al., 2020). The overall differences among various rivers and lakes in China are quite pronounced, ensuring the precision of self-assessment within river and lake evaluation systems remains a formidable challenge (Liu et al., 2021; Su et al., 2023; Zhang et al., 2023a); thus, the evaluation system for happy rivers and lakes needs further refinement. This paper endeavors to investigate the evaluation index system of happy rivers and lakes in Zhejiang Province, in alignment with Zhejiang’s overarching objectives for happy rivers and lakes construction. Xinchang County was chosen as the pilot assessment area to offer decision support for advancing high-quality river and lake development in the new phase for Zhejiang Province, and to furnish scientific evidence for the preservation and management of river and lake ecological environments.




2 Materials and methods



2.1 Study area

Xinchang County falls under the administration of Shaoxing City in Zhejiang Province. Nestled in the eastern realm of Zhejiang and the southeastern part of Shaoxing, it lies between the longitudes of 120°41′34″E and 121°13′34″E, and latitudes of 29°13′55″N to 29°33′52″N. The climate is noted for its mild and humid conditions with pronounced seasons. During spring and early summer, there is a convergence of rain and warmth, followed by sunny and hot conditions in midsummer; autumn and winter offer a harmonious interplay of sunlight and temperature. The region is prone to frequent adverse weather conditions. It is endowed with ample water resources, with a generally balanced supply and demand. The county is laced with tributaries of streams, the landscape punctuated by towering mountains and steep inclines. The river courses are sinuous with substantial elevation changes, leading to swift water flows that are unsuitable for navigation yet fecund in water resources. The yearly average natural runoff is calculated at 947 million m3, with each square kilometer yielding 771,000 m3 of water, and a per capita provision of 2,370 m3, nearly matching the provincial average. Since the inception of the People’s Republic of China, the industrious locals have constructed over 600 reservoirs of varying sizes. Xinchang County is situated in the upper reaches of the Cao’e River basin, populated with numerous streams and ravines that merge into three principal rivers: the Xinchang River, the Chengtan River, and the Huangze River. The total area of the basin spans 1,963 km², with Xinchang County encompassing 1,200.7 km². The average water quality at the confluence points of the “Three Rivers”—Xinchang River, Chengtan River, and Huangze River—attains the Class II surface water quality standard according to “Environmental quality standards for surface water” (GB 3838-2002) (Ministry of Ecology and Environment of the People’s Republic of China, 2002) (Figure 1).




Figure 1 | Study area, rivers, and reservoirs in Xinchang County.






2.2 Establishment of an evaluation index system for happy rivers and lakes

The geographical landscape of Zhejiang Province can be succinctly described as “seven parts mountains, one part water, and two parts fields,” with a predominance of mountainous and hilly terrain. In regions such as Quzhou, Jinhua, Lishui, Wenzhou, and Shaoxing, mountainous rivers are widely distributed. Xinchang County within Shaoxing City is characterized by numerous mountainous rivers, where the river sections are steep and the currents swift, with vast water areas. The ecological attributes of different rivers vary significantly, necessitating the creation of an evaluation index system tailored to the specific conditions of the region. This system will serve as a pivotal guide for the construction and assessment of happy rivers and lakes in Xinchang County and other similar areas (such as Quzhou, Jinhua, Lishui, and Wenzhou). In light of the characteristics of the rivers and lakes in Xinchang County, this index system emphasizes two key aspects: firstly, the principle of safeguarding biodiversity; and secondly, the principle of integrating production, ecology, and living (Figure 2).




Figure 2 | Framework for the evaluation of happy river systems in Xinchang County.



Integrate the relevant standards from the “Guidelines for the Health Assessment of Rivers and Lakes in Zhejiang Province (Trial)” (August 2023) and the “Guidelines for the Assessment of Aquatic Ecosystem Health in Lakes and Reservoirs in Zhejiang Province (Trial)” (October 2023), while drawing on the technical documents such as the “Guidelines for Assessing the Happiness of Rivers and Lakes in Hangzhou” (2021), the “Guidelines for Assessing the Happiness of Rivers and Lakes in Nanjing (Trial)” (2021), the “Guidelines for Assessing the Happiness of Rivers and Lakes in Suzhou (Trial)” (2021), and the “Guidelines for the Assessment of the Happiness of Rivers and Lakes in the Nanhui District of Huzhou” (2020) to construct an indicator system.

Scope of application: This index system is applicable for assessing both the township-level (and above) and suburban rivers, lakes, and reservoirs within Xinchang County, as well as for the evaluation of “Happy Rivers and Lakes” within other mountainous river and lake networks in Zhejiang Province.



2.2.1 Index selection

The evaluation data is derived from a series of long-term monitoring and multifaceted surveys. The data for this study originates from the “Zhejiang Statistical Yearbook,” “Zhejiang Water Resources Bulletin,” “Chengtan River Health Assessment Report in Xinchang County,” “Huangze River Health Assessment Report in Xinchang County,” “Xinchangjiang River Health Assessment Report in Xinchang County,” “Qincun Reservoir Aquatic Ecosystem Health Assessment Report in Xinchang County,” “Changzhao Reservoir Aquatic Ecosystem Health Assessment Report in Xinchang County,” as well as the spring and summer biodiversity investigations conducted in 2023 in Xinchang County.

In this study, the primary indicators encompass the safety of rivers and lakes, riparian vegetation, biodiversity of river and lake ecosystems, the aquatic environment of rivers and lakes, the economic development related to water, drinking water Sources, the management and protection mechanisms for rivers and lakes, the water culture, hydrophilic implementation, and public satisfaction.

Set varying weights for the 22 secondary indicators within the 11 primary indicators, according to the type of evaluation, as specified in Table 1.


Table 1 | Assessment indicator system for happy rivers and lakes in Xinchang.



According to the standard grading system of this evaluation framework for Happy Rivers and Lakes (with a maximum score of 100 and the highest level being Grade I): a comprehensive evaluation score of 90 (inclusive) ∼ 100 qualifies as Grade I (Exemplary Happy River and Lake); a score of 80 (inclusive) ∼ 90 qualifies as Grade II (Happy River and Lake); a score of 60 (inclusive) ∼ 80 qualifies as Grade III (Ordinary Happy River and Lake); and a score below 60 qualifies as Grade IV, not meeting the standards.




2.2.2 Methodology for calculating metrics



2.2.2.1 The safety rivers and lakes

(1) Flood prevention and disaster mitigation compliance

The compliance rate for flood prevention and disaster mitigation in rivers and lakes has reached 90% or above; the dams of the reservoirs have undergone safety assessments.

The compliance rate for flood prevention and disaster mitigation in rivers and lakes refers to the percentage of shoreline length that meets the designed flood prevention and disaster mitigation standards out of the total shoreline length requiring flood prevention. A compliance rate of 90% or above (including) scores full marks, while a rate below 50% (including) scores no points. The formula for calculating the score is provided in Equation 1.

 

P1 is the score assigned to flood prevention and disaster preparedness compliance in rivers and lakes; Lstdk is the length of dikes and revetments that meet the standards (km); and L is the total length of existing dikes or revetments (km).

(2) Operation status of hydraulic engineering projects

The quality of hydraulic engineering is compliant, and hydraulic structures meet design standards. Water conservancy facilities function optimally. Operation of the water project tasks are completed. Where there are no tasks, it is considered a reasonable exception.

This item is scored out of 100 points, with full marks awarded if evaluation criteria are met. For each of the three requirements not fulfilled according to the evaluation standards, 30 points are deducted.




2.2.2.2 Riparian vegetation

The riparian vegetation coverage is defined as the proportion of the vertical projected area of both natural and artificial vegetation along the river (or lake) banks to the total area of the riparian zone. Emphasis is placed on evaluating the coverage status of trees, shrubs, and herbaceous plants across the terrestrial span. Scores for riparian vegetation coverage are determined using both the coverage itself and the natural shoreline rate of the river (or lake), with the criteria for assigning points outlined in Table 2.


Table 2 | Scoring standards for vegetation coverage of river (lake) riparian zones (natural shoreline method).






2.2.2.3 Biodiversity of river and lake ecosystems

(1) Diversity Index

The diversity index for fish, large benthic invertebrates, phytoplankton, zooplankton, and periphytic algae are calculated according to Equation 2. The score assignment criteria can be found in Table 3, with a linear interpolation method applied during the scoring process.


Table 3 | Diversity index scoring criteria.



 

In this formula, H’ represents the Shannon-Wiener diversity index (Ortiz-Burgos, 2016). Pi is the proportion of the entire community made up of species i, excluding non-native species.




2.2.2.4 The aquatic environment of rivers and lakes

(1) The quality of water

The assessment of water quality must incorporate at least five indicators, including pH, dissolved oxygen, permanganate index, ammonia nitrogen, and total phosphorus. The collection of samples, sampling stations, the frequency of monitoring, and the processing of monitoring data should adhere to the relevant regulations outlined in the “Environmental quality standards for surface water” (GB 3838-2002) and the “Regulation for water environmental monitoring” (SL 219-2013) (Ministry of Water Resources of the PRC, 2013). Seasonal rivers during dry periods may be excluded from the monitoring evaluation. Should high baseline values of certain water quality indicators arise due to natural causes such as geological characteristics, soil conditions, or the nature of biological communities, a comparative analysis with corresponding water quality indicators from neighboring rivers and lakes should be conducted. If anthropogenic pollution is ruled out, it may be permissible not to evaluate that particular water quality indicator; however, this decision must be justified with an explanation.

Evaluate the water quality class of river segments (lake areas). According to the “Environmental quality standards for surface water” (GB 3838-2002) and the annual average value of each water quality indicator, use the single-factor evaluation method to assess the water quality class corresponding to each indicator. The overall water quality class of the river or lake is determined by the poorest water quality class among all indicators. Assign a score to the quality of water. The scoring criteria are shown in Table 4.


Table 4 | Criteria for water quality assessment and scoring.



(2) The assurance of ecological flow

Evaluate the proportion of days on which the ecological flow (or water level) of rivers and lakes meets the control objectives. The formula for calculating the score is as follows:



S is the score for the satisfaction of ecological flow requirements; D is the days meeting the ecological flow (or water level) control objectives for rivers and lakes;A is the annual days.




2.2.2.5 The economic development related to water

The development of a water-based economy seeks to better satisfy the populace’s demands for water resources, water environment, and water ecology. It aims to harness the ecological value of water resources while facilitating the conversion of ecological worth into economic value, thereby realizing the concept that lucid waters and lush mountains are indeed invaluable assets. The development of the water economy in Xinchang County is primarily manifested in the following aspects:

(1) Average annual growth in revenue from water-related tourism

The annual growth in the revenue of water-related tourism is expressed through the average annual growth rate of the revenue in this sector. The scoring criteria are detailed in Table 5.


Table 5 | Scoring standard for water economic development.



(2) The annual growth in the output value of aquaculture

The growth in the annual output value of aquaculture is represented by the average growth rate of the total annual output value, with the scoring criteria outlined in Table 5.

(3) The per capita income growth rate from microhydropower

The return on investment for microhydropower projects is represented by the annual rate of return for microhydropower, with the scoring criteria outlined in Table 5.




2.2.2.6 Drinking water sources

(1) The compliance status of potable water sources

the construction of centralized drinking water sources has successfully passed inspection, and the compliance rate of water quality standards within the evaluation period is 100%. This item carries a full score of 100 points; meeting the evaluation criteria grants 100 points. If the construction of centralized drinking water sources fails to pass inspection, 50 points are deducted. For each instance of non-compliance within the evaluation period, 50 points are deducted.




2.2.2.7 The management and protection mechanisms for rivers and lakes

(1) The “River and Lake Chief System” collaboration mechanism situation

Evaluation Criteria for River (Lake) Chief System: The River (Lake) Chief must perform their duties effectively, addressing major issues of the river or lake; formulate and implement a “one river, one strategy”; properly install river and lake chief information boards; establish a joint prevention and control mechanism for transboundary waterways.

This item carries a full score of 100 points. Achieving the evaluation criteria awards 100 points; for each instance in which any of the four requirements is not met, 25 points will be deducted until the score is nullified. The formula for assigning points is as follows:

 

In the formula: Phhz represents the score assigned to the River(Lake) Chief System; Nhh denotes the number of problems identified during the implementation of the River (Lake) Chief System.

(2) Zoning and classification control situation of river and lake water areas and shoreline spaces

Standards for evaluation of river and lake shoreline spatial zoning and management: Completion of demarcation of protection or management boundary lines for rivers and lakes; absence of newly unauthorized constructions, indiscriminate stacking, encroachment, or illicit extraction activities within the protection control line and river management area; establishment of a “list database” for historical usage; the water area of rivers and lakes does not decrease within the year, and compensation for occupied projects is enforced.

This item carries a full score of 100 points. Achieving the evaluation criteria awards 100 points; for each instance in which any of the three requirements is not met, 30 points will be deducted until the score is nullified.

(3) Supervision of the river-related projects

Evaluation Criteria for River-Related Project Supervision: Regulatory norms for river-related projects, project licensing refinement, and Well-Maintained Records.

This section is worth 100 points. River-related projects encompass activities such as water extraction, drainage, and construction within river management boundaries. Meeting the evaluation criteria earns a full 100 points; for each identified problem within a project, 20 points are deducted until no points remain. The formula for assigning points is as follows:

 

In this context: Pxm is the score assigned to the regulatory status indicator of river-related projects; Nxm is the number of river-related projects with existing problems.




2.2.2.8 The water culture

(1) Cultural display

Criteria for Assessing the Presentation of Aquatic Culture: Through diverse media channels, including newspapers and magazines, radio and television, online platforms, brochures, WeChat public accounts, and TikTok, actively promote and disseminate the unique culture of rivers and lakes.

This item is awarded 100 points, contingent upon the number of water culture promotion activities undertaken within the evaluation period of the current year, as specified in Table 6.


Table 6 | Scoring standard for the exhibition of water culture.



(2) Development of cultural, physical, and tourism activities

Each year, a vibrant assortment of cultural and sports events related to water culture is organized, with a comprehensive evaluation determined by the scale, frequency, and impact of these activities; refer to Table 7 for the criteria-based scoring.


Table 7 | Scoring standard for the development of cultural, physical, and tourism activities.






2.2.2.9 Hydrophilic implementation

(1) The status of supporting facilities for urban and rural hydrophilic structures

Criteria for Evaluating the Integration of Water-Friendly Public Amenities: ① The arrangement of water-friendly spaces, including parks, squares, riverside walkways, piers, and platforms, is logical; parks and squares are easily accessible, and pathways along urban rivers are unobstructed. ② The provision of user-oriented facilities such as seating, railings, trash receptacles, fitness equipment, lighting, rain shelters, safety warning signs, and directional signboards around rivers and lakes adequately fulfills public needs.

This segment is evaluated on a scale of 100 points, with scores allocated based on the configuration of waterfront recreational areas and the availability of supportive public amenities, as outlined in Table 8.


Table 8 | Scoring standard for hydrophilic public amenities.



(2) Riverside-waterfront greenways

Evaluation Criterion for Waterfront Greenways: Length of Waterfront Greenways/the Total Shoreline Length within the Management Zone.

This section is assessed on a scale of 100 points, denoted by the ratio of waterfront greenways. It pertains to the proportion of river and lake waterfront greenways’ shoreline length compared to the total shoreline length of rivers and lakes within the designated management area (excluding segments of natural shoreline). The formula for assigning points is as follows, and the scoring table is depicted in Table 9.


Table 9 | Scoring standard for riverside-waterfront greenways.



 

Pbs represents the waterfront greenway ratio; Nbs is the length of the waterfront greenway; Nzc is the total length of river and lake shorelines within the management area.




2.2.2.10 Public Satisfaction

Public satisfaction pertains to the degree of contentment among individuals living near rivers and lakes, particularly regarding water safety, the aquatic environment, the ecosystem, and the cultural significance of these water bodies. This measure is scored on a scale of 100 and is assessed through the distribution of questionnaires or online surveys. Each evaluation unit is required to survey at least 50 individuals, with scores determined by the average of the public’s ratings. Refer to Table 10 for further details. Please refer to Attachment 1 for the questionnaire.


Table 10 | Scoring standard for public satisfaction indicators.









3 Evaluation of the happiness of rivers and lakes in Xinchang county



3.1 The scope of evaluation

Xinchang County lies in the upper reaches of the Cao’e River basin, traversed by three chief rivers (Table 11): the Xinchang River, the Chengtan River, and the Huangze River. The Xinchang River meanders through the Changzhao Reservoir (large-scale projects (2) type projects), while the Huangze River courses through the Qincun Reservoir (large-scale projects (2) type projects).


Table 11 | Evaluation of essential data on rivers and reservoirs.






3.2 Evaluation results



3.2.1 The safety rivers and lakes

(1) Flood prevention and disaster mitigation compliance

The compliance rate of the embankment along the Xinchang River stands at 92%, thereby achieving a perfect score of 100 points; the compliance rate along the Chengtan River is 84.5%, which translates to a score of 86.3 points; and the embankment compliance rate for the Huangze River is 100%, hence receiving a score of 100 points.

In alignment with the “Comprehensive Planning Revision for the Cao’e River Basin” (2008-2030), both Changzhao Reservoir and Qincun Reservoir are pivotal in ensuring flood security. As a result, it has been determined that the flood protection and disaster prevention compliance for Changzhao Reservoir is 100%, awarded with a score of 100 points; likewise, the compliance for Qincun Reservoir is 100%, also garnering a score of 100 points.

(2) Operation status of hydraulic engineering projects:

According to the “Xinchang County Chengtan River River Health Assessment Report,” there are no regulated water conservancy projects in the upper reaches of the Chengtan River.

Based on the “Xinchang County Huangze River River Health Assessment Report” and the “Xinchang County Qincun Reservoir Water Ecological Health Assessment Report,” the Qincun Reservoir project is large-scale projects (2) type reservoir, primarily engineered for water supply and flood control, with supplementary multifaceted applications in irrigation and power generation. Water conservancy facilities function optimally; operation of the water project tasks are completed, and as a result, has been awarded a perfect score of 100.

According to the “Xinchang County Xinchang River River Health Assessment Report” and the “Xinchang County Changzhao Reservoir Water Ecological Health Assessment Report,” the Changzhao Reservoir, as a quintessential water conservancy project, is a large-scale project (2) type reservoir that harmoniously combines water supply, irrigation, power generation, fishery, and navigation. It stands as one of the pivotal projects for flood and drought mitigation in the Cao’e River basin. The water conservancy infrastructure operates flawlessly, meeting its designated tasks, and thus has been granted a full score of 100.




3.2.2 Riparian vegetation

According to the survey statistics of the shoreline types in the “Xinchang County Chengtan River Health Assessment Report, the vegetation coverage rate of the shoreline stands at 55.25%, having been awarded a score of 90 points.

According to the Report on the Health Assessment of Rivers, Lakes, and Reservoirs in Xinchang County—Huangze River Section 1, the average vegetation coverage along the Huangze River fluctuates between 72% and 78%, thereby meriting a perfect score of 100. The Report on the Health Assessment of Rivers, Lakes, and Reservoirs in Xinchang County—Xinchang River indicates that the average vegetation coverage of the Xinchang River stands at 78.30%, justifying a score of 100. Based on the Report on the Aquatic Ecological Health Assessment of Qincun Reservoir in Xinchang County, the average vegetation coverage of Qincun Reservoir is recorded at 58.43%, yielding a score of 90. Furthermore, the Report on the Aquatic Ecological Health Assessment of Changzhao Reservoir in Xinchang County reveals that the average vegetation coverage of Changzhao Reservoir is 68.50%, consequently earning a score of 100.




3.2.3 Biodiversity of river and lake ecosystems

(1) Diversity of fish

According to the results of fish diversity surveys undertaken in March and June of 2024 (Table 12), the diversity index for fish within the Chengtan River has been recorded at 75 points, the Huangze River at 76 points, the Xinchang River at 83 points, the Qinchun Reservoir at 69 points, and the Changzhao Reservoir at 74 points.


Table 12 | diversity index in sampling area.



(2) Diversity of large benthic invertebrates

According to the comprehensive survey on benthic invertebrate diversity undertaken in March 2024 (Table 12), Chen Tan River was accorded a benthic diversity score of 77, and Huangze River, Xinchang River, Qincun Reservoir, Changzhao Reservoir were 81, 76, 84, and 67 respectively.

(3) Diversity of phytoplankton

According to the findings of the phytoplankton diversity investigation in March 2024 (Table 12), the diversity scores for phytoplankton in the Chengtan River, Huangze River, Xinchang, Qinzhun Reservoir, and Changzhao Reservoir are 84, 82, 84, 77, and 76, respectively.

(4) Diversity of zooplankton

According to the findings of the March 2024 investigation regarding zooplankton diversity (Table 12), the biodiversity scores for zooplankton in Chengtan River, Huangze River, Xinchang River, Qincun Reservoir, and Changzhao Reservoir were recorded at 66, 70, 71, 72, and 70, respectively.

(5) Diversity of periphytic algae

Based on the findings of the investigation regarding phytoplankton diversity conducted in March 2024 (Table 12), the biodiversity scores for periphytic algae in Chengtan River, Huangze River, Xinchang River, Qincun Reservoir, and Changzhao Reservoir were recorded at 84, 86, 81, 81, and 87, respectively.




3.2.4 The aquatic environment of rivers and lakes

(1) The quality of water

Based on the environmental quality levels of water as assessed in the reports titled “Health Assessment Report of Chengtan River and Lakes in Xinchang County,” “Health Assessment Report of Huangze River and Lakes in Xinchang County,” “Health Assessment Report of Xinchang River and Lakes in Xinchang County,” “Ecological Health Assessment Report of Qinkun Reservoir in Xinchang County,” and “Ecological Health Assessment Report of Changzhao Reservoir in Xinchang County,” an average value was calculated. Accordingly, Chengtan River was awarded a score of 88.3, Huangze River achieved a score of 94.3, Xinchang River received 92.5, Qinkun Reservoir was granted 95, and Changzhao Reservoir also attained 95.

(2) The assurance of ecological flow

Based on the findings detailed in the “Xinchang County Chengtan River Lake Health Assessment Report,” the “Xinchang County Huangze River Lake Health Assessment Report,” the “Xinchang County Xinchang River Lake Health Assessment Report,” the “Xinchang County Qin Cun Reservoir Ecological Health Assessment Report,” and the “Xinchang County Zhang Zhao Reservoir Ecological Health Assessment Report,” Combined with field visits, ground investigations, and expert consultations, it is evident that the water levels and ecological flow fluctuations of the three rivers and two reservoirs substantially comply with the requisites of the ecological environment. Consequently, it is deemed fitting to accord this criterion the maximum score, resulting in a standardized score of 100.




3.2.5 The economic development related to water

(1) Average annual growth in revenue from water-related tourism

Xinchang County has unveiled the “Top Ten Blissful Rivers and Lakes Waterfront Routes.” During the May Day holiday, the premier waterfront tourism route attracted a remarkable influx of 141,500 visitors. In alignment with Xinchang County’s fundamental goal of establishing an extensive network of blissful rivers and lakes, the annual growth rate of revenue from aquatic tourism has been set at a targeted 15%. As a result, this accomplishment merits a flawless score of 100.

(2) The Annual growth in the output value of aquaculture

In Xinchang County, the total output of aquatic products in 2021 attained a remarkable 3,855 tons, comprising 440 tons from freshwater capture and 3,415 tons from freshwater aquaculture; the annual total output value amounted to an impressive 130 million yuan. In 2022, the total aquatic product output witnessed a commendable increase to 3,979 tons, including 468 tons from freshwater capture and 3,511 tons from freshwater aquaculture; the annual total output value ascended to 140 million yuan. By 2023, the total aquatic product output further surged to 4,177 tons, with 498 tons from freshwater capture and 3,679 tons from freshwater aquaculture; the annual total output value ascended to 150 million yuan. The annual growth rate of total output value in aquaculture has consistently surpassed 7% for two consecutive years. In the Xinchang County, freshwater aquaculture focus on propagating species such as the Acrossocheilus parallens and the Opsariichthys bidens, while the primary species stocked in the reservoirs are Hypophthalmichthys molitrix and Hypophthalmichthys nobilis. In conclusion, this endeavor merits an outstanding score of 100 points.

(3) The per capita income growth rate from microhydropower

Xinchang is the first county in Zhejiang Province to achieve primary electrification in rural areas, earning the title of “Hometown of Microhydropower.” Xinchang is guided by the principle of fostering the green and healthy development of the microhydropower industry, maximizing the value of its water resources, and has pioneered a development path centered on the consolidation of microhydropower assets for village revitalization and wealth generation. According to a report on the path to shared prosperity through microhydropower released by Xinchang County, village collectives can annually secure an annualized return of 6%, thus earning a full score of 100 points.




3.2.6 Drinking water sources

(1) The compliance status of potable water sources

In alignment with the findings presented in the “Report on the Water Quality Status of Urban Centralized Drinking Water Sources in Shaoxing City” (Third Quarter, 2023), the Qincun Reservoir and Changzhao Reservoir located in Xinchang County has been designated as Class II in terms of water quality, thereby fulfilling the requisite functional requirements. As a result, both reservoirs have been bestowed with an impeccable score of 100 points.




3.2.7 The management and protection mechanisms for rivers and lakes

(1) The “River and Lake Chief System” collaboration mechanism situation

Based on the reports entitled “Health Assessment Report of Chengtan River and Lakes in Xinchang County,” “Health Assessment Report of Huangze River and Lakes in Xinchang County,” “Health Assessment Report of Xinchang River and Lakes in Xinchang County,” “Ecological Health Assessment Report of Qinkun Reservoir in Xinchang County,” and “Ecological Health Assessment Report of Changzhao Reservoir in Xinchang County,” and the county-level river and lake chief’s performance report, it is observed that the boundary delimitation for the three rivers and two reservoirs has been accomplished, thereby establishing clear management boundaries and enforcing rigorous social management of activities involving the rivers and lakes. The implementation of the “one river, one strategy” governance plan is in progress, aimed at achieving compliance with river safety standards and enhancing the quality, alongside measures for the ecological protection and rehabilitation of rivers and lakes. Furthermore, the revisions of the “Comprehensive Happiness River and Lake Construction Plan for Xinchang County,” “Modern Water Network Construction Plan for Xinchang County,” and “Comprehensive Prevention and Control Plan for Mountain Flood Disasters in the Zuoyujiang River Basin of Xinchang County” have been initiated. In consideration of the aforementioned content, the total score for this item is 100 points.

(2) Zoning and classification control situation of river and lake water areas and shoreline spaces

Based on the reports entitled “Health Assessment Report of Chengtan River and Lakes in Xinchang County,” “Health Assessment Report of Huangze River and Lakes in Xinchang County,” “Health Assessment Report of Xinchang River and Lakes in Xinchang County,” “Ecological Health Assessment Report of Qinkun Reservoir in Xinchang County,” and “Ecological Health Assessment Report of Changzhao Reservoir in Xinchang County,” and field visits, on-site inspections, and expert consultations, the three rivers and two reservoirs have demonstrated the capacity to conduct annual special clean-up operations for river and lake “illegal occupation, unauthorized excavation, indiscriminate dumping, and unauthorized construction,” achieving a 100% processing rate and establishing a regularized supervisory mechanism. Consequently, it is deemed appropriate to directly assign the maximum score to this indicator, thus awarding a score of 100 for all instances.

(3) Supervision of the river-related projects

In 2023, Xinchang County embarked upon nine projects related to its rivers, each of which complied with regulatory standards through the possession of comprehensive permits and complete archival documentation; therefore, this item scores 100 points.




3.2.8 The water culture

(1) Cultural display

Based on the reports entitled “Health Assessment Report of Chengtan River and Lakes in Xinchang County,” “Health Assessment Report of Huangze River and Lakes in Xinchang County,” “Health Assessment Report of Xinchang River and Lakes in Xinchang County,” “Ecological Health Assessment Report of Qinkun Reservoir in Xinchang County,” authorized departments can utilize a diverse array of platforms such as newspapers, magazines, radio programs, television broadcasts, internet media, flyers, brochures, WeChat official accounts, and Tiktok to promote the unique cultural heritage associated with the three rivers and two reservoirs. Consequently, they have been awarded a perfect score of 100.

(2) Development of cultural, physical, and tourism activities

Xinchang County is abundantly endowed with water resources, and the heritage of its river and lake culture extends back through the ages. The local government and the populace organize numerous historical and cultural activities related to water each year, such as the Garden Festival launched by the banks of Baiyun Lake, along with various family and couple tourism routes along the waterfront, giving rise to a flourishing scene. The water culture journey in Xinchang consistently leads within the province, with poetic routes of the Tang Dynasty, landscapes painted in verse, and numerous tourists drawn by repute to experience the picturesque charm of Xinchang’s mountains and waters. Thus, this project is awarded a perfect score of 100.




3.2.9 Hydrophilic implementation

(1) The status of supporting facilities for urban and rural hydrophilic structures

According to the contents of the “Health Assessment Report of Chengtan River and Lakes in Xinchang County,” “Health Assessment Report of Huangze River and Lakes in Xinchang County,” “Health Assessment Report of Xinchang River and Lakes in Xinchang County,” “Ecological Health Assessment Report of Qinkun Reservoir in Xinchang County,” and through on-site visits, field surveys, and expert consultations, it has been concluded that the configuration of three rivers and two reservoirs within the waterside expanse was judicious, featuring convenient and easily accessible transport options that facilitate seamless pedestrian walkways adjacent to the water’s edge; public facilities are thoroughly equipped and maintained in superb condition.

(2) Riverside-waterfront greenways

Xinchang County has integrated the scattered resources along its rivers and lakes to establish a “waterfront node” database for the development of waterside tourism. This initiative aims to connect the county’s main riverine slow-moving traffic systems, enhancing the open sharing of water spaces and creating a felicitous river-lake waterside route IP where “mountains are visible, water is in sight, and nostalgia is palpable.” The coverage rate of the urban and rural 15-minute waterside circle has reached 92%.

In terms of waterside greenways, Xinchang Riverside Park features a 3.53-kilometer-long waterside greenway. The Jingling Riverside Greenway stretches 8.7 kilometers, linking the Nineteen Peaks Scenic Area with scenic villages along the route. The Qiaoying Reservoir ring-reservoir waterside greenway spans 13 kilometers, with observation decks and camping platforms as waterside amenities. The Huangze River Waterside Greenway extends 11.23 kilometers, and the Chengtan River Waterside Greenway covers 7.2 kilometers, resulting in a total waterside greenway length of 43.66 kilometers.

The primary course of the Xinchang River within the county stretches over 48.9 kilometers, the main course of the Chengtan River extends for 44.1 kilometers, and the principal course of the Huangze River measures 50.6 kilometers. Collectively, the aggregate river length totals 143.6 kilometers. Considering that the waterfront greenway encompasses more than 30% of the total river length, this criterion merits a score of 100 points.




3.2.10 Public satisfaction

A public satisfaction survey conducted in April 2024 along the banks of the Xinchang River, Huangze River, and Chengtang River, which engaged riverbank residents, riverway managers, and local citizens, encompassed a total of 50 participants, all of whom successfully returned their questionnaires. The analysis was performed based on the average scores derived from the three areas.

The average public satisfaction score for Chengtan River is 89.47, thus it is assigned a score of 90. Huangze River received an average satisfaction score of 76.67, leading to an assigned score of 70. Xinchang River boasts an impressive average satisfaction score of 95.79, resulting in a perfect score of 100. The overall composite average for the three regions stands at 86.67.





3.3 Comprehensive evaluation results

By the established evaluation index system for the Happiness River and Lake, the overall assessment score for Xinchang County’s Happiness River and Lake stands at an impressive 92.66 points (Table 13), categorizing it as Grade I (Exemplary Happy River and Lake).


Table 13 | Comprehensive evaluation of happy rivers and lakes.







4 Discussion

Riverscapes function as an indispensable linchpin of ecological environments and human sustenance, embodying a pivotal role in the terrestrial material cycle and equilibrium, as well as in the nourishment and progress of humankind (Shao et al., 2024). The notion of the “River of Happiness” has surfaced amidst the contemporary era of our nation’s river management initiatives. In contrast to previous understandings of rivers, the “River of Happiness” is rooted in significant national strategies, approaching the issue through a systemic and comprehensive lens, necessitating elevated standards and embodying more profound connotations (Song, 2024a). The resolution of our nation’s complex water challenges demands institutional innovation; therefore, the creation of river and lake systems that serve the public good is of paramount importance. Throughout the country, the construction of Happiness Rivers and Lakes is gradually being initiated. Nonetheless, the scholarly exploration of felicitous rivers remains in its nascent stage (Zuo et al., 2021), characterized by diverse and fragmented perceptions among the populace. The pertinent accomplishments exhibit discrepancies in the selection of indicators, the determination of weights, the assignment of target values, and the evaluation methodologies (Research group of the happy river, 2020; Gong et al., 2022). Numerous mathematical methodologies, including the analytic hierarchy process (Ramanathan, 2001), multivariate analysis (Chau and Muttil, 2007), data envelopment analysis (Zhao et al., 2006), artificial neural network (Liu et al., 2023), fuzzy comprehensive assessment (Zhao and Yang, 2009), and grey correlation analysis (Liu et al., 2024) etc. are utilized in the happy rivers and lakes studies (Anwar Sadat et al., 2020). The evaluation system predominantly selects indicators from dimensions such as Flood Control Capacity, Water Resources Reliability, Water Environment Livability, Aquatic Ecosystem Health, and Water Culture Prosperity (Ju et al., 2022). However, some of these indicators and methodologies fall short in terms of operability and accuracy. It is essential to further delve into the research on the Happy Rivers and Lakes initiative, revising and refining the methodologies through extensive consultations with experts from the relevant regions and sectors, thereby progressively enhancing the adaptability and practicality of the methods.

Given the paramount importance placed on the protection of river and lake water ecosystems as well as hydrobiont in Xinchang County (Department of Water Resources of Zhejiang Province, 2023), this research places a special emphasis on evaluating aquatic biodiversity when constructing the evaluation index system. The assessment results of the “Happy River and Lake” initiative reveal a notable vulnerability in the aspect of river and lake biodiversity indices, attributable to objective issues and shortcomings that persist. As the socio-economic landscape has evolved, the extensive construction of dams along rivers has drastically disrupted natural water flow, resulting in profound, widespread, and severe anthropogenic impacts on riverine ecosystems. The erection of river barrages and other hydraulic structures has hindered the natural migratory paths of aquatic species, including the Anguilla japonica, Anguilla marmorata, Coilia mystus, Coilia ectenus, and crabs. Unfortunately, fishways have yet to be established in either the Xinchang River or the Huangze River, leading to fragmented habitat connectivity for aquatic organisms, which impedes their migration and contributes to a decline in both aquatic community numbers and biodiversity. Although a fishway has been installed in the middle section of the Chengtan River, its steep gradient and structural attributes do not facilitate the migration of small fish, necessitating further optimization and renovation.

Along the upper reaches of the Huangze River, delicate reeds and cattail marshes gracefully undulate in the tender caress of the breeze, while submerged flora such as Ceratophyllum demersum purify the aqueous realm. In the distance, aquatic birds engage in playful antics, sketching a tranquil and harmonious tableau of the natural ecosystem. Since the inauguration of the “Happy Rivers and Lakes” initiative across Xinchang County, unwavering endeavors have been pursued to expedite the development of secure, ecologically sound, habitable, prosperous, and intelligent river systems. This encompasses enhancing flood control and disaster preparedness, nurturing cultural and tourism advancements, emphasizing ecological preservation, reinforcing water system governance, and establishing a “river network of shared prosperity, three rivers united in harmony” within the riparian expanse. Through the execution of a series of strategic measures, public consciousness regarding river preservation and care has markedly heightened, and individuals have acquired a deeper sense of accomplishment and felicity from the beautiful river and lake ecology.




5 Conclusion and suggestions

This article delineates a comprehensive evaluation index system for the Happy Rivers and Lakes, articulating a meticulous discourse on the foundational principles governing the assessment framework, methods of quantification, apportionment of weights, and the architectural design of the system. Given the intricate and varied nature of river and lake ecosystems, the development of this evaluation system necessitates further refinement and optimization. This study also has certain limitations, being applicable only to the assessment of mountainous river-lake systems. Moreover, variations in focus and research methodologies give rise to different evaluation outcomes. Additionally, varying focuses and methodologies can yield divergent evaluation outcomes. Consequently, a comprehensive evaluation of happy rivers and lakes necessitate a multi-faceted approach. Prospective research should concentrate on: augmenting the monitoring and forecasting of shifts within river and lake ecosystems; investigating more scientific and rational methodologies for quantification and weight distribution; and fostering the extensive implementation and acceptance of the evaluation system across a broader array of regions and disciplines.
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Rivers are critical to ecological and societal sustainability, yet human activities like urbanization, industrialization, and agricultural runoff increasingly threaten their ecological health. This study investigates the ecological health of six major rivers in Dalian City, China, focusing on the relationships between aquatic biological communities and environmental factors. A total of 168 phytoplankton species, 110 zooplankton species, and 102 macrozoobenthos species were identified. The key environmental factors influencing these communities included pH, dissolved oxygen, ammonium nitrogen, total phosphorus, and altitude. Using an entropy-weighted set pair analysis model, spatial variations in river ecosystem health were evaluated. Monitoring sites S12 and S15 exhibited good health conditions, while sites S4, S8, and S17 were rated as poor (Grade IV), and S7 was severely polluted (Grade V). Other sites showed borderline health (Grade III). This research provides valuable insights for improving river ecosystem management and biodiversity conservation in Dalian City, offering a scientific basis for addressing water quality and ecological challenges.
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Highlights

	The relationship between river biomes and environmental factors was studied by multivariate analysis;

	A river ecological health assessment model for Dalian City was established;

	Entropy weight method and set pair analysis method were used to assess river health.






1 Introduction

Rivers are essential components of the natural environment, acting as vital lifelines for both ecological systems and human societies (Chen et al., 2022a; Islam et al., 2024). In addition to these direct functions, rivers play a key role in nutrient cycling, sediment transport, and ecosystem services, such as flood regulation and water purification (Withers and Jarvie, 2008; Rattan et al., 2017). However, increasing human activities are placing escalating pressures on rivers, threatening their ecological health and sustainability. Urbanization, industrialization, agricultural runoff, and climate change have collectively led to habitat degradation, water quality decline, and biodiversity loss (Bryan et al., 2018; Wu et al., 2024). These challenges highlight the urgent need for effective strategies to assess and manage the health of river ecosystems. The concept of river ecological health has garnered significant attention in recent decades as researchers, policymakers, and conservationists work to balance development with environmental sustainability (Blue, 2018; Ding et al., 2022; Dong et al., 2022; Cai et al., 2023a). River health refers to the ability of a river system to maintain its ecological integrity and function while providing ecosystem services to both human and non-human communities. To assess river health, scientists utilize a combination of physical, chemical, and biological indicators. Although chemical and physical indicators provide valuable insights into river conditions, biological indicators are particularly effective in reflecting long-term ecological changes. Aquatic biological communities, such as phytoplankton, zooplankton, and macroinvertebrates, are highly sensitive to environmental disturbances and are considered reliable indicators of river health (Vugteveen et al., 2006; Stefanidis et al., 2023; Zhang et al., 2024).

Commonly used methods for assessing river health include the Analytic Hierarchy Process (AHP), Factor Analysis, Matter-Element Model, Grey Relational Analysis, Artificial Neural Networks (ANN), and Set Pair Analysis (SPA) (Vollmer et al., 2016; Yang et al., 2023; Kholodkevich, 2024). These methods are utilized to perform comprehensive evaluations of multi-indicator systems. The selection of indicators generally includes detailed metrics such as water quantity, water quality, aquatic organisms, physical structure, and riparian zone conditions. It is important to note that river health assessment methods are often customized to address the specific conditions of individual rivers. This tailoring ensures a more objective and accurate evaluation of the health status of each river type. As a result, the methods have distinct evaluation targets and defined scopes of applicability. In accordance with river management requirements, these methodologies are designed to account for the unique characteristics and management needs of particular river systems, allowing for precise and practical health assessments.

Despite significant advances in river health assessment methodologies, challenges persist, particularly in applying existing frameworks to urban rivers, which are shaped by distinct hydrological, ecological, and anthropogenic dynamics (Guimarães et al., 2021; Rowiński et al., 2022). Urban rivers are often under compounded pressures due to their proximity to human activities, making them highly vulnerable to pollution, flow alterations, and habitat fragmentation (Zhang et al., 2015, Zhang et al., 2023; Chen et al., 2022b). These challenges are particularly relevant in the context of rapidly urbanizing regions like Northern Chinese City. These rivers are shaped by the unique geographical and climatic conditions of Northern Chinese cities. Previous research on the region’s rivers has largely focused on water quality and hydrology, with comparatively little attention given to the biological communities that support river ecosystem functions. This gap impedes the development of effective management strategies and limits our ability to accurately assess the ecological health of these rivers. Moreover, existing river health assessment methods often overlook the specific conditions of these rivers, highlighting the need for tailored evaluation frameworks.

This study aims to address these shortages by employing advanced analytical techniques to investigate the relationships between aquatic biological communities and environmental factors in rivers of a typical northern city. Specifically, the research utilizes multivariate analysis methods to explore the distribution patterns of phytoplankton, zooplankton, and macroinvertebrates, along with their interactions with environmental variables. These analyses provide insights into the ecological dynamics of river systems and deepen our understanding of the factors influencing river health. In addition to biological analysis, the study proposes a novel river health assessment framework that integrates multiple dimensions of river ecology, including water quality, quantity, and aquatic biodiversity. The framework also evaluates river health in the study area using set pair analysis.




2 Study area and data source

Dalian is located in the southern part of the Liaodong Peninsula, China (38°43’–40°10’N, 120°58’–123°31’E), covering an area of 12,573.85 km² and with a population of 7.54 million in 2023. It is bordered to the north by the Northeast China Plain and the Inner Mongolia Autonomous Region, and connects Bohai Bay to the Shandong Peninsula across the sea. Often referred to as the “gateway to Beijing and Tianjin” and the “window to Northeast China”, Dalian plays a key role in the region’s economic and cultural exchange. Dalian is a typical water-stressed coastal city in China, with an average annual water resource availability of about 3.1 billion m³. In 2023, the per capita water resources were only 495 m³, approximately 16.5% of the global average (3,000 m³). The six major rivers are the primary surface water sources, accounting for over 90% of the total surface water supply in the city. The exploitation rates of these rivers are very high, with some approaching or exceeding 40%.

As the Northeast Asian International Shipping Center and the largest coastal port city in northeastern China, Dalian’s economy is rapidly developing. However, with increasing water consumption driven by economic growth and decreasing runoff due to climate change and other factors, ensuring sufficient water for river ecosystems and maintaining their health has become an increasingly challenging issue.

In this study, the six main rivers were selected for investigation (Biliu river, Fuzhou river, Dasha river, Yingna river, Zhuang river, Dengsha river). For each river, three or four representative sample sites were chosen, covering the upstream, midstream, and downstream sections. A total of 19 sample sites were selected based on water quality, water volume, and sewage outlets. Water quality and aquatic biodiversity data were collected in October 2023, while other data were obtained from the Dalian Statistical Yearbook. The location information and environmental conditions of 19 sampling points are shown in Figure 1 and Supplementary Table S1.




Figure 1 | Geographic location of Dalian city.






3 Methodology

This study evaluates the river health of the research area by integrating water quality and aquatic ecosystem monitoring data. A comprehensive river health assessment index system was developed, and the evaluation was conducted using multivariate statistical analysis, the entropy weight method, and set pair analysis. The detailed workflow is illustrated in Figure 2. It is important to note that the monitoring data presented in this paper primarily cover autumn, particularly October. As a result, the analysis does not account for variations in water ecological health and its influencing factors across different seasons. The results and discussions are based on the autumn scenario. However, some analyses that are not season-dependent will be further explored in the paper.




Figure 2 | The technical flowchart.





3.1 River health indicators

Considerable research has been conducted on river ecosystem health evaluation. However, due to the unique characteristics of the rivers in Dalian, existing index systems are not suitable for assessing river health in this region. Therefore, an index system tailored to the specific ecological and environmental conditions of Dalian’s rivers needs to be developed.

Through investigation and analysis, the primary issues affecting the rivers in Dalian have been identified as water quality deterioration, reduced water quantity, and a decline in biological diversity. Considering the independence and clarity of the indicators, data availability, and findings from other studies, factors such as water quality, water quantity, and aquatic biodiversity were selected to reflect the overall health of the rivers (Table 1).


Table 1 | Assessment indicator system of river health.






3.2 Evaluation standard

On the basis of The surface water environment quality standards GB3838-2002, the water quality pollution classification standard is shown in Table 2.


Table 2 | Water quality pollution classification standard.



The threshold of the exploitation degree of rivers should be determined based on the theory of human-water harmony, this approach ensures that the exploitation can meet the reasonable demands of the economy and society, while also promoting the sustainable development of water resources and river ecosystems (Meng et al., 2009; Wang et al., 2022; Liu et al., 2024). An exploitation degree that is either too high or too low does not align with the requirements for river health. Internationally, the generally accepted reasonable limit for river exploitation is between 30% and 40%. Even with optimal use of rain and flood resources, the exploitation degree should not exceed 60%.

The conceptual model for evaluating river exploitation degree is shown in Figure 3. The model follows a parabolic structure, with the optimal exploitation range set at 30–40%. Exploitation levels above 60% or below 0% receive a score of 0. Based on this scoring system, river health is categorized as follows: 100–80 corresponds to Grade I; 80–60 to Grade II; 60–40 to Grade III; 40–20 to Grade IV; and 20–0 to Grade V. This classification enables a detailed assessment of river health, aligning with management goals.




Figure 3 | The conceptual model of index score for the exploitation degree of the evaluated river.



The health status of the river is evaluated by calculating the biological diversity index, using established evaluation standards for the index. The diversity indices include the Shannon-Wiener diversity index (H), Pielou evenness index (E), and Margalef index (M). The calculation formulas for each index are shown below:

 

 

 

where S is the total number of species appeared in each sample point; N is the total number of individuals in each point; ni is the number of i specie.

The evaluation standard of each aquatic biological diversity index is shown on Table 3.


Table 3 | Evaluation standard of aquatic biological diversity index.






3.3 Evaluation methodology

Assessing river ecological health is inherently complex due to the ambiguous nature of river health and the often conflicting interactions among its various components. To address these challenges, this study combines set pair analysis and entropy methods, offering a robust framework for analyzing and resolving the complexities of river health evaluation.



3.3.1 Set pair analysis method of river ecosystem health evaluation

When using set pair analysis to evaluate river ecosystem health, based on the river ecosystem health evaluation index system constructed by the researcher, the river’s health can be categorized into five grades. Assume that there are A evaluated indices in Grade I, B1, B2, B3 evaluated indices in Grades II, III, and IV, respectively, and C evaluated indices in Grade V. According to set pair analysis theory, the connection degree of each evaluated sample is calculated as:

 

By comparing the connection degree of a, b1, b2, b3 and c, the preliminary difference level of the evaluated samples can be determined. Further set pair analysis is then conducted to identify the similarities, differences, and oppositions of evaluation index values compared to the evaluation standards, for indicators that correlates positively with standard, the connection degree   is determined as:

 

For indicators that correlates negatively with standard, the connection degree   is determined as:

 

where m is the number of evaluation sample; n is the number of evaluation index; x is the measured value; S1、S2、S3、S4、S5 represent the upper limit of I~V level standard respectively.




3.3.2 The entropy weight method to determine the weight coefficient of the evaluation indexes

The weight of an index reflects its influence on the overall river ecosystem health. In this study, the entropy weight method was used to determine the weight coefficients of the evaluation indices. In information theory, entropy measures the degree of disorder or uncertainty in a system, and can quantify the amount of information. An index providing more information has a smaller entropy value, indicating lower disorder and a greater role in the final decision. Therefore, the entropy weight method is applied to calculate the weight coefficients of the evaluation indices. The main computational steps are as follows:

1. Assuming there are m evaluation objects, each evaluation objects have n evaluation indexes, the judgment matrix R is:

 

where m is the number of evaluation sample; n is the number of evaluation index; rst is the measured value.

2. Normalize the judgment matrix R, the element of the normalized matrix B is:

 

where rmax、rmin are the most satisfying and the most dissatisfied value respectively (the bigger the better or the smaller the better) of different things in the same assessment index.

3. According to the traditional conception of entropy, the entropy value of each evaluation index is:

 

where  , When fst=0,  .

4. The entropy weight of each evaluation index is:

 

where   is entropy weight,   is the entropy value of each evaluation index.




3.3.3 River ecosystem health evaluation model based on entropy weight and set pair analysis

According to the index weight vector W and the connection degree µm and µmn, the evaluation model based on entropy weight and set pair analysis is:

 

where   is the comprehensive connection degree of evaluation sample m, t is the number of evaluation index.

Normalize all components in each  , the final connection degree of each evaluated sample can be get.

Finally the evaluated sample level can be get according to the following formula, the evaluated sample belong to l level based on hl.

 

where y1=a, y2=b1, y3=b2, y4=b3, y5=c;λ is confidence coefficient, the general value is in [0.5, 0.7]. The evaluate result is more reliable if λ is bigger.






4 Results



4.1 Analysis of river water ecological status



4.1.1 River water quality condition

Based on water quality monitoring results and the “Environmental Quality Standards for Surface Water” (GB3838-2002), the water quality of major rivers in Dalian was assessed using a single-factor evaluation method. The analysis of the results, presented in Table 4, shows that most rivers in Dalian fall within Class III or below. The primary pollutants are ammonia nitrogen and total phosphorus. BOD5 levels at various sampling points range from Class I to Class IV, while CODMn levels also vary between Class I and Class IV, indicating significant differences across the sites. Additionally, the water quality at sampling points S5, S8, S9, and S10 is classified as Class V.


Table 4 | Results of single factor and comprehensive evaluation of river water quality.






4.1.2 River biological condition

Phytoplankton: A total of 168 phytoplankton species were identified during the aquatic ecological survey of six major rivers in Dalian, encompassing 19 sampling sites. These included 91 species of Bacillariophyta (54.17%), 39 species of Chlorophyta (23.21%), 13 species of Euglenophyta (7.74%), 3 species each of Cryptophyta, Xanthophyta, and Chrysophyta (1.79% each), 15 species of Cyanophyta (8.93%), and 1 species of Pyrrophyta (0.60%). The spatial distribution of phytoplankton, illustrated in Figure 4, demonstrates significant spatial variability. Overall, Bacillariophyta and Chlorophyta were dominant in most sampling sites, while Cyanophyta dominated in specific locations such as S1 and S17.




Figure 4 | The aquatic organisms density at sampling sites.



Zooplankton: A total of 110 zooplankton species were identified, comprising 35 species of Protozoa (47.8%), 42 species of Rotifera (40.3%), 20 species of Cladocera (10.4%), and 13 species of Copepoda (16.4%). As shown in Figure 4, zooplankton displayed evident spatial distribution differences. Protozoa were predominant in most sampling sites, while Copepoda were mainly found near coastal sampling sites, such as S4, S10, and S17.

Macrozoobenthos: The survey identified 102 species of macrozoobenthos, including 70 species of aquatic insects (68.63%), 6 species of crustaceans (5.88%), 10 species of annelids (9.8%), and 16 species of mollusks (15.69%). The spatial distribution of macrozoobenthos, depicted in Figure 4, also exhibited significant spatial differences.

Table 5 presents the species count of phytoplankton, along with the Shannon-Wiener diversity index (H), Pielou’s evenness index (E), Margalef richness index (M), and their evaluations as per diversity index standards for each sampling site. The highest phytoplankton species count was recorded at S4 with 27 species, whereas the lowest counts, of 11 species each, were at S18 and S19. The diversity indices closely mirrored species richness, with cleaner sites demonstrating higher richness. For instance, the indices at S3—H (2.62), E (0.93), M (3.84)—were the highest among all sites, indicating the best water quality when assessed via phytoplankton. Conversely, the lowest values for these indices (H: 1.02; E: 0.38; M: 1.78) were observed at S1, where Xanthophyta was the predominant group.


Table 5 | Assessment results of aquatic biodiversity index at different sampling sites.



The species number, density, biomass, Shannon-Wiener diversity index (H), and Margalef richness index (M) of zooplankton at each sampling point are shown in Table 5. The zooplankton species number was highest at S11, with 11 species, and lowest at S14 and S7, with only 3 species each. The diversity indices generally reflected a pattern similar to species richness, with cleaner sites exhibiting higher species richness. For example, S11 had the highest H value (2.31) and M value (10.11), with 12 species identified, indicating that S11’s water quality, based on zooplankton evaluation, was the best in the study area. In contrast, S7 exhibited the lowest biodiversity indices (H: 0.43; M: 10.87), with just three species observed.

Table 5 presents the species number, Shannon-Wiener diversity index (H), Pielou evenness index (E), Margalef richness index (M), and evaluation results for benthic macroinvertebrates at each sampling site. The results indicate that sites S1 and S15 were lightly polluted. However, the dominant species at these sites were not sensitive, with only a few Ephemeroptera species observed. At S1, the most abundant species were Glyptotendipes cauliginellus and Limnodrilus hoffmeisteri, while Cardina denticulata sinensis dominated at S15. Sites with moderate pollution had the highest species diversity, with dominant species appearing more frequently and abundantly. These species were primarily moderately pollution-tolerant taxa, including Limnodrilus hoffmeisteri. Sites with heavy or severe pollution, mainly near river mouths, were dominated by highly pollution-tolerant species such as Chironomidae larvae and oligochaetes, as well as moderately tolerant species like Radix ovata. Notably, only one species was recorded at S7, where the proximity to a steel mill discharge resulted in high conductivity, negatively affecting benthic macroinvertebrate survival.





4.2 Relationship between river biomes and environmental factors

Figure 5 presents the results of the redundancy analysis (RDA), illustrating the relationships between phytoplankton or sampling sites and environmental factors. The horizontal and vertical axes represent the first and second ordination axes, respectively. The correlation coefficient between the first and second axes is zero, indicating that the ordination results are reliable.




Figure 5 | RDA analysis of phytoplankton species density and environmental factors in major rivers of Dalian City (Red arrow represents environmental factors, blue arrow represents species, and circle represents sampling point E1: DO; E2: NH3-N; E3: TP; E4: CODMn; E5: BOD5; E6: T(℃); E7: pH; E8: EC; E9: TDS; E10: Turbidity; E11: Altitude).



From the left panel, species in the upper-left corner (species types are listed in Appendix), including (2), (7), (10), (11), (12), (16), (22), and (34), are positively correlated with ammonia nitrogen (E2), BOD5 (E5), and total phosphorus (E3), while negatively correlated with dissolved oxygen (E1). Other environmental factors have minimal impact on these species. In contrast, species near the horizontal axis on the right, such as (3), (8), (24), (25), (26), (29), (36), and (38), show positive correlations with dissolved oxygen (E1) and pH (E7). Altitude (E11) significantly affects species like (6), (17), and (20). From the right panel, sampling sites in the first quadrant show high similarity and are mainly influenced by altitude (E11), while those in the third quadrant are strongly correlated with pH (E7).

The RDA analysis results indicate that the correlation between the first axis and pH (r = 0.537) is the highest, while the second axis correlates most strongly with dissolved oxygen (r = 0.4498). This suggests that pH and dissolved oxygen are the primary factors influencing the phytoplankton community structure in major rivers of Dalian. Additionally, ammonia nitrogen, total phosphorus, BOD5, and altitude also exert significant influence on the phytoplankton community.

Figure 6 presents the results of the canonical correspondence analysis (CCA), illustrating the relationships between zooplankton species, sampling sites, and environmental factors (species details are listed in Appendix). The left panel shows that species within the red circle, including (4), (8), (9), (10), (12), (13), (14), are closely associated with altitude (E11). In contrast, species in the green circle, such as (1), (2), (3), (5), (6), and (7), are positively correlated with ammonia nitrogen (E2) and conductivity (E8), indicating minimal distributional variation. Species like (11) are sensitive to pH (E7).




Figure 6 | CCA analysis of zooplankton species density and environmental factors in major rivers of Dalian City.



The right panel reveals that sampling sites in the red circle are mainly influenced by altitude (E11), while those in the green circle are primarily affected by ammonia nitrogen (E2). Sites in the yellow circle are most influenced by pH (E7).

The CCA analysis results reveal that the first ordination axis is most strongly correlated with dissolved oxygen (r = -0.7291) and ammonia nitrogen (r = 0.6702), while the second axis is primarily associated with COD (r = -0.6386). These findings suggest that dissolved oxygen, ammonia nitrogen, and COD are the key environmental factors shaping the zooplankton community structure in the major rivers of Dalian.

Figure 7 presents the canonical correspondence analysis (CCA) results, elucidating the relationships between macroinvertebrate communities, sampling sites, and environmental factors. The analysis confirms the reliability of the ordination results, as the correlation coefficient between the first and second axes is zero.




Figure 7 | CCA analysis of macrobenthic species density and environmental factors in major rivers of Dalian City.



The CCA results indicate that the first ordination axis shows strong correlations with dissolved oxygen (r = 0.7432), ammonia nitrogen (r = -0.7084), and total phosphorus (r = -0.6259). Meanwhile, the second axis is most significantly correlated with ammonia nitrogen (r = 0.5314). These findings highlight that dissolved oxygen, ammonia nitrogen, and total phosphorus are the primary environmental factors influencing the community structure of macroinvertebrates in the major rivers of Dalian.




4.3 Comprehensive assessment of river ecological health

Using the entropy weighting method, the weights of various evaluation indicators are determined (Table 6):


Table 6 | Indicator weight.



The ecological health of six rivers in Dalian was assessed using river health evaluation methods and an established indicator system. First, the evaluation indicator values from various monitoring sections were compared to river health classification standards to preliminarily assess the health status of each section through set pair analysis correlation degrees. Based on the confidence criterion formula with a λ value of 0.7, the health grades of river sections were determined. The results, presented in Table 7, show that sections S12 and S15 have relatively good health conditions. In contrast, sections S4, S8, and S17 are classified as Grade IV, indicating poor health, while section S7 is categorized as Grade V, representing severe pollution. Other sections fall under Grade III, indicating a critical health state.


Table 7 | Comprehensive correlation degree and health grade of river samples.







5 Discussion

The study revealed that pH and dissolved oxygen are the primary factors influencing phytoplankton communities in the major rivers of Dalian. Previous research has demonstrated a significant positive correlation between algal primary productivity and pH levels (Yu et al., 2022), with pH variations influencing the growth and distribution of phytoplankton (Raven and Beardall, 2021). Nitrogen and phosphorus, essential nutrients in aquatic ecosystems, serve as fundamental elements for phytoplankton growth and play critical roles in the development of aquatic organisms. Studies have identified nitrogen and phosphorus as key limiting factors for the structure and distribution of phytoplankton communities (Liu et al., 2021; Lin, 2023).

Dissolved oxygen and BOD5 are effective indicators of organic pollution in water bodies, while dissolved oxygen, ammonia nitrogen, and COD significantly impact zooplankton communities in Dalian’s major rivers. Zooplankton communities are also influenced by conductivity and altitude, where conductivity reflects ion concentrations and salinity levels—factors that affect individual growth and the spatial-temporal distribution of zooplankton (Bandara et al., 2021; Yi et al., 2024). Furthermore, factors such as pH, dissolved oxygen, ammonia nitrogen, total phosphorus, BOD5, and altitude indirectly affect zooplankton communities through trophic interactions, as zooplankton feed on phytoplankton.

Multivariate analysis reveals that, in comparison to phytoplankton and zooplankton, the correlations between macrozoobenthos and environmental factors are weaker. This difference can likely be attributed to the distinct habitat characteristics of macrozoobenthos, which reside in benthic environments where sediment conditions play a more prominent role than water quality parameters. Unlike planktonic organisms, whose distributions are primarily influenced by water column properties such as temperature, nutrient concentrations, and light availability, benthic organisms are more closely tied to the physical and chemical conditions of the substrate. These conditions, such as sediment texture, organic matter content, and redox potential, are critical in shaping the health and distribution of macrozoobenthos.

The research primarily focuses on the natural ecological factors that influence river health, yet it does not fully account for the profound impact of human societal activities. For river ecosystems to thrive sustainably, both natural ecological conditions and external anthropogenic pressures must be considered. Human activities, particularly land-use changes, urbanization, and industrialization, can lead to increased pollution, altered hydrological regimes, and habitat degradation, all of which exacerbate the challenges faced by river ecosystems. Thus, achieving a harmonious balance between environmental protection and socio-economic development is paramount. In Dalian, several challenges, such as high pollutant loads, water scarcity, and sedimentation problems, hinder the health of river ecosystems. To address these issues, the following countermeasures and recommendations are proposed, incorporating both ecological restoration and human-centered solutions:

Developing Alternative Water Sources: To reduce the dependency on river water and ensure the maintenance of ecological water requirements, the development of alternative water sources is critical (Cai et al., 2023b). Unconventional water resources, such as rainwater harvesting and seawater desalination, can supplement the existing water supply. By integrating rainwater collection systems into urban infrastructure and promoting seawater desalination for non-potable uses, Dalian can diversify its water supply sources, thus reducing stress on river systems.

Enhancing Water Resource Efficiency: Increasing the efficiency of water resource use is another crucial strategy for reducing the pressure on river ecosystems (Yasmeen et al., 2023). This can be achieved by improving sewage treatment infrastructure, advancing wastewater recycling technologies, and promoting industrial water reuse. For example, municipal wastewater treatment plants should be upgraded to higher treatment standards, enabling the safe reuse of treated wastewater for irrigation and industrial processes. Furthermore, industries should be encouraged to implement closed-loop water recycling systems to minimize freshwater consumption and reduce pollutant discharge.

Scientific Pollution Management: Effective pollution management requires a data-driven approach that incorporates the ecological carrying capacity of different regions (Li et al., 2023). Implementing rational pollution discharge allocations, based on scientific research into the water environmental carrying capacity of Dalian’s rivers, can help balance ecological protection with industrial and municipal growth. This approach involves identifying the maximum pollutant load each river segment can support without compromising its ecological health. Additionally, research on the sources, types, and impacts of pollutants (e.g., nutrients, heavy metals, and microplastics) will be critical in developing targeted pollution control strategies.

In conclusion, sustainable management of river ecosystems in Dalian requires a multifaceted approach that integrates ecological, technological, and policy solutions. By focusing on both natural ecological restoration and human-centered interventions, Dalian can improve its river health while also supporting continued urban and industrial development. Through the development of alternative water sources, the promotion of water-use efficiency, and scientific pollution management, the city can address the pressing challenges facing its rivers and foster long-term ecological sustainability. Future research should continue to explore the dynamic relationship between human activities and river health, incorporating both natural and social science perspectives to inform more effective environmental management strategies.




6 Conclusion

This study investigates the health of six major rivers in Dalian City by analyzing aquatic biodiversity and key environmental factors. The research utilized multivariate analysis to identify critical factors influencing phytoplankton, zooplankton, and macrozoobenthos communities. Additionally, a comprehensive river ecosystem health evaluation system was developed, integrating baseline data and relevant research. Using entropy-weighted set pair analysis, we assessed ecological health variations across different monitoring sites, offering valuable insights into river management and biodiversity conservation.

The main conclusions are as follows:

	A total of 168 phytoplankton species were identified in Dalian’s rivers, with Bacillariophyta (diatoms) and Chlorophyta (green algae) as the dominant taxa. The primary factors influencing phytoplankton communities were pH and dissolved oxygen, with additional effects from ammonium nitrogen, total phosphorus, biochemical oxygen demand (BOD5), and altitude.

	A total of 110 zooplankton species were recorded, with protozoa and freshwater rotifers as the dominant groups. Key factors affecting zooplankton communities included dissolved oxygen, ammonium nitrogen, and CODMn, alongside notable influences from conductivity and altitude.

	A total of 102 macrozoobenthos species were identified, with Tubificidae (oligochaetes) and moderately pollution-tolerant aquatic insects as dominant taxa. Dissolved oxygen, ammonium nitrogen, and total phosphorus were the main factors influencing macrozoobenthos communities.

	Rivers at monitoring sites S12 and S15 exhibited relatively good ecological health, while sites S4, S8, and S17 were classified as Grade IV, indicating poor ecological health. Site S7 was classified as Grade V, reflecting severe pollution. Other sites were classified as Grade III, indicating borderline health status.



Despite these findings, several limitations highlight the need for further research. The study was based on a single survey, which did not account for seasonal variations. Future research should include long-term monitoring to better understand temporal dynamics. Moreover, the river health assessment model focused primarily on hydrological and environment factors and did not fully incorporate socio-economic aspects, suggesting a need for a more holistic approach in future evaluations.
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The Yangtze River has experienced severe ecological degradation due to intensive human activities, including dam construction, land reclamation, and overfishing. These disturbances have disrupted the natural habitats of the Yangtze River, leading to a sharp decline in fish biodiversity and fishery resources. To address this ecological crisis, the Chinese government implemented a 10-year fishing ban in January 2021 to mitigate pressures on fish populations, restore aquatic habitats, and promote biodiversity recovery. The middle reaches of the Yangtze River are characterized by diverse fish species and a critical habitat for aquatic life, this study seeks to assess the effects of the fishing ban on fish diversity, body structure, population and community dynamics in this region. Fish monitoring data collected from 2017–2019 (pre-ban) and 2021–2023 (post-ban) were analyzed to evaluate changes in fish body size, species diversity, and community structure. The analysis results using the PSD method indicate that fish body size has increased following the fishing ban, suggesting the improvement of population structures, and a change in the complexity of food web structure. Species diversity indices showed partial recovery, but the recovery was uneven across different sampling sites. While fish populations showed signs of improvement, particularly in terms of body size and community stability, species diversity remained at relatively low levels in some areas, indicating that full recovery in biodiversity and resource levels may require extended conservation efforts. These findings suggest that while the fishing ban has had a positive initial impact on fish populations and ecological conditions, continued and long-term conservation measures are essential for fully recovering the river’s biodiversity and restoring its fishery resources. The study also highlights the importance of monitoring fish species diversity, body structure, and community dynamics as part of ongoing efforts to evaluate the effectiveness of the fishing ban and refine resource management strategies for the middle reaches of the Yangtze River.
Keywords: fish diversity, body length, food web, fishing ban, Yangtze River
1 INTRODUCTION
The Yangtze River, the third-largest river in the world, has undergone significant ecological changes over the last 50 years due to intensive human activities such as dam construction, land reclamation, overfishing, and bustling shipping (Chen et al., 2024; Liu et al., 2019). These activities have profoundly disrupted the river’s biogeographic patterns and severely threatened its hydrobiology biodiversity (Feng et al., 2023; Höckendorff et al., 2017). The most notable consequence of this degradation was the functional extinction of the Chinese River Dolphin (Lipotes vexillifer) in 2017, and a significant decline in the population of the Yangtze finless porpoise (Neophocaena asiaeorientalis) (Wang et al., 2020; Zhang et al., 2020a). A survey from 2017 to 2021 recorded only 323 fish species in the Yangtze River basin, of which 35% are listed in the International Union for Conservation of Nature (IUCN) Red List, highlighting the critical extinction risks faced by freshwater species (IUCN, 2017; Yang et al., 2023). Compared to 1960, fishery resources in the Yangtze have decreased by 85% (Wang H. et al., 2022).
In response to this ecological crisis, the Chinese government initiated a 10-year fishing ban in January 2021, covering the mainstream, seven tributaries, and several connected lakes, including Dongting and Poyang lakes (Wang R. L. et al., 2022). Preliminary results following the implementation of the fishing ban indicate positive changes in the ecological conditions of the Yangtze River (Lei et al., 2023). Notably, the population of the Yangtze finless porpoise increased from 1,012 individuals in 2017 to 1,249 individuals in 2022 (Lei et al., 2023). This species tends to inhabit areas with high fish diversity (Wang et al., 2024), indicating the potential recovery of fish species diversity in the Yangtze River basin. In Poyang Lake, 93 fish species have been recorded after the fishing ban, with a noticeable increase in the resources of the four major Chinese carp species (Zhang et al., 2024). In the Chishui River, 11 endemic fish species have reappeared, further demonstrating the initial effectiveness of the 10-year fishing ban (Liu et al., 2023).
The Yangtze River is China’s most important freshwater fishery resource area, typically divided into three regions—the upper, middle, and lower reaches—based on river characteristics and topography (Fang et al., 2023; Liu et al., 2019). The length of the middle reaches of the Yangtze River is about 955 km from Yichang (Hubei province) to Hukou (Jiangxi province), with a drainage area of 680,000 km2 (Liu and Cao, 1992). The combination of meandering river courses, slow-flowing waters, and extensive lake-river networks in this region creates favorable hydrological conditions and abundant forage, which serve as critical feeding, wintering, and spawning grounds for a wide variety of aquatic species (Fang et al., 2023). Previous studies have recorded 215 fish species in the middle reaches, including 42 endemic (Yu, 2005). The middle reaches of the Yangtze River are spawning grounds and habitats for many economic fishes, such as the four major Chinese carps and bream (Parabramis pekinensis), as well as important migration routes for migratory fishes. Fish species are vital indicators of the health of freshwater ecosystems, as they occupy a crucial role in assessing the biodiversity and ecological integrity of these ecosystems (Qian et al., 2023). Studies on other regions, such as the Chishui River and Liangzi Lake, suggest that while the fishing ban has not led to dramatic changes in species diversity, it has alleviated the trend of decreasing fish body sizes and improved community structure to some extent. However, the full recovery of fish diversity, community structure, and ecosystem functionality in the Yangtze River will require substantial time and effort (Feng et al., 2023; Liu et al., 2023). Despite the fishing ban being in effect for 3 years as of 2023, there is still a lack of comprehensive and long-term studies on its impacts on fish species diversity, body size, resource recovery, population and community structure in the mainstream of the Yangtze River.
This study aims to fill this gap by analyzing fish monitoring data from 3 years before (2017–2019) and 3 years following (2021–2023) the implementation of the fishing ban. The objectives are to assess changes in fish body size, species diversity, population and community structure, and to evaluate the actual effects of the fishing ban on the recovery of fish resources in the middle reaches of the Yangtze River. By examining these trends, this study will provide a reference for fish conservation and the restoration of fishery resources in the region, as well as a baseline for future evaluations of the fishing ban’s effectiveness. Furthermore, the findings will offer scientific support for refining fishing regulations and improving resource management strategies. Based on prior research, we hypothesize that while the reduction in individual fish body size will be mitigated, the recovery of species diversity, which rapidly declined during overfishing, will be low and remain at low levels (Fang et al., 2023; Feng et al., 2023; Liu et al., 2023). Fish abundance and biomass, which sharply decreased during overfishing, are expected to rise rapidly post-ban before stabilizing. Additionally, community structure in habitat utilization is expected to become more homogeneous (Petsch, 2016; Van der Sleen and Albert, 2022; Villéger et al., 2011), with an increase in the dominance of midwater fish species and a reduction in species preferring other habitats, such as benthic organisms, the three dominant species (IRI>1000) after the fishing ban, Hypophthalmichthys molitrix, Hypophthalmichthys nobilis and Xenocypris macrolepis, all belong to the upper middle layer of fish (Supplementary Table S1).
2 METHODS
2.1 Sampling location and sampling collection
The sampling sites for this study were selected based on their accessibility and the representativeness of habitat types. The selection was further guided by consultation with prior surveys and local ecological knowledge. Three geographical sites were chosen: Jingzhou-JZ (30.3° N, 112.2° E) with broad waters and relatively stable hydrological conditions, Jianli-JL (29.8° N, 112.9° E) with relatively good water quality and minimal human disturbance, and Huangshi-HS (30.2° N,115.0° E) with diverse distribution of river channels and high fluidity of water bodies, respectively (Figure 1). Sample collections were conducted in June and October over the period from 2017 to 2019 and from 2021 to 2022. It needs to be stated that data from 2020 was excluded from the analysis due to limited monitoring during the pandemic period. Local fishermen were employed to collect the fish samples by using different types of products since the study area’s water depth exceeded 1 m. At each site, fishing was done with fixed gill nets (mesh: height: length, 6 cm: 2 m: 100 m), drift nets (mesh: height: length, 2.5 cm: 2 m:230 m), ground cages (mesh: height: length, 1 cm: 0.4 m: 7 m). Ground cages were mainly placed in shallow water areas along the shore. Fishing was conducted daily for approximately 16 h from 4:00 p.m. to 8:00 a.m. Fish were identified when collected and released when practicable. Some fish samples that could not be identified were kept in formalin (5%–10%) and brought back to the laboratory for further identification. For biological measurements, fish body lengths were recorded accurately to 1 mm and body weights were measured accurately to 0.1 g.
[image: Figure 1]FIGURE 1 | Distribution of sampling sites in the middle reaches of the Yangtze River, China.
2.2 Population body length analysis
Fish length data were statistically analyzed to determine the average length of species before the fishing ban (2017–2019) and during the post-ban period (2021–2023). A t-test was performed to analyze statistical differences, and results are presented as mean ± standard deviation (mean ± SD). Fish length categories were based on Gabelhouse’s five-unit classification system, which includes Stock-Length (20% of the species’ maximum recorded length), Quality Length (36%), Preferred Length (45%), Memorable Length (59%), and Trophy Length (74%). Proportional Size Distribution (PSD) was then calculated for each category, with PSD-Q representing the proportion of Quality Length, PSD-P for Preferred Length, PSD-M for Memorable Length, and PSD-T for Trophy Length (Gabelhouse, 1984). The formula follows: PSD = Proportion of individuals exceeding a specific body length/Proportion of individuals exceeding a basic (Stock-Length) body length*100. In accordance with the regional growth conditions, standard length categories for species in the middle reaches of the Yangtze River were established using maximum recorded lengths from the Fishbase (Froese and Pauly, 2018). The maximum body length Linf was calculated by FiSAT II (version 12.2). The drawing was implemented by software of Originpro (version 2022b). The statistical significance of PSD values was determined using a t-test.
The representative 19 species of each site were selected through the index of relative importance (IRI) (Equation 1) in this study. IRI was based on the frequency of occurrence, number percentage and weight percentage, was used to determine the dominance of fish in each site (Pinkas et al., 1970).
[image: image]
Where %Ni and %Wi are the proportion of species number and weight in the overall catch, respectively, and %Fi is the occurrence frequency. IRI values above 10% indicated that the species was dominant, while IRI values below 10% indicated that the species was common.
2.3 Species diversity and biomass analysis
Species diversity at a specific location during a defined temporal period is referred to as species diversity. In this study, fish species diversity at each sampling site was assessed based on spatial and temporal variations by using four established diversity indices: the Simpson dominance index, the Shannon-Wiener diversity index (H′), the Pielou evenness index (J′), and the Margalef richness index (D). Please refer to the relevant literature for detailed definitions and formulas about these indices (Magurran, 2013; Peet, 1974). Biomass was expressed as the catch per unit effort (CPUE), which was calculated by dividing the daily catch by the number of boats and the operating time (kg/boat*day) (Zhang et al., 2020b).
2.4 Food web inference
To investigate the structure of the fish food web, we constructed a meta-web using an adjacency matrix W, where the element Wij = 1 indicates that species i can consume species j, and Wij = 0 otherwise. This matrix was derived based on a niche model developed by (Gravel et al., 2013), which establishes a linear relationship between log body size and the centroid of the feeding niche. The linear model can be expressed as follows:
[image: image]
Where Mprey and Mpred represent the body sizes of prey and predators, respectively. Coefficients for the model were obtained from literature values on predator-prey body size interactions (Albouy et al., 2019). Using these coefficients, niche parameters such as niche position ni, feeding niche optimum ci, and niche range ri were inferred for each species. An interaction between species i and j was identified if the niche position nj of species j falls within the interval (ci-ri/2, ci + ri/2). For each meta-web, corresponding to a particular site and year, 3 common food web metrics were computed: average clustering coefficient, average path length, and connectance.
Clustering coefficient (CC) reflects the degree of interconnectedness among nodes in the network; higher values indicate stronger local connectivity and potential network stability due to tighter relationships among neighboring nodes. Average path length (ChPath) is the mean shortest path between any two nodes in the network, with shorter values indicating higher information propagation efficiency within the network. Connectance describes the level of generalism in the network and is calculated as the ratio of actual links in the food web to the maximum possible links (C = L/N2 (Equation 2), where L is the number of links and N is the number of nodes) (Danet et al., 2021). The topological network of the food web was visualized using Gephi 0.10.
2.5 Statistics
All data analyses were performed using standard statistical software (e.g., R or Origin). Differential analysis was conducted using t-tests and other appropriate statistical tests (using R package “stats” version 4.3.2). Results were considered statistically significant at a P-value of less than 0.05. The analysis also included normality tests and assumptions validation to ensure the robustness of the statistical models used. Traditional PSD calculation and its 95% confidence interval calculation were performed using R package FSA (Version 0.9.4) (Ogle, 2018).
3 RESULTS
3.1 Changes in average body length
Before the fishing ban, the average body length of 19 dominant fish populations in the middle reaches of the Yangtze River ranged from 84.2 mm to 602.6 mm, with a median of 201.1 mm (Figure 2). After the fishing ban, the average body length of these populations ranged from 106.8 mm to 648.3 mm, with a median of 208.2 mm. Among them, the average body length of nine fish species remarkably increased by 2.4%–91.0% (P < 0.05). Conversely, five species exhibited no significant change in body length. In comparison, other five species—P. pekinensis, Megalobrama amblycephala, X. macrolepis, Chanodichthys mongolicus, and Culter alburnus showed significant decreases in body length ranging from 2.8% to 44.5% (P < 0.05).
[image: Figure 2]FIGURE 2 | Changes in mean body length of 19 dominant fish species in the middle reaches of the Yangtze River before and after the fishing ban.
3.2 Changes in PSD of 19 dominant fish species
The PSD values of these 19 dominant fish species exhibited marked changes before and after the fishing ban. Before the ban, PSD values ranged from 28 to 99, with a median of 73 and an average of 66. After the fishing ban, these values ranged from 34 to 100, with a median of 86 and an average of 76. Three species showed significant increases in their PSD values by 14–70 (P < 0.05). Four species exhibited an increase in PSD values, while three showed a decrease, though these changes were not statistically significant (P > 0.05). Additionally, six species did not show any significant changes in PSD values (Figure 3).
[image: Figure 3]FIGURE 3 | Changes in PSD of 19 dominant fish species in the middle reaches of the Yangtze River before and after the fishing ban.
For three species with notable increases in PSD values, trends in the PSD-Q (Quality Length), PSD-P (Preferred Length), and PSD-T (Trophy Length) values were similar (Figure 4). As illustrated in Figure 4, these species exhibited increases in both PSD-Q and PSD-P values, ranging from 14 to 70 and 6 to 75, respectively. However, the PSD-M (Memorable Length) values of Saurogobio dabryi and Hemiculter leucisculus decreased by 11 and 8 respectively, while the PSD-M value of Siniperca chuatsi increased by 9. Futhermore, the PSD-T values of S. dabryi and H. leucisculus decreased by 1 and 7, respectively, while the PSD-T of S. chuatsi increased by 4.
[image: Figure 4]FIGURE 4 | Changes in PSD of 6 dominant fish species (A–F) in the middle reaches of the Yangtze River before and after the fishing ban.
3.3 Changes in species diversity and biomass
Regarding the diversity indices (Figure 5), the Margalef richness index of fish species at the three sampling sites ranged from 6.65 to 7.70 before the fishing ban (2017–2019), with a mean value of 7.14. After the fishing ban (2021–2023), this index ranged from 5.64 to 6.69, with a mean value of 6.25. The Pielou evenness index ranged from 0.55 to 0.74 before the ban (mean = 0.66) and from 0.58 to 0.71 after the ban (mean = 0.63). The Shannon-Wiener diversity index ranged from 2.23 to 3.14 before the ban (mean = 2.78), and from 2.00 to 3.14 after the ban (mean = 2.48). The Simpson dominance index ranged from 0.71 to 0.93 before the ban (mean = 0.85), and from 0.72 to 0.94 after the ban (mean = 0.81). Overall, the average values of these four diversity indices were higher before the fishing ban than post-ban. However, slight recoveries were observed in the Shannon-Wiener diversity index and Margalef richness index over the 3-year post-ban period. In contrast, the Pielou evenness index and Simpson dominance index showed no significant changes (P > 0.05).
[image: Figure 5]FIGURE 5 | Changes in species diversity in the middle reaches of the Yangtze River (A) and three sampling sites [(B–D), Jingzhou-JZ, Jianli-JL, Huangshi-HS] before and after the fishing ban.
Examining spatial heterogeneity across the three sampling sites, the diversity indices for Huangshi (HS) showed significant improvements after the fishing ban. Before the ban, the Margalef richness index, Pielou evenness index, Shannon-Wiener diversity index, and Simpson dominance index at HS had mean values of 4.55, 0.48, 1.74, and 0.60, respectively. After the ban, these four diversity indices increased to 4.78, 0.80, 2.69 and 0.90, respectively. For Jianli (JL) and Jingzhou (JZ), however, the mean values of the diversity indices did not show a significant increase following the fishing ban (P > 0.05, Table 1). On the other hand, catch per unit effort (CPUE) significantly increased after the fishing ban across all sampling sites, with the JZ site showing the highest increase compared to JL and HS (P < 0.05, Table 1).
TABLE 1 | Spatial variation in diversity indexes and CPUE in the middle reaches of the Yangtze River.
[image: Table 1]3.4 Changes in the food web
From Figure 6, we observed that all four indicators (nodes, connectance, CC, and ChPath) showed an increasing trend relative to the values in 2019 and 2021, which serve as key time points for assessing community recovery. Notably, the response pattern of node numbers exhibited a “delayed response” pattern (Figure 6A). In 2021, the number of nodes declined compared to 2019 before beginning a steady increase. Connectance, which represents the proportion of potential interactions within the food web, fluctuated only slightly over the study period, maintaining a consistent value of 0.12 between 2021 and 2023, consistent with the levels recorded from 2017 to 2019 (Figure 6B). However, the average clustering coefficient (CC) and average path length (ChPath) exhibited greater variability (Figures 6C, D). The topological network of 2017 has tighter local connections (high CC values) than in 2023. Notably, there was no substantial change in ChPath during the pre-ban period from 2017 to 2019, while CC steadily declined, indicating weakening connections between network nodes. In the early years of the fishing ban, CC followed an ‘instant response’ pattern in 2021, reflecting rapid changes in the food web structure, while ChPath showed a slight increase in 2023 compared to 2021. This suggests interactions among network nodes strengthened and the overall complexity of the network began to recover.
[image: Figure 6]FIGURE 6 | Four indexes of the food web and topological structure of fish communities between 2017 and 2023. The changes in (A) nodes, (B) Connectance, (C) average clustering coefficient (CC), and (D) average path length (ChPath) from 2017 to 2023.
Across the three sampling sites, the connectance index exhibited a significant increase trend after the fishing ban (2021–2023) compared to pre-ban (2017–2019), with the JL sampling site recording the highest increase of 25% (Table 2). On the contrary, the other two indicators, ChPath and CC, showed varying degrees of decline following the fishing ban. Similarly, the JL monitoring point experienced the most significant decrease when compared to the other two locations, JL and HS sites. Regarding node indicator values, both JL and HS exhibited a downward trend post-fishing ban compared to the pre-ban period, apart from an increase at the JL station.
TABLE 2 | The average values of four indicators of the meta-network topology structure of fish communities at various sites in the middle reaches of the Yangtze River before (2017–2019) and after (2021–2023) the fishing ban.
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4.1 The effect of the fishing ban on the body size and biomass
In fishery population assessments, body length structure is one of the most easily obtainable and commonly used indicators for understanding the status of fish populations (Phelps and Willis, 2013). Anderson’s 5-unit body length proportional distribution (PSD) model has been widely adopted to quantitatively describe the distribution of individuals across various body length categories within a population (Anderson, 1976). By comparing PSD values at different time points, it is possible to access not only changes in fish population structure but also the dynamics of fish population health (Gabelhouse, 1984). Previous research has shown that fishing activities tend to favor larger individuals, thereby reducing the average body length and skewing the population structure toward smaller individuals (Allan et al., 2005; Feng et al., 2023). Prior to the comprehensive fishing ban, fish species in the Yangtze River were already showing signs of individual miniaturization, and population structure had been severely disrupted (Feng et al., 2023; Wang R. L. et al., 2022). Fishing pressure may exacerbate this trend by altering genetic factors that regulate fish size, reducing the frequency of fast-growing genotypes, and diminishing energy allocation to growth (Kokkonen et al., 2015; Morbey and Mema, 2018; van Wijk et al., 2013).
This study shows that after a 3-year fishing ban, the average body length and PSD values of 16 major fish populations in the middle reaches of the Yangtze River significantly increased. This indicates that the long-standing trend of individual miniaturization in these species has been partially alleviated. The growth of certain species PSD-P, PSD-M, and PSD-T indicates that the number of individuals in each length unit of the population has been restored orderly, and the proportion distribution of individuals in each unit has gradually become complete and balanced. The population structure destroyed by overfishing has been optimized to a certain extent, and the effect of fishing bans has begun to emerge. Previous studies have also highlighted similar recovery trends, with significant increases in body size and PSD following a reduction in fishing pressure (Allen and Pine, 2000). For instance, in Lake Michigan, United States, yellow bass (Diplophoron bifasciatum) experienced a 2–5 cm increase in average body length after fishing pressure was reduced (Feiner et al., 2015). Similarly, the Clark salmon (Oncorhynchus clavki) in 19 lakes in North America showed a significant increase in both average body length and PSD after a decrease in fishing effort (Feiner et al., 2015).
Despite these positive trends, not all fish populations in the middle reaches of the Yangtze River experienced significant recovery. Some species showed either minimal improvement or even a decrease in average body length and PSD values. For example, Culter mongolicus and Culter alburnus—large, carnivorous fish that inhabit the upper and middle layers of slow-moving water bodies—experienced a decrease in body size following the fishing ban. This can be attributed to the restoration of their feed resources, such as annual bream-P. pekinensis (unpublished data), which increased the availability of smaller fish and led to a higher proportion of young fish being caught. Similarly, although P. pekinensis and X. macrolepis which inhabit slow-moving waters, had no noticeable changes in diet or size, the significant increase in resource availability did not translate into a noticeable shift in their body length structure. Research suggests that small fish with shorter life cycles tend to recover more rapidly after fishing pressure is removed (Cheng et al., 2020). Species such as H. leucisculus and Pseudobagrus crassilabris, which are annual fish species preferring slow-moving water bodies, did not show significant changes in body length structure, likely due to their short lifespan and relatively stable body sizes (Fang et al., 2023).
Selective fishing targeting larger individuals may truncate the body length distribution of populations, leading to structural and dynamic instability (Hixon et al., 2014). Fish populations with lower PSD values (<50) are generally characterized by a greater proportion of smaller individuals and slower growth, whereas populations with higher PSD values (<80) exhibit faster average growth rates, larger body sizes, and more stable mortality, birth rates, and overall population structure (Phelps and Willis, 2013; Shin et al., 2005; Willis et al., 2008). Therefore, PSD values serve as a reliable metric for evaluating the structural condition of fish populations. Gabelhouse and Donald’s study showed that a population’s PSD value exceeds a certain threshold indicating a healthy, well-balanced population (Gabelhouse, 1984). Before the fishing ban, the PSD values of 8 out of 19 major fish species in the middle reaches of the Yangtze River were below 50, with only 3 fish species having PSD values between 50 and 80, indicating significant damage to the population structure. After the ban, PSD values of 5 fish populations remained below 50, while 5 fish populations showed PSD values between 50 and 80, suggesting partial recovery. This indicates that some populations are returning to a more balanced and healthy state. Overfishing, especially the depletion of mature female fish, reduces breeding capacity and population stability, leading to the decline or depletion of fish stocks (Barneche D R et al., 2018). Overfishing is responsible for 30% of the decline in fishery resources (Wang et al., 2024). After the fishing ban, the overall fish catch has also increased, reflecting positive ecological recovery.
4.2 The effect of the fishing ban on fish species diversity
Three years after the fishing ban in the middle reaches of the Yangtze River, our study observed increases in the Margalef and Shannon-Wiener indices (Figure 5A), which indicate a recovery in species richness and ecosystem diversity. However, these indices have not yet returned to pre-ban levels (2017–2019), suggesting that recovery is still underway. Similar trends have been documented in other freshwater systems. For instance, studies in Liangzi Lake and Chishui River showed partial recovery of species in Chishui River and some restoration of ecosystem functions in Liangzi Lake following fishing restrictions (Feng et al., 2023; Liu et al., 2023; Zhang et al., 2024). Despite these improvements, the food web and community dynamics in these ecosystems still face challenges, as evidenced by the relatively low stability of the Pielou and Simpson indices. These indices reflect the uneven distribution of species, with certain species continuing to dominate the ecosystem, contributing to an imbalance in community structure (Fang et al., 2023). This imbalance suggests that ecological recovery, though ongoing, remains incomplete. The persistence of such imbalances may be attributed to a combination of long-term environmental pressures and habitat degradation (Leclerc et al., 2023; Van der Sleen and Albert, 2022). Similar findings have been reported in marine ecosystems, where fish populations can take up to 15 years to fully recover after reductions in fishing pressure (Höckendorff et al., 2017; Hutchings, 2000). Importantly, the degree of recovery has been found to be more strongly related to species-specific traits—such as age at maturity, reproductive capacity, and the extent of population depletion—rather than to the taxonomic family (Feiner et al., 2015; Hixon et al., 2014; Morbey and Mema, 2018). The uneven distribution of species, as seen in this study, can undermine the stability of the ecosystem, making it more vulnerable to external shocks and disturbances.
Overall, although some species have started to reproduce again, the overall vulnerability of the ecosystem remains a concern, especially given that the interactions between predators and prey have not fundamentally changed (Feng et al., 2023; Wang R. L. et al., 2022). This continued imbalance in species distribution is a critical issue for the stability of the ecosystem in the long term. As such, while the fishing ban has contributed to partial species recovery, the ecosystem’s overall health still requires significant improvement. The ecosystem’s vulnerability and imbalance in species distribution underscore the need for targeted management and restoration efforts (Wang et al., 2024; Zhang et al., 2024). By addressing habitat degradation and promoting balanced species distributions, it will be possible to enhance the long-term sustainability of the Yangtze River ecosystem (Wang H. et al., 2022; Wang R. L. et al., 2022).
From a spatial perspective, we found significant variation in species diversity across different sampling sites of the middle reaches of the Yangtze River (Figures 5B–D). The Jingzhou-JZ site exhibited the highest diversity indices, followed by the Jianli-JL site, while the Huangshi-HS site had the lowest. The JZ site, with its broad waters and relatively stable hydrological conditions, supports complex aquatic structures and abundant vegetation, creating favorable habitats for diverse fish species (Fang et al., 2023). Similarly, the JL site benefits from relatively good water quality and minimal human disturbance, contributing to its higher fish species diversity (Yang et al., 2023). In contrast, the HS site, which has been heavily impacted by urbanization and industrialization, faces declining water quality and habitat degradation, leading to lower fish diversity (Liu and Cao, 1992). These findings highlight the need for focused conservation efforts in the HS site to restore habitat conditions and improve water quality, which are essential for enhancing fish diversity in this area.
4.3 The effect of the fishing ban on the food web
Theoretical frameworks suggest that both species richness and food web structure affect community biomass and its stability (Danet et al., 2021). In particular, high food web connectivity can enhance the strength of species interactions, which may amplify population variability and potentially reduce the stabilizing effect of species richness (Thébault and Loreau, 2006). Predators can also have cascading effects on population variability and synchronicity at lower trophic levels (Shanafelt and Loreau, 2018; Teng and McCann, 2004). These theoretical insights highlight the need to consider species richness and food web structure simultaneously, as their effects may conflict or interact in complex ways (Danet et al., 2021). In this study, we employed food-web structure metrics to examine how the fish community in the middle reaches of the Yangtze River under a fishing ban policy. We measured food web complexity using four key metrics: nodes, connectance, CC, and ChPath. The number of nodes and connectance are positively correlated with food-web complexity (Montoya and Solé, 2003), providing insights into the overall structure and functioning of the ecosystem.
Our results suggest a slight increase in food web complexity following the fishing ban, although the current structure has not yet returned to pre-ban levels observed from 2017 to 2019. Notably, the connectance values in our study were lower than those reported in other aquatic ecosystems, where connectance is typically around 0.2 (Danet et al., 2021; Leclerc et al., 2023). This suggests that the food web in the middle Yangtze River is characterized by relatively weak interspecies connections (Brose, 2010; Marina et al., 2018), which may partly explain the food web’s lower stability during the early recovery period (2021–2023). Weak interspecies interactions can impede the natural flow of energy through the system, potentially limiting the overall resilience of the ecosystem during recovery. Across the three sampling sites, the JL site is the most complex in the food web structure compared to JZ and HS, which may be attributed to its proximity to Dongting Lake and the advantages of slow water flow, abundant aquatic plants, and sufficient bait (Fang et al., 2023). Meanwhile, it is far from the Three Gorges Dam compared to JZ, avoiding severe erosion and having better sediment (Li et al., 2021). All of these are beneficial for the reproduction and recovery of fish, promoting the complexity of the food web structure.
Furthermore, although the taxonomic richness showed considerable variation, we observed relatively low changes in the average path length (ChPath) and a slight increase in the average clustering coefficient (CC) and the number of links during the initial recovery period (2021–2023). However, these values have not yet returned to the pre-ban levels observed in 2017–2019. This indicates that, although recovery is underway, the food web structure remains unstable compared to the period before the fishing ban. It is important to recognize that the stability and complexity of the food web are influenced by various factors, including habitat quality and ecosystem productivity (Leclerc et al., 2023). While fish communities in the Yangtze River are beginning to recover, habitat restoration is a slower process that will likely take longer (Wang H. et al., 2022; Zhang et al., 2024). This ongoing dynamic suggests that the fish populations and community structures have not yet reached a stable equilibrium. These findings indicate that the food web in the middle reaches of the Yangtze River remained relatively unstable in the early years following the fishing ban. The interspecies connections within the food web are weak, and the overall complexity of the food web has not increased significantly. Given that food web complexity typically increases with species richness and interaction strength (Marina et al., 2018), future research should focus on long-term monitoring to better understand the dynamic changes in the food web. Such research will provide crucial insights into the conservation and management of the Yangtze River ecosystem, particularly during the ongoing fishing ban.
4.4 Suggestions for fish conservation
Our research underscores the complexity of fishery resource management and highlights the necessity of a more comprehensive, multi-faceted conservation approach. Although beneficial in reducing immediate threats from overfishing, the current fishing ban policy does not sufficiently address the degradation of key aquatic habitats and the disruption of riverine connectivity (Zhang et al., 2020b; Zhang, 2022). Habitat destruction, pollution, and infrastructure development continue to fragment habitats, hindering the migration and reproduction of fish species (Höckendorff et al., 2017). Therefore, relying exclusively on the fishing ban policy is unlikely to provide the long-term ecological resilience needed for sustainable fish populations in the Yangtze River (Wang H. et al., 2022). Considering these considerations, we recommend the continued enforcement of the fishing ban, with a focus on its long-term implementation and continuous monitoring. However, this should be complemented by measures aimed at improving the connectivity between rivers and lakes, as well as enhancing the quality of aquatic habitats (Cheng et al., 2020; Wang R. L. et al., 2022). Restoring ecological corridors and mitigating habitat fragmentation would provide aquatic organisms with more extensive and more suitable living spaces (Chen et al., 2024), thereby increasing the overall effectiveness of the fishing ban and supporting the recovery of biodiversity.
Additionally, the experiences from regions such as Liangzi Lake and Chishui River, where fishing bans have been implemented, underscore the necessity of adopting a holistic approach to aquatic conservation (Feng et al., 2023; Liu et al., 2023). These case studies reveal that while fishing bans have led to some positive outcomes, they alone are insufficient to fully restore aquatic biodiversity. Future conservation strategies must involve integrated resource management, which includes habitat restoration, pollution control, and sustainable fisheries management (Barneche D R et al., 2018; Brose, 2010; Chen et al., 2024). Only through such comprehensive measures can we ensure the long-term sustainability of the Yangtze River ecosystem and the conservation of its biodiversity. In conclusion, while the fishing ban represents a crucial first step in reversing the decline of fish populations, it must be seen as part of a broader, integrated conservation strategy that includes habitat restoration, improved connectivity, and ecosystem management. The successful recovery of aquatic biodiversity in the Yangtze River requires a long-term commitment to both ecological restoration and sustainable resource management.
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Introduction

As an important tributary of the upper Yangtze River without dams, the study of the macroinvertebrate community structure and habitat suitability conditions in the Chishui River holds significant implications for water ecological conservation and restoration.





Methods

In order to explore the species composition, community characteristics and their ecological needs of macroinvertebrates in the Chishui River, 26 sampling sites were deployed in the Chishui River in this study in March (dry season), July (wet season), and November (normal season) of 2023 and performed community structure analysis.





Results

A total of 153 macroinvertebrate taxa were identified, with 62 taxa recorded in the dry season, 46 in the wet season and 115 in the normal season. The assemblage was predominantly composed of aquatic insects from the EPT group (Ephemeroptera, Plecoptera and Trichoptera). The results of ANOSIM analysis indicate that the species composition of macroinvertebrates varies significantly across different water periods. The Shannon-Wiener diversity index and Margalef index were significantly higher during the normal season compared to the dry and wet seasons. In contrast, the Pielou index and Simpson index remained relatively stable, suggesting a higher level of evenness in community structure across the different water periods. Based on the habitat suitability curves, Corbicula fluminea and Heptagenia prefer environments with high flow velocities and substrate particle sizes (D50) smaller than 300 mm. Hydropsyche sp.1 and Baetis thrive in environments with medium to low water depths, high flow velocities, and D50 ranging from 100 to 300 mm. Caridina favor deeper waters, low flow velocities, and larger substrate particles. The GAM fitting results revealed that the number of macroinvertebrate taxa increased with rising pondus hydrogenii (pH) and electrical conductivity (EC) levels. Species richness initially declined and then rose within certain thresholds of total nitrogen (TN) and total phosphorus (TP) concentrations. The optimal conditions for macroinvertebrate communities in the Chishui River were determined to be a DO concentration of 9.8 mg/L and an NH3-N concentration of 0.12 mg/L.





Discussion

Overall, the macroinvertebrate community structure in the Chishui River is significantly influenced by factors such as water quality, flow velocity, and substrate particle size, and it demonstrates strong adaptability to seasonal variations.





Keywords: undamed river, Chishui River, macroinvertebrates, community structure, habitat suitability




1 Introduction

Macroinvertebrates are primarily aquatic invertebrates that inhabit the riverbed for all or most of their life cycle and are visible to the naked eye (retained by a 500 μm mesh sieve) (Chen et al., 2021). As one of the most widely distributed biological groups in river ecosystems, macroinvertebrates play a crucial role in the food chain by facilitating organic matter decomposition, promoting self-purification of water, and serving as a vital link in the material cycle and energy flow within river ecosystems (Barbour et al., 1999; Qu et al., 2007; Zhang K. et al., 2023). Characterized by their species richness, broad distribution, limited migratory capacity, large size, and ease of collection and identification, macroinvertebrates are effective indicators of river ecosystem health. They reflect the impacts of multiple stressors, including hydrological, physical, chemical, and biological factors (Zhang et al., 2017; Wang et al., 2018). With the intensification of climate change and the deepening of human activities, the hydrological processes of rivers worldwide have undergone significant changes. This has not only disrupted the stability of river ecosystems but has also led to the degradation of ecosystem services and a decline in biodiversity (Schmitt et al., 2018; Chen et al., 2020). In this context, studying the spatiotemporal distribution, biodiversity, and community structure of macroinvertebrates is of significant scientific value and practical importance for comprehensively understanding changes in riverine ecosystems (Fu et al., 2024). By establishing the relationship between macroinvertebrates and habitat factors, such research can provide a theoretical basis for the formulation and implementation of ecological restoration measures in river basins, thereby effectively promoting the recovery and maintenance of river ecosystem health (Hu et al., 2021).

In the Yangtze River Basin of China, although water quality has improved in recent years, issues such as the imbalance of aquatic ecosystems and the decline in aquatic biodiversity remain prominent challenges, hindering the high-quality development of the Yangtze River Economic Belt (Yu et al., 2022).The Chishui River, a vital first-order tributary of the upper Yangtze River, remains free from dam construction and sustains its natural flow regime. The Chishui River exhibits typical characteristics of a mountainous river, with numerous tributaries and a complex river network. The intricate hydrological conditions and high habitat heterogeneity contribute to its uniqueness in terms of species diversity, evolutionary history among species, and ecosystem structure. This complex ecological environment not only provides rich habitats for aquatic organisms in the basin but also makes the Chishui River a region of significant scientific research value (Zhang D. et al., 2023). Therefore, conducting research on the biodiversity of the Chishui River basin is of significant importance. Understanding the ecological requirements and survival conditions of macroinvertebrates in this river can provide critical insights for basin authorities to develop and implement targeted ecological restoration strategies. Such efforts are essential for rehabilitating degraded river ecosystems, safeguarding aquatic biodiversity, and supporting the sustainable development and utilization of resources throughout the Yangtze River basin.

Previous studies on macroinvertebrates have often focused on the influence of water quality factors on their community structure (Jiang et al., 2024). For example, Liao et al. (2024) and Li et al. (2023) investigated the benthic macroinvertebrate community structure and its response to physico-chemical water properties in typical rivers of Xi’an and urban rivers in Dongguan, respectively. In recent years, with the deepening research on the community characteristics of large benthic invertebrates, an increasing number of scholars have recognized that, in addition to water quality factors, physical environmental factors of rivers, such as water depth (h), flow velocity (v), and the median particle size of the substrate (D50) also play a decisive role in shaping the community structure of large macroinvertebrates. Different macroinvertebrate taxa exhibit varying responses to these physical factors (Zhou et al., 2022). Therefore, understanding the impact of these environmental factors on benthic communities is of significant ecological importance, as different taxa respond differently to these environmental variables.

In response to the current state of research, this study aims to explore the primary factors influencing the habitat suitability of macroinvertebrates in the Chishui River by modeling the relationships between the macroinvertebrate community and environmental factors (including both water quality and physical environmental factors). Hypothesis 1: Water quality factors (such as dissolved oxygen and nutrient concentrations) have a significant seasonal impact on the macroinvertebrate community. Hypothesis 2: Physical environmental factors (such as flow velocity and substrate particle size) affect the suitable habitats of different taxa in varying degrees, and taxa exhibit different response patterns. Through these analyses, this study seeks to provide theoretical support for ecological protection and water resource management in the Chishui River basin, as well as offer valuable insights and data to inform the ecological restoration and biodiversity conservation of similar rivers.




2 Materials and methods



2.1 Overview of the study area and sampling sites

The Chishui River (E104°45′–106°51′, N27°20′–28°50′), historically known as the Chihui River, Anle Water, and Dashe Water, is now often referred to as the “River of Fine Liquor” and the “River of Heroes.” It is a significant first-order tributary on the right bank of the upper Yangtze River, the longest river in China. The Chishui River originates in Yinchuang Village, Chishuiyuan Town, Zhenxiong County, Yunnan Province. It flows eastward to Maotai Town in Renhuai City, where it turns northwest before continuing to Hejiang County, ultimately joining the Yangtze River. The main stream stretches 436.5 km, with a total elevation drop of 1,475 meters and an average gradient of 3.38‰. The Chishui River basin lies at the intersection of the Yunnan-Guizhou Plateau and the Sichuan Basin, featuring higher terrain in the south and lower terrain in the north. It is flanked by the Wumeng Mountains to the southwest, the Dalou Mountains to the east, and the Sichuan Basin to the north, forming a distinct and varied topographical region. The basin is located in the monsoon region of the subtropical zone, with an average annual temperature ranging from 12.7 to 18.1°C and an average annual precipitation of 1020.6 mm. Forests and cultivated land are the primary land use types in the Chishui River basin. The region is rich in forest resources, characterized by typical subtropical evergreen broadleaf forests, and is an important area for the production of species such as Nan bamboo, pine, and fir. Cultivated land is scattered, with more concentrated areas primarily in the headwaters of the Chishui River, the river valley, and the gentle slopes along its tributaries.




2.2 Sample collection and identification

26 sampling sites were deployed for this study, as shown in Figure 1. The selection of these sites was informed by prior research on aquatic organisms in the Chishui River, supplemented by site visits to assess local conditions. Sampling sites were strategically chosen to reflect varying pollution levels, land use patterns along the riverbanks, and habitat complexity, ensuring comprehensive coverage of environmental conditions. Data collection was conducted in March 2023 (dry season), July 2023 (wet season), and November 2023 (normal season). However, during the wet season, a significant rise in water level at sampling site 14 within a single day prevented the collection of benthic samples. Additionally, no dominant taxa characteristic of the wet season were recorded at sampling site 19.




Figure 1 | Overview of the study area and distribution of sampling sites.



In this study, a Surber net with a sampling area of 0.25 m² (0.5m×0.5m) and a mesh size of 40 meshes (The pore size is 0.425 millimeters) was used to quantitatively collect macroinvertebrates. At each sampling site, samples were collected four times across different habitat types. The collected specimens were sorted in white porcelain trays and preserved in 100 ml sample bottles containing 37% formaldehyde solution. The samples were then transported to the laboratory for identification to the lowest feasible taxonomic level, following deployed taxonomic references for macroinvertebrates. Specimens were weighed using an electronic balance with a precision of 0.0001 g. For mollusks, the weight was recorded with shells intact, after blotting excess water from their mantle cavities using absorbent paper, in accordance with the Technical Requirements for Freshwater Macroinvertebrate Monitoring (Trial) (China National Environmental Monitoring Centre, 2021) issued by the China National Environmental Monitoring Center. The results were subsequently converted into density (ind./m²) and biomass (g/m²).

At the sampling sites, water temperature (T), pH, dissolved oxygen (DO) and electrical conductivity (EC) were measured in situ using a HACHHQ30d multi-parameter water quality analyzer. Additionally, 500 ml water samples were collected with a water sampler, stored in plastic bottles, and refrigerated for laboratory analysis of ammonia nitrogen (NH3-N), total nitrogen (TN), and total phosphorus (TP).

All sample collection and measurement procedures followed the guidelines outlined in the Water and Wastewater Monitoring and Analysis Methods (State Environmental Protection Administration, 2002).




2.3 Data processing



2.3.1 Biodiversity

The biodiversity of macroinvertebrates was assessed using the Shannon-Wiener Diversity Index (H’), the Pielou Index (J’) and the Margalef Richness Index (Dm). The specific formulas are as follows:

Shannon-Wiener Diversity Index:.



Where S is the total number of taxa,  ,   is the proportion of the i-th taxa in the total abundance,   is the abundance of the i-th taxa, and N is the total abundance.

Pielou Evenness Index:



Where   is the Shannon-Wiener Diversity Index, and S is the total number of taxa.

Margalef Richness Index:



Where S is the total number of taxa, and N is the total abundance.




2.3.2 Species turnover rate

The species turnover rate (Du et al., 2011) (R) is calculated using the following formula:



Where a and b represent the number of taxa in two sampling events, and c is the number of taxa common to both samples.




2.3.3 ABC curve

The stability of the macroinvertebrate community in the Chishui River was assessed using the Abundance-Biomass Comparison (ABC) curve (Warwick, 1986). The W-value, representing the difference in area between the biomass and abundance curves and the coordinate axis, serves as the key statistic for the ABC analysis. When W>0, the biomass cumulative percentage curve consistently lies above the abundance cumulative percentage curve, indicating a stable community dominated by large, slow-growing taxa. In contrast, when W<0 and the curves intersect, the community is considered disturbed, with an increase in small, fast-growing taxa. If W<0 and the abundance cumulative percentage curve is above the biomass curve, the community is severely disturbed, characterized by a dominance of small, fast-growing taxa (Yemane et al., 2005; Yang et al., 2022).



Where   is the cumulative percentage of the i-th taxon’s abundance,   is the cumulative percentage of the i-th taxon’s biomass, and S is the total number of taxa.




2.3.4 Index of relative importance

The Index of Relative Importance (IRI) (Cortes, 1997) was employed to identify the dominant taxa within the macroinvertebrate community of the Chishui River. This index incorporates the abundance, biomass, and distribution of each taxon. In this study, taxa with an IRI ≥ 500 were considered dominant, while those with an IRI ≥ 1000 were classified as absolutely dominant taxa (Dou et al., 2023).



Where N is the abundance percentage of a taxon, W i is the biomass percentage of a taxon, and F is the frequency of occurrence of a taxon as a proportion of the total samples.




2.3.5 Community structure

One-way Similarity Analysis (ANOSIM) was employed to test for significant differences in macroinvertebrate communities across different hydrological periods of the Chishui River. The R-value, which ranges from -1 to 1, reflects the relative differences between within-group and between-group variations. An R-value close to 1 indicates substantial between-group differences, while a value close to 0 suggests that within-group and between-group differences are similar. A value approaching -1 signifies greater within-group variability and poor grouping effectiveness. P-values are used to assess whether observed differences are attributable to the grouping, with P< 0.05 indicating statistically significant differences due to the grouping.

Cluster Analysis and SIMPER (Clarke et al., 2014) Analysis: After standardizing the abundance data of macroinvertebrates from the Chishui River, the Bray-Curtis dissimilarity matrix was employed to assess the similarity among sampling sites. Cluster analysis was conducted using the group average method. Similarity Percentage (SIMPER) analysis was then applied to identify the main contributing taxa within each group and their average contribution rates.

DCA and RDA Analysis: Ordination analysis methods were applied to examine the response relationships between dominant macroinvertebrate taxa and environmental factors. Detrended Correspondence Analysis (DCA) was conducted on the macroinvertebrate abundance data. If the first axis length in the DCA results exceeded 4.0, Canonical Correspondence Analysis (CCA) was used. If the length was between 3.0 and 4.0, either RDA or CCA could be applied. If the length was less than 3.0, Redundancy Analysis (RDA) was preferred over CCA.




2.3.6 Habitat suitability curve

The physical environmental factors were normalized to derive the corresponding Habitat Suitability Index (HSI). These factors were plotted on the x-axis, while the taxa’ preference for each factor was represented on the y-axis, creating a continuous curve that illustrates the relationship between the target taxa’ preferences and the physical environmental variables. This curve quantitatively describes the taxa’ response to changes in various habitat conditions. A value between 0 and 1 is assigned to indicate the taxa’ preference for a given physical environmental factor, where 0 denotes an unsuitable condition and 1 represents an optimal condition. The closer the value is to 1, the stronger the taxa’ preference for that particular environmental factor.




2.3.7 Generalized additive models

Generalized Additive Models (GAM) were employed to model the relationship between macroinvertebrate community structure and environmental factors, with a 95% confidence interval. The R² (coefficient of determination) and P-values are key statistics in the GAM model, used to assess the model’s goodness of fit and the significance of predictor variables. R² represents the proportion of the total variation in the response variable explained by the predictor variables, ranging from 0 to 1, with values closer to 1 indicating stronger explanatory power. P-values evaluate the significance of predictor variables on the response variable, where P ≥ 0.05 suggests no significant effect, P< 0.05 indicates a significant effect, and P< 0.01 denotes a highly significant effect.






3 Results



3.1 Species composition

In 2023, a total of 153 taxa of macroinvertebrates were collected and identified from the main stream of the Chishui River, as shown in Figure 2. These taxa belong to 5 phyla, 8 classes, 21 orders, and 79 families. Aquatic insects were the most numerous group, with 120 taxa, accounting for 77.9% of the total taxa. Among these, EPT (Ephemeroptera, Plecoptera, and Trichoptera) aquatic insects were the dominant group, comprising 36.4% of the total taxa, indicating that the water quality of the Chishui River is relatively clean (Wang, 2003). The species composition of macroinvertebrates exhibited significant differences across different hydrological periods. The number of taxa in the dry, wet, and normal periods was 62, 46, and 115, respectively, with the highest species richness observed during the normal period. In this period, species diversity was most prominent across all sampling sites. The species turnover rate showed considerable fluctuations, with a turnover rate of 80% between the dry and wet periods, and a turnover rate of 70.2% between the wet and normal periods. A total of 17 taxa, accounting for 11% of the total taxa, were present in all three sampling periods, mainly consisting of aquatic insects. There were 102 taxa that appeared only in one sampling period, with 30 taxa in the dry period, 8 taxa in the wet period, and 64 taxa in the normal period. Overall, the total number of taxa of macroinvertebrates decreased gradually from upstream to downstream, with EPT taxa being dominant throughout. Spatial analysis revealed a decreasing trend in taxa numbers from upstream to downstream, with upstream areas predominantly inhabited by aquatic insects, indicating better water quality, whereas downstream areas had fewer taxa, lower diversity, and a higher abundance of mollusks. In general, the benthic macroinvertebrate community in the Chishui River exhibited significant temporal and spatial taxa variations, with notable taxa turnover, reflecting the seasonal and spatial changes in water quality and their influence on community structure.




Figure 2 | Species composition of macrobenthos. (A, C) Taxa; (B, D) Abundances.



In 2023, the abundance of macroinvertebrates in the main stream of the Chishui River ranged from 18 to 430 individuals per square meter (ind./m²) across different sampling sites, with an average abundance of 137.3 ind./m². Among the various sampling sites, the EPT group of aquatic insects accounted for the highest proportion of macroinvertebrate abundance. The average abundance was 166.9 ind./m² during the dry season, 57.75 ind./m² during the wet season, and 184.31 ind./m² during the normal flow period. From a temporal perspective, the abundance composition of macroinvertebrates during both the dry and normal flow periods was dominated by EPT taxa, which accounted for 68.5% and 73.3%, respectively. During the wet season, EPT taxa still represented the highest abundance composition at 44.2%, followed by Malacostraca at 23.5% and Mollusca at 16.5%. The abundance of macroinvertebrates was significantly higher during the dry and normal flow periods compared to the wet season. According to the ANOSIM results, with R = 0.48 and P = 0.001, the seasonal differences in macroinvertebrate taxa abundance composition were significant. These results highlight the seasonal variability in macroinvertebrate abundance, with notable differences between dry, wet, and normal flow periods, emphasizing the influence of hydrological conditions on the composition of macroinvertebrate communities in the Chishui River. In the upstream areas, the abundance of macroinvertebrates was relatively high, with aquatic insect taxa being dominant and their abundance significantly greater than in the downstream areas. In contrast, the downstream regions exhibited lower species richness, with an increased proportion of mollusks, suggesting that water quality degradation may be affecting the community structure. Overall, the macroinvertebrate community structure in the Chishui River showed significant temporal and spatial variations, with species composition changing according to seasonal and spatial differences. Seasonal fluctuations and spatial heterogeneity to some extent determined the distribution patterns and species diversity of the benthic macroinvertebrates.




3.2 Biodiversity

The results for the Shannon-Wiener diversity index, Margalef richness index, Pielou evenness index, and Simpson evenness index for different water periods at each sampling site are shown in Figure 3. During the dry season, the indices ranged as follows: Shannon-Wiener (0.42-2.65), Margalef (0.47-4.05), Pielou (0.37-0.97), and Simpson (0.19-0.77). During the wet season, the indices ranged: Shannon-Wiener (0.49-2.61), Margalef (0.39-3.89), Pielou (0.28-1), and Simpson (0.12-1). During the normal flow period, the indices ranged: Shannon-Wiener (1.53-3.27), Margalef (3.5-7.94), Pielou (0.54-0.98), and Simpson (0.13-0.89). Overall, the median and average values of the Shannon-Wiener diversity index and Margalef richness index during the normal flow period were significantly higher than those during the dry and wet periods, which is consistent with the distribution of macroinvertebrate taxa numbers. The differences in the Pielou evenness index and Simpson evenness index among different water periods were relatively small, with the Pielou evenness index being more concentrated during the normal flow period. According to ANOSIM results, the Shannon-Wiener diversity index had an R value of 0.29 and a p-value of 0.001; the Margalef richness index had an R value of 0.41 and a p-value of 0.001; the Pielou evenness index had an R value of 0.06 and a p-value of 0.004; and the Simpson evenness index had an R value of 0.03 and a p-value of 0.095. These results indicate that the differences between groups for the Shannon-Wiener diversity index and Margalef richness index were greater than the differences within groups, and the group differences were significant. For the Pielou evenness index and Simpson evenness index, the within-group and between-group differences were similar, and the seasonal differences in the Simpson evenness index were not significant.




Figure 3 | Index of macrobenthic diversity. (A) Shannon-Wiener diversity index; (B) Marglef richness index; (C) Pielou uniformity index; (D) Simpson’s uniformity index.






3.3 ABC curves

The ABC (Abundance-Biomass Comparison) curves for macroinvertebrates in the Chishui River during the dry, wet, and normal flow periods in 2023 are shown in Figure 4(a - dry season; b - wet season; c - normal season). These curves visually represent the relationship between the cumulative abundance and cumulative biomass of macroinvertebrates during each hydrological period. The analysis of these curves provides insights into the stability and community structure of macroinvertebrates under different flow conditions in the Chishui River.




Figure 4 | ABC curves and W-values of macrobenthos in different water periods. (A) dry season; (B) wet season; (C) normal season.



The results indicate the following, in the dry Season, the top three taxa in terms of abundance were Heptagenia (18.46%), Baetis (17.92%), and Hydropsyche sp.1 (8.65%). The top three taxa in terms of biomass were Heptagenia (9.43%), Corbicula fluminea (9.05%), and Semisulcospira cancellata (8.52%).In the wet Season, the top three taxa in terms of abundance were Caridina (22.83%), Hydropsyche sp.1(15.06%), and Semisulcospira cancellata (11.88%). The top three taxa in terms of biomass were Semisulcospira cancellata (30.31%), Radix ovata (17.86%), and Bellamya (10.71%).In the normal Season, the top three taxa in terms of abundance were Hydropsyche sp.1 (13.04%), Baetis (6.45%), and Cinygmina (6.03%). The top three taxa in terms of biomass were Corbicula fluminea (29.25%), Limnoperna lacustris (5.89%), and Alainites (5.41%).

Overall, during the dry season, the abundance curve initially exceeded the biomass curve, but eventually, the biomass curve overtook it, causing both curves to intersect. With W<0, this indicated that the macroinvertebrate community experienced a certain level of disturbance, leading to reduced stability. This period was characterized by smaller-bodied taxa. In contrast, during the wet and normal flow periods, the biomass curve consistently remained above the abundance curve, with W>0. This suggested that the macroinvertebrate community structure was more stable and resilient during these periods.




3.4 Cluster analysis

Cluster analysis of the macroinvertebrate communities in the Chishui River was performed for different hydrological periods, resulting in three distinct clusters for each season, as illustrated in Figure 5 (a - dry season; b - wet season; c - normal season). During the dry season, Group 1 included sites 1, 2, 3, 4, 6, 7, 9, 11, 12, and 16; Group 2 included sites 5, 10, 13, 15, 17, 18, 19, 20, 21, 23, 24, 25, and 26; and Group 3 included sites 8, 14, and 22. During the wet season, Group 1 included sites 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 16, 18, 19, 20, 22, 23, 25, and 26; Group 2 included site 17; and Group 3 included sites 21 and 24. During the normal season, Group 1 included sites 1, 2, 3, 5, 6, 7, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 21, 22, and 25; Group 2 included sites 4 and 8; and Group 3 included sites 20, 23, 24, and 26. Subsequent SIMPER analysis was conducted to identify the main contributing taxa in each group, helping to understand the composition and the main factors driving the similarities within each cluster.




Figure 5 | Cluster analysis of macrobenthic communities. (A) dry season; (B) wet season; (C) normal season.



In the dry season, the main contributing taxa in Group 1 were Hydropsyche sp.1 (8.15%), Baetis (6.64%), and Ephemera (6.54%); in Group 2, they were Heptagenia (19.16%), Baetis (16.17%), and Leptophlebia (11.7%); and in Group 3, they were Dugesia japonica (15.4%), Ephemera (10.63%), and Heptagenia (8.15%).In the wet season, the main contributing taxa in Group 1 were Caridina (15.87%), Hydropsyche sp.1 (11.8%), and Ephemera (5.83%); in Group 2, Caridina accounted for 53.85%; and in Group 3, Semisulcospira cancellata accounted for 88.89%. In the normal season, the main contributing taxa in Group 1 were Hydropsyche sp.1 (7.75%), Corbicula fluminea (4.07%), and Cinygmina (3.99%); in Group 2, they were Hydropsyche sp.1 (36.54%), Cinygmina (17.3%), and Heptagenia (13.46%); and in Group 3, they were Bellamya aeruginosa (21.7%), Palaemon (9.59%), and Caridina (5.13%).

The results highlight clear distinctions in the macroinvertebrate community structure across different hydrological periods, with each group exhibiting unique characteristics. The taxa contributing significantly to the differentiation within each group provide insight into how the macroinvertebrate communities are influenced by environmental and ecological factors specific to each period. These groupings reflect the adaptability and dynamic nature of the macroinvertebrate communities, demonstrating their response to the seasonal changes in water flow and associated environmental conditions at the sampling sites.




3.5 Dominant taxa

The results of the relative importance index (IRI) are presented in Table 1. These results indicate that the dominant macroinvertebrate taxa in the Chishui River during the dry season are primarily Heptagenia, Baetis, and Corbicula fluminea, with Baetis and Heptagenia being the absolute dominant taxa during this period. During the wet season, the dominant taxa include Caridina, Hydropsyche sp.1, Semisulcospira cancellata, and Ephemera, with Caridina, Hydropsyche sp.1 and Semisulcospira cancellata being the absolute dominant taxa. In the normal season, the dominant taxa are Corbicula fluminea, Hydropsyche sp.1, Heptagenia, Cloeon, and Cinygmina, with Corbicula fluminea and Hydropsyche sp.1 being the absolute dominant taxa. The dominant taxa throughout the year include Caridina, Hydropsyche sp.1, Heptagenia, Baetis, and Caridina, with Caridina, Hydropsyche sp.1, Heptagenia and Baetis being the absolute dominant taxa.


Table 1 | Dominant taxa of macrobenthos in Chishui River.






3.6 Relationship between dominant taxa and water quality factors

Detrended Correspondence Analysis (DCA) was conducted on the abundance of macroinvertebrates at each sampling site. The results revealed that the first axis lengths during the dry, wet, and normal seasons were 0.46, 0.36, and 0.52, respectively, all of which were less than 3. As a result, redundancy analysis (RDA) was employed to explore the relationship between the dominant taxa and environmental factors (Figure 6: a - dry season; b - wet season; c - normal season). The RDA ordination results indicated that the dominant macroinvertebrate taxa in the Chishui River exhibited varying responses to environmental factors across different seasons.




Figure 6 | CCA ranking of dominant taxa and environmental factors. (A) dry season; (B) wet season; (C) normal season.



During the dry season, TN and TP was strongly positively correlated with the first axis, while DO exhibited a strong positive correlation with the second axis. The taxa Baetis and Heptagenia was strongly positively correlated with DO, but strongly negatively correlated with NH3-N and Corbicula fluminea was strongly positively correlated with TN and TP. Overall, the upstream sites showed a positive correlation with EC and DO, and a negative correlation with NH3-N, whereas the downstream sites exhibited the opposite trend.

During the wet season, DO was strongly positively correlated with the first axis, while TP、TN was strongly negatively correlated with the second axis. Caridina and Semisulcospira cancellata was strongly positively correlated with TN and TP and strongly negatively correlated with NH3-N. Ephemera was strongly positively correlated with DO and strongly negatively correlated with EC and Hydropsyche sp.1 had weak correlations with various environmental factors. Overall, the upstream sites showed a positive correlation with DO and a negative correlation with EC, whereas the downstream sites exhibited the opposite trend.

During the normal season, EC was strongly positively correlated with the first axis, while pH and DO was strongly negatively correlated with the second axis. Corbicula fluminea, Hydropsyche sp.1 and Baetis were strongly positively correlated with EC, Cinygmina was strongly negatively correlated with DO and Cloeon was strongly positively correlated with NH3-N. Overall, the upstream sites showed a positive correlation with pH and DO, and a negative correlation with NH3-N, whereas the downstream sites exhibited the opposite trend.

The comprehensive results showed that Corbicula fluminea, Semisulcospira cancellata and Caridina preferred environments with high phosphorus and nitrogen levels, while Ephemera, Heptagenia, Baetis and Cinygmina exhibited a strong correlation with DO. Overall, upstream sites were positively correlated with and DO, and negatively correlated with NH3-N, whereas downstream sites showed the opposite trend. Upstream areas are typically shallower, which allows for greater exposure to sunlight, promoting photosynthesis by algae and phytoplankton. This process leads to an increase in oxygen production, directly raising DO levels in the water. Furthermore, upstream sites generally experience fewer human activities and pollution sources, resulting in lower organic matter content and minimal oxygen consumption by microorganisms. As a result, DO levels remain high, favoring aerobic taxa like mayflies in these areas. Therefore, upstream sites are positively correlated with DO levels. In contrast, downstream areas are more affected by pollution and eutrophication, leading to shifts in the benthic community composition. These areas tend to favor taxa that feed on organic detritus, such as mollusks and oligochaetes, as well as pollution-tolerant taxa like chironomids and tubificid worms. The abundance of these taxa is positively correlated with NH3-N and TP levels, reflecting the environmental stress and altered conditions typical of downstream regions.




3.7 Relationship between dominant taxa and physical environmental factors

During the benthic macroinvertebrate sampling in the Chishui River basin, water depth, flow velocity, and the median particle size of the substrate (D50) were measured at each sampling site. A frequency histogram was constructed to illustrate the distribution of the absolute dominant taxa throughout the year in the Chishui River basin. The ratio of the abundance of dominant taxa within each interval to the total abundance of the samples was calculated. Using the suitability univariate method, the relative abundance values corresponding to each physical environmental factor were normalized. Habitat suitability for each range was then established, with the habitat suitability for each dominant taxon defined as the ratio of the relative abundance value corresponding to each variable range to the maximum relative abundance value.

The suitability curves for water depth, flow velocity, and substrate composition for each of the absolute dominant taxa are shown in Figures 7–11 (Figure 7: Corbicula fluminea; Figure 8: Hydropsyche sp.1; Figure 9: Heptagenia; Figure 10: Baetis; Figure 11: Caridina). From these figures, it is evident that Corbicula fluminea and Ephemera prefer environments with high flow velocities and substrates with a D50 smaller than 300 mm. Hydropsyche sp.1 and Baetis taxa prefer environments with medium to low water depth, high flow velocity, and substrates with a D50 between 100-300 mm. Macrobrachium taxa favor environments with deeper water, low flow velocity, and larger substrate particle sizes.




Figure 7 | Habitat Suitability Curves for Corbicula fluminea. (A) water depth; (B) flow velocity; (C) D50.






Figure 8 | Habitat Suitability Curves for Hydropsyche sp.1. (A) water depth; (B) flow velocity; (C) D50.






Figure 9 | Habitat Suitability Curves for Heptagenia. (A) water depth; (B) flow velocity; (C) D50.






Figure 10 | Habitat Suitability Curves for Baetis. (A) water depth; (B) flow velocity; (C) D50.






Figure 11 | Habitat Suitability Curves for Caridina. (A) water depth; (B) flow velocity; (C) D50.







4 Discussion



4.1 Macroinvertebrate community structure in the Chishui River

The survey results indicate that in 2023, a total of 153 taxa of macroinvertebrates were collected from the Chishui River, with 62 taxa identified in the dry season, 46 taxa in the wet season, and 115 taxa in the normal season. The community was predominantly composed of aquatic insect EPT groups. Compared to other rivers of similar scale (Sun et al., 2023; Zhang K. et al., 2023; Wang et al., 2024), the Chishui River basin exhibits relatively high macroinvertebrate diversity. This richness is linked to its significant role in the Yangtze River basin. The Chishui River, as a major undammed tributary of the upper Yangtze and a core area of the national nature reserve for rare and endemic fish species in the upper Yangtze, maintains natural river flow, lush vegetation, and low pollution levels. The absence of hydraulic engineering projects and near-natural ecosystem conditions provide a solid foundation for the biodiversity of aquatic organisms within the basin (Cao, 2000; Ja et al., 2020; Min et al., 2021). Additionally, the Chishui River displays typical characteristics of a mountainous river, with numerous tributaries and a complex river network. The distinct environmental variations along different river sections and the high habitat heterogeneity created by the complex hydrological conditions contribute to the rich diversity of macroinvertebrates in the Chishui River (Zhai and Qiu, 2011; Zhou and Gao, 2023).However, compared to past studies (Jiang, 2012; Wang, 2018; Zhang D. et al., 2023), the species richness of macroinvertebrates in the Chishui River has been gradually declined. This decline is primarily attributed to human activities and changes in the natural environment, which have destroyed suitable habitats and altered the conditions of habitats for benthic taxa.

The macroinvertebrate community in the Chishui River is significantly shaped by different hydrological periods, with temporal changes influencing hydrological characteristics, hydrodynamic conditions, physicochemical factors, and riparian vegetation. In the dry season, Ephemeroptera (Heptagenia and Baetis) and Mollusca (Corbicula fluminea) are relatively abundant. In the wet season, Decapoda (Caridina), Trichoptera (Hydropsyche sp.1), Mollusca (Semisulcospira cancellata) and Ephemeroptera (Ephemera) dominate. During the normal season, Hydropsyche sp.1, Corbicula fluminea and Ephemeroptera (Baetis, Cloeon, Cinygmina) are more prevalent. The dominance of more sensitive taxa such as Ephemeroptera and Trichoptera in the dry and normal seasons contrasts with the prevalence of more pollution-tolerant taxa like Caridina and mollusks during the wet season. Through the combined analysis with water quality factors, we hypothesize that in the wet season, the concentrations of water pollutants such as NH3-N, TN, and TP are higher, while DO levels are lower. These water conditions may lead to the disappearance of sensitive taxa, such as mayflies (Ephemeroptera), and be replaced by more pollution-tolerant taxa, such as taxa of Caridina and mollusks. Furthermore, the number of taxa observed during the normal season surpasses that of the dry season, which in turn exceeds the wet season. This trend may be attributed to the fact that during the normal season, aquatic insects like mayflies are in the juvenile stage of their life cycle, making them easier to collect and leading to higher diversity. In contrast, the wet season coincides with frequent rainfall and high water flow, which results in greater disturbance to benthic communities. Floods and the influx of pollutants, including agricultural fertilizers, often reduce or eliminate some macroinvertebrate taxa, leading to decreased diversity.

Additionally, spatial analysis results revealed significant differences in species abundance and diversity along the main stem of the Chishui River. The upstream areas exhibited higher abundance, with aquatic insects predominating, indicating relatively clean water quality and a diverse macroinvertebrate community. In contrast, the downstream areas had lower species richness, with a notable increase in the abundance and diversity of mollusks, suggesting possible water quality degradation and environmental changes. These spatial differences may be closely related to variations in pollution levels, flow velocity, substrate composition, and physicochemical factors in the water.

Overall, the macroinvertebrate community structure in the Chishui River exhibited significant temporal and spatial variations. Seasonal changes and spatial heterogeneity jointly determined the distribution patterns and species diversity of benthic macroinvertebrates, reflecting the impact of environmental changes on the community. Therefore, protecting the water quality and ecological environment of the Chishui River, particularly across different seasons and spatial regions, is of crucial ecological significance.




4.2 Relationship between macroinvertebrate communities and water quality factors

Using GAMs, we explored the relationship between macroinvertebrate communities and environmental factors. The model fitting results are illustrated in Figure 12. The R² values for pH, DO, EC, NH3-N, TN and TP were 0.449, 0.182, 0.144, 0.148, 0.222, and 0.13, respectively, with all p-values being less than 0.01. Macroinvertebrates predominantly thrive in water environments with appropriate pH levels. In our study, we observed that as pH and EC increased, the diversity of macroinvertebrate species in the Chishui River also increased, until a threshold was reached (pH = 9.24).




Figure 12 | Response curve of macrobenthic community to environmental factors. (A) pH; (B) DO; (C) EC; (D) TN; (E) TP; (F) NH3-N.



Previous studies (Zhu et al., 2019; Su et al., 2020) have shown that DO levels significantly influence the feeding, reproduction, and overall life processes of aquatic organisms, with varying tolerances to DO among different taxa. Based on the GAM results, the optimal DO concentration for macroinvertebrate survival in the Chishui River was found to be 9.8 mg/L. According to the “Environmental Quality Standards for Surface Water” in China, Class I water quality is defined as having DO levels > 7.5 mg/L (State Environmental Protection Administration and General Administration of Quality Supervision, 2002). In our study, 77.9% of the sampling sites met this Class I standard, further reinforcing the conclusion that the Chishui River maintains relatively low pollution levels and high water quality.

TN and TP are critical factors in evaluating river eutrophication and act as reliable indicators of macroinvertebrate biodiversity and taxa richness (Yu et al., 2019; Zhang et al., 2021). The GAM analysis indicates a sharp decline in macroinvertebrate taxa richness as TN and TP concentrations rise. Interestingly, once TN reaches 0.41 mg/L and TP reaches 0.163 mg/L, a slight increase in taxa richness is observed. This trend reflects the varying tolerances of macroinvertebrate taxa to nutrient levels. In nutrient-rich environments, taxa such as Corbicula fluminea, Semisulcospira cancellata, and Caridina were identified as dominant, supporting findings by Zhang Y. et al. (2023). In contrast, taxa associated with cleaner waters, such as Ephemeroptera, declined significantly or even disappeared under high-nitrogen and high-phosphorus conditions, consistent with observations by Gong et al. (2001). These results highlight the differential responses of pollution-tolerant and sensitive taxa to changes in nutrient levels, emphasizing the ecological impact of eutrophication on macroinvertebrate communities.

Research indicates that NH3-N serves as a vital nutrient for the growth of aquatic plants and algae, which can indirectly enhance macroinvertebrate productivity by supporting the base of the food web (Johnson et al., 2013). However, NH3-N also has direct physiological effects on macroinvertebrates, influencing their immune responses and damaging tissues, with excessive concentrations proving lethal. The GAM fitting results reveal a nonlinear relationship between NH3-N concentration and macroinvertebrate taxa richness in the Chishui River. As NH3-N levels increase, taxa richness initially rises but subsequently declines. The analysis identifies 0.12 mg/L as the optimal NH3-N concentration for macroinvertebrate survival, aligning with findings from Hong et al. (2007). This highlights the dual role of NH3-N as both a nutrient and a potential stressor, emphasizing the need for balanced nutrient levels to support macroinvertebrate biodiversity.





5 Conclusions

Based on the analysis of macroinvertebrate community structure in the Chishui River and its relationship with environmental factors, the following conclusions were drawn:

	A total of 153 taxa of benthic macroinvertebrates were identified in the Chishui River basin during this survey, predominantly aquatic insects from the EPT group. The composition and diversity of macroinvertebrates varied significantly across different hydrological periods. Compared to other rivers of similar scale, the Chishui River exhibits relatively high macroinvertebrate diversity. However, the species richness of macroinvertebrates is gradually declining due to anthropogenic activities and changes in the natural environment.

	Macroinvertebrate communities at upstream sampling sites were positively correlated with DO and negatively correlated with NH3-N, while downstream sites exhibited the opposite trends. These spatial differences reflect the influence of hydrological and environmental gradients along the river.

	According to the GAM fitting results, the number of macroinvertebrate taxa in the Chishui River increased with increasing pH and EC; decreased initially and then increased to some extent with increasing TN and TP concentrations; and increased initially and then decreased with increasing DO and NH3-N concentrations.

	Based on this study, we suggest implementing pollution control measures targeting NH3-N to protect sensitive taxa such as mayflies. Firstly, the efficiency of nitrogen removal in sewage treatment plants should be enhanced to reduce NH3-N emissions from domestic and industrial wastewater. Secondly, given the large amount of farmland along the Chishui River, measures such as planting buffer strips and optimizing fertilization timing and dosage should be implemented to reduce agricultural nitrogen runoff.

	This study relies on short-term monitoring data, which may not fully capture the long-term responses of benthic communities to environmental changes. Future research should include long-term monitoring and interannual variability analysis to evaluate the time-scale effects of community dynamics and identify delayed or cumulative impacts of environmental changes.

	Given the multivariate nature of the relationships between taxa and environmental factors, causal relationships remain difficult to establish based on observational data alone. Future studies could incorporate experimental approaches, such as substrate preference or pollution simulation experiments, to directly assess the effects of key environmental variables on community structure, thereby advancing our understanding of these interactions.
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National wetland parks, characterized by robust ecological functions, distinctive natural landscapes, and abundant cultural resources significantly enhance human wellbeing, serve as crucial providers of ecosystem products, and exert substantial influence on local socioeconomic development and ecological conservation. There is an urgent need to carry out the Gross Ecosystem Product (GEP) accounting and monetize the value of ecosystem products. Taking the Shandong Mata Lake National Wetland Park (SMTNWP) in China as the example, and considering the characteristics of wetland parks, this research constructed the GEP accounting index system comprising 11 secondary subjects from the perspectives of regulation and socio-cultural functions. Taking the year 2021 as the research period, the monetary value was assessed based on biophysical value accounting, and the GEP level was determined. The results showed that the GEP of SMTNWP in 2021 is CNY 74.8317 million, with a unit area GEP of 73,200 CNY/hm2. Regulating ecosystem products constitute the core component of GEP, facilitating the sustainable development of wetland conservation and restoration, as well as eco-cultural tourism. Moving forward, efforts in wetland protection, restoration and maintenance should be sustained, and the platforms for promotion, education and scientific research should be proactively established. The research results can offer support and references for the establishment of unified accounting subjects and systems for similar ecosystems and national wetland parks, and translate the human wellbeing of national wetland parks into visual monetization, providing theoretical basis for the government to realize the value of ecosystem products, and further promoting the conversion of ecological value into economic benefits.
Keywords: national wetland park, human wellbeing, gross ecosystem product (GEP), the Mata Lake, biophysical value, monetary value
1 INTRODUCTION
Since the Industrial Revolution, people’s development of land resources has been continuously increasing, and the demand for ecosystem supply and service is excessive (Li, Y. and Xie, H., 2024). The importance of natural resource assets that provide ecosystem services, the accurate and detailed assessment of ecosystem service functions (Jiang and Dong, 2024), and the scientific and reasonable assessment of the contribution of ecosystems to people have become the focus of scholars' attention. Since the reform and opening up, China’s urbanization and industrialization have developed rapidly, while the contradiction between humans and the natural ecological environment has gradually become prominent. Since the 18th CPC National Congress convened in 2012, China continues to promote the construction of ecological civilization, adhering to the ecological civilization ideology and concept of “clear waters and green mountains are as valuable as mountains of gold and silver.” Ecosystem products refer to the goods and services provided by ecosystems and used for economic and other human activities (Hui et al., 2024). Gross Ecosystem Product (GEP, equivalent to the value of ecosystem products) accounting is an important task in evaluating the value of products or services that the ecological environment itself can provide for human and benefit humanity, and it measures the monetary value of products and services related to the ecosystem in a specific region during a certain accounting period (Zheng et al., 2023). GEP has become an accounting system that corresponds to Gross Domestic Product (GDP) and a new indicator for measuring total output, thereby better promoting the implementation of green development performance assessment and changing the economic and social development evaluation system that is solely dominated by GDP (Wang L. Y. et al., 2022).
In 2016, the Chinese Government issued “the Guiding Opinions on the Reform of the System of Paid Use of Natural Resource Assets owned by the Whole People,” which pointed out the need to carry out the inventory and accounting of natural resource assets owned by the whole people, and to clarify the quantity of natural resource assets owned by the whole people in China. In 2021, the Chinese Government issued “the Opinions on Establishing and Improving the Mechanism for Realizing the Value of Ecosystem Products,” which pointed out the need to evaluate the effectiveness of ecological protection and GEP, publish GEP accounting results, establish the GEP evaluation system, and explore GEP accounting methods for administrative and specific regional units. The implementation of the series of documents indicates that GEP accounting based on biophysical value and monetary value accounting is a necessity for realizing the value of ecosystem products, and the basis for ecological protection compensation and ecological environment damage compensation (Hui et al., 2024).
Wetlands are important natural resource assets and suppliers of ecosystem products, and the ecosystem services value of wetlands in China contributes the most to various ecosystems (Chen and Zhang, 2000), but there are also problems such as low conversion rate and low degree of marketization of wetland resource ecosystem products. It is urgent to protect, transform, and increase the value of wetland resource ecosystem products (Chen et al., 2023). National wetland parks have typical wetland ecological functions such as ecological environment restoration and living environment improvement, which can greatly satisfy people’s demand for a better ecological environment and bring human wellbeing to the neighboring human beings. National wetland parks are also an important carrier for the development of cultural tourism industry and the provision of ecosystem products, which in turn have important impacts on the local socioeconomic development and ecological conservation. In August 2024, the Chinese Government issued the “Implementation Opinions on Solidly Promoting the Construction of a Beautiful China through the Protection and Sustainable Utilization of Natural Resources,” proposing to promote the construction of national parks, improve the mechanism for realizing the value of ecosystem products, and enhance the ability of natural ecosystems to provide ecosystem products.
The concepts of “Ecosystem Product Value,” “GEP,” and “Gross Ecosystem Production” all originate from “Ecosystem Service Value (ESV).” In 2022, “the Standard for the GEP Accounting (Trial)” issued by the Chinese Government has defined the GEP refers to the sum of the monetary value of all ecosystem products provided by various ecosystems within a certain administrative region during the accounting period. At present, the academic community generally equates “Ecosystem Product Value,” “GEP,” “Gross Ecosystem Production,” and “ESV,” and the accounting indicator system mostly includes material product value, regulation service value, and cultural service value (Zhang et al., 2023).
In 1997, “Nature’s Services: Societal Dependence on Natural Ecosystems” edited by Daily (Ouyang et al., 2013) and “The Value of the World’s Ecosystem Services and Natural Capital” published by Costanza et al. (1997) became classic works, and the concept of ESV was proposed. The United Nations Millennium Ecosystem Assessment (MA) project aims to assess the relationship between ecosystem change and human wellbeing (Hui et al., 2024). “The System of Environmental-Economic Accounting-Ecosystem Accounting 2012-Central Framework” (SEEA-EA 2012) combines ecosystem accounting with economic accounting (Hui et al., 2024). Based on Costanza’s unit value equivalent factor table in 1997 (Costanza et al., 1997) and combined with China’s actual situation, Xie Gaodi, a Chinese scholar, has proposed the improved unit value equivalent factor table (Xie et al., 2008) to guide subsequent related research (Li X. K. et al., 2023).
At the academic research level, China started quantitative researches on ESV studies in the late 1990s. After the year 2012, relevant scholars (Ouyang et al., 2013) explored the concept, accounting methods, and applications of GEP. With the advancement of the national GEP accounting process, relevant research has accounted the GEP of different typical regions and ecosystems, such as typical soil desertification areas (Li, Y. Y. et al., 2023), typical reservoir areas (Cheng et al., 2024), Yangtze River Delta areas (Ji et al., 2024), and Beijing-Tianjin-Hebei region (Fan et al., 2024), which are national key strategic areas, and the research scale includes different regions such as global-level (Jiang et al., 2021), provincial-level (Hu et al., 2023; Ouyang et al., 2020), prefecture-level (Pema et al., 2017), and county-level (Shen et al., 2024; Li, Y.H. et al., 2024), as well as some specific wetland areas such as typical wetlands in large cities (Wang et al., 2024), urban scenic wetlands (Sun et al., 2024), and lake wetlands (Wang, F. et al., 2019). With the deepening of researches, current GEP research has gradually expanded from value accounting to coupling and coordinating relationship with systems such as new urbanization (Zhang et al., 2024) and regional economy (Li, A. L. et al., 2024), exploring value realization paths and driving mechanisms (Gao and Zhu, 2024). At the practical level in various regions of China, Zhejiang Province, Shenzhen City, Wuyishan County and some other cities have carried out GEP accounting pilot exploration.
Based on scientific researches and local practice, national and local governments of China have formulated GEP accounting technical regulations. The Chinese Government issued the “Technical Guidelines for the Accounting of Gross Ecosystem Product (GEP) of Terrestrial Ecosystems” in 2020, and issued “the Standard for the GEP Accounting (Trial)” in 2022. In Shandong Province, Shenzhen City, etc., corresponding GEP accounting regulations have been formulated and issued based on their own actual conditions. The relevant regulations and guidance further improved the scientificity, normative approach and operability of GEP accounting results, promoting the verifiability and comparability of GEP accounting results.
In summary, current researches on GEP accounting focuses on different types of ecosystems, functional areas, and administrative regions at different scales, and the accounting subjects generally refer to relevant regulations and mostly focus on product supply services and ecological regulation services. However, Currently, GEP accounting researches are mostly carried out at the scale of administrative units, and GEP accounting cases based on national wetland parks as research units are relatively weak. Wetland parks, as important carriers of ecosystem products, have become a research gap in their GEP accounting, which cannot meet the urgent needs and practical exploration of GEP accounting for specific regional units. In previous studies, there were still some cases where the selection of evaluation indicators did not take into account the actual situation of the accounting area, the values of relevant accounting parameters were mechanically applied, and the accounting results did not conform to reality. In addition, the construction of national wetland parks also requires the provision of corresponding facilities for promotion, education and scientific research, and promotional materials, and the accounting index system should consider the value of promotion, education and scientific research. In addition, the management and operation of wetland parks require a certain amount of labor costs and require social labor to engage in relevant work, which can provide certain employment opportunities and generate certain social value. However, current accounting researches have relatively weak consideration for the values of social and cultural functions such as promotion, education and scientific research, and employment promotion, resulting in inaccurate value accounting results.
Conducting research on the GEP accounting of national wetland parks, constructing the GEP accounting system for national wetland parks, exploring suitable accounting methods and data sources, and applying accounting results reasonably can not only improve the GEP accounting system and methods for specific regional units, but also explore the role of national wetland parks in socioeconomic development and ecological conservation, expand the value realization models of wetland parks such as franchising, realize the economic and market-oriented development of ecosystem products, and assist the government in building the green performance concept that integrates ecological protection, restoration, and management, and plays an important role in providing theoretical support and practical basis for exploring the value realization mechanism of GEP in national wetland parks.
Shandong Mata Lake National Wetland Park (SMTNWP), as a national ecological civilization demonstration zone of China, has a rich variety of ecosystem product types, and it is significant to clarify various ecosystem types and distribution status in the region, study and construct the GEP accounting index system for SMTNWP, determine accounting models, methods and parameters, completes ecosystem product value accounting based on biophysical value and monetary value accounting, calculate the GEP of SMTNWP, and attach the “price tag” to ecosystem products, which can provide references for exploring new paths for promoting the management and development of public and commercial ecosystem products in SMTNWP, and is of great significance for realizing the value of ecosystem products, building the unified accounting subject and system, selecting suitable evaluation methods, models and parameters for similar ecosystems, similar regions and other wetland parks in GEP accounting practice, and translating the human wellbeing of national wetland parks into quantifiable and visualized monetary value.
2 OVERVIEW OF THE STUDY AREA AND DATA SOURCES
2.1 Overview of the study area
2.1.1 Natural resources conditions
SMTNWP (118°2′56.65″-118°6′47.34″E, 37°3′56.46″-37°5′37.66″N) is a scenic area of AAA level in China, located in Qifeng Town, northeast of Huantai County, Zibo City (see Figure 1). The total area of SMTNWP spans 1,021.78 ha, with a north-south span of 3.13 km and an east-west span of 5.74 km, and is part of the Xiaoqing River system in the Yellow River Basin. The overall terrain of SMTNWP is relatively flat, with fertile soil. SMTNWP receives ample sunshine, and exhibits significant seasonal variations in precipitation. Specifically, the rainfall is the most concentrated from July to October, and the dry and abundant season is more obvious. The ecosystem pattern of SMTNWP is dominated by the wetland ecosystem, with relatively rich animal and plant resources, complex plant species and high diversity.
[image: Figure 1]FIGURE 1 | Overview of the study area (where the map of China on the left is a standard map, downloaded from the Standard Map Service System of the Ministry of Natural Resources, PRC, http://bzdt.ch.mnr.gov.cn/index.html).
2.1.2 Development and utilization status
SMTNWP is an important wetland and lake ecosystem in the inland regions of Shandong Province, and is one of the top ten key ecological function protection areas in Shandong Province. The park features reed marshes and lotus ponds, and along with rich cultural relics such as the Five Sages Temple, Xu Ye Bookstore, Iceberg Site, Huicheng Site, Lulian Well, and Jinqiu Pavilion in SMTNWP. The unique natural landscapes contribute to diverse cultural landscapes and folk characteristics. SMTNWP focuses on the protection and restoration of wetland ecosystems and biological habitats, adhering to the fundamental principles of “protection priority, scientific restoration, rational utilization, and sustainable development.” It carries out construction projects such as protection engineering, restoration engineering, promotion, education and scientific Research, infrastructure and service facilities, fully tapping into the natural and cultural landscape of SMTNWP, developing wetland ecological and cultural tourism, and attracting numerous tourists during its operation. In August 2015, SMTNWP became a member of the Yellow River Basin Wetland Protection Network. Currently, SMTNWP has been designated as the national wetland park, the national agricultural tourism demonstration site, the national water conservancy scenic area, the national ecological civilization demonstration area, the provincial-level scenic spot, the provincial-level geological park, and one of the first excellent cases of “Beautiful Rivers and Lakes” in China.
2.1.3 Spatial pattern of ecosystem
The ecosystem of SMTNWP encompasses grassland, forest land, wetland, and other types (see Figure 2; Table 1), among which the wetland ecosystem accounts for the largest proportion, with an area of 836.39 hm2, which represents over 80% of the total area, and the inland mudflat and ponds account for a large proportion, forming an important wetland lake ecosystem. The forest ecosystem is mainly distributed in the northwest of the park, while the grassland ecosystem is mainly distributed in the southwest of the park, with sporadic distribution in the northeast. SMTNWP plays an important role in conserving regional water sources, purifying water quality, regulating regional microclimates, protecting regional ecological stability, and diluting atmospheric pollutants, in addition, it also attracts many tourists to relax, playing important natural, ecological, and social functions. Consequently, the rich and diverse ecosystem within the park provides a wide range of ecosystem services, including conservation of water sources, pollutant purification, carbon dioxide fixation and oxygen release, soil conservation, temperature regulation, flood regulation and storage, leisure and recreation, playing a significant role in ecosystem services and generating substantial potential ESV.
[image: Figure 2]FIGURE 2 | Spatial pattern of ecosystem in SMTNWP.
TABLE 1 | Statistics of spatial pattern of ecosystem in SMTNWP.
[image: Table 1]2.2 Data and sources
Land use data, including ecosystem spatial pattern data, are from the Natural Resources and Planning Bureau of Zibo City and the Natural Resources and Planning Bureau of Huantai County.
Meteorological data, including annual precipitation, monthly precipitation, temperature and rainstorm in the region, are from Meteorological Bureau of Huantai County, Statistics Bureau of Huantai County, National Climate Data Center (NCDC), Shandong Mata Lake Wetland Conservation Center, Shandong Mata Lake Tourism Development Co., Ltd., etc.
Field investigation data, including crown density, average depth of reservoirs, slope, expenditure on educational activities, number of tourists, ticket revenue, number of park employees and salary levels, are obtained from field research and interviews with the Shandong Mata Lake Wetland Conservation Center and Shandong Mata Lake Tourism Development Co., Ltd.
Data selected for biophysical value evaluation parameters, including pollutant purification model, carbon fixation mechanism model, oxygen release mechanism model, water quantity balance method, flood regulation and storage model, and Revised Universal Soil Loss Equation (RUSLE) used in biophysical value evaluation. The above models and methods required data including purification amount per unit area of various atmospheric and water pollutants by different ecosystems, carbon fixation rate of ecosystems, surface runoff coefficient of various ecosystems, daily rainstorm standard, rainstorm runoff regression equation of different ecosystems, soil erodibility factor and other relevant parameters. The values for these parameters are derived from the GEP accounting regulations and guidelines issued by China’s national and local governments, such as the “the Standard for the GEP Accounting (Trial),” “the Technical Specification for Gross Ecosystem Product (GEP) Accounting of Shandong Province of Terrestrial Ecosystem (Trial),” “the Technical Guidelines for the Accounting of Gross Ecosystem Product (GEP) of Terrestrial Ecosystems,” “the Guidelines for Soil Loss Calculation of Production and Construction Projects (SL773-2018),” and relevant literature.
Data selected for monetary value accounting parameters, including the values of pollutant treatment costs required for partial value accounting, carbon dioxide market prices, industrial oxygen production prices, reservoir unit capacity engineering costs, reservoir unit dredging engineering costs, sediment deposition coefficient, soil bulk density, and conversion coefficients for soil conservation nutrients (nitrogen, phosphorus, potassium) to urea, superphosphate, potassium chloride, etc. refer to relevant regulations such as “the Technical Guidelines for the Accounting of Gross Ecosystem Product (GEP) of Terrestrial Ecosystems” and literature.
Other data, including socio-economic data, major soil types, local electricity prices, prices of fertilizers such as urea, superphosphate, and potassium chloride, and prices of organic fertilizers, are primarily sourced from the Statistical Yearbook of Zibo City, Statistical Yearbook of Huantai County, Statistics Bureau of Huantai County, and the official website of Huantai County People’s Government (http://www.huantai.gov.cn/art/2015/8/19/art_4883_928665.htm), State Grid Shandong Electric Power Company Huantai County Power Supply Company, and the website of China Report Hall (https://www.chinabgao.com/).
3 RESEARCH METHODS
3.1 GEP accounting approach
Firstly, determine the scope of the evaluation area and the ecosystem pattern, clarify the accounting principles, define the value connotation, construct the indicator system, and collect and organize data. The spatial scope for GEP accounting of the study is defined as SMTNWP, which encompasses an evaluation area of 1,021.78 hm2 comprising ecosystems such as grasslands, forests, and wetlands. According to the needs of accounting, determine the accounting principles, define the timing and period of the calculated value, and clarify the connotation of the calculated value. Construct the accounting indicator system, and determine accounting subjects from the aspects of regulation function, and social and cultural function. Collect the necessary data for research in order to select appropriate localization accounting parameters.
Then, determine the methods for biophysical and monetary value evaluation. Select reasonable biophysical value accounting methods and parameters, and use models and methods including statistical survey methods, pollutant purification models, carbon dioxide fixation and oxygen release mechanism models, heat absorption models, water quantity balance methods, flood regulation and storage model, and RUSLE to evaluate the biophysical value of ecosystem products and services. Then, select reasonable value accounting methods and parameters, and use ecological economic evaluation methods such as replacement cost method, value transfer method, market value method, and shadow project method to account for the monetary value of ecosystem products and services.
Finally, calculate the GEP of SMTNWP. Calculate the biophysical value of ecosystem products and services of SMTNWP, and then calculate the monetary value based on the biophysical value accounting results, and analyze the calculation results.
The GEP accounting approach of SMTNWP is shown in Figure 3.
[image: Figure 3]FIGURE 3 | GEP accounting approach of SMTNWP.
3.2 Construction of accounting indicator system
National wetland parks, wetland nature reserves, protected communities, wetland wildlife habitats, and wetland multi-purpose management areas jointly constitute the wetland protection and management system. Different from the general meaning of protected areas, national wetland parks refer to wetland areas with wetland landscapes as the main body, wetland ecosystem protection and restoration as the core, and taking into account promotion, education and scientific research, ecological tourism and other activities of wetland ecosystem, and they contain certain cultural and aesthetic values and are artificially protected and managed, so their connotation is richer than that of general protected areas. As a result, national wetland parks not only provide supply and regulation value for wetland ecosystems, but also offer cultural values such as leisure and recreation, and promotion, education and scientific research. Additionally, the operation, maintenance and management of national wetland parks can also provide employment opportunities and generate certain social value.
SMTNWP has geological and geomorphological relics such as lakes, swamps, gullies, and hilly areas, as well as various natural ecological landscapes such as hydrology, celestial phenomena, reed marshes, lotus ponds, and bird habitats. The natural landscape is unique, the biodiversity is rich, and it has the charm of fishermen and historical and cultural relics. It integrates natural scenery, water landscape, historical sites, architectural sites, and water town charm. Therefore, it has important regulation, and social and cultural functions. Considering that SMTNWP is currently a profitable ecotourism park with limited material resources, the supply service function is not currently being considered.
On the basis of the systematic review of more than 10 GEP accounting technical specifications and guidelines issued in China and various cities both within and outside Shandong Province, this study follows the principles of objectivity, scientificity, practicability, systemization, step by step, based on exchange value, openness, etc., and comprehensively considers the consensus degree of accounting subjects to construct the GEP accounting index system of SMTNWP (see Figure 4). Due to SMTNWP being a wetland park, mainly consisting of grasslands, forests, and wetlands, ecological functions closely related to grasslands, forests, and wetlands were selected as the secondary accounting subjects for regulation functions. Considering that SMTNWP has carried out promotion, education and scientific research, and eco-tourism activities related to wetland ecosystems, providing certain employment opportunities, so the leisure and recreation indicators, etc., have been selected as the corresponding secondary accounting subjects for social and cultural functions. The final accounting index system consists of two first-level subjects of regulation function, and Social and cultural function, and 11 second-level subjects such as water purification, air purification, etc. The index system aims to reflect the real, specific and relatively stable value of the functional attributes of each ecosystem in the study area, and defines the connotation of each second-level accounting subject (see Table 2).
[image: Figure 4]FIGURE 4 | GEP accounting index system of SMTNWP.
TABLE 2 | Definition of GEP accounting subject connotations based on human wellbeing of SMTNWP.
[image: Table 2]3.3 Determination of biophysical and monetary value accounting indicators
Based on the construction of first-level and second-level subjects, clarify the biophysical and monetary value accounting indicators and their units for GEP accounting of SMTNWP (see Table 3).
TABLE 3 | Biophysical and monetary value accounting indicators and units of SMTNWP’s GEP.
[image: Table 3]4 ACCOUNTING METHODS AND RESULT ANALYSIS
4.1 Accounting methods
4.1.1 Definition of GEP connotation
In the study, the GEP accounting period of SMTNWP is 2021, with a cycle of 1 year. The GEP connotation refers to the total value of various final products and services provided by various ecosystems within SMTNWP for human wellbeing and sustainable economic and social development in 2021, including the monetary value of natural elements and final services provided by various ecosystems such as grasslands, forests, and wetlands in the region related to their regulatory and socio-cultural functions. The GEP accounting process involves both biophysical and monetary value assessments.
4.1.2 Biophysical value accounting methods
4.1.2.1 Biophysical value of regulation function accounting methods
The wetland ecosystem area of SMTNWP comprises more than 80% of the total park area, and can play a role in adsorbing, degrading, and converting water pollutants such as COD, total nitrogen, and total phosphorus. This study calculates the water purification capacity of the ecosystem to characterize the amount of pollutants purified by the wetland ecosystem.
The ecosystems of SMTNWP, including grassland, forest, and wetland comprise nearly 90% of the entire park, and can absorb, filter, block, decompose, and reduce atmospheric pollutants such as SO2, NO2, and dust, playing a role in air purification. This study calculates the air purification capacity of ecosystems to characterize the amount of pollutants purified by ecosystems.
The ecosystems of SMTNWP, including forest, grassland, and wetland utilize photosynthesis to absorb carbon dioxide and mitigate greenhouse effects. This study quantifies the total amount of carbon dioxide fixation through the carbon sequestration mechanism model.
Plant photosynthesis facilitates the release of 1 mol of O2 for every 1 mol of CO2 absorbed. SMTNWP is abundant in plant resources, enabling significant oxygen release, which is beneficial for maintaining the stability of oxygen in the atmosphere and improving the living environment. This study calculates total amount of oxygen supply through the oxygen release mechanism model.
The ecosystems of SMTNWP, including forest and grassland absorb solar energy through transpiration and evaporation to regulate temperature and improve living environment comfort. This study calculates the total heat absorbed by ecosystems through the heat absorption model.
The ecosystems of SMTNWP, including forest, grassland, and wetland can conserve soil moisture, regulate rainstorm runoff, supplement groundwater, supplement water resources, and play the role of water conservation. This study uses the water quantity balance method and flood regulation model to separately calculate the flood regulation and storage capacity of vegetation, reservoirs, and rivers and lakes.
The forests and grasslands of SMTNWP can reduce soil erosion and sediment deposition through the role of ecosystems, while maintaining soil nutrients and playing a role in soil conservation. This study uses the RUSLE method to calculate biophysical value of soil conservation function.
The accounting methods of the biophysical value of regulation functions are shown in Supplementary Table S1.
4.1.2.2 Biophysical value of social and cultural function accounting methods
.4.1.2.2.1 Biophysical value accounting of leisure and recreation function
SMTNWP not only boasts a unique ecological and geographical environment, but also possesses a rich historical and cultural heritage, wetland landscapes, and cultural resources. According to surveys, there are more than 2,100 boat lanes of various sizes in the lake area of the park, interconnected both vertically and horizontally, forming a complex network. There are 30 bridges of different shapes and colors, 7 pavilions, 5 islands in the lake, 16 docks, and 10 boardwalks. The ecological and cultural landscapes have attracted many tourists to visit and have certain leisure and recreational functions. This study uses the total number of leisure and recreation people in the accounting year, namely the park pedestrian flow (ESQ9), as the biophysical value accounting indicator of leisure and recreation function, and it was about 740,000 people in the year 2021.
.4.1.2.2.2 Biophysical value accounting of promotion, education and scientific research function
SMTNWP has also carried out multiple publicity and popularization activities on wetland functions and values for the public, providing a comprehensive knowledge research and practical platform for wetland ecology for college students, and has certain promotion, education and scientific research functions.
.4.1.2.2.3 Biophysical value accounting of employment promotion function
SMTNWP provides employment opportunities for surrounding residents through its daily management and operation process, and thereby promoting local employment. This study employs the number of social laborers engaged in related work of the wetland park throughout the accounting year (ESQ11) as biophysical value accounting indicator of employment promotion function. In 2021, there were 67 social laborers engaged in related work of the wetland park.
The above data related to the biophysical value accounting of social and cultural function are all collected from on-site data by the Shandong Mata Lake Wetland Conservation Center and Shandong Mata Lake Tourism Development Co., Ltd.
4.1.3 Monetary value accounting methods
Based on biophysical value accounting, ecological economics methods, including replacement cost method, value transfer method, market value method, and shadow project method are employed to assess the monetary value of the regulation function, and statistical survey method, travel expense method, and other methods are used to calculate the monetary value of social and cultural function (see Supplementary Table S2).
4.2 Analysis of accounting results
4.2.1 Comprehensive analysis of GEP total value
The monetary value accounting for was conducted based on the biophysical value accounting of various ecological functions of SMTNWP in 2021, and subsequently, the proportion of the value of each second-level subject to the total GEP value was calculated (see Table 4). It is evident that in 2021, SMTNWP fully realized its regulation and socio-cultural functions of ecosystem products, with a total GEP of CNY 74.8317 million and a unit area GEP of 73,200 CNY/hm2. Specifically, the value of regulation function, and social and cultural function were CNY 58.1188 and 16.7129 million, respectively.
TABLE 4 | Biophysical and monetary value accounting results of various ecosystem products in SMTNWP.
[image: Table 4]The ranking of the value of first-level subjects in GEP accounting is as follows: regulation function > social and cultural function. The ranking of the value of second-level subjects in GEP accounting is as follows: flood regulation and storage > conservation of water sources > leisure and recreation > water purification > employment promotion > promotion, education, and scientific research > release of oxygen > soil conservation > air purification > temperature regulation > carbon dioxide fixation. From the perspective of some lowest-level indicators, in terms of water purification function, the ranking of the value is as follows: the purification of COD > the purification of total nitrogen > the purification of total phosphorus water pollutants; in terms of air purification function, the ranking of the value is as follows: the purification of SO2 > the purification of dust > the purification of NO2; in terms of soil conservation function, the ranking of the value is as follows: the maintaining of soil fertility > the reducing of sediment deposition.
Overall, the flood regulation and storage function holds the highest value, accounting for nearly 50%; the values of conservation of water sources, and leisure and recreation are both relatively high, each exceeding 10% of the total; the values of promotion, education and scientific research, release of oxygen, and soil conservation are average, with significant room for improvement; the values of air purification, temperature regulation, and carbon dioxide fixation are relatively low, offering the greatest potential for exploration.
In recent years, SMTNWP has intensified its investment in technology and engineering. By implementing water system connectivity projects, dredging of the river channel, and seasonal diversion of the Yellow River project, the water use of wetlands in the park have been effectively regulated, ensuring abundant water supply throughout the year and enhancing the function of the conservation of water sources. By implementing sewage control and interception projects, and the artificial wetland project such as artificial wetlands at the entrance of Zhulong River and Wuhe River, and based on the existing natural wetlands, the SMTNWP has aimed to improve the biodiversity and system stability of the wetland ecosystem through ecological restoration or moderate artificial reinforcement measures, enhance the level of water purification function, and sewage has been turned into “treasures.” The projects not only ensured the daily supply of water to the wetlands in the park, but also improved water quality and enhanced the water resources situation. In addition, the constructions of vegetation restoration projects and bird habitat improvement projects have made the regional microclimate in the park increasingly prominent, and the temperature regulation function has become more prominent. The increase in the number of wild animals and plants, particularly bird populations, has not only created a high-quality environment for their growth and reproduction, but also transformed the park into a wintering ground and migration hub for various bird species.
“The Overall Plan of Shandong Mata Lake National Wetland Park” proposes to carry out the construction of wetland promotion, education and exhibition facilities and activities, to show the natural landscape, cultural landscape, wetland culture, and wetland functions of SMTNWP to the public. The plan includes constructing the Mata Lake Wetland Experience Hall, Reed Sculpture Garden, Artificial Wetland Water Purification Exhibition Area, Wetland Resources Exhibition Area, Bird Watching Pavilion and other facilities. The construction of these facilities will not only promote wetland education, but also attract more tourists to come and watch, enhancing the value of leisure, and recreation, and promotion, education and scientific research. At present, SMTNWP is conducting scientific research cooperation with some universities in Shandong Province. The university research teams has taken SMTNWP as the study area to investigate and study wetland soil, hydrology, water quality, wildlife and plants, aquatic organisms, and other wetland resources. Researches on the planting of aquatic plants in artificial wetlands is carried out, and plans are proposed to establish wetland water quality monitoring points, plant observation points, bird observation points, management centers, comprehensive monitoring rooms, research centers, etc. The above constructions of wetland monitoring facilities are conducive to enhancing the value of promotion, education and scientific research.
It is evident that after years of implementing a series of wetland protection, restoration technologies and engineering measures in the park, as well as investing in publicity, education, scientific research and service facilities projects, the ecosystem functions and ecological environment of SMTNWP have been significantly optimized. The value of social and cultural function, including leisure and recreation, promotion, education and scientific research, and employment promotion has also been fully demonstrated, and especially the value of regulating ecosystem products has been fully realized. Due to the decrease in the number of tourism and employment during the COVID-19 epidemic in 2021, the value of social and cultural function accounting is not high. Wetland protection and economic development need to be coordinated. The development of tourism formats and the increase in the number of tourists will bring challenges to wetland ecosystem protection and rational utilization of wetland resources. Balancing economic and social development and sustainable utilization of wetlands, and balancing regulation function and enhancement of social and cultural function value represented by leisure and recreation function are of great significance to promote the GEP enhancement and value realization of SMTNWP.
4.2.2 Analysis of each GEP value component
4.2.2.1 Analysis of regulation function value
The value of SMTNWP’s regulation function ecosystem products is CNY 58.1188 million, accounting for 84.91% of the total GEP. The main value components are values of flood regulation and storage, and conservation of water sources, which are CNY 36.6768 million and 12.1014 million, respectively, accounting for 49.01% and 16.17% of the total GEP. The wetland ecosystem of the park covers an area of 836.39 hm2, accounting for more than 80%. There are also grassland, woodland and other types of ecosystems, which rely on its unique hydrological and physical properties, the park absorbs and accumulates precipitation during rainstorm, mitigating potential flood peak losses, and can also regulate storm runoff, reduce flood peak, mitigate flood hazards, conserve water and increase available water resources. At the same time, ecosystems such as forests and grasslands also account for a large proportion in SMTNWP, and they rely on the structure and processes of the canopy layer, litter layer, root system, and soil layer to intercept and store precipitation, enhance soil infiltration and accumulation, conserve soil moisture, supplement groundwater, fully regulate surface runoff and river discharge, play the function of accumulation and redistribution of precipitation, and also alleviate the threat and loss caused by flood peaks during the flood season, reduce flood hazards, and effectively play the ecological regulatory role of precipitation accumulation and redistribution. In addition, the abundant water resources of SMTNWP enable the full adsorption, degradation, biological absorption or transformation of water pollutants such as COD, total nitrogen, and total phosphorus, reducing pollutant concentrations and purifying the water environment, playing an important role in water quality purification, especially in purifying COD. Therefore, the value of COD purification is also significant.
However, other ecosystem products of regulation function such as air purification, carbon sequestration, oxygen release, temperature regulation, and soil conservation have also improved local microclimates, optimized the air environment, and enhanced the comfort of the park environment. However, the value of their ecosystem products is not relatively high, and their effectiveness requires further enhancement. Affected by factors such as increased use of fertilizers and pesticides on surrounding farmland and increased human activities in cities, the water quality and ecological environment of SMTNWP need to be protected, and pollution control should be the key focus. Otherwise, it will affect the enhancement of the functional values such as air purification, carbon dioxide sequestration, and release of oxygen.
4.2.2.2 Analysis of social and cultural function value
The value of social and cultural ecosystem products is CNY 16.7129 million, accounting for 15.09% of the total. The primary components are the values of leisure and recreation, and employment promotion, which are CNY 9.6873 million and 5.36 million respectively, representing 12.95% and 7.16% of the total GEP. Leisure and recreation are important cultural and ecosystem products of SMTNWP. The SMTNWP boasts a unique ecological environment, advantageous geographical location, and a rich historical and cultural heritage, featuring diverse wetland landscapes and cultural resources. There are numerous boat lanes of different sizes in the lakes of the park, connected vertically and horizontally, interweaving into a network. There are also bridges, pavilions, islands in the lake, docks, and boardwalks of various shapes and colors, with “Jiangnan in the North” as the tourism feature. The lake water in the park is rippling with blue waves, and plant landscapes such as reed marshes, lotus ponds, roadside lotus trees, and willows are distributed, and the poetic and wild charm is strong, and the rich cultural relics such as the Five Sages Temple, Xu Ye Bookstore, and Iceberg Site in the park enhance the cultural heritage. Ecotourism is conducted with a focus on natural ecology and regional cultural characteristics. Adhering to the principles of environmental protection and sustainable development. While ensuring ecological benefits, it also creates huge economic benefits and plays a significant role in value generation. In addition, SMTNWP is operated and managed by Shandong Mata Lake Tourism Development Co., Ltd., providing employment opportunities such as promotion, planning and tourism service management for surrounding residents, increasing employment opportunities for residents, maintaining social stability, and playing a certain social function. However, affected by the COVID-19 in the year 2021, the number of tourists and employees has decreased, the value of ecosystem products for leisure and recreation, and employment promotion was relatively low, and the value of social and cultural function still have greater room for improvement.
SMTNWP has also played a notable role in promotion, education and scientific research value, actively distributing promotional materials, setting up exhibition boards, carrying out publicity activities such as World Wetland Day, World Wildlife Day, and laws related to wetland conservation, conducting research activities related to water resources protection, organizing publicity activities such as the Wetland Photography Competition, Knowledge Competition of SMTNWP, and Style Painting and Calligraphy Exhibition, which have been reported by mainstream media multiple times. SMTNWP has actively provided publicity and science popularization lectures on wetland functions and values to the public, while also invested in the development and construction of a wetland experience hall, which is open to the public, aiming to promote wetland functions and wetland protection knowledge. Additionally, Shandong Mata Lake Tourism Development Co., Ltd. has collaborated with two universities to provide social practice, curriculum practice, and research platforms for university students, supporting teaching and research activities, and playing a crucial role in scientific research. However, the implementation of wetland science popularization and education activities and the fulfillment of wetland park social responsibility require a certain period. It is understood that the number of educational activities currently carried out in SMTNWP are still relatively small, and there is a relative lack of professional activity planning and wetland protection personnel. The facilities and equipment for wetland monitoring and protection are not advanced enough. Therefore, the value of promotion, education and scientific research is only 1.6656 million yuan, indicating significant potential for further exploration and improvement.
5 DISCUSSION AND CONCLUSION
5.1 Discussion
5.1.1 Study value
In the context of the current government performance evaluation model, which primarily focuses on GDP as the core indicator, the introduction of GEP accounting adds a critical layer of insurance for local ecological protection, evaluates the contribution of natural ecosystems to human wellbeing, improve the evaluation system of composite ecosystems including the aspects of social, economic, and natural, and help decision-makers recognize the monetary value and importance of ecosystem products. GEP accounting provides essential references for government asset management, enabling local governments to seek economic development from the perspective of harmonious coexistence between humans and nature, transforms the erroneous behaviors of neglecting any aspect in economic development and ecological protection, and makes GEP accounting results a hard constraint and direction guide for government decision-making. It transforms the “GDP only” performance view, achieving balanced accounting, operation, and dual improvement of GDP and GEP. China is constantly improving the value accounting scheme of ecosystem products, promoting the realization of the value of ecosystem products, and taking the development path of ecological protection and economic development that complement each other, and the behaviors are all beneficial explorations of ecological civilization construction, and important practices of implementing the concept of green development, promoting high-quality development, and can help to realize Chinese modernization.
National wetland parks in China serve as key specific geographical units for natural resource protection and ecological security, providing robust ecosystem products and services for economic and social development, and containing enormous value of ecosystem products. In the conservation practice of national wetland parks, faced with the trade-off between the interests of resource development and construction, and park production and operation, it is necessary to transform the human wellbeing of national wetland parks into quantifiable and visualized monetary values, and to fully understand the potential value of wetland parks for ecological conservation and socioeconomic development. GEP accounting at the scale of national wetland parks is a fundamental component of the value realization mechanism for ecosystem products. It is imperative to conduct accounting studies, develop an evaluation index system, clarify accounting process standards and parameter selection, and enhance the application of value accounting results. Efforts should be made to integrate accounting results into the evaluation system of national wetland park contributions and performance, promote accounting results into planning, projects, decision-making, and policies, provide a basis for government green performance and ecological protection effectiveness assessment, and promote the overall value realization of ecosystem products through the value realization of national wetland parks’ ecosystem products.
5.1.2 Study characteristics
This study aims to address the practical needs of GEP accounting at the specific regional unit scale of national wetland parks, as well as the relatively weak status of related studies. By constructing the GEP accounting index system of SMTNWP and using ecological economics methods to account for the monetary value based on biophysical value accounting, the GEP of SMTNWP has been calculated. Prior to GEP accounting, this study considered the provision of educational facilities and promotional activities in the development, construction, and daily operation of national wetland parks, and incorporated the value of promotion, education and scientific research into the GEP accounting indicator system. Given that the management and operation of wetland parks require social labor engaged in related work, providing certain employment opportunities and exerting certain social value, the employment promotion value has been included in the GEP accounting indicator system. In the process of GEP accounting, giving the characteristics of specific regional unit scale of the study area, utilizing small-scale statistical data and monitoring data obtained from field investigations, combining with accurate land use data provided by relevant government departments, this study has scientifically selected evaluation models and methods to form the GEP accounting parameter database of SMTNWP by referring to several GEP accounting procedures and guidelines issued at the national and local levels in China, and relevant researches at home and abroad, and efforts have been made to achieve scientific GEP accounting as much as possible.
5.1.3 Study suggestions
The GEP accounting results indicate that after years of development, construction, and specialized management, SMTNWP has achieved significant progress in ecological security, ecological tourism development, park operation and management, publicity and market promotion, and the values of regulation and socio-cultural functions are relatively high. In the future, it is recommended to continue to strengthen professional, scientific, and standardized operation and management, strengthen supervision of park operation companies’ activities related to wetland park construction and management, ensure that SMTNWP enhances and fully utilizes its ecological functions on the basis of water quality safety and ecological safety, prevent the value of ecosystem products from decreasing, and promote the improvement of SMTNWP’s ecosystem product values, such as air purification, temperature regulation, and carbon dioxide fixation. Additionally, the brand value and comprehensive benefits of national wetland parks should be enhanced, and teaching and research academic exchange platforms should be established to continuously improve their value of promotion, education and scientific research. It is necessary to ensure the protection and benign utilization of wetland parks, guarantee the virtuous cycle and sustainable development of their ecological functions, to achieve the unity of ecological, social and economic benefits, and a favorable situation of coordinated and win-win protection and development.
The goal of conducting GEP accounting for national wetland parks is to establish a mechanism for realizing the value of ecosystem products of national wetland parks. Propose the following policy recommendations to promote the realization of ESV for national wetland parks. Firstly, clarify the wetland ecosystem product system and accurately evaluate the ESV of various ecosystem functions. National wetland parks should have a clear understanding of the ecological resources, gradually form a list and database of ecosystem products, accurately calculate the GEP level, clarify the ownership, utilization, and contracted management rights of ecological resources on the premise of protecting ecological functions, free up management rights, vigorously develop ecological industries, such as weaving reeds, grass, wood, willows, and cattails within the wetland area into various storage products and decorative items, gradually forming an ecological industry chain, and promoting the green transformation of the industry. Secondly, innovate the ecological compensation and trading modes of wetland carbon sinks based on the value of wetland carbon dioxide sequestration and oxygen release functions. Establish a diversified ecological protection and restoration investment mechanism, coordinate wetland resources within the region, utilize wetland parks for “wetland carbon dioxide sequestration,” unify storage and collection through the “Two Mountains Bank,” build a wetland carbon trading platform, and encourage market entities to actively participate in the purchase of carbon dioxide sequestration indicators. Thirdly, encourage multi-party participation in the operation and management of national wetland parks, and improve the market operation mechanism. Under the main responsibility of the government to build the national wetland parks, enterprises and other social capital should be properly introduced to create franchised ecological products, and multiple entities should participate in the operation, investment, development and construction, so as to jointly build and share the value of ecosystem products, support the surrounding residents to actively participate in the operation and management of the wetland park tourism industry, and promote the realization of the common prosperity goal. Fourthly, actively develop and broaden the new tourism formats of the wetland parks. Relying on the natural and cultural landscape of wetlands, develop wetland ecological culture tourism, improve infrastructure, layout wetland related tourist attractions, plan tourist routes, actively carry out wetland ecological protection science popularization and public welfare activities, promote the value transformation and appreciation of ecosystem products, and guard against tourism damaging the ecological environment around the wetland parks. Fifthly, strengthen the construction of wetland related research platforms. Forming think tank resources in the fields of ecological function enhancement, GEP accounting, ecological protection and restoration management, realization and appreciation of the ESV, and development and utilization of ecological resources for wetland parks.
5.1.4 Study prospects
SMTNWP, as a special regional unit, differs from a complete administrative unit. In terms of obtaining localized parameters, SMTNWP lacks relevant small-scale statistical yearbook data for direct reference, which makes the calculation relatively challenging. For example, data such as the number of lake water changes, the average content of nitrogen, phosphorus, potassium, and organic matter in soil are difficult to collect and investigate in the field. The selection of universal parameters will affect the accuracy of accounting results and increase the uncertainty of accounting results. In this study, the GEP accounting index system was established according to the characteristics of the study area and the collection of data. However, SMTNWP is not limited to the GEP accounting subjects quantified in this study, for example, in the accounting process, the quantification and expression of characteristic cultural services and products have not fully been considered, especially in terms of the more scientific and accurate quantification methods for social and cultural functional values such as promotion, education, and scientific research, and employment promotion, and the pertinence of the accounting results needs to be improved. Therefore, in the future, in-depth studies will be strengthened in the selection of accounting indicators and precision determination of parameters, and according to the characteristics of the study area, accounting subjects that can reflect the characteristics of ecosystem products will be selected to achieve the comprehensive GEP characteristic expression of specific regional units; various models, methods and parameters should be applied to conduct GEP accounting, and the optimal models, methods and parameters should be screened to achieve accurate GEP accounting for specific regional units, and the GEP accounting results for different years will be timely updated, the accounting results will be compared to analyze the temporal evolution characteristics of GEP for specific regional units.
5.2 Conclusion
This study selected SMTNWP as the research area, analyzed the spatial pattern of ecosystems, constructed the GEP accounting index system that included regulation, and social and cultural functions, determined biophysical and monetary value accounting indicators, methods and models, and used ecological economics related methods to calculate the total GEP of SMTNWP in the year 2021 as CNY 74.8317 million and a unit area GEP of 73,200 CNY/hm2. A comprehensive analysis of the total GEP value and each GEP value component was conducted. The study aims to provide support and references for the construction of unified accounting subjects and systems for similar ecosystems and national wetland parks, and provide theoretical basis for quantifying the human wellbeing of national wetland parks, better utilizing the overall ecosystem value of wetlands, helping to realize the value of ecosystem products, and further promoting the transformation of ecological value and economic benefits, and the following conclusions were drawn:
(1) In terms of ecosystem spatial pattern, the SMTNWP encompasses grassland, forest land, and wetlands, with wetlands constituting the predominant type, covering more than 80% of the park’s total area. Wetland and lake ecosystems play an important role in conserving water sources, purifying water quality, regulating regional microclimates, protecting regional ecological stability, and diluting atmospheric pollutants.
(2) In terms of constructing the GEP accounting indicator system and its results, the system comprises 2 first-level subjects, including regulation function, and social and cultural function, and 11 second-level subjects such as water purification and air purification. Based on biophysical value accounting, ecological economics methods are used to calculate the monetary value. Overall, the flood regulation and storage function holds the highest value, followed by water conservation and leisure and recreation, which have relatively high values., the values of promotion, education and scientific research, release of oxygen, and soil conservation are all average, while those for air purification, temperature regulation, and carbon dioxide fixation are relatively low.
(3) In terms of regulation function value, due to the natural background ecological conditions of SMTNWP and the construction of wetland protection and restoration engineering measures in the later stage, the value of ecosystem products related to park regulation functions is high, which is the core part of ecosystem product supply. Due to the extensive coverage of the wetland ecosystem in SMTNWP, the values of flood regulation, and conservation of water sources account for more than 60% of the total. The value of the ecological function that the wetland plays the major role is relatively high, which fully reflects that the wetland ecosystem, as a “natural sponge” and “kidney of the earth,” plays an important role in accumulating and redistributing precipitation, absorbing and storing precipitation, regulating rainstorm runoff, reducing flood peaks, conserving water sources, and improving water quality.
(4) In terms of social and cultural functional value, leisure and recreation, and employment promotion values are the main components of SMTNWP’s social and cultural ecosystem product value. Since the park’s development and construction, Shandong Mata Lake Wetland Conservation Center and Shandong Mata Lake Tourism Development Co., Ltd. have actively developed cultural tourism while ensuring ecological stability. On the basis of protecting and restoring the wetland ecosystem of the park, they have fully explored the natural and cultural landscapes, developed ecological and cultural tourism of the wetland, carried out wetland park sightseeing experience activities, provided certain employment opportunities, and generated substantial ecological and social benefits.
(5) In terms of future GEP improvement, among SMTNWP’s regulating ecosystem products, the values of air purification, temperature regulation, and carbon dioxide fixation functions are relatively low and have the greatest potential for exploration. There is significant room for improvement in the value of promotion, education and scientific research of social and cultural ecosystem products. Relevant wetland management departments should continue to implement wetland protection, restoration technologies and engineering measures, continuously improve the ecosystem and ecological environment of the park, enhance the comfort of the environment, and promote the value improvement of air purification, temperature regulation, and carbon dioxide fixation. Simultaneously, these departments can accelerate the scientific research work related to the wetland ecosystem of the park, actively build the platform for scientific research and academic exchanges, strengthen cooperation with relevant colleges and social groups, continue to carry out investigation and monitoring of wetland resources, make full utilization of wetland investigation and monitoring results to guide the protection, management and operation of the park, thereby promoting the continuous improvement of the value of SMTNWP’s promotion, education and scientific research functions.
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The implementation of Chinese policies promoting fuel ethanol has significantly influenced the land use structure, water resources, and soil environment in ethanol raw material planting areas. This paper focuses on the Hulan River Basin, a benchmark region for maize cultivation, to investigate the specific crop allocation issues in relation to the impact of land use changes on water quality. The study projects an environmentally and economically sustainable structure for the cultivation of fuel ethanol raw materials using the CLUE-S model and multiple linear programming. Additionally, the carbon sequestration potential is assessed under different scenarios. Throughout the study period, the net ecosystem productivity (NEP) in the Hulan River Basin demonstrated variability, evidenced by a decrease of 33.96 gC·m−2·a−1 from 2010 to 2015 and a subsequent augmentation of 55.64 gC·m−2·a−1 from 2015 to 2020. Furthermore, the three scenarios (Grain Crop Priority Policy, Fuel Ethanol Crop Priority Policy, and Carbon Storage Priority Policy) effectively addressed the requirements for land use/cover types and enhanced carbon sequestration within the study area. Consequently, the outcomes provide a conceptual foundation for regional policymakers, providing insights into the refinement of land use within ethanol crop zones and fostering the advancement of the fuel ethanol industry, thus undergirding prospective land use strategies and refinement from the water, energy, food, and carbon perspectives.
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HIGHLIGHTS

• The variation in crop water demand within the Hulan River Basin is relatively small, indicating a limited disparity in water requirements among different agricultural crops.
• The carbon sink exhibits distinct seasonal fluctuations, with the winter season experiencing a comparatively lower level.
• The scenario simulation not only reduces regional non-point source pollution and increases water storage capacity but also enhances the regional carbon sink, providing a theoretical basis for optimizing the structure of ethanol raw material cultivation.
1 INTRODUCTION
In September 2017, following approval from the State Council, a coalition of 15 ministries, including the National Development and Reform Commission, unveiled the “Plan for the Expansion of Biofuel Ethanol Manufacturing and the Advancement of Vehicle Ethanol Gasoline Use.” This plan emphasized the need for a robust expansion of advanced bioliquid fuels, such as cellulosic ethanol, to accommodate the market’s ongoing demand. The strategy also set ambitious targets to ensure that ethanol-blended gasoline is universally available for vehicles by 2020 and to scale up the production of cellulosic ethanol by 2025. The aim is to position the technology, equipment, and industry at the forefront globally while establishing a more comprehensive, market-driven operational framework. However, in 2017, China’s biofuel ethanol output was a modest 33.12 × 106 m3, representing just 3% of the global output. With an annual gasoline production surpassing 104 million tons, biofuel ethanol constituted a mere 2% of the total gasoline production (Mao et al., 2018). This indicates that the potential for biofuel ethanol growth in China is vast. Yet, the bioenergy policy’s backing could result in the preferential cultivation of energy crops like corn, cassava, and sugarcane, potentially impacting the planting areas for other crops and altering the internal structure of arable land. The extensive influence of human activities on land use has become a pivotal factor in the non-point source pollution of regional water environments. At present, China predominantly utilizes first-generation biofuel ethanol, predominantly derived from corn. Consequently, this study has chosen to focus on the corn cultivation base in Heilongjiang Province, China.
China, a nation with scarce water reserves, must prioritize the strategic planning and rational distribution of water resources to ensure sustainable agricultural water conservation (Yue et al., 2018). Research on agricultural water-saving in typical biological ethanol fuel planting areas should start with understanding the water requirement of crops. Evapotranspiration (ET) of plants refers to the total amount of water required by plants throughout their entire growth cycle (Wei et al., 2018). The water demand at different stages of crop growth is related to the transpiration and growth coefficient of crops, and the calculation of transpiration requires the Penman–Monteith formula (Schmidt and Zinkernagel, 2017). The growth coefficient is not only related to crop types, but it is also influenced by the geographical location of crops. Therefore, many studies have used remote sensing (Hassan et al., 2022) technology to study crop water demand on a large scale. In addition to the issue of agricultural water-saving, the control of agricultural non-point source pollution is also a current hot topic. Xu et al. (2022) pointed out that agricultural non-point source pollution is the most significant obstacle to the green development of agriculture and the ecological protection of planting areas. Agricultural non-point source pollution is characterized by significant randomness in its formation process, complex influencing factors, a wide distribution range, and a profound impact. The formation process is complex, and the mechanism is vague. Due to its long incubation period and significant harm (Chen and Fu, 2000), its pollutants can enter the water system from the soil through irrigation, resulting in excessive nitrogen and phosphorus content in rivers (Wang et al., 2019). In the field of agricultural non-point source pollution, research by He et al. (2022) has proved that the main pollutants of agricultural non-point source pollution are total nitrogen (TN) and total phosphorus (TP), which are also the main governance objects in the control of agricultural non-point source pollution. China’s growing population and urbanization highlight the need for sustainable management of water, energy, food, and carbon resources. A multi-objective optimization model incorporating carbon emissions and sequestration was developed to optimize crop structure and water allocation (Li et al., 2024; Wu et al., 2025). This model provides scientific support for regional green development and sustainable resource allocation strategies applicable to similar areas.
To achieve the two major goals of agricultural water-saving and non-point source pollution control mentioned above, it is necessary to optimize the allocation of land use. Land use/cover layout refers to the spatial distribution of different types of land use and is an important basis for spatial regulation in land use planning. A large amount of research has proven that changes in land use, especially in a short period of time, can greatly affect the ecosystem of a certain region, thereby changing the environmental level of the region (Ndegwa Mundia and Murayama, 2009). Therefore, analyzing the environment from the perspective of land use change is one of the mainstream entry points for the current large-scale regional environment (Wu et al., 2024). In order to better regulate various types of land use within the research area, mainstream researchers have used many software programs to assist (Zhang et al., 2013) in establishing data models to better evaluate watershed ecological issues from a macro perspective (Li and Zhang, 2019), including SWAT (Liu et al., 2014; Ahmed et al., 2022) and InVEST (Liang et al., 2017; Zhao et al., 2019). In this experiment, another small-scale land use change model (CLUE-S) is used, which offers the advantages of simple model principles and high accuracy. Many current studies have used this model (Peng et al., 2020; Liu and Wang, 2021; Zhao et al., 2019). Based on the CLUE-S model and combined with SPSS, a known study area is predicted and simulated using the method of multi-objective linear programming to obtain the optimal balance between ecological environment protection and economic development (Zhou et al., 2021; Su et al., 2024). This study calculates the water demand for the entire growth cycle of crops in typical fuel ethanol raw material crop planting areas. It analyzes the land use changes in the research area in recent years, combining social and economic factors such as policy restrictions and economic benefits, as well as natural factors such as geographical characteristics and crop characteristics, to find the optimal land use method that meets policy and environmental quality requirements. It provides a reference basis for the ecological environment protection and economic development of fuel ethanol crop planting areas in the future. The research content is mainly divided into the following three parts:
(1) Analysis of the water demand of main crops in the Harbin section of the Hulan River Basin.
(2) According to the policy requirements, hydrological constraints, environmental requirements, and social and economic benefits, objectives and constraints are established through multi-objective linear programming, and the carbon storage of various crops in the study area is quantified under different scenario assumptions to determine the optimal land use allocation in the study area.
(3) Using the CLUE-S model, the land use situation in 2015 is simulated based on the land use situation in 2010. When the Kappa coefficient verifies the effectiveness of the model simulation, the obtained optimal land use situation in the study area is substituted to obtain a visualized land use optimization design for the 2030 study area.
This study divides cultivated land into crop levels to provide a scientific basis and more detailed management suggestions for local agricultural land planning and soil management.
2 MATERIALS AND METHODS
2.1 Overview of the study area
The Harbin section of the Hulan River Basin is located in the middle of Heilongjiang Province, covering an area of 856 km2. The Hulan River is a tributary of the Songhua River and flows from northwest to southeast in the study area, with a total length of approximately 35 km. The region is located between 45°50′–46°10′ and between 126°15′–126°50′ (Figure 1) (Wang et al., 2021). The selected area is a typical maize-growing area. The wet season in Heilongjiang is from June to September; therefore, the main planting period for crops in this research area is from May to October. The main land use in the Hulan River Basin was cultivated land. The percentage area of farmland was 75.6%, and the irrigated farmland was 3.8%. The occupied areas of construction land and river land were 7.9% and 5.6%, respectively. The topography of the research area was plain, and the soil fertility was higher. The main soil types in the maize-growing area were black soil and meadow soil. There were several maize alcohol producers in the research area.
[image: Figure 1]FIGURE 1 | Overview of the maize planting area in the Hulan River Basin.
Based on the distinct characteristics of the wet season in the region, the Penman–Monteith formula (ElNesr and Alazba, 2012) was used to calculate the water demand of the main crops in the region, and the results were used for subsequent land use/cover planning in Equation 1:
[image: image]
where ET0 is reference crop evapotranspiration, mm/d; Rn is net surface radiation, MJ/(m2·d); G is the soil heat flux MJ/(m2·d); Tmean is the daily average temperature, °C; U2 is the wind speed at a height of 2 m, m/s; es is the saturated water pressure, kPa; ea is the actual water pressure, kPa; Δ is the slope of the saturated water pressure curve, kPa/°C; and γ is the constant of hygrometer, kPa/°C.
According to the different stages of crop growth (initial, mid-growth, maturity, etc.), Kc for different growth periods was obtained by referring to the crop coefficient table provided by FAO, and the actual crop evapotranspiration (ETc) was then calculated using Equation 2:
[image: image]
where ETc is actual crop evapotranspiration, mm/d.
The deduction of effective precipitation (Pe) was calculated using Equation 3:
[image: image]
where P is the total precipitation, mm. The utilization factor is determined by factors such as soil type and topography.
Based on Pe obtained from the abovementioned calculation, the irrigation water requirement (IWR) was calculated using Equation 4:
[image: image]
where the irrigation water requirement is recorded as 0 (no irrigation required) when Pe > ETc.
2.2 Interpretation of land use
Landsat-TM remote sensing image data with cloud volume ≤5% from 2010 to 2020 were downloaded from the official website of NASA. The downloaded remote sensing image data were preprocessed by radiometric calibration, atmospheric correction, band synthesis, and image clipping. According to the classification system of the Chinese Academy of Sciences (CAS), land use was divided into farmland, forest, grassland, water, construction, unused land, and wetland (the first-level classification). Because of the different crop phenology information, the farmland in the Hulan River Basin was further divided into maize, soybean, rice, and other crops (the second-level classification). The spatial distribution maps of land use types were visualized using ArcGIS.
Due to the construction of a wetland park at the Hulan River Estuary in the Hulan River research area in 2018, there was a significant error in constructing the model using the 2020 land use/cover situation. Therefore, the actual model was constructed using the land use/cover change situation from 2010 to 2015, and the 2020 land use/cover situation was selected as the initial state for future simulation. Figure 2A shows the land use/cover situation under the first-level classification of the Hulan River research area in 2020, and Figure 2B shows the land use/cover situation under the second-level classification of the same area in 2020.
[image: Figure 2]FIGURE 2 | Land use/cover situation of the Hulan River research area in 2020. (A) The first-level classification, (B) The second-level classification.
2.3 CLUE-S model construction
The CLUE-S framework is designed to analyze transformations in land use and land cover within a defined geographical area. It integrates physical and environmental factors with socio-economic influences to provide a comprehensive understanding of the spatial and temporal dynamics of land use and land cover. Developed by a team of researchers from Wageningen University in the Netherlands, led by P.H. Verburg, the CLUE-S builds upon the foundational work of its predecessor, the CLUE model. The model posits that regional shifts in land use and land cover are propelled by the demand for these uses and covers, with their distribution in equilibrium with regional land demand, as well as the natural and socio-economic context. Utilizing systems theory, the CLUE-S model manages the competitive interactions between various types of land use and land cover, enabling the concurrent simulation of their changes. The theoretical underpinnings of the CLUE-S model encompass the interconnectivity, stratification, rivalry, and relative stability inherent in land use and land cover transitions.
2.3.1 Selection and testing of driving factors
The driving factor is an important part of the CLUE-S model. Selecting driving factors that are highly correlated with the research area for simulation can provide a more accurate analysis of land use change in the region. The research area for land use/cover simulation should have no less than seven driving factors, including two categories: natural driving factors and humanistic driving factors. The determination of seven driving factors in the Hulan River research area is shown in Table 1.
TABLE 1 | Selection of driving factors for the research area.
[image: Table 1]The receiver operating characteristic (ROC) curves are instrumental in assessing the precision of selected drivers in simulating land use transitions within a study region. Figure 3 illustrates the ROC curves for various land uses in the Hulan River study area, with values spanning from 0.5 to 1, indicating their fitness for evaluation. A higher value signifies a greater capacity to explain the data. The figure reveals seven distinct land use/cover categories in the area, with water and construction land uses exhibiting perfect explanatory power, as indicated by an ROC value of 1. Wetlands have an ROC value of 0.94, indicating a strong explanatory capacity, while unused land and grasslands have values of 0.84 and 0.88, respectively, also demonstrating robust explanatory power. The ROC values for arable land and forests are comparatively lower, at 0.77 and 0.76, yet they still surpass the commonly accepted threshold of 0.75 for strong explanatory power. Consequently, a thorough analysis indicates that the model developed in this study possesses commendable explanatory capabilities.
[image: Figure 3]FIGURE 3 | ROC curves of each land use type in the Hulan River research area.
2.3.2 Model file settings
The CLUE-S model includes a non-spatial analysis module and a space allocation module. The non-spatial analysis module is used to calculate the demand quantity of each category in the study area in the target year, which needs to be calculated by external models or mathematical methods. The spatial allocation module is based on the input of land demand parameters and the spatial distribution characteristics of driving factors and iteratively allocates the land category ownership of grid units, thereby achieving spatiotemporal simulations of land categories for each year. Table 2 shows all the space allocation module files required for the CLUE-S model.
TABLE 2 | Various documents required to build the CLUE-S model.
[image: Table 2]By comparing the land transfer situation in the Hulan River research area between 2010 and 2015, combined with other existing studies, the conversion elasticity of the Hulan River research area is set as shown in Table 3.
TABLE 3 | Conversion elasticity of land use/cover types.
[image: Table 3]2.4 Estimation of Net ecosystem productivity
Net ecosystem productivity (NEP) is the difference between the net primary productivity (NPP) of vegetation in an ecosystem and the fraction of photosynthetic products consumed by soil heterotrophic respiration (RH), which was used as a measure of the carbon sink in Equation 5:
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2.4.1 Estimation of NPP based on the CASA model
This study used ArcGIS 10.4 for data processing to estimate the NPP for the study area based on the CASA model. The CASA model is based on light energy utilization. It was developed by Potter et al. (1993). The model was subsequently refined by Potter and Klooster et al. It is applied in the studies of the carbon cycle and vegetation NPP (Potter et al., 1993).
NPP is calculated from the absorbed light and effective radiation available to the plant, along with the actual light utilization rate. The expression of NPP is shown in Equations 6–11:
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where APAR(x, t) is the photosynthetic effective radiation absorbed by pixel x during month t (g C·m−2·month−1) and ε(x, t) represents the actual light energy utilization by pixel x during month t (g C·m−2·month−1).
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where SOL(x, t) represents the total solar radiation of pixel x in month t (MJ C·m−2·month−1); FPAR(x, t) represents the proportion of photosynthetically active radiation absorbed by the vegetation of pixel x in month t; the constant 0.5 indicates the proportion of the effective solar radiation (the wavelength is 0.38–0.71 μm) that the vegetation can use to the total solar radiation; NDVI (i, max) and NDVI (i, min) correspond to the maximum and minimum values of NDVI for vegetation type I, respectively, while SRmax and SRmin correspond to the percentage quantile at 5% and 95% of NDVI for vegetation type i, respectively. α is the adjustment factor for both methods of calculating FPAR, which is generally taken as 0.5. FPARmax is taken as 0.95, and FPARmin is taken as 0.001.
The expression of ε(x, t) is shown in Equations 12–15:
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where Tε1(x, t) and Tε2(x, t) are the stress effects of low and high temperatures on light energy utilization, respectively; Wε(x, t) refers to the water stress effect coefficient; and εmax is the maximum light energy utilization of vegetation under ideal conditions.
Tε1 is the reduction in vegetation first productivity due to the limitation of photosynthesis by the intrinsic biochemical action of the plant at low or high temperatures. It is calculated using Equation 13:
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where Topt(x) is the mean monthly temperature (°C) at which the vegetation NDVI value reaches its maximum.
Tε2 represents the trend of gradually decreasing plant light energy utilization as the ambient temperature changes from Topt(x) to high or low temperatures. It is calculated using Equation 14:
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where T(x, t) is the average monthly temperature. When the average monthly temperature is 10°C higher or 13°C lower than the optimum temperature Topt(x), the value of Tε2 (x, t) for that month is equal to half the value of Tε2(x, t) when the average monthly temperature T(x, t) was the optimum temperature Topt(x). The expression of Wε(x, t) is shown in Equation 15:
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where regional actual evapotranspiration E(x, t) is obtained according to the regional actual evapotranspiration model established by Zhou et al. (2002) and regional potential evapotranspiration Ep(x, t) is obtained according to the complementary relationship.
2.4.2 Estimation of RH
RH is calculated by referring to the empirical equation studied by Pei et al. (2009). It is calculated using Equation 16:
[image: image]
where RH’s unit is g C·m−2·a−1; T is the temperature (°C); and R is precipitation (mm).
2.5 Multi-objective linear programming
In addition to the spatial analysis module, other software applications or programs shall be used to complete the non-spatial analysis module. In this paper, the non-spatial analysis module used LINGO 18.0 for multi-objective linear programming (Yang et al., 2013). Interpreted data is used to create a land use transfer matrix for the study area. Considering local policies, agricultural water-saving, non-point source pollution control, and socio-economic benefits, equations are established from environmental and policy requirements; objective functions and constraint equations are established; and optimal land use/cover planning that meets all constraint conditions in the research area is analyzed.
Based on the carbon storage data of the study area obtained above, three assumptions are made for the possible future situation of the study area, namely, the priority scenario of grain crops (maximizing the planting area of grain crops), the priority scenario of ethanol fuel crops (maximizing the planting area of ethanol fuel crops), and the priority scenario of carbon storage (maximizing the total carbon storage of the research area).
According to the secondary land use/cover classification, all the land in the research area will be fully divided. The Hulan River research area included 10 categories, namely, maize, forest, grassland, water, construction, unused land, soybean, rice, other crops, and wetland. Among them, maize, soybean, rice, and other crops were integrated into the first-level classification of farmland. Table 4 shows the land use/cover equation codes and initial year (2020) allocation of the Hulan River research area.
TABLE 4 | Regression equation codes and initial year area of the research area.
[image: Table 4]The setting of constraint equations for the research area should include the following three aspects:
(1) Land area constraints
The total area of the study area should remain unchanged during the total research period.
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(2) Indicator constraints
① Based on the purpose and practical requirements of minimizing pollutants, following a literature review and research by the same research group, it can be concluded that the main pollutants in farmland are total nitrogen and total phosphorus. Therefore, this paper integrates the existing research on soil nitrogen and phosphorus loads in the research area conducted by our research group and calculates the average nitrogen and phosphorus loads of soil under different land use/cover types. These values are used to represent the average nitrogen and phosphorus load caused by this type of land use/cover, with constraints aimed at minimizing nitrogen and phosphorus loads. Figure 4 shows the spatial distribution of nitrogen and phosphorus loads based on field studies and validated with published data.
[image: Figure 4]FIGURE 4 | Nitrogen and phosphorus content of soil of the Hulan River Basin [(A) TN; (B) TP].
Total nitrogen minimization:
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Total phosphorus minimization:
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② To achieve the goal of minimizing water consumption, hypothesis constraints were applied to reduce water demand. This study utilizes the ET0 calculator, a specialized program developed by the FAO (Food and Agriculture Organization of the United Nations). The software program integrates multiple calculation methods and is based on the Penman–Monteith equation, as mentioned in Equation (1). The irrigation water demand for the study area is determined by subtracting the effective precipitation, which is presented in Table 6 of Section 3.1.
MIN F(x) = [image: image], where bi refers to the unit water consumption of the land use/cover type i and mi refers to the area of the land use/cover type i.
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③ To achieve the goal of maximizing economic benefits, the agricultural product wholesale website was consulted to obtain the purchase prices of the main agricultural products in the research area. Assuming the goal was to maximize economic benefits, an equation was constructed for this purpose. Economic benefits are embodied in the average purchase price of crops and total theoretical maximum output within a 1-year cycle (Table 5).
TABLE 5 | Economic factors for the main crop types of the study area.
[image: Table 5]MAX F(x) = [image: image], where ai refers to the output efficiency per unit area of the land use/cover type i and mi refers to the area of the land use/cover type i.
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(3) Assumption scenario constraints
Under the three set scenario assumptions, constraints were established under different hypothetical conditions. The order of priority was to maximize the planting area of grain, fuel ethanol crops, and carbon sequestration.
① Maximizing the planting area of grain: ensuring the maximization of the planting area of grain crops (rice and maize).
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② Maximizing the planting area of fuel ethanol crops: ensuring the maximization of the planting area of fuel ethanol crops (maize).
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③ Maximizing carbon sequestration: ensuring the maximization of land use/cover types with significant carbon sequestration. The calculation process is detailed in Section 2.4 of this paper. The carbon sink results are shown in Table 7 of Section 3.3. The carbon sink capacity of each land use type is considered the key indicator for the equation as follows:
[image: image]
The overall technical route of the study is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Technical route of the study.
3 RESULTS AND DISCUSSION
3.1 Water demand of the main crops
The ET0 calculator, a specialized program developed by the Food and Agriculture Organization of the United Nations (FAO), is used to assist in the calculation of ET0. The water demand calculation results are shown in Table 6. In the Hulan River Basin, there is no significant variation in the overall irrigation water demand. Notably, maize cultivation exhibits the highest irrigation water demand (252.77 mm) because of a higher Kc factor, while soybean cultivation has the lowest irrigation water demand (121.90 mm), representing a minimal difference of 130.87 mm between the two crops.
TABLE 6 | Water demand data of different crops and irrigation water demand calculated using the Penman–Monteith formula in the study area (mm).
[image: Table 6]3.2 Land use interpretation results
The land use types of the Hulan River Basin included farmland, forest, grassland, water, construction, unused land, and wetland. Among them, the unused land was mainly swamp. According to the actual crop structures, farmland was subdivided into maize, rice, soybean, and other crops. The interpretation results of the three terms are displayed in Figure 6. The river channel at the outlet into the Songhua River was gentle and had abundant water. From 2010 to 2015, construction land was mostly distributed on the north bank. After 2015, the area of construction land increased across the river.
[image: Figure 6]FIGURE 6 | Land use/cover of the Hulan River Basin [(A) 2010; (B) 2015; and (C) 2020].
Figures 7, 8 depict the dynamics of land use transfers in the Hulan River Basin over 2010–2020. During the period of 2010–2015, the most prominent alteration in land use, in terms of area modification, was observed with the conversion of other cultivated land to maize cultivation. This transformation covered an extensive area of approximately 6704.46 ha, primarily concentrated in the northern and northwestern sectors of the study area. Furthermore, a significant land area of approximately 4644.27 ha underwent a transition from maize to other crops, with the main concentration observed in the southern and western sectors of the study area. Additionally, in the western part of the study area, an area of approximately 1392 ha, previously dominated by soybean, was predominantly converted to maize. Among the land use transfers involving forest, grassland, water, construction, and wetland, the transition toward maize exhibited the most pronounced spatial change. Consequently, there was a significant expansion in the extent of maize from 2010 to 2015. Notably, approximately 78% of the region remained unaffected by any alterations in land use types.
[image: Figure 7]FIGURE 7 | Chords of land use transfer in the Hulan River Basin [(A) 2010–2015 and (B) 2015–2020].
[image: Figure 8]FIGURE 8 | Spatial distribution of land use transfer in the Hulan River Basin [(A) 2010–2015 and (B) 2015–2020].
From 2015 to 2020, the most prominent land use change in the Hulan River Basin was the conversion of maize to other crops, encompassing approximately 9161.64 ha. It exhibited a wide distribution, albeit with relatively lower occurrences observed in the southeastern direction. The second noteworthy land use change involved the conversion of beach land to unused land, amounting to approximately 1953.36 ha, primarily concentrated near the riverbanks in midstream and downstream of the river. Additionally, there was a significant and widespread transformation of approximately 2918.61 ha of other crops into maize.
3.3 Distribution characteristics of carbon sink in the Hulan River basin
The Hulan River Basin’s carbon sink was estimated using the CASA model. According to the results, the carbon sink was estimated to be 329.35 gC·m−2·a−1 in 2010, but it decreased to 295.59 gC·m−2·a−1 in 2015. In 2020, 350.76 gC·m−2·a−1 of the carbon sink was achieved. According to Zhou et al. (2023), which covered the Heilongjiang Province from 2010 to 2020, the average yearly NEP was 329.77 gC·m−2·a−1. The NEP ranged from 281.38 gC·m−2·a−1 to 380.07 gC·m−2·a−1, suggesting a consistent trend with this paper. Specifically, between 2010 and 2015, NEP in the Hulan River Basin decreased by 33.96 gC·m−2·a−1. However, from 2015 to 2020, NEP increased by 55.64 gC·m−2·a−1. For each land use type, the carbon sink capacity is shown in Table 7.
TABLE 7 | Carbon sequestration of various land use types in the study area (g/m2).
[image: Table 7]Figure 9A illustrates the temporal distribution pattern of the Hulan River Basin’s NEP, with an initial increase followed by a decrease. In 2010, the highest NEP was observed in July, reaching 107.08 gC·m−2·a−1. The NEP levels in January, February, and December were comparatively lower, ranging from roughly 0.5 to 0.6 gC·m−2·a−1. The peak of NEP in 2015 was measured in August at 78.67 gC·m−2·a−1, which was less than the maximum values documented for 2020 and 2010. In addition, there was a slight decrease in NEP in April, and the lowest monthly average value, 0.44 gC·m−2·a−1, appeared in December. In 2020, the carbon sink in the Hulan River Basin exhibited its highest monthly average value in July, reaching 114.51 gC·m−2·a−1. Conversely, the lowest monthly average value was observed in January, amounting to 0.35 gC·m−2·a−1.
[image: Figure 9]FIGURE 9 | (A) Monthly average NEP of the Hulan River Basin. (B) NEP values for different land use types in the Hulan River Basin. (C) Monthly average temperature and precipitation of the Hulan River Basin.
According to Figure 9B, variations in land use types and their per unit area carbon sink capacities were observed in 2010, 2015, and 2020. Notably, forests showed higher NEP values due to their higher vegetation cover and carbon sequestration capabilities, while grassland and farmland showed varying performance. As the main crop in the area, soybean obtained relatively higher carbon sequestration than maize and rice. Noppol et al. (2022) found that the conversion of forest to agricultural land significantly reduced carbon stocks, while some conversions to grassland increased carbon stocks. Soil erodibility varied with the type of land use, with lower erodibility in grasslands due to higher organic carbon content and lower silt concentration. In contrast, chernozem soil, commonly found in Heilongjiang Province, typically has higher silt and clay concentrations, which benefits the fertile agricultural practices of maize and soybean cultivation. Therefore, unlike the grassland ecosystems of northern China (Li et al., 2023), policies aimed at returning forest or grassland grazing to grassland areas are not suitable for the Hulan River Basin.
Previous papers have indicated that climate change has certain influences on carbon sinks (Wang et al., 2021; Xu et al., 2023). Temperature and precipitation changes are factors directly influencing vegetation photosynthetic activity and soil respiration. Higher temperatures can enhance photosynthesis up to a threshold, while extreme precipitation variability may disrupt carbon sequestration (Wang et al., 2023; Arunrat et al., 2018). The stimulation of vegetation’s photosynthetic activity and subsequent vegetation growth are facilitated by the elevated temperatures (Yuan et al., 2023). Moderate precipitation plays a critical role in facilitating optimal vegetation growth. Inadequate or excessive rainfall can exert deleterious impacts on vegetation growth, thereby significantly influencing the magnitude of NEP (Li et al., 2021). The crucial developmental phase for vegetation, wherein it grows from initiation to maturity, typically occurs during June and July each year. NEP for all 3 years peaks between June and September, indicating that the carbon absorption capacity of ecosystems is the strongest in the warm seasons. After the peak, NEP rapidly decreases by November, showing a clear seasonal pattern. The seasonal variations in temperature and precipitation directly influence NEP, resulting in increased NEP during these months. In 2020, the Hulan River Basin experienced relatively high levels of temperature and precipitation from June to August, ensuring optimal water-thermal conditions for vegetation and effectively enhancing vegetation’s photosynthetic capacity. Consequently, land use types such as grassland and soybean exhibited the highest carbon sink per unit area among the 3 years. Conversely, lower precipitation levels were recorded from June to August 2015, contributing to regional aridity and restricted vegetation growth. Hence, grassland, soybean, and other land use types demonstrated the lowest carbon sink per unit area in that particular year.
The Hulan River Basin is in Heilongjiang Province, which is characterized by a cold temperate and temperate continental monsoon climate. Summers are hot, while winters are frigid and dry, with temperatures dropping below 0°C. There were discernible seasonal fluctuations in NEP. The carbon sink per unit area underwent a substantial increase during the months of April and May, whereas a rapid decrease was observed after July and August. Previous studies have provided substantial evidence to support the notion that precipitation exerts primary control over the NEP of China’s terrestrial systems (Zhang et al., 2023). Hence, the carbon sink per unit area in July 2015 exhibited a notable decrease compared to the peak values observed in July 2010 and 2020. In both 2015 and 2020, a discernible decrease in monthly NEP was observed. This decrease can be attributed to agricultural activities and the significant reduction in April precipitation levels, especially when compared to those of 2010. The observed decrease in monthly NEP during these periods can be attributed to unfavorable hydrothermal conditions.
The carbon sink classification in the Hulan River Basin used the natural breakpoint method, where the range of 0–253 gC·m−2·a−1 was designated as the low carbon sink zone, 253–426 gC·m−2·a−1 was designated as the medium carbon sink zone, and 426–1,075 gC·m−2·a−1 was designated as the high carbon sink zone. As depicted in Figure 10, in 2010, the low carbon sink regions were predominantly located near the southeastern floodplains and riverbanks, with a substantial portion classified as medium carbon sink zones. Conversely, the high carbon sink regions are primarily concentrated in the northwestern area of the study area.
[image: Figure 10]FIGURE 10 | Spatial distribution of NEP (gC·m−2·a−1) in the Hulan River Basin [(A) 2010; (B) 2015; and (C) 2020]. Spatial distribution of changes in NEP (gC·m−2·a−1) in the Hulan River Basin [(D) 2010; (E) 2015; and (F) 2020].
From 2010 to 2015, there was a noticeable decrease in the carbon sink. The low carbon sink areas remained concentrated near the southeastern floodplains and riverbanks, while the medium carbon sink zones showed a more extensive distribution. Notably, the high carbon sink areas experienced a significant reduction in the northwestern part of the study area.
However, in 2020, there was a marked increase in carbon sink. The low carbon sink areas persisted near the southeastern floodplains, albeit with a diminished spatial extent. The medium carbon sink zones demonstrated a pronounced increase and wider distribution. The high carbon sink regions were concentrated in the northwestern and northern parts of the study area. Over the period from 2010 to 2020, the Hulan River Basin witnessed an overall increase in NEP. The northwest had a discernible decrease in NEP and an increase in carbon sinks close to the water.
3.4 Land use scenario assumptions in the Hulan River Basin
Table 8 shows the results of multiple linear regression in the research area. From the data, under the Grain Crop Priority Policy, the planting area of rice and maize has reached maximum, and the rice area has increased significantly compared to the other two assumptions and the situation in 2020. Under the Ethanol Crop Priority Policy, the priority of rice yield is reduced, and maize yield is further expanded to reach the maximum value among various assumed types. Under the carbon sequestration priority policy, the area of forest and grassland has been increased to the maximum of the three assumptions, resulting in the farmland area under this assumption reaching the minimum of the three assumptions. Under the three policies, the areas of other crops, unused land, and wetland have all decreased, indicating that these three types of land are relatively unimportant in policy planning.
TABLE 8 | Multiple linear regression results in the research area (hectare).
[image: Table 8]3.4.1 Grain Crop Priority Policy
Figure 11A shows the land use/cover situation under the Grain Crop Priority Policy in 2030, and Figure 11B shows the land use/cover change situation from 2020 to 2030. The specific area demand value can be found in Table 8. Under this policy, the area of maize, soybean, and rice has all increased. At the same time, while the total farmland area increased by 3255.8 ha, the area of other crops except for maize, soybeans, and rice decreased by 1262.41 ha, and other land use/cover types also had varying degrees of reduction. The area of unused land and wetland on the north bank of the estuary has decreased, while the grassland has increased, having been transferred from water and unused land. This reflects efforts to restore natural habitats or use previously undeveloped land. The transformation of unused land to grassland could indicate a positive trend toward land restoration or a strategy to prevent land degradation. However, the change in water area might raise environmental concerns due to the loss of biodiversity and natural water regulation provided by wetlands. In this situation, the area of maize and rice increases, with the main increase being in the unused land on the south bank of the estuary, while the rice area mainly increases near the existing rice planting area.
[image: Figure 11]FIGURE 11 | Simulation results under the Grain Crop Priority Policy in the research area. (A) 2030 (B) Change situation from 2020 to 2030.
3.4.2 Fuel Ethanol Crop Priority Policy
Figure 12A shows the land use/cover situation under the Fuel Ethanol Crop Priority Policy in 2030, and Figure 12B shows the land use/cover changes from 2020 to 2030. The specific area’s demand value can be found in Table 8. In this scenario, the area of maize as the only fuel ethanol crop in the research area has increased by 3572.8 ha, while all other land use/cover areas have decreased, with soybean, rice, and other crops decreasing by 223.51 ha, 328.18 ha, and 159.41 ha, respectively. Under the Fuel Ethanol Crop Priority Policy, the area of maize has significantly increased, like in scenario 1. The main growth point of maize is on the south bank of the estuary. At the same time, due to the reduction in soybean, rice, and other crops, a portion of the farmland near maize has also been converted to maize cultivation. The situation is similar to the Grain Crop Priority Policy, which shows the dual actions of maize in food security and fuel ethanol production promotion. This scenario illustrates a dynamic landscape where agricultural expansion, especially maize cultivation, is prominent, along with significant transitions from natural or unused lands to more productive uses.
[image: Figure 12]FIGURE 12 | Simulation results under the Fuel Ethanol Crop Priority Policy in the research area. (A) 2030 (B) Change situation from 2020 to 2030.
3.4.3 Carbon Storage Priority Policy
Figure 13A shows the land use under the Carbon Storage Priority Policy in 2030, and Figure 13B shows the land use/cover change from 2020 to 2030. The specific area demand value can be found in Table 8. In this scenario, the area of forest and grassland, which have the largest carbon sink per unit area, increased by 61.09 ha and 221.68 ha, respectively, and the area of maize increased by 5.44%, with a total area of 1943.97 ha. The same trend appears in soybean cultivation. All other land use/cover areas decreased, including rice and other crops by 328.18 ha and 159.41 ha, respectively. Maize and soybean perform well in carbon storage, especially in Heilongjiang Province where a suitable planting environment is provided. The prominent constraint for maize expansion is the water pollution effect, which reminds the government to pay attention to non-point source pollution prevention while promoting maize planting. In the southern part of the area, construction land is transferred to maize, which may have benefits for water pollution control and carbon sink purposes. In this scenario, the forest area and grassland area have significantly increased, and the main growth point of grassland is still the unused land on the south bank of the estuary. It is speculated that due to the difficulty of converting to forest, the growth rate of grassland in this scenario is even higher than forest. Unused land is relatively easily transferred because of its high elasticity. It transforms grassland near the water body into a transition zone from water to wetland.
[image: Figure 13]FIGURE 13 | Simulation results under the Carbon Storage Priority Policy in the research area. (A) 2030 (B) Change situation from 2020 to 2030.
3.5 Carbon sinks of different scenario assumptions
The carbon sink status for three scenarios in 2030 was estimated by calculating the average NEP for each land use category based on the NEP values in 2020. The results are shown in Figure 14. Compared to 2020, scenario 1 shows a significant increase in the cultivated areas of maize and rice, with maize having a relatively high carbon sink per unit area. NEP has increased to approximately 4.67 × 103 tC compared to 2020. In scenario 2, NEP has increased by 3.71 × 103 tC compared to 2020. In scenario 3, the primary focus is on maintaining the carbon sink in the study area. Therefore, the forest and grassland areas with higher carbon sink potential have expanded. This has led to an overall improvement in the regional carbon sink capacity. Scenario 3 also has the highest NEP value among the three scenarios simulated. Compared to 2020, scenario 3 shows a substantial increase in the NEP value, with an addition of 8.32 × 103 tC.
[image: Figure 14]FIGURE 14 | Various scenario simulations and 2020 NEP in the Hulan River Basin.
4 CONCLUSION
NEP in the Hulan River Basin follows a pattern of initial increase followed by a subsequent decrease over the annual cycle. Between 2010 and 2015, NEP decreased by 33.96 g of carbon per square meter per year, whereas from 2015 to 2020, an increase of 55.64 g of carbon per square meter per year was observed. The fluctuations in NEP are intricately linked to climatic conditions and land use practices within the Hulan River Basin. Spanning the decade from 2010 to 2020, areas with low carbon sequestration capabilities were predominantly found in the southeast of the region, showing a notable reduction in their geographic spread. Moderate carbon sink areas were more ubiquitous, with a lower frequency in the northwest. High carbon sink areas were largely situated in the northwest, forming the primary concentration of such zones.
The land demand is simulated within the study area under three distinct policy frameworks: the Grain Crop Priority Policy, the Fuel Ethanol Crop Priority Policy, and the Carbon Storage Priority Policy. This simulation was conducted to translate the developed CLUE-S model and ArcGIS outputs into a visual representation of future land use/cover. The results reveal that under scenario 1, which ensures regional food production, there is an expansion of arable land by 1262.41 ha. Scenario 2, prioritizing regional fuel ethanol output, observes an increase in the area dedicated to maize cultivation by approximately 3572.8 ha. Scenario 3, focused on bolstering the regional carbon sink, leads to substantial growth in both forested and grassland areas. Collectively, these three hypothetical scenarios within the study area effectively fulfill the preset requirements for the corresponding land use/cover categories.
The simulation of land use/cover in the research area in 2030 under four possible future scenarios was visualized based on the secondary classification. The conclusion proves that the land use/cover planning of typical fuel ethanol crop planting areas under different policy orientations can meet the needs of this policy, and its change pattern conforms to the literature description and actual situation, which has practical reference value.
In addition, the study assessed the carbon sequestration performance across a range of hypothetical scenarios, demonstrating a substantial increase in carbon capture for all scenarios compared to the baseline year of 2020. The outcomes highlight the substantial impact of each scenario in enhancing regional carbon sequestration potential, offering substantial empirical data and theoretical support for local policy formulation. Crucially, the study’s findings are of considerable importance for shaping future regional land use strategies and refining land use configurations.
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Since the 21st century, large-scale afforestation projects on the Loess Plateau have resulted in significant vegetation greening, contributing to ecosystem restoration and enhanced soil conservation. However, these efforts have also led to soil aridification, declining groundwater levels, and reduced terrestrial water storage. These negative consequences are primarily attributed to increases in evapotranspiration (ET), which has augmented water consumption. Despite these findings, the underlying mechanisms driving ET variations remain contentious due to the complex interplay of multiple factors. In this study, we employed a logical attribution method, which attributes vegetation changes predominantly to anthropogenic activities (e.g., reforestation or land-use changes), while directly linking changes in climatic factors (e.g., temperature and precipitation) to climate change. We separately examined the contributions of long-term trends and interannual variability in ET to reveal distinct driving forces. Between 2000 and 2022, approximately 80% of areas showing significant changes in ET and its components were directly influenced by vegetation greening, particularly in the central part of the Loess Plateau, where restoration efforts were most prominent. In contrast, only around 20% of these changes were attributable to climate change and other factors. After removing long-term trends, interannual variations in ET were found to be more closely associated with climatic factors (temperature and precipitation), especially in arid and semi-arid regions. This indicates that climate is the dominant factor driving interannual variations in ET across the Loess Plateau. Our findings contribute to a deeper understanding of the water cycle dynamics in the context of large-scale vegetation restoration on the Loess Plateau. These insights provide a scientific foundation for policymakers to evaluate the environmental impacts and potential water-related risks associated with ecological restoration projects.
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1 Introduction

The Loess Plateau is located in the transitional zone between semi-humid and arid climates in China, where the ecosystem has been highly sensitive to climate change and human disturbances (Fu, 1989; Fu et al., 2017; Jiang et al., 2021). Historically, this region was covered by grasslands and forests; however, intense human activities such as deforestation (Zheng et al., 2005) and land reclamation (Guan et al., 2020), combined with climate change, transformed it into one of the most severely eroded regions in the world, which led to a deteriorated ecological environment and significant conflicts between humans and the land (Wu et al., 2019). In recent years, with the implementation of a series of ecological restoration projects (Fu et al., 2017; Li et al., 2019), particularly following the initiation of the Grain to Green Program (GTGP) in 1999, massive greening of vegetation has become the most notable environmental change in the region since the 21st century (Liu et al., 2008; Lü et al., 2012). Vegetation cover increased by 25% between 2000 and 2010 (Feng et al., 2016), and approximately 16,000 km² of sloping farmland has been converted into artificial grasslands and forests (Nazarbakhsh et al., 2020). However, such large-scale vegetation restoration has also significantly altered regional energy balance and water cycle processes (Deng et al., 2019), thereby triggering a series of environmental and ecological effects, including some negative impacts. For instance, the newly planted vegetation may have consumed additional water from the soil, leading to soil aridification (Du et al., 2007; Deng et al., 2016; Zhang et al., 2018; Ye et al., 2019), decreased groundwater levels (Han et al., 2020), and ultimately, terrestrial water shortages (Yang et al., 2014; Deng et al., 2019). These issues are closely related to the substantial increases in evapotranspiration (ET) since the implementation of ecological restoration projects.

In the Loess Plateau, which is characterized by a semi-arid to semi-humid climate, a substantial portion of precipitation either evaporates or transpires back into the atmosphere. Consequently, understanding evapotranspiration (ET) is crucial for unraveling the regional water cycle and addressing challenges related to water resource security, particularly within the broader context of ecological restoration and greening initiatives (Reddy, 1996; Williams et al., 2004; Bai et al., 2020). Previous studies have generally identified an increasing trend in ET across the Loess Plateau (Feng et al., 2012; Wang et al., 2020; Jiao et al., 2021; Zhang et al., 2021). However, the driving factors behind this trend—such as vegetation dynamics (Bai et al., 2019; Yue et al., 2019; Wang et al., 2023), climatic variables (e.g., precipitation and temperature) (Gu et al., 2016; Adler et al., 2017), and atmospheric CO2 concentration (Shi et al., 2013; Mao et al., 2015)—remain inadequately understood. This knowledge gap is particularly critical given the Plateau’s transitional climatic conditions and its vulnerability to both natural fluctuations and anthropogenic impacts. Among these factors, precipitation serves as the primary water resource, exerting a direct influence on large-scale ET patterns (Shao et al., 2019). Simultaneously, vegetation exerts a significant influence on ET through mechanisms such as the “pumping effect” of root systems. Nevertheless, fully separating the effects of vegetation dynamics and climate factors to ET remains a topic of considerable debate (Chen et al., 2017; Bai et al., 2019; Jiang et al., 2021). Recent studies have explored the drivers of evapotranspiration (ET) changes in the Loess Plateau region, revealing complex and sometimes divergent findings. Some research has attributed ET trends primarily to climate variability, such as Zhao et al. (2022), who found that rising temperatures and vegetation greening accounted for 45.6% and 31.6% of ET increases, respectively, across the broader Yellow River Basin. In contrast, Wang et al. (2021) utilized high-resolution remote sensing data for the Loess Plateau specifically, and found that vegetation (as indicated by NDVI) explained 61.4% of ET changes, while precipitation showed a surprising negative contribution (−26.3%). Taking a more balanced approach, Li et al. (2021) assigned 68% of ET changes to climate factors (largely precipitation) and 32% to vegetation recovery based on an empirical model. These discrepancies highlight the methodological and spatial-scale challenges in attributing ET trends. Basin-wide analyses may oversimplify regional heterogeneity, as vegetation restoration on the Loess Plateau is concentrated in areas with steeper slopes and bare soil, rather than the flat terrain of the broader Yellow River Basin (Chen et al., 2007). As a result, such differences in topographical and land-cover conditions result in distinct evapotranspiration (ET) response mechanisms across these regions (Fu et al., 2003). Furthermore, even within the Loess Plateau, localized studies may overemphasize specific conditions or data uncertainties, as demonstrated by Bai et al. (2019), who found that 93% of ET trends could be explained by vegetation (NDVI) in a hilly-gully basin, while attributing only 18.1% to precipitation. These divergent findings reflect the complex, nonlinear interactions between land surface processes and atmospheric conditions in this transitional zone, where both long-term changes and interannual variability play significant roles. Importantly, previous studies have frequently overlooked the distinction between the cumulative effects of long-term trends and the immediate impacts of interannual fluctuations, as well as the separate investigation of the driving mechanisms behind these two types of variability in ET, potentially leading to divergent attribution outcomes. This distinction is critical for characterizing the response of ET to climate and vegetation changes, especially given the temporal dynamics of vegetation recovery, where newly established vegetation may exert a different hydrological influence compared to mature ecosystems.

To address the knowledge gaps identified in previous studies, this research adopted an integrated approach that separately examines long-term trends and interannual variability in evapotranspiration (ET) across the Loess Plateau. The study divided the region into five ecological sub-regions based on different land-use types, and leveraged multiple datasets including the Global Land Evaporation Amsterdam Model (GLEAM) v3 (Miralles et al., 2011; Martens et al., 2017), Normalized Difference Vegetation Index (NDVI) data from the Global Vegetation Health Products (GVHP), and climate reanalysis data from the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) dataset (ERA5) (Hersbach et al., 2023). For long-term trend analysis, the study utilized a simple yet effective method (Huang et al., 2020) to disentangle the respective contributions of vegetation dynamics and climatic factors to ET changes during the growing season. To examine interannual variability, we removed the long-term trends and analyzed the correlations between ET, vegetation activity, and climate factors. By integrating these complementary analytical perspectives, this research provided a comprehensive understanding of the mechanisms driving ET variations in the Loess Plateau. The findings offer valuable insights into the intricate interplay between vegetation restoration and climatic shifts in this transitional climate region.




2 Data and methods



2.1 Data



2.1.1 Evapotranspiration data

This study utilized GLEAM ET data (https://www.gleam.eu/) for the growing season (April to September) from 2000 to 2022 to analyze the spatiotemporal changes in ET on the Loess Plateau. The monthly GLEAM ET data, with a spatial resolution of 0.25° (Miralles et al., 2011; Martens et al., 2017), are subdivided into transpiration (Ec), interception loss (Ei), bare-soil evaporation (Es), snow sublimation (Esn), and open-water evaporation (Ew) (Zhang et al., 2016). For this study, snow sublimation and open-water evaporation were considered negligible for the Loess Plateau during the growing season; thus, only Ec, Ei, and Es were used to calculate ET (Zhang et al., 2019). The GLEAM evapotranspiration data are based on multiple satellite observations, including net radiation, temperature, precipitation, vegetation optical depth, and snow water equivalent. The estimations for Ec and Es are derived from a modified Priestley-Taylor (PT) equation, which calculates them as a function of available energy [net radiation (Rn) minus ground heat flux (G)] and a dimensionless coefficient α representing the parameterized evaporative resistance. Ei is calculated separately using the Gash analytical model of rainfall interception, driven by observations of precipitation and both vegetation and rainfall characteristics. Additionally, this remote-sensing-based dataset accounts for the constraints of soil moisture on evaporation (Priestley and Taylor, 1972) and has been validated as reliable (Song et al., 2023) for assessing the water cycle in semi-arid regions with geographic conditions similar to those of the Loess Plateau.




2.1.2 NDVI data

This study analyzed vegetation changes in the Loess Plateau based on NDVI data with a spatial resolution of 4 km and weekly temporal resolution, obtained from the National Oceanic and Atmospheric Administration (NOAA) Center for Satellite Application and Research (STAR) (https://www.star.nesdis.noaa.gov/smcd/emb/vci/VH/vh_ftp.php). The data have been corrected for atmospheric and geometric distortions to eliminate influences unrelated to vegetation and are widely used in global and regional studies monitoring vegetation dynamics and vegetation responses to climate change (Tang et al., 2020; Zeng et al., 2023). For this study, vegetation changes were analyzed during the same time span as ET, from 2000 to 2022 (April to September). The maximum value compositing (MVC) method was used to synthesize the raw NDVI data into maximum NDVI values (NDVImax) for the growing season, and areas with NDVImax < 0.1 were excluded to avoid potential impacts of soil properties.




2.1.3 Climate data

The monthly precipitation and 2-meter temperature during the growing season (April to September) from 2000 to 2022 were derived from the ERA5 dataset at a resolution of 0.25° × 0.25° (Hersbach et al., 2023). The spatial resolutions of the three aforementioned data sources were aggregated into a common resolution of 0.1° × 0.1° using the bilinear interpolation method.





2.2 Methods



2.2.1 Attribution method of long-term trend in ET

Vegetation changes and climate factors (such as temperature, precipitation, etc.) are the two main driving factors behind the significant trend in ET in the Loess Plateau from 2000 to 2022 (see Section 3.2). Given the complex interactions among climatic factors, vegetation, and ET, we adopted the method proposed by Huang et al. (2020) to assess the impacts of climate change and vegetation changes on ET and its components. This method assumes that among all pixels showing a significant increasing (or decreasing) trend in ET (or its components), those that also show a significant increasing (or decreasing) trend in vegetation are considered to have their ET changes directly caused by vegetation changes; otherwise, the changes are attributed to other factors. The trends in all variables, including NDVI and ET (and its components), were calculated using two methods: the Mann-Kendall (MK) non-parametric statistical test and least squares estimation. These trends were tested using a T-test to determine the significance level of the trends.




2.2.2 Attribution method of interannual variations in ET

When the long-term trend was removed from the original time series (ET, climatic factors, and NDVI), the detrended time series y’(i) can represent its interannual variability, which can be expressed as:



where y(i) is the original timeseries, i is the time counter (year), a and b are the coefficients using the least square estimation.

After removing the long-term trends, we calculated the interannual correlations between growing season NDVI (or temperature and precipitation) and ET (or its components) at the nearest grid points from 2000 to 2022. The Pearson linear correlation coefficients are expressed as follows:



where, xi is the value of NDVI (or climate factors) for the i th year, and yi denotes the value of ET (or its components) for the i th year. The significance of the correlation coefficients is test by a T-test (two-tailed).





2.3 Study area

The Loess Plateau (roughly within 34°~41°N, 98°~114°E), with an area of ~632,520 km2, which accounts for 6.3% of China’s total land area (Jiang et al., 2022). The average annual precipitation ranges from 200 mm in the northwest to 800 mm in the southeast, with 60%~70% of the annual precipitation occurring between June and September in the form of high-intensity rainstorms, which often cause extreme soil erosion and drought frequently occurs (Liang et al., 2020). The average annual temperature is 4°C in the northwest and 14°C in the southeast (Peng et al., 2018). Consequently, the region is characterized as a typical transitional zone from an arid to a semi-humid climate, significantly influenced by the East Asian monsoon. The predominant land cover types include grassland, cropland, and forest (Figure 1).




Figure 1 | Spatial distribution of land use types over the Loess plateau (shading) being divided into five ecological sub-regions (delimited by black lines), and the isolines of mean annual precipitation of 200 mm and 400 mm are also shown in dashed lines. Source: The map was created based on the standard maps provided by the Ministry of Natural Resources Standard Map Service website under GS(2016)1594. No modifications were made to the map boundaries.



Based on the ecological restoration areas and geographical characteristics of the Loess Plateau, and following the division methods used in previous studies (Jiang et al., 2022; Yang Y. F. et al., 2019), the Loess Plateau is divided into five sub-regions: the Northern Loess Plateau (NLP), the Middle Loess Plateau (MLP), the Eastern Loess Plateau (ELP), the Western Loess Plateau (WLP), and the Southern Loess Plateau (SLP) (Figure 1). Among these, the NLP is a typical semi-arid area with a mean annual precipitation below 400 mm, mostly covered by deserts or desertified land. The MLP is the primary region for vegetation restoration projects (Jiang et al., 2022), while the WLP consists mainly of high tableland and gully regions. The SLP and ELP are primarily composed of broad valley plains and rocky mountain areas.





3 Results



3.1 Climatological pattern of ET on the Loess Plateau

Climatologically, the total growing season ET on the Loess Plateau exhibited a decreasing pattern from southeast to northwest (from > 2 mm/day in the southeast to < 1 mm/day in the northwest), closely mirroring the precipitation pattern and reflecting the limiting role of water resources on the ET process in this semi-humid to semi-arid region (Figure 2A). Among the three components of ET, Ec was the primary contributing component, accounting for ~70% of total ET from 2000 to 2022. Similar to ET, the spatial distribution of Ec (Figure 2B) also showed a decreasing trend from southeast to northwest, with high-value areas exceeding 1.4 mm/day primarily located in semi-humid, forested regions, while low-value areas (<0.6 mm/day) were found in arid to semi-arid regions with precipitation below 200 mm (excluding the Hetao Plain). On the other hand, Ei was substantially lower than Ec (Figure 2C), with rates generally below 0.1 mm/day outside forested areas, contributing minimally to total ET, with values ranging from 3% to 6%.




Figure 2 | Climatological pattern in (A) evapotranspiration (ET), (B) vegetation transpiration (Ec), (C) canopy intercepted water evaporation (Ei), and (D) soil evaporation (Es) during the growing season. The dashed and solid lines are the same as that in Figure 1.



In contrast to the two vegetation-related ET components (Ec and Ei), the distribution pattern of Es was characterized by low values in the southeast and high values in the northwest (Figure 2D). As the second largest contributor to total ET (~19% to 32%), relatively higher Es values (~1 mm/day) were observed in regions with annual precipitation below 400 mm, where lower vegetation cover allowed Es to dominate the ET process. In comparison, Es in densely vegetated areas was weaker, generally below 0.4 mm/day, indicating a competitive relationship between vegetation water consumption and soil evaporation.




3.2 Change trend in ET on the Loess Plateau from 2000 to 2022

From 2000 to 2022, the regional mean ET time series of the Loess Plateau showed a significant increasing trend (p < 0.05) (Figure 3A), with an increase rate of 0.164 mm/day per decade (R²=0.5197). Both vegetation-related components, Ec and Ei, also showed significant increasing trends (p < 0.05) with respective increase rates of 0.194 and 0.019 mm/day per decade (Figures 3B, C). In contrast, the regional mean Es demonstrated a significant decreasing trend (p < 0.05) over the same period (Figure 3D), with a decrease rate of −0.043 mm/day per decade, partially offsetting the increasing trends of the two vegetation-related components. As a result, the total ET showed a relatively smaller increasing trend compared to Ec.




Figure 3 | Time series of regional mean (A) evapotranspiration (ET), (B) vegetation transpiration (Ec), (C) canopy intercepted water evaporation (Ei), and (D) soil evaporation (Es) of the Loess Plateau during the growing season from 2000 to 2022, and their linear regression lines area plotted in dashed lines. The gray shaded area represents the confidence interval for p < 0.5.



The distribution of ET change trends indicated that the majority of the Loess Plateau experienced a significant increase in ET from 2000 to 2022, with the exception of marginal areas in the NLP, WLP, SLP, and ELP (Figure 4A). Compared to ET, Ec exhibited a broader area with a significant increasing trend (Figure 4B), particularly in the northwestern and southeastern corners of the Loess Plateau. In the MLP, where substantial vegetation recovery occurred, the trend in Ec exceeded that of ET (> 0.5 mm/day per decade). The water intercepted by the vegetation canopy showed a marked increase in the southeastern semi-humid region of the Loess Plateau (MLP, WLP, and ELP) (Figure 4C), with particularly pronounced increasing trends (> 0.1 mm/day per decade) in forested areas. In contrast, Es displayed opposite change trends between the northwestern and southeastern parts of the Loess Plateau (Figure 4D). Most of the Loess Plateau exhibited significant decreasing trends in Es, particularly in the semi-humid MLP, WLP, and ELP, while a minority of areas (primarily in the semi-arid and arid NLP and northern WLP) showed significant increasing trends in Es.




Figure 4 | Spatial distribution of MK trends in (A) evapotranspiration (ET), (B) vegetation transpiration (Ec), (C) canopy intercepted water evaporation (Ei), and (D) soil evaporation (Es) over the Loess Plateau during the growing season from 2000 to 2022. Those areas with significant changes (p < 0.05) are stippled.






3.3 Changes in NDVI and climatic factors over the Loess Plateau from 2000 to 2022

The regional mean NDVI time series of the Loess Plateau exhibited a significant (p < 0.001) increasing trend from 2000 to 2022 (Figure 5A), with an increase rate of 0.045 per decade, indicating an overall greening trend for the Loess Plateau since the implementation of large-scale ecological projects. The spatial pattern of NDVI trends revealed that almost the entire Loess Plateau experienced significant increases in NDVI, particularly in the MLP and WLP regions, where the NDVI increase exceeded 0.1 per decade (Figure 6A). During the same period, the Loess Plateau as a whole did not exhibit significant trends in either temperature or precipitation during the growing season (Figures 5B, C), with change rates of 0.132°C per decade and −0.084 mm/day per decade, respectively. Moreover, the spatial distribution of trends in each pixel did not show significant trends in most areas of the Loess Plateau (Figures 6B, C). Most of the Loess Plateau experienced a rise in temperature from 2000 to 2022, with a declining trend observed only in the eastern WLP and western SLP (Figure 6B). Additionally, there were decreasing trends in precipitation across the majority of the Loess Plateau (Figure 6C), with only parts of the eastern MLP and southern WLP showing non-significant increases in precipitation.




Figure 5 | Time series of regional mean (A) NDVI, (B) temperature, and (C) precipitation of the Loess Plateau during the growing season from 2000 to 2022. The gray shaded area represents the confidence interval for p < 0.5.






Figure 6 | MK Trends in (A) NDVI, (B) temperature, and (C) precipitation over the Loess Plateau during the growing season from 2000 to 2022. Stippled areas represent significant changes (p < 0.05).






3.4 Attribution of long-term trend in ET over the Loess Plateau

By employing the methodology proposed by Huang, we assessed whether vegetation greening is the direct cause of the trends in ET on the Loess Plateau. Among the pixels showing a significant trend in ET (covering approximately 71.4% of the total area of the Loess Plateau), around 82.7% also experienced a significant increase in NDVI (Figure 7A), while only about 17.3% did not show any significant change in NDVI. This result indicates that the majority of areas with significant ET changes were directly caused by vegetation greening. Compared to ET, the area with a significant increase in Ec was larger, covering approximately 75.1% of the Loess Plateau (Figure 7B). In areas with significant increases in Ec, over 81.4% of grid points also showed a notable increase in NDVI, suggesting that the rise in Ec is predominantly due to vegetation recovery. Less than 20% of the grid points, primarily located in arid and semi-arid zones, exhibited no significant change in vegetation. There were few pixels with significant decreases in Ec, mainly associated with changes in vegetation cover. Furthermore, approximately 80.5% of all pixels showing a significant increase in Ei also experienced significant rises in vegetation (Figure 7C), indicating that the increase in Ei is mainly driven by vegetation changes. Less than 15% of these areas (primarily in the western WLP and the cropland areas of SLP and ELP) showed Ei enhancement driven by climatic changes. Of the small number of pixels with a significant decrease in Ei in arid and semi-arid regions, about one-fourth of these areas were attributed to vegetation changes.




Figure 7 | The distribution of whether significant trends in (A) evapotranspiration (ET), (B) vegetation transpiration (Ec), (C) canopy intercepted water evaporation (Ei), and (D) soil evaporation (Es) are cause directly by NDVI changes: Only pixels with significant increasing (decreasing) ET (and its components) are shown in red (blue), and those also show significant changes in NDVI are shown in dark colors, while those do not show significant NDVI changes are shown in light colors. Absolute Percentage (AP) refers to the percentage of pixels of each color relative to the total number of colored pixels; Relative Percentage (RP) refers to the percentage of pixels of each color relative to the total number of pixels on the Loess Plateau.



Between 2000 and 2022, the area with a significant decreasing trend in Es covered approximately 56.7% of the total area of the Loess Plateau, primarily distributed across the MLP, ELP, eastern WLP, and parts of the SLP. In these areas, the majority (about 77%) coincided with a significant increase in NDVI (Figure 7D), indicating that the decrease in Es was related to changes in vegetation cover. In addition, about 12.9% of the total area showed a significant increase in Es, sporadically located in arid and semi-arid regions, with approximately 65% of these areas also driven by changes in vegetation cover. Although Es was not directly produced by vegetation, long-term vegetation changes remained a primary cause of the changing trends in Es.




3.5 Attribution of interannual variations in ET over the Loess Plateau

To explore the impact of vegetation conditions and climate factors on ET at an interannual time scale, Pearson correlations between ET (and its components) and NDVI (or climatic factors) were calculated for each pixel after removing their corresponding trend components (Figure 8). The results revealed that ET and Ec were significantly (p < 0.001) and positively correlated with NDVI in some areas of the MLP, NLP, and WLP (Figures 8A, B). In contrast, the positive correlation of Ei and the negative correlation of Es were largely insignificant (Figures 8C, D). In comparison, the correlations of ET (Ec and Es) with the two climatic factors were much stronger, particularly in the arid and semi-arid regions (p < 0.001, Figures 8E–G, I–K). For instance, there were significantly negative correlations between temperature and ET/Ec/Es, suggesting that in these water-limited areas, increased temperatures and associated drought stress may inhibit the ET process. Additionally, a significantly positive relationship was found between precipitation and ET/Ec/Es over large areas in the northwest, although some negative correlations were observed in the southeastern marginal regions. The correlations between precipitation and temperature indicated that interannual variations in ET were predominantly controlled by water availability in these water-limited regions, rather than energy availability. These findings also suggest that climate is the primary factor influencing the interannual variations in ET and its components in the arid and semi-arid regions of the Loess Plateau.




Figure 8 | Pearson correlation coefficients and their significance levels (two-tailed) between evapotranspiration (ET), vegetation transpiration (Ec), canopy intercepted water evaporation (Ei), and soil evaporation (Es) and (left) NDVI/ (middle) temperature/ (right) precipitation in growing season over the Loess Plateau from 2000 to 2022. The correlation coefficient (r) values are shown with the corresponding significance test (p-values) below, both sharing the same color bar.



To verify the robustness of our results, the China meteorological forcing dataset (CMFD) (Yang K. et al., 2019) were also conducted correlation tests with ET with long term trends excluded, this dataset integrates ground observations and satellite data and are widely proven to have good performance in representing the precipitation and temperature pattern (Yang et al., 2010; He et al., 2020). The results of CMFD demonstrate that the spatial patterns in the correlation of ET with both temperature and precipitation are highly consistent with that of ERA5 (Supplementary Figures S1), implying that the dominant role of these climatic factors in regulating interannual variability in ET is relatively robust among different data sources. Although some researches show certain overestimation of ERA5 precipitation over the Loess Plateau (Jiang et al., 2021), our result suggests this potential overestimation of ERA5 precipitation does not undermine the validity of our conclusions.





4 Discussion



4.1 Validation of the GLEAM ET product

In this study, we employed the remote-sensing-based GLEAM ET product to estimate ET changes in the Loess Plateau, as it explicitly considers the impact of soil moisture, which is a critical limiting factor for evapotranspiration in such a relatively water-limited region (Ferguson and Wood, 2010; Vinukollu et al., 2011). Generally, the GLEAM ET dataset has been proven to perform well in representing both the temporal and spatial variations of total ET and its components across China, particularly during the warm months, when compared with in situ observations and other products (Li, 2023; Yao, 2023). From the climatological results of ET over the Loess Plateau, GLEAM shows that canopy transpiration tends to be larger than soil evaporation, which contrasts with some other products (Jiang et al., 2022; Zhao et al., 2022). This difference is likely due to the following reasons. The GLEAM ET model uses a multi-layer soil model to capture soil moisture distribution and its effects on vegetation transpiration, limiting soil evaporation in dry regions while increasing Ec (Miralles et al., 2011; Martens et al., 2017). In contrast, other evapotranspiration models, such as PML and VIC models, which are based on the Penman-Monteith equation, focus primarily on vegetation and meteorological factors, emphasizing energy balance over soil moisture (Liang et al., 1994; Zhang et al., 2019). These models estimate transpiration and evaporation separately via remote sensing, potentially overestimating soil evaporation in areas with sparse vegetation. Differences in meteorological inputs also contribute to the variations in their estimates.




4.2 Uncertainty in attribution of long-term trends using Huang’s method

To determine whether long-term changes in vegetation are the direct drivers of observed trends in evapotranspiration (ET) and its components, we applied the method proposed by Huang. This approach posits that if both ET (and its components) and NDVI exhibit significant trends at the same grid point, it can be inferred that vegetation changes are the direct drivers of the trends in ET or its components, regardless of the presence of significant changes in climatic factors. Importantly, the trend in NDVI itself may be influenced by significant trends in climatic factors. However, we do not delve further into whether vegetation changes are attributable to anthropogenic activities or climatic factors, nor do we examine the extent to which climate change indirectly influences ET by altering vegetation conditions. Our analysis focuses exclusively on the direct impact of vegetation changes on ET. Conversely, when a significant trend in ET (or its components) occurs without a corresponding significant trend in NDVI, changes in climatic factors are considered the direct cause. Specifically, this method attributes vegetation changes primarily to anthropogenic activities (e.g., reforestation or land-use changes), while linking changes in climatic factors (e.g., temperature or precipitation) directly to climate change. In reality, the interactions between vegetation, climatic factors (e.g., precipitation and temperature), and ET are highly complex, involving multiple feedback mechanisms, which makes disentangling the relationships among these variables challenging. For example, in the southeastern Loess Plateau, although NDVI exhibited a significant increasing trend, the corresponding increasing trend in Ec may have been offset by the suppressive effects of significantly rising temperatures. Under such stressful conditions, plants may close their stomata, potentially explaining the overall insignificant increase in ET in these areas (Yang Y. et al., 2019). In general, Huang’s method provides a robust framework for disentangling the intricate relationships among vegetation dynamics, climatic factors, and ET trends through clear assumptions and logical classification. By avoiding the complexities of deeper causal mechanisms, this method enhances the simplicity and practicality of the analysis. Despite its simplicity, Huang’s method effectively evaluates whether vegetation changes are directly responsible for long-term trends in ET.




4.3 Forcing mechanism of vegetation and climatic factors on ET over the Loess Plateau

The growing season of the semi-arid and semi-humid Loess Plateau is characterized by relatively higher temperatures, larger vapor pressure deficits, and abundant solar radiation. Consequently, regional ET is predominantly governed by water availability in the absence of significant human interventions (Magliano et al., 2017). Theoretically, variations in ET are controlled by variations in water supply (i.e., precipitation), given the absence of large river inputs for most areas of the interior Loess Plateau (Jin et al., 2011; Zhang et al., 2017). However, extensive anthropogenic ecological restoration efforts, particularly the annual planting of new vegetation, have increased Ec, resulting in significant upward trends in ET over the past decade. This sustained increase in ET cannot be explained by non-significant trends in climatic factors but is instead attributed to vegetation greening across the plateau. The greening trend has contributed to increasing both total ET and Ec, while simultaneously being associated with a decline in soil evaporation. This decline is not only caused by increased vegetation, which leads to a soil-drying trend through additional water consumption by Ec and Ei (Allen et al., 2017), but also by the diminishing energy available as increased canopy coverage blocks a larger proportion of solar radiation from reaching the soil surface (Duveiller et al., 2018; Jiang et al., 2022).

However, when the linear trends of all variables are removed, climatic factors (precipitation and temperature) exhibit a stronger correlation with the interannual variability in ET and its components across most of the study area, compared to vegetation dynamics. As expected, the positive correlation between precipitation and ET underscores its crucial role in regulating interannual variations in ET in these semi-arid and semi-humid regions. Although rising temperatures can increase potential ET, actual ET tends to decrease. This is likely because, on the one hand, at yearly or shorter time scales, higher temperatures are often associated with lower precipitation and reduced water supply, which in turn limits ET. On the other hand, during the growing season, leaf stomatal conductance tends to close under extreme heat, leading to reduced ET. The interaction and coupling effects of vegetation changes and climate change on ET are complex. Although many studies have attempted to fully disentangle the impacts of vegetation change and climate change on ET, as vegetation also responds to terrestrial ecosystem and climate changes, few studies have focused on the different forcing mechanisms of the long-term trend and interannual variability in ET. Many studies have attempted to disentangle the impacts of vegetation and climate change on evapotranspiration (ET), but few have explored the distinct mechanisms driving its long-term trends and interannual variability. The interactions between vegetation and climate change on ET are inherently complex, as vegetation dynamically responds to changes in ecosystems and climate conditions. These intricate feedbacks among vegetation change, climate change, and ET highlight the need for further research, particularly into the differing drivers of long-term trends and interannual variability.




4.4 Limitations

Although this study separately examined the relative importance of climatic factors and vegetation dynamics on long-term trends and interannual variations in ET, there are still some limitations that should be addressed in future research. First, ET exhibits high spatial heterogeneity due to its strong dependence on underlying surface conditions. However, the available ET product, with its relatively coarse resolution, was not validated against in situ ET measurements, which may introduce substantial uncertainties in the ET estimates. Second, the duration of the available data is relatively short (~20 years). While the long-term trend is significant, the attribution results may vary when using data sources with a longer temporal span. Lastly, this study only analyzed the relationship of ET with two primary climatic factors. Other factors, such as atmospheric CO2 concentration, vapor pressure deficit, and sunshine duration, may also influence ET in the Loess Plateau. Although their impacts may be relatively minor, further research is necessary to comprehensively incorporate a broader range of influencing factors in the future.





5 Conclusions

In this study, we investigated the forcing mechanisms of climatic factors and vegetation dynamics in regulating the long-term trends and interannual variations in ET and its components. The results demonstrate that water resources (precipitation) play a fundamental constraining role in the overall distribution pattern of ET on the Loess Plateau. However, precipitation alone does not fully account for the significant increasing trend in total ET and Ec observed since the implementation of vegetation restoration projects. In contrast, the NDVI shows an increasing trend across most of the Loess Plateau, which may serve as the direct driving force behind the significant trends in ET and its components from 2000 to 2022. Excluding the long-term trend, interannual variability appears to be more closely correlated with climatic factors. The significantly positive relationship between precipitation and ET underscores ET’s heavy reliance on water resources in these regions, while the significantly negative correlation with temperature (p < 0.001) suggests a warming-induced drought stress effect on ET and its components in the arid and semi-arid regions of the Loess Plateau.

Additionally, our research reveals another intriguing finding: since 2012, the NDVI on the Loess Plateau has plateaued after a period of rapid increase, which aligns with existing studies indicating that the artificial greening of the Loess Plateau may have reached the limits of its environmental carrying capacity. This suggests that as vegetation greening approaches its peak, future ET on the Loess Plateau will be predominantly influenced by climate change. Given the insignificant fluctuations in precipitation, the warming trend is expected to dominate interannual variations in ET, leading to broader soil drying and water resource shortages. These changes will consequently impact the sustainable development of local agriculture and substantially increase the financial investment and costs required by the local government to maintain the current ecosystem. Therefore, it is essential to strike a balance between the limits of vegetation greening and financial investment under future warming scenarios. Our study provides insights into how ET and its components change under current ecological restoration projects on the Loess Plateau and offers a scientific basis for understanding the response processes of the hydrological cycle to large-scale vegetation greening and for regional water resource security assessment.
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The agricultural water footprint (WF) is essential for understanding environmental impacts and managing water resources, especially in water-scarce regions. In this study, an integrated framework for assessing water resource pressure and sustainability based on the total-element agricultural water footprints was developed. Firstly, three types of WFs (i.e., blue, green and grey WFs) of major crops including wheat and maize in the Beijing area were calculated, and spatiotemporal variations were analysed. Subsequently, the water stress index (WSI) of WFs was calculated, and based on this, the reliability-resilience-vulnerability (RRV) indices was established for systematically assessing water resource stress sustainability in agricultural systems. Finally, the driving factors of agricultural WF were analysed using STIRPAT model. The results were as follows. (1) The overall WF decreased from 22.0 × 108 m3 to 3.9 × 107 m3, showing a significant downward trend from 1978 to 2018. (2) The WSI values exceeded 1 in 25 out of the 35 years, indicating that the Beijing area continued to experience frequent water shortages. The RRV indices indicated that the sustainability of water resources in the Beijing area had improved in recent years, and the value was 0.35 in 2018, but remained at a low level. (3) Enhancing the effectiveness of irrigation, increasing agricultural machinery density, and reducing the planting area of water-intensive crops can significantly lower the agricultural WF. This study assessed the water resource pressure and sustainability of total-element agricultural WFs by combining the WSI and the RRV indices, from the integrated perspective of both water quantity and quality. This approach is of significant importance for the sustainable utilisation and management of agricultural water resources in water-scarce regions, based on water footprint analysis.
Keywords: agricultural water footprint, agricultural water resource assessment, water stress index, reliability-resilience-vulnerability indices, STIRPAT model
1 INTRODUCTION
A critical challenge to economic development is the scarcity of water resources. Agriculture accounts for 70% of global freshwater withdrawals and 90% of freshwater consumption (Dolganova et al., 2019). In China, the agricultural sector was responsible for 63.1% of the country’s total water use in 2015 (Beijing Municipal Bureau of Statistics, 2016). As the global population expands and the demand for food intensifies, the research and management of agricultural water resources have become increasingly critical. Consequently, analysing variations in agricultural water use is essential for both regional water resource planning and the implementation of agricultural water conservation strategies, especially for areas with rapid socioeconomic development and serious conflicts between water supply and water use.
The water footprint (WF) method has been widely used to better quantify water resources and to explore the relationship between human production activities and water resource embedded in products and services (Lovarelli et al., 2016; Liu et al., 2023; Mialyk et al., 2024a; Rodriguez et al., 2024). The agricultural WF accounts for water directly consumed during crop production, tillage, and irrigation (Wang et al., 2022), as well as the indirect water associated with the production and consumption of inputs including fertilizers, pesticides, and energy. Thereby the agricultural water footprint can provide a robust basis for agricultural water management. The concept of the WF was first proposed by Dutch water expert Arjen Hoekstra in 2002 (Hoekstra and Hung, 2002). The WF is a multidimensional indicator of water use and pollution (Hogeboom, 2020) and comprises blue, green, and grey WFs. Green water refers to the moisture stored in the unsaturated zone of the soil that is available for evapotranspiration; the green WF reflects the amount of green water consumed in agricultural production. Blue water, commonly understood as water resources, includes rivers, lakes, surface water, and groundwater; the blue WF refers to the amount of blue water consumed during production and consumption. Grey water refers to the volume of water required to dilute pollutants generated by agricultural production to meet water quality standards (Hoekstra, 2011); the grey WF is used to assess the extent of water pollution in terms of water volume (Wang et al., 2019; Elbeltagi et al., 2020). Since its introduction, the WF has been extensively quantified at various scales: global (Mialyk et al., 2024b; Sturla et al., 2024), national (Wang and Ge, 2020; Feng et al., 2022), urban (Cai et al., 2020; Ma and Jiao, 2023), and so on. In previous research, Hoekstra quantified the WF for crop yields in various countries and regions worldwide, establishing the first global benchmarks for crop yield WFs (Mekonnen and Hoekstra, 2014). Xu et al. (2019) quantified the agricultural WF of 207 counties in North China, exploring variations in China’s agricultural WF from a county-level perspective.
While quantification of the agricultural WF provides insight into the amount of water resources consumed during crop production, it does not adequately capture the relationship between production activities and regional water resources (Chu et al., 2022). Therefore, building on WF quantification, many studies have analysed the agricultural water stress index (AWSI) (Cao et al., 2017), green water scarcity (WSgreen) (D'Ambrosio et al., 2020), and other indicators to evaluate variations in water resource systems. In previous studies, Xie et al. (2020) considered the impact of irrigation on blue and green water and, on this basis, assessed the scarcity of these water resources in the Yellow River Basin via the WF. Cao et al. (2021) developed the water resource efficiency (WRE) index to assess water use efficiency in crop production. The water stress index (WSI) is a key indicator for assessing regional water stress, as it reflects the pressure on the water system by comparing the ratio of water consumption to the available water resources within the region (Dehghanpir et al., 2024). For instance, Wang Q. et al. (2023) employed the WSI to examine the pressure on water resources resulting from afforestation in the Inner Mongolia Autonomous Region. Typically, only blue and green WFs are used to evaluate the efficiency and scarcity of water resources, with grey WFs rarely included in the evaluation framework. However, the grey WF can assess water resource utilization from a water quality perspective. Addressing agricultural water pollution is also crucial for effective water management and sustainable development. The reliability-resilience-vulnerability (RRV) indices, proposed by Hashimoto, is widely used to evaluate the performance of specific systems (Hashimoto et al., 1982). In water resource studies, the RRV indices has been used to evaluate the performance of water supply systems (Golmohammadi et al., 2021), characterize droughts (Chanda et al., 2014), assess the impacts of water resource allocation (Zeng et al., 2024), analyse the effects of different climatic conditions on water resource systems (Asefa et al., 2014), and assess the sustainability of these systems (Sediqi and Komori, 2024). The WSI reflects the scarcity of agricultural water at a point in time, whereas the RRV indices reflects the sustainability of the system over an extended period. Building on the quantified WF, the WSI and RRV indices are combined to evaluate the pressure and sustainability of local agricultural water resource systems, effectively assessing variations and providing a theoretical basis for the sustainable development of these resources.
This study investigated the spatiotemporal changes and the driving factors of the crop production WF in the Beijing area from 1984 to 2018 while evaluating the shortage and sustainability of the agricultural water resources of the region. As a representative international megacity with high water demand, the Beijing area faces significant challenges in water resource management due to its high population density, dense urban infrastructure, and complex urban governance. This study proposed a framework for assessing water shortages and sustainability based on total-element agricultural WFs (i.e., blue, green, and grey WFs). Compared with previous studies, this research emphasized the critical role of the grey WF in the comprehensive assessment of water resource stress, evaluating agricultural water resources from both the water quantity and water quality perspectives through blue, green, and grey water. Additionally, on the basis of the calculation of the WSI, the RRV indices was constructed to systematically evaluate the pressure on and the sustainability of agricultural water resources. This enhancement can improve the comprehensive water resource evaluation system and provide a theoretical basis for policy formulation and scientific planning for the sustainable development of agricultural water resources.
2 MATERIALS
2.1 Study area
The Beijing area is situated in the northwest of North China Plain, covering an area of 16,410.54 km2 (Figure 1), with a semi-humid and semi-arid monsoon climate. The perennial average precipitation is 400–500 mm. The precipitation from June to August accounts for approximately 80% of the annual average throughout the year. In 2018, the total water resources of the Beijing area amounted to 3.546 billion m3, with the surface water resources accounting for 1.432 billion m3 and groundwater resources for 2.114 billion m3. As domestic water demand in the Beijing area increased, agricultural water resources were significantly reduced. Agricultural water consumption decreased year by year. Figure 2 illustrates the change in agricultural water consumption in the Beijing area between 1987 and 2018. It decreased from 2.184 billion m3 in 1984 to 420 million m3 in 2018, marking a reduction of nearly 81% over 35 years.
[image: Figure 1]FIGURE 1 | Map of administrative divisions of Beijing area, China.
[image: Figure 2]FIGURE 2 | Agricultural water consumption in Beijing area, 1984-2018.
By the end of 2018, the Gross Domestic Product of the Beijing area had reached 3,310.6 billion CNY, with a resident population of 21.542 million, including 2.9 million in agriculture. The plains of the Beijing area were predominantly located in the southeast, offering favourable irrigation conditions. The main soil types of the planting region in the Beijing area were moist soil, brown soil, and brown soil. The primary crops grown included winter wheat, maize, soybeans, and rice. In 2018, the output value of major agricultural products in the Beijing area was 11.47 billion CNY, with an output of 341,000 tonnes of key grain crops. The area sown with major grain crops was 55.6 thousand hectares, which was 89% less than in 1984, when it was 523.1 thousand hectares. As a representative megacity in China, the Beijing area is characterized by high population density, dense urban infrastructure, and complex urban governance challenges. Like many other megacities, the traditional extensive development approach of the Beijing area has led to “urban diseases”, such as environmental pollution and resource shortages (Zhu et al., 2022). The situation regarding water resources is particularly critical. In 1984, the per capita water availability of the Beijing area was 407 m3, whereas by 2018, it had dwindled to just 164 m3. The scarcity of water resources has significantly constrained regional economic development.
2.2 Data sources
The long-term meteorological data used in this study included monthly average temperature, wind speed, relative humidity, precipitation, and sunshine hours. The data covering the period from January 1984 to December 2018 were obtained mainly from Beijing weather stations and the China meteorological data sharing site. The agricultural data included soil data, fertilizer input, the agricultural population and sowing area, output, and the crop coefficient of the main crops, including wheat and maize, in the Beijing area. The data were obtained mainly from the agricultural development statistical bulletin of 30 years of reform and opening up supported by the Beijing Bureau of Statistics website and the Beijing Municipal Bureau of Statistics Information Office. Some data came from the WF assessment manual setting the global standard and the main food crop irrigation water quota of the main food crop in northern China. The soil data included the total available soil moisture, maximum precipitation infiltration rate, maximum planting depth, initial soil water consumption, etc. No wheat or maize were planted in Dongcheng District or Xicheng District, so these two districts were not considered.
3 METHODS
3.1 Research framework
In this study, a comprehensive water resource assessment framework based on the agricultural WF was constructed, as illustrated in Figure 3. The first step involved quantifying the blue, green, and grey WFs in crop production and analysing their spatiotemporal characteristics. The second step involved evaluating the pressure and sustainability of the water resource system from two perspectives: water quantity and water quality, via the WSI and RRV indices. The third step involved analysing the driving factors of the agricultural WF by using the stochastic impacts by regression on population affluence and technology (STIRPAT) model. This framework built upon the use of the WSI to assess the existing pressure on water resources and incorporated the RRV indices to analyse the long-term changes in the sustainability of the water resource system from the perspectives of reliability, resilience, and vulnerability. The framework allowed for a comprehensive evaluation of the agricultural water resource system, enhancing the multi-dimensional assessment of water resources and addressing the limitations of single-method evaluations, thereby providing a theoretical basis for promoting the sustainable development of these resources.
[image: Figure 3]FIGURE 3 | Research framework.
3.2 WF calculation methodology
Blue, green and grey WFs were considered in the measurement of the WF for crop production. The first step in calculating the green WF and blue WF of crop production was the determination of the crop water requirement, which was calculated via the CROPWAT model, which is based on the improved Penman formula recommended by the Food and Agriculture Organization (FAO). The crop water requirement was calculated by the reference evapotranspiration (ET0), which is based on the Penman formula and considers the influence of climatic factors, can be expressed by Equation 1:
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where Rn is the net radiation (MJ·m−2 d−1), G is the soil heat flux (MJ·m−2 d−1), T is the average air temperature (°C), u2 is the wind speed at a height of 2 m (m·s−1), ea is the saturation vapour pressure (kPa), ed is the actual vapour pressure (kPa), Δ is the slope of the saturation vapour pressure versus air temperature curve (kPa·°C−1), and γ is the psychrometric constant (kPa·°C−1).
The crop evapotranspiration (ETc) was estimated by Equation 2:
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where Kc is a crop coefficient that varies with the crop stage.
WFblue and WFgreen can be calculated based on Equations 3, 4:
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where WFblue is the surface water or groundwater consumed in the crop production process, WFgreen is the precipitation consumed in the crop production process, 10 is the unit conversion coefficient to convert units by mm (depth) into m3/hm2 (water amount per unit area), and [image: image] is the effective precipitation during the crop growth period (mm). On the basis of the WFblue and WFgreen values of crop production per unit area, corresponding regional crop production can be calculated from the sowing area.
The grey WF (WFgrey) of agricultural nonpoint source pollution can be calculated by Equation 5:
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where Appl is the input of pesticide or fertilizer, α is the proportion of the pollutant in the total pesticide or fertilizer input, Cmax is the maximum allowable concentration of pollutants (kg/m3), and Cnat is the initial concentration of pollutants (kg/m3). According to previous research (Zhang, 2017), 10 mg/L was used for Cmax.
The Department of Agriculture typically adopts nitrogen (N) and phosphorus (P) as indices reflecting the grey WF. In this case, α is the leaching loss rate of N or P. As nitrogen fertilizer contributes the most to the grey WF in agricultural production in China, nitrogen was taken as the representative index for calculating WFgrey.
3.3 Temporal trend analysis
The MK test method was used to analyse the variation trends in crop production WFs. According to the MK test, for the time series x1, x2, … , xn, the statistic S is given by Equation 6:
[image: image]
where n is the length of the series, xi and xj are the sequential data values, and
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when n ≥ 10, the statistic S is approximately normally distributed with a mean of 0, and its standard deviation can be expressed as:
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In Equation 7, where σx is the standard deviation of S and ti is the number of ties of extent i. The MK test statistic Z is expressed as Equation 8:
[image: image]
The significance trend is tested by comparing the absolute value of Z at the desired significance level α. In this study, a Z value beyond the interval of ±1.96 means that the trend is considered significant at the 95% confidence level. An increasing statistical Z value indicates an increasing trend, and vice versa.
3.4 Consideration of water resource scarcity and comprehensive sustainability evaluation of blue, green, and grey WFs
The WSI can reflect agricultural water scarcity in a region and was calculated on the basis of the agricultural WF and agricultural water use as determined by Equations 9–13:
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where [image: image] is the sum of the footprints of blue water, green water, and grey water; AWR is the amount of agricultural available water resources; [image: image] is the effective precipitation; and [image: image] is the amount of blue water resources used for agricultural production, which is usually the total amount of blue water resources available for agriculture minus the environmental water demand for maintaining the ecosystem. With reference to the study of Hoekstra et al. (2012), it is assumed that the environmental water demand accounts for 80% of the total blue water resources, as shown below:
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where TWR is the total amount of blue water resources available for agriculture; EWR is the demand for environmental water; and WR is the total quantity of available blue water resources within the region. Additionally, AWU is the agricultural water consumption and WU is the total water consumption.
In addition, the footprints of blue water, green water, and grey water are calculated as [image: image], [image: image], and [image: image], respectively, and can be expressed by comprehensively considering the water shortage in terms of both water quantity and quality, as represented by Equations 14–16:
[image: image]
[image: image]
where [image: image] and [image: image] are the blue water and green WFs, respectively.
In accordance with the methods of Shu et al. (2021), a water scarcity assessment based on the grey WF was constructed
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where [image: image] is the grey WF.
The WSI classified water scarcity into four levels: 0 < WSI < 0.2, no water shortage; 0.2 < WSI < 0.4, slight shortage; 0.4 < WSI < 0.8, moderate shortage; 0.8 < WSI <1, high shortage; WSI > 1, severe shortage.
To further explore the sustainability of agricultural water resources, the RRV indices was used to evaluate the sustainability of agricultural water resources in the Beijing area on the basis of the WSI. First, a standard C was defined. In this study, C was the WSI value when water shortage was under extreme pressure, that is, WSI = 1.0, and [image: image] can be defined as the WSI of each year:
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where Wt is the recovery index of the water resource system from severe shortages:
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The RRV indices includes three indices, namely, reliability, resilience and vulnerability. Reliability refers to the likelihood that the system remains in a satisfactory state, resilience indicates the speed at which the system recovers from an unsatisfactory state, and vulnerability measures the degree to which the system is in its least satisfactory state as represented by Equations 17–19 (Hashimoto et al., 1982).
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where T is the time step, set to 10 years in this study; n indicates the number of failure events; d(j) is the duration of the jth failure event; [image: image] is the WF at time i; [image: image] is the amount of agricultural available water resources at time i; and H is the Heaviside function, which is a mathematically discontinuous function with a negative independent variable H = 0 and a positive independent variable H = 1.
The sustainability index was used to evaluate the sustainability of water resources system, and was the geometric average of the reliability, resilience and vulnerability after standardization, as expressed in Equation 20. A higher sustainability index indicates greater sustainability of the water resource system, categorized into five levels: 0-0.20, poor; 0.20–0.40, fair; 0.40–0.60, average; 0.60–0.80, good; and 0.80–1.0, excellent.
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3.5 STIRPAT model for analysing the drivers of WF
The impact of population, affluence and technology (IPAT) model was proposed by Ehrlich and Holden to study the impacts of human socioeconomic activities on the environment and is formulated in Equation 21 (Ehrlich and Holdren, 1971):
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where I is the resulting environmental impact, P is the population size, A is the level of affluence, and T is the level of technology.
The proposed IPAT model provides a way to explain the impact of a range of human activities on the environment, but it still has strong limitations, mainly including the simplicity of the interrelationship among parameters and the assumption that the elasticities of P, A, and T are the same, which implies the same contributions of different factors to environmental pressure. This conflicts with the EKC assumption (Liu and Xiao, 2018). Therefore, on the basis of this model, Dietz and Rosa proposed the stochastic impacts by regression on population affluence and technology (STIRPAT) model, which is expressed in Equation 22 (Dietz and Rosa, 1997):
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where a is the intercept term; b, c, and d are the elastic coefficients of P, A and T, respectively; e is the residual error.
The STIRPAT model is usually used in logarithmic posterior form (York et al., 2003; Lohwasser et al., 2020):
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The drivers of environmental stress are related not only to population, affluence and technology level but also to various socioeconomic factors, so the STIRPAT model can be analysed by adding more factors according to real needs. To investigate the drivers of the agricultural WF in the Beijing area, we selected six factors, namely, the agricultural population (P), gross output value of agriculture (A1), GDP per capita (A2), industrial structure (A3), degree of effective irrigation (T1), agricultural machinery density (T2), and planting structure (PS), as shown in Table 1, and are expressed with Equation 24. Among these factors, the agricultural population (P) represented the number of people engaged in agricultural activities, directly influencing the water demand in the agricultural sector. The gross output value of agriculture (A1) and GDP per capita (A2) reflected the level of affluence, the development of the agricultural economy, and the impact of increases in production scale and economic growth on the agricultural WF. The industrial structure (A3) affected the agricultural WF by altering the input of agricultural resources and production methods. The degree of effective irrigation (T1) and agricultural machinery density (T2) reflected advances in agricultural production technology, which in turn influenced the agricultural WF. The adjustment of the planting structure (PS) directly affected the total agricultural water demand, making it a key factor representing the production structure.
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TABLE 1 | Description of each variable in the STIRPAT model.
[image: Table 1]4 RESULTS
4.1 Temporal variations in the agricultural WF in the Beijing area
Equations 1–5 were used to calculate the agricultural WF in the Beijing area from 1984 to 2018. The results of WF and the sown area of main grains are shown in Figure 4A. From 1984 to 2018, the annual average agricultural WF in the Beijing area was 16.0 × 108 m³, decreasing from 22.0 × 108 m³ in 1984 to 3.86 × 108 m³ in 2018, with an average annual variation rate of 4.54%. The absolute Z value from the Mann‒Kendall (MK) test was greater than 1.96, indicating a significant downward trend over the study period. The maximum value was 24.1 × 108 m³ in 1994, and the minimum value was 3.86 × 108 m³ in 2018. Between 1984 and 2000, the agricultural WF fluctuated slightly, averaging approximately 22.2 × 108 m³. Starting in 2001, the agricultural WF of the Beijing area began to decrease significantly, although it exhibited an increasing trend from 2004 to 2009, with an average annual growth rate of 4.11%. With an average annual decline of 12.6%, the agricultural WF displayed a continuous downward trend from 2009 to 2018.
[image: Figure 4]FIGURE 4 | (A) Agricultural WF and composition, (B) blue WF, (C) green WF and (D) grey WF of four food crops in Beijing area.
The trend in WF variation was consistent with the variation in the crop sowing area, indicating that the crop sowing area was a key factor influencing the WF. In terms of WF composition, the overall pattern observed was green WF > grey WF > blue WF. On average, the green WF accounted for approximately 44% of the total WF, the grey WF accounted for 40%, and the blue WF accounted for 16%. The trend in the variation in the green WF was largely consistent with that in the total WF, with an average annual variation rate of 16.0%. The grey WF initially increased, peaking at 9.21 × 108 m³ in 1994, before continuously decreasing to a minimum of 2.23 × 108 m³ in 2018. The annual variation rate of the blue WF was 52.0%, which was significantly influenced by precipitation and the planting structure.
The green, blue, and grey WFs of the four crops are depicted in Figures 4B–D. The average green WF of the four crops, ranked from largest to smallest, was as follows: maize > wheat > rice > soybean, with a significant decline observed across all crops. The average annual green WF for soybeans was 0.29 × 108 m³. Between 1984 and 1998, the average green WF of maize was approximately 7.75 × 108 m³, but it significantly decreased to 3.55 × 108 m³ in 1999, primarily due to severe drought in the Beijing area, where rainfall was only 36% of that of the previous year. Among the four crops, wheat was the most water intensive, exhibiting the highest blue WF, followed by maize, soybean, and rice. The blue WF of wheat showed a significant fluctuating downward trend, reaching a minimum of 0.21 × 108 m³ in 2017. The blue WF of maize varied significantly from year to year, with an average of 0.59 × 108 m³. When precipitation meets crop growth needs—specifically, when effective precipitation exceeds crop evapotranspiration—the blue WF is zero. The blue WFs of soybeans and rice remained consistently low. The grey WF of maize and wheat accounted for 93.6% of the total footprint among the four crops, initially increasing and then decreasing, whereas that of soybeans and rice remained very low. The MK trend test results are presented in Table 2. From 1984 to 2018, the absolute Z values for the WFs of all crops except for the blue WF and grey WF of maize exceeded 1.96 and were all negative, indicating a significant downward trend.
TABLE 2 | MK trend test for WFs.
[image: Table 2]4.2 Spatial differences in the agricultural WF in the Beijing area
Figure 5 illustrates the spatial distribution and temporal evolution of the agricultural WF across various districts and counties in the Beijing area from 1990 to 2018. Overall, there were considerable variations in the agricultural WF among the districts and counties. Tongzhou District recorded the highest agricultural WF, with an average annual value of 2.71 × 108 m³, followed by Shunyi District and Daxing District, with averages of 2.59 × 108 m³ and 2.44 × 108 m³, respectively. Tongzhou and Shunyi districts were the two largest areas in terms of grain sown area, with an average of 5.4 × 104 m3 and 5.3 × 104 m3 per year. These values were approximately 1.1 × 10⁴ m³ higher than that of Daxing district, which ranked third with 4.2 × 10⁴ m³. The blue and green WFs in Tongzhou and Shunyi districts were relatively similar, with the primary difference lying in the grey WF. Between 1990 and 2018, Tongzhou district had an average fertiliser use of 200 kg per hectare more than Shunyi district. This higher fertiliser application, in the context of similar blue and green WFs, contributed to agricultural WF of Tongzhou district being the highest among all districts and counties in the Beijing area. The agricultural WF in each district decreased by an average of 80.1% from 2015 to 2018 compared to that from 1990 to 1994. Notably, the agricultural WFs of the Chaoyang and Fengtai districts exhibited the most significant reductions, each decreasing by more than 98%. In 1992, the actual cultivated land area of the Beijing area was 408,300 hm2, with 37,900 hm2 located in the suburban districts of Chaoyang, Fengtai, Shijingshan, and Haidian. By the end of 2018, the cultivated land area of the Beijing area had decreased to 212,800 hm2, with the four suburban districts reduced to 6,600 hm2, which was an 82.6% reduction. This significant reduction in arable land was accompanied by a corresponding decrease in the agricultural WF.
[image: Figure 5]FIGURE 5 | Agricultural WFs of Beijing area in different periods.
In terms of WF composition, the green WF was dominant from 1990 to 1994, accounting for an average of 50%, followed by the grey and blue WFs. The proportion of the grey WF gradually increased thereafter, reaching 55% from 2015 to 2018, whereas the green WF decreased to 39%. The WF composition among different districts and counties showed little variation; however, the green WF in Mentougou District consistently exceeded 70% over many years. This was attributed to the district having the lowest fertilizer usage per unit of cultivated land, resulting in a relatively small grey WF.
4.3 Assessment of agricultural water resource utilization in the Beijing area on the basis of WF variations
Equations 9–19 were employed to calculate the agricultural WSI and RRV indices for the Beijing area from 1984 to 2018. The calculation results of WSI index are shown in Figure 6A. The annual average WSI was 1.21, indicating a severe level of agricultural water resource stress in the Beijing area over the long term, with WSI values exceeding 1 in 25 out of the 35 years. Between 1999 and 2007, the WSI remained above 1 for nine consecutive years, primarily because of significantly lower precipitation than the annual average, marking the most severe drought period in the Beijing area since the 1950s (Shuang-shuan, 2015). WSIblue and WSIgreen quantified water resource scarcity during crop production from a water quantity perspective. The annual average WSIblue value was 1.37, with a maximum value of 6.70 in 1999; and the annual average WSIgreen value was 0.60 with a maximum value of 0.73 in 2007. A high WSIblue typically corresponded to a low amount of available water resources, indicating extreme blue water scarcity in the Beijing area, with significant interannual variations. WSIgrey quantified the sustainability of water resource use from a water quality perspective (Shu et al., 2021). Between 1984 and 2018, the annual average WSIgrey was 0.63, indicating a moderate level of water scarcity. Between 1999 and 2002, WSIgrey was greater than 1, coinciding with high WSIblue values and low available water resources, indicating an increased likelihood of agricultural water pollution during this period. To assess the sustainability of agricultural water resources in the Beijing area, RRV index was calculated, as presented in Figure 6B. From 1984 to 2018, the WSI values exceeded 0.8 on 25 occasions, with a multiyear reliability average of 0.25, peaking at 0.60 in 1993 and 1994 and reaching its lowest value of 0.10 between 2001 and 2010. The reliability of agricultural water resources in the Beijing area continuously declined from 1994 to 2001, reaching its lowest value of 0.10 before increasing to 0.30 after 2009. In recent years, the reliability of agricultural water resources in the Beijing area had exhibited a downward trend owing to consistently high WSI values exceeding 1. The average annual resilience index was 0.20, reflecting the capacity of water resources to recover from extreme stress to normal levels. The WSI of the Beijing area frequently exceeded 1, suggesting low resilience in agricultural water resources. When pressure becomes too severe, recovery to normal levels is difficult within a short time. Additionally, the average vulnerability index was 1.94, exceeding 1 from 1999 to 2015, reaching a maximum of 4.28 in 2006, and subsequently decreasing from 2016 to 2018. The sustainability index indicated that the sustainability of the agricultural water resource system in the Beijing area peaked in 1993, continued to decline until 2001, and remained in a state of poor sustainability until 2010. After it rose from 2011 to 2018, it decreased again, reaching a fair level in 2018.
[image: Figure 6]FIGURE 6 | (A) WSI of total agricultural WF, blue WF, green WF and grey WF in Beijing area, and (B) Reliability-resilience-vulnerability indices.
4.4 Analysis of the driving factors of the agricultural WF in the Beijing area
The driving factors of the agricultural WF in the Beijing area from 1984 to 2018 were analysed via the extended STIRPAT model. The regression results are shown as Table 3. To address the strong multicollinearity between the dependent and independent variables and prevent interference from their overlapping information, ridge regression was performed by using SPSS 26.0 software. This yielded the regression equation and the corresponding R2 value with varying asynchronous length k. A smaller k value corresponded to a smaller deviation. The standardized regression coefficients stabilized, leading to the selection of k = 0.02 as the step size. After adjustment, the R2 value was 0.966, with all seven independent variables passing the significance test and with VIF values less than 10. The equation of the STIRPAT model was obtained as follows:
[image: image]
TABLE 3 | Regression results.
[image: Table 3]Equation 25 revealed that increases in A2, T1, and T2 reduced the agricultural WF of the Beijing area, whereas increases in P, A1, A3, and PS led to an increase in the WF. Among these factors, the most influential on the agricultural WF of the Beijing area was the effective irrigation degree (T1). For every 1% increase in the degree of effective irrigation, the agricultural WF of the Beijing area decreased by 0.827%. Additionally, the agricultural population and planting structure played significant roles. The planting structure emerged as the largest positive driving factor, whereas effective irrigation was the most significant negative driving factor.
5 DISCUSSION
5.1 Temporal and spatial variations in the agricultural WF in the Beijing area
In this study, the agricultural WF across urban and county areas of the Beijing area from 1978 to 2018 was quantified. The agricultural WF in the Beijing area showed slight fluctuations before 1999, a significant decrease from 1999 to 2003, and a trend of an initial increase followed by a decrease from 2004 to 2018; this was consistent with previous research findings (Xu et al., 2015; Jin et al., 2016). From 2000 to 2018, the agricultural WF in the Beijing area showed a trend of first increasing but then decreasing. Nationwide, the agricultural WF exhibited an increasing trend, while the proportion of the agricultural WF in the Beijing area relative to the national total gradually decreased (Wang Z. et al., 2023). This indicated a shift in the industrial structure of the Beijing area, which was characterized by a decline in the proportion of agriculture. The agricultural green WF of the Beijing area accounted for the largest proportion of its WF, with green water being consumed primarily in agricultural production. It played a significant role in both rain-fed crops and irrigated farmland (Cao et al., 2015; Cao et al., 2017). Therefore, improving the utilization rate of green water was crucial for alleviating water resource pressure. Throughout the study period, the proportion of the grey WF showed an increasing trend. The decline in soil fertility in recent years had led to the increased application of chemical fertilizers as the primary means to replenish soil nutrients and improve grain yield. Fertilizer use was the primary source of the grey WF in agricultural production. The fertilizer utilization efficiency in China is low, and the grey WF generated by fertilizer leaching negatively impacts the water environment. Enhancing fertilizer utilization efficiency in grain cultivation is a critical strategy to reduce the grey WF and control agricultural nonpoint source pollution.
The WF of food crops is influenced by natural factors, including crop type, regional climate, and soil type, and social factors, such as agricultural policy, land planning, and economic conditions (Xu et al., 2022). Owing to the relatively small variations in climate types across districts and counties within the Beijing area, the impact of topography is reflected mainly in the differences in cultivated area. The terrain of the Beijing area is characterized by higher elevations in the northwest and lower elevations in the southeast. This study indicated that the southeastern region, which was dominated by plains, featured large and dense crop planting areas, leading to a high and concentrated agricultural WF. According to Beijing major function-oriented zone planning, Tongzhou district, Shunyi district, Daxing district, and the plains of the Changping and Fangshan districts have been designated new urban development areas tasked with advancing modern agriculture. For many years, these five districts had accounted for more than 60% of the total WF, necessitating stronger management of agricultural water resources to address the water scarcity in the Beijing area.
5.2 Variations in agricultural water resource scarcity and sustainability in the Beijing area
Rapid population growth and economic development during the urbanization of the Beijing area had significantly increased water demand, leading to severe groundwater overexploitation. The average groundwater depth increased from 6.4 m in 1978 to 25.66 m in 2014, indicating extreme strain on water resources (Liu et al., 2019; Qin, 2021). To further explore the pressure and sustainability of the water resource system in the Beijing area, this study combined the WSI and RRV indices to establish a new comprehensive water resource assessment framework. The WSI results indicated that the regional agricultural water resources had experienced severe shortages for many years, mainly water quantity type water shortage, in which the blue water shortage problem had been particularly frequent. In 1999, a water quality shortage occurred, primarily due to the scarcity of blue water resources. Since the 1960s, the Beijing area had experienced below-average annual precipitation and uneven annual distribution, while the increasing water demand due to population growth had exacerbated agricultural water resource conflicts, significantly restricting the sustainable development of agriculture. This study showed that after 2007, precipitation levels increased compared with those in previous years, leading to a decrease in the WSI and an increase in reliability, resilience, and sustainability, returning to pre-1999 levels. Since 2000, the Beijing Municipal Government had implemented various measures to mitigate water shortages, including increasing reclaimed water irrigation in farmlands, adjusting the agricultural industrial structure, promoting water-saving agriculture and continuously reducing agricultural water consumption. However, further measures are necessary to address the ongoing scarcity of agricultural blue water resources. In particular, under the influence of climate change, it was crucial to strengthen the assessment of and response to natural disaster risks, such as drought. From 2013 to 2018, the WSI remained above 1, and sustainability remained at a poor to average level, indicating that the shortage of agricultural water resources remained severe. The RRV results indicated that, in recent years, the sustainability of agricultural water resources in the Beijing region showed an improvement relative to the 2000s. However, when compared to the 1990s, there was little improvement, and sustainability levels remained relatively low. While agricultural water consumption in the Beijing area had gradually decreased over the years, further measures, such as the use of advanced water-saving irrigation technology, the development of high-standard farmland, and modernization restructuring, were essential for increasing water resource efficiency and promoting sustainable usage.
This research framework comprehensively considered blue, green, and grey WFs, constructing a comprehensive evaluation system for water resources on the basis of the WSI and RRV indices from the perspectives of both water quantity and quality. Compared with many previous studies, the water stress due to the heavy use of fertilizers was considered, and the grey WF was included into the assessment system in this study. Additionally, by combining the WSI and RRV indices, the RRV indices was proposed as a new systematic approach for assessing water resource in agricultural systems. The agricultural water resource evaluation system was further improved to provide robust and scientific data support for effective water resource management.
5.3 Driving factors of the agricultural WF in the Beijing area
Over the past 35 years, the agricultural WF of the Beijing area had decreased by 82.5%, with the blue WF decreasing by 95.9%, the green WF decreasing by 85.6%, and the grey WF decreasing by 60.4%. From the perspective of water consumption sources, the reduction in the sown area was the primary factor contributing to the decrease in the agricultural WF of the Beijing area. On the one hand, the transformation of the Beijing area into a megacity had led to significant changes in land use due to economic and social development needs; on the other hand, the aggressive promotion of ecological and environmental protection policies, such as returning farmland to forests, reduced the city’s cultivated land area. Moreover, as living standards have improved, the demand for fruits and vegetables has increased, leading to a reduction in the area sown with grain. By 2018, the area sown with food crops was only 16.7% of that in 1984.
Variations in crop types significantly impact the amount of water required for irrigation. The WF per unit of wheat and rice was greater than that per unit of corn and soybeans. The driver analysis indicated that a 1% increase in wheat cultivation resulted in a 0.41% increase in the agricultural WF. Given that wheat and corn constituted approximately 90% of the total crop production, cultivating crops such as corn, which had a lower unit WF, can promote more efficient water resource use. Considering the current situation of water shortages in the Beijing area, it is necessary to change the planting structure.
Each 1% increase in the degree of effective irrigation and density of agricultural machinery could reduce the agricultural WF by 0.827% and 0.233%, respectively. This research indicated that agricultural modernization and the continuous progress of water-saving irrigation technology and supportive measures could reduce irrigation water consumption, increase the efficiency of agricultural water resource utilization, and subsequently lower the agricultural WF. Agricultural modernization is an important goal in China, with mechanization serving as its foundation. The growing demand for food crops due to population growth has driven advancements in agricultural machinery. On the one hand, this progress has led to increased crop yield and improved agricultural production efficiency; on the other hand, water-saving agricultural mechanization has improved the utilization efficiency of agricultural water resources.
Population factors significantly influenced the agricultural WF in the Beijing area. The results indicated that a 1% increase in the permanent population corresponded to a 0.589% decrease in the agricultural WF of the Beijing area. Typically, an increase in population led to an increase in the agricultural WF (Huang et al., 2021); however, the context in the Beijing area was contrary to this trend. As a megacity in China, the permanent resident population of the Beijing area in 2018 was 223% of that in 1984, whereas the agricultural population in 2018 was only 75% of that in 1984. Rapid urban development has driven more workers from rural areas to seek employment in cities. This shift had led to the abandonment of cultivated land and a reduction in the agricultural population (Gong et al., 2020). Owing to rapid urbanization and urban planning in the Beijing area, the cultivated land area decreased from 422,000 ha in 1984 to just 21.3 ha in 2018. This drastic reduction in cultivated land area led to a corresponding decrease in the agricultural WF, resulting in a negative impact of population on the agricultural WF of the Beijing area.
Various economic factors exerted distinct impacts on the agricultural WF in the Beijing area. The total agricultural output value was the largest positive driving force of the agricultural WF in the Beijing area; for every 1% increase in the gross output value of agriculture, the agricultural WF increased by 0.245%. From 1984 to 2018, the total agricultural output value of the Beijing area increased from 1.44 billion CNY to 11.47 billion CNY (Beijing Municipal Bureau Of Statistics, 2019). An increase in the gross output value of agriculture indicated an increase in crop production, necessitating significant water resources to support crop growth. The industrial structure was the second most significant positive driver of the agricultural WF in the Beijing area. A 1% increase in the proportion of primary industry resulted in a 0.164% increase in the agricultural WF of the Beijing area. Between 1984 and 2018, the proportion of primary industry in the Beijing area declined from 6.8% to 0.4%. The industrial structure of the Beijing area had been progressively optimized, with primary and secondary industries gradually shifting to the tertiary sector, significantly reducing the agricultural WF. The negative correlation between GDP per capita and the agricultural WF of the Beijing area indicated a reduced reliance on agriculture for economic development, with residents increasingly deriving economic benefits from secondary and tertiary industries, in line with the evolving industrial structure.
5.4 Recommendations to ease the pressure on agricultural water resources
The population growth in megacities such as Beijing inevitably increases the demand for food, which in turn drives higher water demand. As a result, the Beijing area imports significant quantities of food crops to alleviate pressure on water resources. While reducing the crop planting area is the primary strategy for minimizing agricultural water use, the Beijing area must still preserve a certain amount of cultivated land to maintain ecosystem services and ensure a basic level of food self-sufficiency (Huang et al., 2012). To alleviate agricultural water resource pressures and promote regional sustainable water use, the recommendations are proposed as follows. (1) To maximize the efficient use of water resources by considering local climate conditions, selecting suitable crop types, optimizing planting structures, and reducing the planting area of high-water-consuming crops such as wheat. (2) To promote the adoptions of water-saving technologies in agriculture. As of 2020, the effective utilization coefficient of farmland irrigation water in the Beijing area was 75%, leading the nation, although it was still behind the 80%–90% efficiency levels seen in agriculturally developed countries. Advancements in water-saving technology can reduce blue water losses during irrigation, increase the efficiency of green water resource use, and thereby ease agricultural water resource pressures in the Beijing area. Additionally, the government should promote water-saving technologies tailored to the needs of farmers and crop types while encouraging the cultivation of drought-tolerant and water-efficient crops. (3) To continuously promote the applications of formulated fertilizers, organic fertilizers and other scientific fertilizer application methods, such as tailor-made fertilizer formulations according to different soil types and crop varieties along with policy subsidies, strengthen publicity and education on scientific fertilizer application, enhance fertilizer utilization efficiency, reduce grey WF, and control agricultural nonpoint source pollution. At the same time, crop yields have increased, indirectly reducing the WF of crop production.
6 CONCLUSION
This study analysed the temporal and spatial variations in the agricultural WF from 1978 to 2018, assessing the degree of water resource scarcity from both water quantity and water quality perspectives through blue, green, and grey WFs. On the basis of these assessments, an RRV indices was developed to evaluate the sustainability of agricultural water resources in the Beijing area, further enriching the comprehensive assessment system of water resources. The STIRPAT model was subsequently employed to investigate the driving factors influencing the agricultural WF. The results were as follows. (1) Agricultural WF in the Beijing area decreased significantly from 1978 to 2018. The green WF accounted for 43% of the total WF of the Beijing area. It indicated that the primary requirement for the growth of grain crops in the Beijing area was green water. (2) The WSI revealed that the Beijing area had consistently faced blue water shortages over the years, with water scarcity remaining severe. The RRV results indicated that the sustainability of the water resources system remained at a low level. The Beijing municipal government should continue to increase water resource utilization efficiency to alleviate ongoing water resource pressures. (3) Analysis of the driving factors suggested that reducing the proportion of water-intensive crops such as wheat, enhancing irrigation support measures, and promoting water-saving technologies can effectively reduce the agricultural WF. This study proposed an innovative water resource assessment framework that combined the WSI and the RRV indices. Building on the traditional WSI assessment method, this framework not only analysed the current pressure on water resources but also extended the evaluation to the long-term sustainability of the water resource system. It can provide a more comprehensive and systematic analytical tool for the sustainable management of water resources.
This study has several limitations in quantifying the agricultural WF of the Beijing area, as it considers only the WF of certain crops, does not include the WF of animal husbandry, and does not account for virtual water flows associated with trade. Given that the grain supply for the Beijing area is largely supplied from other regions, future studies should place greater emphasis on the impact of virtual water trade.
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Human activity and climate change have significantly modified the hydrological processes of groundwater. In coal mining areas, dewatering operations have become more influential than climate change, making human activity the primary factor impacting groundwater systems. However, it remains unclear to what extent climate change affects groundwater levels under such strong human influence. This research examines the impact of El Niño Southern Oscillation (ENSO) on groundwater levels, using data from the Pansan Coal Mine in Huainan, China as a case study. We employ wavelet analysis to study four groundwater level time series and investigate the impacts of ENSO and precipitation. The study results indicate that, in cases of groundwater over-exploitation, significant regions in the Continuous Wavelet Transform of groundwater levels decrease significantly. However, despite the substantial drops in groundwater levels caused by mining activities, a distinct resonance period with precipitation and ENSO remains evident in the Cross Wavelet Transform. Human activities have not altered the resonance frequencies between groundwater levels and either precipitation or ENSO. Precipitation correlates with porous groundwater levels on an annual scale and with karst groundwater levels on both annual and inter-annual scales. ENSO significantly impacts Quaternary groundwater levels on annual and inter-annual scales, and it affects Neogene and karst groundwater levels on inter-annual scales. Conducting-water structures serve as the primary pathways for transmitting precipitation and ENSO signals. The findings and methodologies presented in this study can help managers and scientists in enhancing groundwater resource management, sustainable utilization and water disaster prevention amid future climate uncertainties.
Keywords: coal mine groundwater, over-exploited, climate change, Enso, precipitation, wavelet transform
1 INTRODUCTION
Groundwater serves as a crucial water resource in coal mining operations, and it is also a disaster that threatens the safe mining of coal (Wang et al., 2012; Xue et al., 2023). Comprehending the fluctuations in groundwater levels, along with their periodic patterns and trends, plays a crucial role in addressing water resource management and disaster prevention effectively. This understanding is instrumental in predicting future variations in groundwater resources (Liesch and Wunsch, 2019). The periodic monitoring of groundwater levels resulting from oscillatory climatic systems serves as a valuable resource to enhance long-term forecasting capabilities (Rust et al., 2018). While long-term records of groundwater levels are rare, they hold significant importance in supplying the essential data required to assess changes in the resource over time (Liesch and Wunsch, 2019). Consequently, there has been a growing emphasis on studying the influence of long-term periodic fluctuations in groundwater levels attributed to climatic teleconnections. Numerous authors have reported these fluctuations in recent years (Gurdak et al., 2007; Holman et al., 2011; Tremblay et al., 2011; Perez-Valdivia et al., 2012; Dong et al., 2015; Neves et al., 2019).
However, both climate change and human activities have significantly altered hydrological processes (Zhang et al., 2016). The increased magnitude and frequency of climate change since the early 20th century have complicated the relationship between climate change and groundwater systems (IPCC, 2012). El Niño Southern Oscillation (ENSO) is a major interannual climate phenomenon that significantly influences weather and climate patterns around the globe (Brönnimann et al., 2007; Kuss and Gurdak, 2014; Chang et al., 2019). Therefore, ENSO has been selected as the climate change factor in this study.
In numerous locations worldwide, human activities have intensified to the point where they exceed the influence of climate change, making human activity the dominant factor affecting groundwater systems (Hao et al., 2016). Groundwater over-exploitation is the main factor leading to the change of groundwater hydrological process (Salameh, 2008; Li et al., 2013; Pophare et al., 2014; Qian et al., 2018; Li et al., 2022). Groundwater over-exploitation, particularly in areas like China’s Yangtze River Delta Plain (Wang et al., 2015; He et al., 2021; Xu et al., 2021), Huaibei Plain (Li and Gao, 2004; Zhu, 2013), and major coal mining areas (Xue and Zhang, 2016; Yin et al., 2016), has led to significant declines in groundwater levels and even land subsidence (Wang et al., 2013; Liu et al., 2019; Xue et al., 2022). The interplay between over-exploitation and climate change further complicates hydrological processes. Despite these challenges, research on the relationship between groundwater levels in such aquifers and climate patterns remains limited. This knowledge gap hampers the government’s ability to effectively manage groundwater resources and prevent mine water disasters.
This project aims to investigate the periodicities of four over-exploited groundwater level time-series recorded in various aquifers, and to assess the potential effects of precipitation and climatic teleconnections (ENSO) on groundwater using wavelet analysis. The monitoring wells, situated in the Pansan Coal Mine in Huainan City, China, observe different confined aquifers and types (porous and karst).
2 MATERIALS
2.1 Study area
The study area is situated in the Panji District, northwest of Huainan City, Anhui Province, which comprises Panyi, Paner, Pansan and Zhuji Coal Mines. For this study, Pansan Coal Mine was chosen due to the availability of complete groundwater level data. The area is located in the Huaihe River alluvial plain, with a flat terrain and an elevation ranging from 18 to 22 m and abundant coal resources that have been mined since the 1980s. Stratigraphic sections include Sinian (Z), Cambrian (Є), Ordovician (O), Carboniferous (C), Permian (P, with coal-bearing strata), Palaeogene (E), Neogene (N), and Quaternary (Q) strata. The main outcropping strata is Quaternary deposits, occasionally with Cambrian and Sinian outcrops in the northern region (Figure 1).
[image: Figure 1]FIGURE 1 | Location of groundwater monitoring wells and comprehensive stratigraphic column.
Pansan Coal Mine is located on the western part of the southern limb of the Panji Anticline within the Huainan Synclinorium, adjacent to the Panyi Mine. The overall structure is a monocline, with the strata trending in a NWW-SEE direction. The dip angle of the strata generally ranges from 5° to 10°, showing a trend of being steeper near the surface and gentler at greater depths. In some local sections, due to the influence of Fault F1, the dip angle increases to 30°–50°, and in some cases, the strata are even vertical. As a result of regional north-south compressional forces, secondary synclines and anticlines have developed within the coalfield.
The study area is located in the Huaihe River basin with its main water system being the Huaihe River and its tributary, the Mud River. It falls under a subtropical monsoon climate zone characterized by long winters and summers, and short springs and autumns, with distinct four seasons. The average annual temperature is 15.1°C, with an average of 2,298 h of sunshine per year. The annual average precipitation is 905.6 mm, with the highest recorded at 1,558 mm in 1991 and the lowest at 347 mm in 2001. Precipitation is mainly concentrated in the months of June to September. The average frost-free period lasts for 215.5 days per year.
The groundwater system comprises karst groundwater found in Cambrian, Ordovician, and Carboniferous strata, as well as porous groundwater distributed within loose Neogene and Quaternary sediments. These aquifers are distributed throughout the study area. The Quaternary aquifer group primarily receives recharge from vertical infiltration of atmospheric precipitation and surface water, with lateral recharge from rivers during the rainy season. In their natural state, the water levels fluctuate with seasonal variations, with the primary discharge methods being evaporation and artificial extraction. During the dry season, surface river water replenishes the aquifers. The Neogene aquifer is primarily replenished laterally through runoff. In its natural state, there is no hydraulic connection between the upper and lower aquifers. Under the influence of coal mining, groundwater is discharged into the mine through mining-induced fractures and underground boreholes. The development of karst fractures in limestone is uneven; near the outcrop in the northern area, the karst fractures are more developed, and the water-bearing capacity is strong. At the base of the Taiyuan Formation, a mudstone and aluminous mudstone aquitard exists, which under natural conditions limits the hydraulic connection between the Carboniferous and Ordovician aquifer groups. These aquifers primarily receive lateral recharge from runoff, and the discharge occurs through mining operations and drainage to the mine via fault fracture zones. To ensure safe mining operations and prevent water inrush accidents from high water pressure, groundwater is pumped to lower the water level. This process primarily involves extracting Neogene porous groundwater (monitoring well Nw), Carboniferous karst groundwater (monitoring well Cw), and Ordovician karst groundwater (monitoring well Ow), all of which impact the safety of coal mining. Additionally, Quaternary porous groundwater (monitoring well Qw) is extracted for production purposes.
2.2 Data sources
The monthly precipitation data were acquired from the Fengtai meteorological stations of the National Climate Centre (http://data.cma.cn/). Monthly ENSO indices were determined by calculating the average sea surface temperature (SST) anomalies within the region spanning 5°N-5°S and 120–170°W. Monthly data for the ENSO teleconnection pattern were downloaded from the Climate Prediction Center of the National Weather Service website (http://www.cpc.ncep.noaa.gov). The Pansan coal mine began operations in 1992, and groundwater level data from January 2005 to December 2022 was collected. The four monitoring wells with the longest observation periods were selected for this study. The essential details of four monitoring wells are presented in Table 1. The mean monthly groundwater level was calculated by taking the arithmetic average of either three or six observations made during that month (three observations from January to April and October to December; six observations from May to September). Figure 2 displays the monthly precipitation sequences and the data for mean monthly groundwater levels.
TABLE 1 | Groundwater monitoring wells.
[image: Table 1][image: Figure 2]FIGURE 2 | Monthly precipitation data and monthly groundwater level data from January 2005 to December 2022. (a) Monthly precipitation data, (b) Groundwater level in Quaternary pore aquifer (Qw), (c) Groundwater level in Neogene pore aquifer (Nw), (d) Groundwater levels in Carboniferous and Ordovician karst aquifer (Cw and Ow).
Figure 2 depicts a substantial decline in both porous groundwater and karst groundwater levels, with karst aquifers experiencing a maximum groundwater level difference of nearly 80 m. The underlying karst aquifer beneath the A coal seam is abundant in water, with initial groundwater levels of 17.11 m for the Carboniferous aquifer and 17.73 m for the Ordovician aquifer. The karst water pressure is particularly high. A stable aquiclude, with a thickness ranging from 9 to 21.8 m, separates the A coal seam from the karst water. However, the elevated water pressure and the potential connectivity of mining-induced fractures may lead to a water inrush accident in the coal mine. Therefore, the primary groundwater control measure for karst aquifers in the mine is to reduce water levels and pressure. This is achieved through the construction of underground boreholes for dewatering the karst water, thereby maintaining the water level within a safe range. This measure is a long-term water control strategy, requiring the continuous discharge of large volumes of karst water daily. Due to the lack of data on the volume of water discharged, a quantitative analysis cannot be performed at present. So human activities, such as groundwater extraction and mine dewatering, these activities greatly disrupt the groundwater flow system.
3 METHODS
3.1 Continuous wavelet transform (CWT)
Wavelet analysis is a robust technique widely utilized in various domains for analyzing non-stationary time series like hydrological, atmospheric, other geophysical time series. It provides an efficient method to expand time series into time-frequency space, allowing for the identification of localized intermittent periodicities (Grinsted et al., 2004). A wavelet series represents a square-integrable function by utilizing an orthonormal series based on a wavelet. One of the most frequently applied time-frequency transformations is the Continuous Wavelet Transform (CWT). A wavelet function, represented as [image: image], meets the requirement [image: image], which means it is a distinctive waveform with a limited duration and an average value of zero. Unlike traditional Fourier analysis, wavelet analysis is typically more irregular and asymmetrical in the time domain. In this method, the signal is broken down into a sequence of wavelet functions, contrasting with the reliance on trigonometric functions in Fourier analysis (Kriechbaumer et al., 2014). Wavelet functions are created by scaling and shifting a mother wavelet function based on different scales. As a result, they are highly effective in identifying the local characteristics of a signal. Each wavelet function, represented as [image: image], is produced by expanding and translating the mother wavelet [image: image].
[image: image]
In this context (Equation 1), we define the Morlet wavelet function using the following parameters: α for scale expansion, τ for dimensionless time shift, t for dimensionless time, [image: image] as the mother wavelet function, and R representing the set of real numbers. Numerous mother wavelet functions are at one’s disposal, including the Mexican Hat wavelet, Morlet wavelet, and Haar wavelet. For this study’s objectives, we chose to utilize the complex non-orthogonal Morlet wavelet function. It has a track record of delivering robust results in the analysis of time series records (Gedalof and Smith, 2001; Grinsted et al., 2004), making it a suitable choice for our research. Here is the definition of the Morlet wavelet function:
[image: image]
This equation defines the Morlet wavelet function (Equation 2), with [image: image] representing the dimensionless frequency in relation to dimensionless time t. Previous studies have indicated that selecting the Morlet wavelet with [image: image] strikes an appropriate balance between time and frequency localization, making it a suitable choice (Gedalof and Smith, 2001; Grinsted et al., 2004). The Continuous Wavelet Transform (CWT) of a time series [image: image], where t ranges from 1 to N with uniform time steps [image: image], is defined as the convolution of [image: image] with the scaled and transformed wavelet of [image: image]:
[image: image]
In this equation (Equation 3), the symbol “*” represents the complex conjugate. [image: image] captures the fundamental features of a time series [image: image] as it is mapped into a two-dimensional time-frequency space. CWT often exhibits edge artifacts due to the wavelet’s incomplete time localization. To address this problem, the concept of the Cone of Influence (COI) can be employed. The Cone of Influence (COI) is defined as the e-folding time for the autocorrelation of wavelet power and represents the region in the wavelet spectrum where edge effects become significant (Torrence and Compo, 1998).
The e-folding time is chosen to ensure that the wavelet power [image: image] for a discontinuity at the edge decreases by a factor [image: image], effectively rendering edge effects negligible beyond this threshold. In the case of cyclic series, zero-padding is unnecessary, and the concept of the Cone of Influence (COI) does not apply. The COI’s size at each scale serves as an indicator of the decorrelation time for an isolated spike within the time series. By analyzing the width of a peak in the wavelet power spectrum in relation to the decorrelation time, one can distinguish between a transient data spike, possibly caused by random noise, and a harmonic component at the corresponding Fourier frequency (Torrence and Compo, 1998).
3.2 Cross wavelet transform (XWT)
When two Continuous Wavelet Transforms (CWTs) are analyzed together, the result is a Cross Wavelet Transform (XWT), which reveals the common power and represents the continuous wavelet cross-correlation in the time-frequency domain (Gedalof and Smith, 2001; Grinsted et al., 2004). The Cross Wavelet Transform (XWT) for two time series, [image: image] and [image: image] is defined as follows:
[image: image]
In this equation (Equation 4), the symbol “*” signifies the complex conjugate. The cross-correlation coefficients can be expressed as [image: image], here [image: image] represents the wavelet amplitude, while [image: image] denotes the absolute phase. Additionally, we define the cross wavelet power as [image: image], representing the cross-covariance between these two time series. You can calculate the relative phase difference between the two time series as follows:
[image: image]
Equation 5, S denotes a smoothing operator, while I and R represent the imaginary and real components of [image: image], respectively. It is important to highlight that this definition relies on how the smoothing operator affects the different wavelet spectra. A stable phase relationship suggests a physical causal link between the two time series. When they are in phase, it indicates a perfect positive correlation, whereas being in anti-phase signifies a perfect negative correlation. This study utilizes MATLAB software for program execution and visualization.
4 RESULTS
4.1 CWT for precipitation, ENSO and groundwater level
The study area is located in eastern China, where ENSO (El Niño-Southern Oscillation) significantly influences precipitation patterns by altering the global atmospheric circulation. During the El Niño phase, the West Pacific Subtropical High generally shifts southward, weakening the monsoon and leading to reduced precipitation in eastern China. In contrast, during the La Niña phase, the West Pacific Subtropical High strengthens and moves northward, enhancing the southeast monsoon and bringing more precipitation to eastern China. ENSO also affects the timing and intensity of the monsoon system, further altering the spatial and temporal distribution of precipitation. El Niño events often trigger droughts or floods in the southern regions, while La Niña events are associated with increased drought risk in the north and a higher risk of flooding in the south.
To gain deeper insights into the fluctuations of precipitation, ENSO, and groundwater levels, we conduct an analysis of their oscillations using Continuous Wavelet Transform (CWT), as depicted in Figure 3. In the continuous wavelet plot, the colored shading corresponds to the wavelet magnitude, as illustrated in the color bar. The areas enclosed by thick black contours are designated as significant regions, with the thick black contour indicating the 5% significance level compared to red noise. We also highlight the Cone of Influence (COI), where edge effects remain relevant, using a lighter shade, signifying that wavelet analysis within the COI has been taken into account.
[image: Figure 3]FIGURE 3 | The continuous wavelet transform for precipitation, ENSO and groundwater levels: (a) CWT plot of precipitation; (b) CWT plot of ENSO; (c) CWT plot of groundwater level Qw; (d) CWT plot of groundwater level Nw; (e) CWT plot of groundwater level Cw; (f) CWT plot of groundwater level Ow.
For the precipitation, a typical yearly cycle is observed (Figure 3A). For the ENSO, the periodicities of 1–5 years are observed (Figure 3B). In contrast to the precipitation and the ENSO, the porous groundwater levels cannot be observed with continuous significant region. The periodicities of 0.5-year (2010-2011, 2013 and 2020), 1-year (2011) and 2-year (2012-2015) are observed for Qw and Nw (Figures 3C, D). However, the significant regions are very small and not the global maximum. For the karst aquifers, the power spectra of Cw and Ow are very similar, the periodicities of 1.5- and 5-year are observed for Cw and Ow (Figures 3E, F), with 5-year being the global maximum. The 5-year cycle is consistently present in a significant region, although a substantial portion of it falls outside the Cone of Influence (COI). This is primarily because the recorded time span is relatively short in comparison to the duration of the cycle.
4.2 XWT between precipitation and ENSO
As the dominant mode of global climate change, the ENSO is the primary factor influencing variability in global precipitation patterns (Dai et al., 1997). Groundwater is mainly supplied by atmospheric precipitation. To better understand the effects of how ENSO impacts the groundwater level, it is crucial to comprehend the relationship between ENSO and precipitation.
Figure 4 illustrates the cross-wavelet transform of precipitation and ENSO. In the cross-wavelet plot, the relative phase relationships are indicated by arrows. Arrows pointing to the right represent an in-phase relationship, signifying positive correlation, while arrows pointing to the left represent an anti-phase relationship, indicating negative correlation.
[image: Figure 4]FIGURE 4 | The cross wavelet transform between precipitation and ENSO.
A continuous significant region at the 1-year time scale is observed, enclosed by a thick black contour, except during 2018 and 2019 (Figure 4). Significant regions within the COI during 2012–2018 are observed at a 3-year time scale. In the significant areas of the cross-wavelet plots, the phase angle exhibits quicker changes within the 1-year periodicity band, while it shifts more gradually within the 3-year periodicity band. The findings indicate that precipitation in the study region is correlated with ENSO on both annual and interannual (3-year) time scales.
4.3 XWT between groundwater level and precipitation
Figure 5 illustrates the cross-wavelet transform between groundwater levels and precipitation. In Figure 5A, the cross-wavelet between precipitation and Quaternary groundwater levels (Qw) shows a continuous significant region at the 1-year time scale spanning 2006 to 2018. Figure 5B shows the cross-wavelet transform between precipitation and Neogene groundwater levels (Nw), highlighting a significant region concentrated at the 1-year scale from 2009 to 2013, where an in-phase relationship suggests a complete positive correlation between the variables. In Figure 5C, the cross-wavelet between precipitation and Carboniferous groundwater levels (Cw) displays three intermittent significant regions: at 1-year scales during 2007–2009, 2011–2013, and 2016–2018; at a 3-year scale from 2015 to 2018 with an anti-phase relationship; and at a 5.5-year scale from 2013 to 2015 with an in-phase correlation. Similarly, Figure 5D shows the cross-wavelet between precipitation and Ordovician groundwater levels (Ow), revealing three intermittent significant regions: at 1-year scales during 2007–2008, 2011–2015, and 2016–2018; at a 3-year scale from 2015 to 2018 with an anti-phase correlation; and at a 5.5-year scale from 2013 to 2015 with an in-phase correlation. The results showed that precipitation is correlated with porous groundwater level on annual time scales and with karst groundwater level on annual and inter-annual (3- and 5.5-year) time scales.
[image: Figure 5]FIGURE 5 | The cross wavelet transform between precipitation and groundwater levels: (a) XWT plot of precipitation and groundwater level Qw; (b) XWT plot of precipitation and groundwater level Nw; (c) XWT plot of precipitation and groundwater level Cw; (d) XWT plot of precipitation and groundwater level Ow.
4.4 XWT between groundwater level and ENSO
The cross wavelet analyses of ENSO and groundwater levels are shown in Figure 6. The cross-wavelet transform between ENSO and Quaternary groundwater levels (Qw) (Figure 6A) reveals distinct intermittent significant regions at the 1-year time scale during 2007–2008, 2010–2012, and 2014–2016. The periodicities of 2.5- and 3-year are distributed in 2008–2011 and 2011-2016 respectively, with 3-year being the global maximum. The cross-wavelet analysis between ENSO and Neogene groundwater levels (Nw) (Figure 6B) reveals three clusters of significant regions at different time scales: 1.5-year (2007–2017, 2020), 2.8-year (2008–2011) within the COI, and 5-year (2011–2017), with an in-phase correlation. The 5-year time scale represents the global maximum. For the karst groundwater, the significant regions in the power spectra are very similar (Figures 6C, D). The cross-wavelet analysis between ENSO and Carboniferous groundwater levels (Cw) (Figure 6C) reveals significant regions at a 1.5-year time scale during the periods 2008–2012 and 2014–2019. The periodicities of 3- and 5-year within the COI are distributed in 2009–2018 and 2011-2016 respectively, and 5-year is the global maximum. For the Ordovician groundwater level (Ow), Same as the Carboniferous groundwater level, the wavelet spectrum shows three periods of 1.5-, 3- and 5-year too (Figure 6D). The significant regions are identical to those of the Carboniferous groundwater level, except for the period of 1.5-year (2010–2011, 2014–2019). Thus, ENSO influences Quaternary groundwater levels on both annual and inter-annual time scales, while its impact on Neogene, Carboniferous, and Ordovician groundwater levels occurs primarily on inter-annual time scales.
[image: Figure 6]FIGURE 6 | The cross wavelet transform between ENSO and groundwater levels: (a) XWT plot of ENSO and groundwater level Qw; (b) XWT plot of ENSO and groundwater level Nw; (c) XWT plot of ENSO and groundwater level Cw; (d) XWT plot of ENSO and groundwater level Ow.
5 DISCUSSION
The Continuous Wavelet Transform study revealed a significant regions reduction in over-exploited groundwater level (Figure 3). In its natural state, groundwater levels exhibit distinct significant regions and periods in CWT plots (Liesch and Wunsch, 2019; Neves et al., 2019). Cross Wavelet Transform results show that both precipitation and ENSO climate patterns continue to impact groundwater levels at Pansan Coal Mine, with varying effects over different time scales.
Regarding precipitation and groundwater levels, there are noteworthy regions of wavelet correlation at a 1-year time scale for both porous and karst groundwater levels. Additionally, when analyzing the cross-wavelet transform between precipitation and karst groundwater level, intermittent significant regions emerge at 3-year and 5.5-year time scales. Therefore, precipitation significantly impacts porous groundwater levels on an annual time scale and influences karst groundwater levels on both annual and interannual time scales. For the ENSO and groundwater levels, all groundwater levels show resonance period beyond the 1-year cycle, in addition to the 1-year period observed in the Quaternary groundwater level. ENSO has a significant impact on Quaternary groundwater levels at both annual and inter-annual time scales, while it influences Neogene groundwater levels and karst groundwater primarily on inter-annual time scales.
The Cross Wavelet Transform analysis shows similar resonance periods and significant regions between karst groundwater levels and precipitation, ENSO (Figures 5C, D). Considering the geological conditions, monitoring wells Cw and Ow are located in the Panji anticline and F1 fault tectonic belt (Figure 1). Stratigraphic data from boreholes reveal that the water-conducting fault (F1) intersects with Ordovician limestone, indicating a hydraulic connection between the Carboniferous and Ordovician karst groundwater due to tectonic water conduction. Furthermore, the consistent changes in Cw and Ow groundwater levels further support this conclusion (Figure 2D). Consequently, precipitation and ENSO signals can rapidly influence over-exploited karst aquifers through this water-conducting structure.
In summary, excessive groundwater extraction can significantly lower groundwater levels, especially in karst aquifers deeper than 400 m, causing drops of over 80 m. This reduction shrinks the significant regions in Continuous Wavelet Transform plots over the recorded time span. Groundwater levels, however, remain sensitive to precipitation and ENSO signals. Despite the impact of human extraction activities on groundwater, the resonance periods between precipitation, ENSO, and groundwater levels remain unchanged. Even in cases of over-exploited groundwater, precipitation and ENSO signals can infiltrate the aquifer through pores, fractures, and structures.
6 CONCLUSION
This research utilized wavelet analyses to examine four groundwater level time series from the heavily exploited Pansan Coal Mine. The objective was to evaluate the potential effects of precipitation and the El Niño-Southern Oscillation (ENSO) on long-term variations in groundwater levels. The main findings and conclusions of the study can be summarized as follows:
(1) The Continuous Wavelet Transform reveals that the Quaternary groundwater level exhibits periodicities of 0.5- and 1-year, while the Neogene groundwater level has a 2-year periodicity. However, due to groundwater over-extraction, these periods are only observed in isolated years, with limited significant regions. Karst water exhibits periodicities of 1.5- and 5-year, with the 5-year being the dominant period with the highest power concentration.
(2) Cross Wavelet Transform analysis reveals strong correlations between groundwater and precipitation across various periodicities. Precipitation is correlated with porous groundwater levels annual time scale and with karst groundwater levels on both annual and inter-annual (3- and 5.5-year) time scales.
(3) Cross Wavelet Transform reveals significant correlations between groundwater levels and ENSO at various time scales. The Quaternary groundwater level shows periodicities of 1-, 2.5-, and 3-year, while the Neogene groundwater level exhibits periodicities of 1.5-, 2.8-, and 5-year. The Carboniferous and Ordovician groundwater levels resonate with ENSO at the same periods of 1.5-, 3-, and 5-year. ENSO strongly influences the Quaternary groundwater level annual and inter-annual time scales, and the Neogene and karst groundwater levels at inter-annual time scales.
(4) The Carboniferous and Ordovician aquifers are hydraulically connected, allowing both precipitation and ENSO signals to simultaneously reach these aquifers through conducting-water structure.
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Role of hydraulic residence time in shaping phytoplankton community assembly in the upper yellow river cascade reservoirs
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Introduction: Cascade hydropower development significantly alters the structure and function of river ecosystems. Phytoplankton, as primary producers, are highly sensitive to environmental changes, and their diversity and community structure reflect the state of the water environment. While there is extensive research on how changes in river environments affect phytoplankton community structure, studies on the spatial distribution patterns and community assembly mechanisms of phytoplankton in relation to hydraulic residence time (HRT)—a key characteristic of reservoirs—are limited.
Methods: Linear regression analysis was used to examine the relationship between phytoplankton communities and HRT. Additionally, the Neutral Community Model (NCM) combined with the Modified Stochasticity Ratio (MST) was employed to reveal the types of phytoplankton community assembly in these cascade reservoirs. Finally, Mantel tests and stepwise regression analysis assessed the specific impacts of environmental factors on phytoplankton communities.
Results: In the ecosystem of the Yellow River cascade reservoirs, HRT is positively correlated with phytoplankton abundance and diversity across different seasons. In annual regulation hydropower stations (LJX and LYX), phytoplankton species richness, abundance, and diversity indices are higher compared to those in runoff hydropower stations.
Discussion: The phytoplankton community assembly is primarily driven by deterministic processes, with annual regulation hydropower station being more influenced by these processes than runoff hydropower station. HRT, water temperature (WT), and total nitrogen (TN) are the most significant environmental factors affecting the structural differences of phytoplankton in cascade reservoirs. There is a significant positive correlation between phytoplankton and water temperature, especially in short HRT runoff hydropower station where phytoplankton abundance is more significantly impacted by water temperature.
Keywords: phytoplankton, community assembly, hydraulic residence time, cascade reservoir, the upper yellow river
HIGHLIGHTS

• Regression analysis reveals that hydraulic residence time (HRT) is one of the key driving factors influencing phytoplankton community structure changes.
• HRT positively correlates with phytoplankton abundance and diversity in the upper Yellow River cascade reservoirs.
• Deterministic processes play a major role in the assembly of phytoplankton communities in the upper cascade reservoirs of the Yellow River.
• Water temperature positively correlates with phytoplankton abundance, with shorter HRT reservoirs being more influenced by water temperature.
1 INTRODUCTION
To meet multiple demands such as hydropower production, flood control, ice jam prevention, transportation, irrigation, and water supply for both industrial and domestic use, 61,988 large reservoirs exceeding 15 m in height have been constructed on rivers worldwide (ICOLD, 2023). Reservoir impoundment alters natural hydrological rhythms (Datry et al., 2023), affects hydrodynamic conditions (Grill et al., 2019; Belletti et al., 2020), and disrupts suspended sediment deposition processes (Maavara et al., 2020), which has a significant nutrient transport and overall health of river ecosystems impacts. Particularly in reservoir areas, there is an increased risk of eutrophication and excessive algal blooms due to slower flow rates and longer water exchange times, all of which pose a threat to the health and stability of river ecosystems.
Phytoplankton are the main primary producers in aquatic ecosystems, playing crucial roles in material cycling, energy flow, and maintaining of aquatic ecosystem balance (Li et al., 2013; Mor et al., 2018; Yi et al., 2023). They are extremely sensitive to environmental changes, and changes in the aquatic environment can cause changes in the diversity and structure of phytoplankton communities (Chen et al., 2020; Salmaso and Tolotti, 2021; Shen et al., 2024). Environmental factors such as nutrient salts and water temperature have important effects on phytoplankton growth (Salmaso and Tolotti, 2021), while hydrodynamic conditions significantly influence phytoplankton community composition (Liu et al., 2021; Ruan et al., 2024), and cascade reservoirs further add to the complexity of the pattern of this effect. Previous studies on the effect of reservoirs on phytoplankton community composition have focused on the effects of changing nutrient concentrations (Zhang et al., 2024), seasonal fluctuations (Ruan et al., 2024), and hydrodynamic conditions (Liu et al., 2021) in single reservoirs on phytoplankton community structure response patterns. In contrast, the impacts of cascade reservoirs on phytoplankton communities are more complex and multidimensional due to their unique cumulative effects (Liu et al., 2021). In the context of climate change, the impacts of terraced development on river ecosystems have become more complex (He et al., 2024). Therefore, clarifying the effects of environmental factors on phytoplankton community composition is crucial to understanding the ecological impacts of cascade reservoirs.
Hydraulic residence time (HRT) is a crucial factor influencing the biogeochemical cycling and physical transformation of nutrients in rivers (Maavara et al., 2020; Zhao et al., 2024). Reservoirs of different scales show significant variations in water quality factors, which are closely linked to their scale and HRT (Wang et al., 2022). The duration of hydraulic residence time significantly affects the structure of phytoplankton communities (Zeng et al., 2006; Yin et al., 2024). HRT affects the retention of nutrients such as nitrogen and phosphorus, altering their composition (Zhao et al., 2024), and ultimately significantly impacts the structure of phytoplankton communities (Li et al., 2013; Znachor et al., 2020). Rivers at high-altitudes are receiving increasing attention due to the impacts of rapid climate change (Xu et al., 2024). These rivers have driven intensive hydropower development activities due to their large slope drop and abundant hydroelectric resources (Li et al., 2018). However, hydropower development may lead to longer or altered HRT in rivers, which in turn pose potential adverse effects on the health and sustainability of river ecosystems. Nevertheless, there is still a lack of clear understanding on the specific effects of hydraulic residence time on phytoplankton community structure and the role it plays in the community assembly process in the context of cascade hydropower development in high-altitude rivers.
In studies analyzing the response of phytoplankton to environmental conditions, ordination analyses such as principal component analysis (PCA) (Xu et al., 2022) and correlation analyses (e.g., Mantel test, Ruan et al., 2024) are often used to compare the effects of different environmental variables on differences in community structure. To gain a deeper understanding of the multifactor-driven mechanisms of phytoplankton community assembly from an ecological perspective, the neutral community model (NCM) was introduced, which distinguishes between deterministic processes (e.g., environmental filtering and species interactions) and stochastic processes (including births, deaths, migrations, dispersal, etc.) (Sloan et al., 2006). In recent years, the model has been widely applied in aquatic ecosystems such as rivers, reservoirs and lakes (Isabwe et al., 2022; Xiao et al., 2022; Zhang et al., 2024). However, regarding the type of dominant drivers of phytoplankton community construction, the results of studies in different water body types are controversial (Xiao et al., 2022; Zhang et al., 2024). Deterministic processes dominate community construction in plain river ecosystems (Isabwe et al., 2022), while stochastic processes are more critical in estuarine and lake ecosystems (Sun et al., 2023; Xiao et al., 2022). Although the above studies have provided insights into the mechanisms of phytoplankton community assembly, the mechanisms and driving factors of phytoplankton community assembly in the cascade ecosystems formed by high-altitude rivers and reservoirs remain unclear.
The Yellow River is the second-longest river in China and the fifth-longest river in the world. The upper reaches of the Yellow River, from Longyangxia to Liujiaxia, are located in the transition zone between the Tibetan Plateau and the Loess Plateau, and belong to the alpine river region, with a unique plateau-alpine climate, which plays an important role in the earth’s climate, biodiversity and water cycle (Yang et al., 2023). This section of the river is rich in hydropower resources, and it is the most densely populated area of hydropower stations on the main stream of the Yellow River. Currently, studies on the ecological impacts of hydropower development on the Yellow River gradient on the river mainly focus on reservoir hydrological regulation (Xu et al., 2022), water temperature change (Ren et al., 2020), carbon emission (Wang et al., 2023), nutrient salts dynamics (Wu et al., 2021), species diversity (Jia et al., 2020) and biological evaluation of water quality (Ding et al., 2021). However, studies on the types of drivers of phytoplankton community aggregation in alpine river terrace reservoirs are still very limited. Given the importance of this reach in exploring the impacts of alpine river terrace development on aquatic ecosystems, this study targeted six reservoirs with different HRT in the upper reaches of the Yellow River, aiming to address the questions of (1) how does the structure of phytoplankton communities change under different HRT conditions? (2) How do environmental factors affect phytoplankton community structure? (3) What are the differences between the contributions of deterministic and stochastic processes in phytoplankton community structure? We hypothesized that terraced hydropower development interferes with the natural process of phytoplankton community construction in alpine rivers, in which HRT plays a key role. This research aims to improve the understanding of the mechanisms of riverine phytoplankton community construction and its drivers.
2 MATERIALS AND METHODS
2.1 Study area
The Yellow River, China’s second-longest river spanning 5,464 km, with an annual runoff of 58 billion m3 and a drainage area of 752,443 km2, is revered as the “Mother River” of the Chinese nation. The upper Yellow River section from Longyangxia to Liujiaxia (hereafter referred to as the Long-Liu section), is situated on the northeastern fringe of the Qinghai-Tibet Plateau. This region comprises plateaus, wetlands, and valleys, ranging in elevation from 1,800 to 4,800 m. The Long-Liu section experiences a typical plateau continental climate marked by low rainfall, high evaporation, dry air, and cool temperatures. The average annual temperature is 5°C–9°C, with annual precipitation ranging from 194 to 357 mm and evaporation from 1,500 to 2,131 mm. The river section has distinct dry and wet season. The water has high oxygenated, while water temperature and nutrient content remain relatively low. In order to meet the needs of flood control, bulging prevention, irrigation, production and living as well as clean energy supply, 27 reservoirs have been built in the main stream of the Yellow River. Among them, the Long-Liu section is the most concentrated area of reservoirs, with a total of 13. Longyangxia, Laxiwa, Lijiaxia, Gongboxia, Jishixia, and Liujiaxia all have a dam height of more than 100 m, with an annual power generation of more than 1,000 MW (Table 1).
TABLE 1 | Basic characteristics of cascade reservoir in the upper Yellow River.
[image: Table 1]Two surveys were conducted on the cascade reservoirs in the Long–Liu section during the dry season (May 11–26, 2023) and the wet season (September 15–30, 2023). A total of 29 monitoring cross sections were setted, encompassing upstream river reaches, within the reservoirs, in front of the dams and downstream river reaches (Figure 1), to comprehensively characterize the spatial distribution patterns of phytoplankton within the reservoir system. S1-S6 are, in order, the upstream channel, the middle of the reservoir (3 sample sites), the front of the reservoir and the downstream channel of the dam in Longyangxia (LYX) reservoir; S7-S10 are, in order, the upstream channel, the middle of the reservoir, the front of the reservoir and the downstream channel of the dam in Laxiwa (LXW) reservoir; S11-15 are, in order, the upstream channel, the middle of the reservoir (2 sample sites), the front of the reservoir and the downstream channel of the dam in Lijiaxia (LiJX) reservoir; S16- S18 are, in order, the middle, front and downstream channels of Gongboxia (GBX); S19-S22 are, in order, the upstream channel, middle, front and downstream channels of the dam of Jishixia (JSX) reservoir; S23 -S27 are, in order, the upstream channel, middle (2 sample sites), the front of the reservoir and the downstream channel of the dam in Liujiaxia (LYX) reservoir. S28 is a sampling sites in the middle reaches of the Tao River, a tributary, and S29 is where the Tao River tributary joins the Liujiaxia Reservoir area.
[image: Figure 1]FIGURE 1 | Location of cascade reservoirs and sampling sites in the upper Yellow River. (a) Study area; (b) Photos of field sampling.
2.2 Sample collection and laboratory analyses
Field water quality parameters were measured using the Multiparameter Water Quality Sonde (YSI EXO2, Xylem Inc., United States), including water temperature (WT, °C), pH, electrical conductivity (EC, μS cm−1), salinity (Salt, ng L−1), dissolved oxygen (DO, mg L−1), oxidation-reduction potential (ORP, mV), and chlorophyll-a (Chl-a, μg mL−1). At each sampling site, 2 L of surface water was collected using an organic glass water sampler, sealed, and transported to the laboratory under low-temperature conditions. Following the Chinese Environmental Quality Standards for Surface Water (SEPA, 2002), laboratory analyses were conducted to determine total nitrogen (TN, mg L−1), total phosphorus (TP, mg L−1), nitrate nitrogen (NO3−-N, mg L−1), nitrite nitrogen (NO2−-N, mg L−1), ammonium nitrogen (NH4+-N, mg L−1), and chemical oxygen demand (COD, mg L−1). Total organic carbon (TOC, mg L−1) was measured using a total organic carbon analyzer (TOC-L, Shimadzu Corporation, Japan). Additionally, 5 L of surface water was collected and filtered through a 0.45 μm mixed cellulose membrane (Merck Millipore, United States), and the total suspended solids (TSS, mg L−1) concentration was determined by the gravimetric method. Geographic variables, including longitude, latitude, and altitude, were recorded using the OWI interactive mapping software (V10.1.3).
At each sampling site, qualitative and quantitative phytoplankton samples were collected to analyze phytoplankton community diversity and composition. Qualitative samples were obtained using a No. 25 plankton net (mesh size: 0.064 mm) by towing it in an “∞” pattern at a depth of 50 cm for 1–3 min. The collected samples were transferred into 100 mL sample bottles and fixed with 1%–1.5% (v/v) Lugol’s solution for microscopic examination. Quantitative phytoplankton samples were collected by obtaining 1 L of surface water in high-density polyethylene bottles and fixing them with 1%–1.5% (v/v) Lugol’s solution. After sedimentation for 24 h, the supernatant was removed using a siphon, and the remaining 20–25 mL of concentrated sediment was transferred into 50 mL sample bottles for further microscopic analysis. For cell counting, the sample was thoroughly mixed, and 0.1 mL was placed into a phytoplankton counting chamber. Species identification and cell enumeration were conducted using a microscope (Olympus BX53, Olympus Corporation, Japan). Each sample was counted twice, and if the mean difference between the two counts was within 15%, the data were considered valid (Zhang et al., 2021). Species identification was based on Atlas of Common Freshwater Planktonic Algae in China (Weng and Xu, 2010). Phytoplankton biomass was estimated following the method described by Hillebrand et al. (1999).
2.3 Data statistics and analysis
2.3.1 Types of reservoirs
According to the HRT, reservoirs with an HRT >0.20a are classified as annual regulation hydropower stations, while others are categorized as runoff reservoirs (Yin et al., 2024). LYX and LJX are annual regulation hydropower stations, while LiJX, LXW, GBX, and JSX operate as runoff hydropower stations (Table 1).
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where V is the reservoir capacity (m3) and Q is the annual runoff volume (m3).
2.3.2 Biological indices
Alpha diversity analysis: The Shannon-Wiener diversity index (Shannon, 1948) and the Simpson diversity index (Simpson, 1949) were used to analyse the alpha diversity of the phytoplankton. The alpha diversity indices of phytoplankton communities were calculated using the vegan package in R software (version 4.3.2).
Shannon-Wiener diversity index, [image: image]:
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Simpson diversity index, D:
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In the formula, Pi = Ni/N, Pi represents the ratio of the number of individuals of species i to the total number of individuals in the sample, Ni denotes the number of individuals of species i, and N represents the total number of individuals in the sample; S represents the total number of species in the sample.
Dominance is an index used to assess the advantageous or disadvantageous status of species within a phytoplankton community. It is determined based on both the occurrence frequency and the individual abundance of each species.
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Where fi represents the occurrence frequency of species i across all sampling sites, Ni is the individual count of species i, and N is the total number of individuals in the sample. A species is classified as dominant when Y > 0.02 (Lampitt et al., 1993).
2.3.3 Data analysis
This study employed ArcGIS 10.8 for mapping sampling sites. Microsoft Excel 2021 was used for initial data processing. Origin 2023 was utilized for generating chord diagrams, conducting linear regression analysis, and creating corresponding graphs. The NCM, assessed using the Hmisc package, was used to evaluate the relative importance of deterministic and stochastic processes in shaping phytoplankton community structure (Sloan et al., 2006). The NTS package computed the Modified Stochasticity Ratio (MST) to quantitatively assess ecological randomness (Ning et al., 2019). Forward stepwise regression analysis of environmental factors impacting phytoplankton communities was performed using the MASS package (Jiao et al., 2020). To assess the significance of different factors on phytoplankton, Mantel tests were conducted, and the plspm package was employed for partial least squares path modeling (PLS-PM) to explore key driving factors influencing phytoplankton community structure (Liu et al., 2024). Phytoplankton data were transformed using Hellinger transformation during computations, while environmental factors (excluding pH) were log-transformed as log (x+1).
3 RESULTS
3.1 Characteristics of the phytoplankton community composition
A total of 38 species (genera) of phytoplankton were identified across two sampling events, belonging to 7 phyla, 11 classes, 18 orders, and 24 families, with Bacillariophyta, Chlorophyta, and Cyanobacteria being the dominant groups (Figure 2; Table 2). Among them, Bacillariophyta had the highest species richness (14 species), followed by Chlorophyta (13 species) and Cyanophyta (4 species), while Cryptophyta and Chrysophyta had fewer species. The number of phytoplankton species was slightly lower during the dry season (28 species) compared to the wet season (32 species). Annual regulation hydropower station (LJX and LYX), the species richness of phytoplankton was higher compared to other reservoirs. The sequence of phytoplankton richness was LJX > LYX > LiJX > JSX > LXW > GBX.
[image: Figure 2]FIGURE 2 | Illustrates the distribution of phytoplankton species in the upper Yellow River. The size of the circles represents the number of species, while the pie charts indicate the proportion of each species. Bac: Bacillariophyta; Chl, Chlorothyta; Cya, Cyanobacteria; Cry, Cryptophyta; Chr, Chrysophyta; Eug, Euglenophyta; Pyr, Pyrrothyta.
TABLE 2 | Dominant species and dominance of phytoplankton in the cascade reservoirs of the upper Yellow River.
[image: Table 2]The chord diagram (Figure 3) illustrates that Bacillariophyta, Chlorophyta, and Cyanobacteria dominate the phytoplankton in the upper Yellow River reservoirs, accounting for over 85% of the total abundance. The seasonal variation in phytoplankton community structure in these reservoirs is pronounced and varies with different HRT levels. Specifically, from the dry to the wet season, Bacillariophyta’s relative abundance decreases significantly, while Cyanobacteria and Chlorophyta increase substantially. As HRT increases, especially during the wet season, Bacillariophyta’s relative abundance shows a clear downward trend, while Cyanobacteria and Chlorophyta show an upward trend. Particularly in the two reservoirs with longer hydraulic residence times (LJX and LYX), during the wet season, Bacillariophyta’s relative abundance decreased by 70.01% and 77.62%, respectively, while Cyanobacteria in LJX and Chlorophyta in LYX increased by 2.16 and 4.31 times, respectively (Figure 3).
[image: Figure 3]FIGURE 3 | Differences in phytoplankton community abundance in the upper Yellow River. (a) Dry season (b) Wet season. Bac, Bacillariophyta; Chl, Chlorothyta; Cya, Cyanobacteria; Cry, Cryptophyta; Chr, Chrysophyta; Eug: Euglenophyta; Pyr, Pyrrothyta.
3.2 The relationship between phytoplankton community and HRT
The relationship between phytoplankton communities and HRT in six cascade reservoirs in the upper Yellow River is highlighted in the findings (Figure 4). It is evident that HRT significantly influences the structure of phytoplankton communities. Both during the dry and wet seasons, phytoplankton abundance, Chl-a concentration, Shannon-Wiener index, and Simpson index increase with longer HRT. Except for the Simpson index, this increasing trend shows consistent seasonal differences, with a higher rate of increase observed during the wet season compared to the dry season. This difference is particularly notable in phytoplankton abundance. Furthermore, the results indicate that HRT does not alter the characteristic where phytoplankton community structure, Chl-a concentration, and diversity indices are consistently higher during the wet season compared to the dry season in these reservoirs.
[image: Figure 4]FIGURE 4 | The impact of HRT on the phytoplankton community in the upper Yellow River. (a) The relationship between HRT and phytoplankton abundance; (b) The relationship between HRT and chlorophyll a (Chl-a) concentration (c–d) The relationship between HRT and Shannon and Simpson diversity index.
3.3 Phytoplankton community assembly
Based on the aforementioned results, it is evident that the richness and diversity of phytoplankton communities in the two annual regulation hydropower station with longer hydraulic residence times (LJX and LYX) are significantly higher compared to the runoff hydropower station. Therefore, this study utilized the NCM and MST to quantitatively the relative importance of deterministic and stochastic processes in the assembly of phytoplankton communities in these two types of reservoirs. The average Modified Stochasticity Ratio is 36.41% in annual regulation hydropower station and 45.18% in runoff hydropower station (Figure 5), both of which are below the 50% threshold. This indicates that deterministic processes predominantly govern phytoplankton community assembly in the upper Yellow River reservoirs. Moreover, as HRT increases, the influence of deterministic processes on phytoplankton community assembly also intensifies. In line with these findings, the study employed the NCM to corroborate the MST model results. The migration rate (m) in the NCM reflects the dispersal ability of species. As depicted in the NCM results (Figure 5), the migration rates (m) in annual regulation hydropower station and runoff hydropower station are 0.0010 and 0.0120, respectively, highlighting minimal migration rates for phytoplankton. This suggests that stochastic processes associated with migration and dispersal make negligible contributions to phytoplankton community assembly. Furthermore, the Neutral Community Model explains 20.1% and 46.3% of phytoplankton community variability in annual regulation hydropower station and runoff hydropower station, respectively. This underscores that with increasing HRT, deterministic processes exert a more pronounced influence on phytoplankton community assembly, consistent with the analysis of MST.
[image: Figure 5]FIGURE 5 | Illustrates the Neutral Community Model of phytoplankton communities in the Long-Liu section of the upper Yellow River cascade reservoirs. Species with frequencies higher than the model-predicted values are depicted in green, those with lower frequencies in red, and species falling within the predicted range in black. The solid blue line represents the optimal fit of the Neutral Community Model, while the dashed blue lines indicate the model’s 95% confidence intervals. R2 indicates the overall goodness of fit of the Neutral Community Model, and m denotes the migration rate of phytoplankton communities. (a) Annual regulation hydropower station; (b) Runoff hydropower station; (c) MST for annual regulation hydropower station and runoff hydropower station.
3.4 The relationship between phytoplankton and environmental factors
The Mantel test was employed to analyze the significant correlations between phytoplankton communities and environmental factors in different types of reservoirs (Figures 6a, b). In annual regulation hydropower station, the phytoplankton community structure showed a highly significant correlation with WT, TN, COD, and pH (Supplementary Table S3, P < 0.001), and a significant correlation with NO3−-N, EC, salt, and HRT (P < 0.05). In runoff hydropower station, changes in the phytoplankton community structure were highly significantly correlated with WT and salt (P < 0.001), and significantly correlated with NO3−-N, COD, DO, and HRT (P < 0.05). Employing stepwise multiple regression analysis, this study discerned that phytoplankton abundance within the cascade reservoirs of the upper Yellow River is significantly swayed by HRT, WT and TN than by other environmental factors (Abundance = 2.8919×TN+1.2504×WT+0.1614×HRT, R2 = 0.6121, 3.52 × 10−11). Specifically, as HRT, WT and TN increase, the abundance of phytoplankton significantly rises.
[image: Figure 6]FIGURE 6 | Analysis of the correlation between the phytoplankton community and environmental factors. (a) The relationship between phytoplankton and environmental factors in annual regulation hydropower station; (b) The relationship between phytoplankton and environmental factors in runoff hydropower stations; (c) Partial Least Squares Path Modeling (PLS-PM) analysis results for annual regulation hydropower station; (d) PLS-PM analysis results for runoff hydropower stations. Parameters included: WT, phytoplankton abundance, zooplankton biomass, nutrient parameters, and physicochemical parameters. Nutrient parameters included: TN, NO2−-N, NO3−-N, NH4+-N, TP and TOC. Physicochemical parameters included: pH, ORP, DO, EC, Salt, TSS, and COD. Solid lines in (a, b) indicate significant correlations (P < 0.05), while dashed lines indicate non-significant correlations (P > 0.05).
Based on the results of the Mantel test and multiple regression analysis, WT and nutrients are key factors influencing the structure of phytoplankton. Consequently, we established a partial least squares path model (PLS-PM) that includes phytoplankton abundance, zooplankton biomass, and environmental factors to analyze the effects of upstream influences (environmental factors) and downstream influences (zooplankton predation) on phytoplankton abundance (Figure 6). In both annual regulation hydropower station or runoff hydropower station, phytoplankton abundance is significantly positively correlated with water temperature, with this influence being stronger in runoff hydropower station. Additionally, zooplankton and nutrients are positively correlated with phytoplankton abundance. In runoff hydropower station, the predation effect of zooplankton on phytoplankton abundance is more pronounced. However, compared to annual regulation hydropower station, the upstream effect of nutrients on phytoplankton abundance is less significant in runoff hydropower station. Further analysis indicates that under two different HRT conditions, the roles of physicochemical parameters on phytoplankton show significant differences. In annual regulation hydropower station, these parameters exhibit a strong positive influence, whereas in runoff hydropower station, they show a weaker negative influence.
4 DISCUSSION
4.1 The impact of HRT on phytoplankton communities in cascade reservoirs
HRT is one of the key hydrological characteristics of reservoirs and has been shown to play a significant role in shaping phytoplankton communities (Ruan et al., 2024; Yin et al., 2024). This study demonstrates that there are significant differences in the phytoplankton community structures in the cascade reservoirs of the upper Yellow River, with reservoirs having longer HRT exhibiting higher species richness and abundance. The mechanisms underlying this relationship can be attributed to several factors. Firstly, reservoirs with longer HRT have larger water surface areas and greater light penetration, creating favorable conditions for phytoplankton photosynthesis. Secondly, extended HRT increases the interaction time between phytoplankton and available nutrients, thereby enhancing primary productivity and nutrient cycling within the reservoir (Chen et al., 2020; Znachor et al., 2020; Zhao et al., 2024). Thirdly, prolonged HRT promotes nutrient deposition, facilitating nutrient retention in reservoirs and lakes (Maavara et al., 2020; Wu et al., 2022). Notably, when HRT exceeds 5.3 days, the nutrient retention capacity of reservoirs significantly increases (Zhao et al., 2024), further supporting phytoplankton growth. In this study, except for the JSX reservoir, all other reservoirs had HRT exceeding 5.3 days. Among them, the annual regulation reservoirs, LJX and LYX, exhibited exceptionally long HRTs of 80 days and 440 days, respectively—substantially higher than the critical threshold identified by Zhao et al. (2024). The prolonged water retention in these reservoirs allows for greater nutrient accumulation, providing ample resources for phytoplankton development and reproduction. This may explain the higher species richness observed in LYX and LJX compared to other reservoirs.
Beyond its direct impact on nutrient retention, HRT also indirectly shapes phytoplankton community dynamics by influencing water quality. This study found a significant positive correlation between HRT and phytoplankton community structure (Figure 4), as well as with TN, NO3−-N, salt, TSS, and ORP (Figure 6). This suggests that HRT indirectly affects phytoplankton nutrient uptake by regulating complex physical, chemical, and biological processes. Longer HRT enhances the retention of nutrients and particulates (Zhao et al., 2024), improves water transparency, prolongs the interaction time between phytoplankton and nutrients, and strengthens internal nutrient cycling. Furthermore, extended HRT increases the interaction time between phytoplankton and key environmental factors such as nutrient availability and water temperature, thereby influencing their growth patterns and competitive relationships (Yin et al., 2024). Generally, longer HRT is associated with higher phytoplankton abundance and biomass, leading to significant shifts in community structure (Li et al., 2013; Znachor et al., 2020; Liu et al., 2021). These combined factors enable phytoplankton to proliferate rapidly during wet seasons, increasing the risk of eutrophication in reservoirs. Therefore, optimizing reservoir operation to reduce HRT and enhance water exchange can effectively curb excessive algal growth, while releasing ecological flows and flood pulses to lower HRT can increase downstream flow velocity, disrupting algal aggregation and inhibiting their growth. Based on these findings, proper HRT management could be a crucial strategy for controlling phytoplankton overgrowth and maintaining water quality in reservoir ecosystems.
4.2 Environmental drivers of phytoplankton communities in cascade reservoirs
The Long–Liu section is located at the edge of the Qinghai-Tibet Plateau and represents a typical plateau alpine river. Due to the influence of high altitude, this region experiences persistently low temperatures, which significantly inhibit phytoplankton growth, resulting in a strong correlation between altitude and species richness (Ding et al., 2021; Song et al., 2020). Studies have shown that the community characteristics in this area are similar to those of other cold alpine rivers and reservoirs, with diatoms as the dominant group (Liu et al., 2021). The phytoplankton community composition is relatively simple, with low species richness. A total of 38 species were identified, which is significantly lower than those found in downstream river channels and reservoirs at lower altitudes with higher water temperatures (Song et al., 2020; Ding et al., 2021). During the dry season, diatoms were the dominant group, reflecting their adaptation to low-temperature environments (Liu et al., 2021), with Cyclotella spp., Fragilaria spp., Synedra spp., Navicula spp., and Asterionella sp. as the dominant species. In the wet season, the dominant species shifted to Scendesmus sp., Cosmarium spp., Chlorella spp., and Pectodictyon spp. from the Chlorophyta, as well as Microcystis spp. and Chlorella spp. from the Cyanophyta. Compared to Bacillariophyta, Chlorothyta and Cyanobacteria are more adapted to high-temperature environments (Chen, 2015; Baker and Geider, 2021). During the wet season, the highest recorded water temperature reached 19.35°C, significantly higher than in the dry season (Supplementary Table S1, S2). This temperature increase created favorable conditions for the proliferation of cyanobacteria and green algae, accelerating their growth and enhancing their competitive advantage over other phytoplankton groups. Consequently, the species richness, abundance, and dominance of cyanobacteria and green algae were significantly higher in the wet season than in the dry season.
The stepwise multiple regression analysis showed that as WT, TN, and HRT increased, the abundance of phytoplankton significantly increased. WT not only directly influences the growth, metabolism, and life cycle of phytoplankton but also indirectly affects their development and reproduction by regulating nutrient decomposition (Ruan et al., 2024). The PLS-PM results further confirmed a stable and significant positive correlation between phytoplankton abundance and WT. However, in annually regulated hydropower stations (LYX and LJX), the influence of WT on phytoplankton communities was weaker compared to runoff-type hydropower stations (LXW, LiJX, GBX, and JSX). This may be attributed to the longer HRT and larger water surface areas of LYX and LJX, which enhance light-heat exchange and result in relatively higher water temperatures. Consequently, the water temperatures in Longyangxia and Liujiaxia reservoirs were notably higher than in other reservoirs, creating more favorable conditions for phytoplankton growth. Additionally, elevated WT may accelerate nutrient mineralization, increasing the availability of essential nutrients for phytoplankton uptake (Zhang et al., 2024), leading to significantly higher algal density and biomass in Longyangxia and Liujiaxia reservoirs compared to other reservoirs. As the largest annually regulated reservoir in the upper Yellow River, the outflow from Longyangxia Reservoir has substantially altered the interannual variation in downstream water temperatures (Ren et al., 2020). Meanwhile, the cumulative effects of cascade reservoirs have exacerbated the negative impacts of temperature fluctuations on phytoplankton survival and reproduction (Liu et al., 2021). Therefore, optimizing reservoir operation strategies to minimize WT fluctuations and mitigate their adverse effects on downstream aquatic ecosystems is crucial for maintaining ecological balance.
Nitrogen is an essential nutrient for phytoplankton growth and a key environmental factor influencing phytoplankton community structure (Reynolds et al., 2006). In the cascade reservoirs of the upper Yellow River, phytoplankton communities exhibit a significant positive correlation with total nitrogen (TN) concentration, likely because higher TN levels promote the proliferation of diatoms and green algae. These groups have high nutrient utilization efficiency, allowing them to gain a competitive advantage in resource competition, dominate ecological niches, and suppress the growth of other algae (Zhang et al., 2024; Ruan et al., 2024). TN is significantly correlated with NO3−-N, NH4+-N, COD, ORP, TSS, pH, WT, and HRT. These environmental factors regulate TN transformation through physical and chemical processes such as sedimentation, nitrification, and denitrification, directly or indirectly altering its bioavailability and influencing phytoplankton nitrogen uptake efficiency (Reynolds et al., 2006). Consequently, this affects their growth and reproduction. Given that phytoplankton are a fundamental resource in the food web, their unhealthy growth may ultimately disrupt the structure and function of the entire ecosystem. Therefore, it is crucial to appropriately adjust hydraulic residence time and adequately regulate nutrient loads and water temperature to ensure the healthy growth of aquatic organisms in reservoirs and downstream rivers.
4.3 The importance of HRT in the construction of phytoplankton communities
The NCM, grounded in neutral theory, is used to infer the roles of stochastic and deterministic processes in community assembly. It has been widely applied in microbial community studies (Dini-Andreote et al., 2015; Yang et al., 2023). In recent years, NCM has also been employed in phytoplankton community research (Liu et al., 2024; Zhang et al., 2024). However, whether the assembly of phytoplankton communities in cascade reservoirs of alpine rivers is primarily driven by deterministic or stochastic processes remains unclear (Yang et al., 2023; Sun et al., 2023). The results of this study indicate that deterministic processes dominate the assembly of phytoplankton communities in the upper Yellow River cascade reservoirs (Figure 5), with a particularly strong influence observed in annually regulated hydropower stations.
Specifically, the results of the NCM show that the explanatory power of the model (R2 = 0.463) and migration rate (m = 0.012) for phytoplankton communities in runoff hydropower stations are higher than those in annually regulated hydropower stations (R2 = 0.201, m = 0.0010). Additionally, the MST for phytoplankton in runoff hydropower station is 45.18%, higher than the 36.41% observed in annually regulated hydropower stations. These findings suggest that phytoplankton community assembly in annually regulated hydropower stations is more influenced by deterministic processes compared to runoff hydropower stations. This conclusion aligns with previous research in stepped reservoirs in plains, where phytoplankton community assembly is also primarily shaped by deterministic processes (Isabwe et al., 2022).
The differences in phytoplankton community assembly between annually regulated and runoff-type hydropower stations may be attributed to their respective hydrological characteristics. Runoff-type hydropower stations have a higher water exchange frequency and shorter hydraulic residence time, which enhance connectivity between reservoirs and reduce isolation effects. These hydrological conditions favor increased migration and dispersal of phytoplankton (Liu et al., 2024; Isabwe et al., 2022), potentially explaining why deterministic processes play a lesser role in runoff hydropower stations and a more prominent role in annually regulated hydropower stations.
Similarly, in large lakes with good connectivity, such as Dongting Lake, stochastic processes dominate phytoplankton community assembly (Wu et al., 2022). In contrast, the spatial isolation and limited connectivity of the annually regulated hydropower station at the head and tail of the study area make phytoplankton dispersal more challenging (Zhang et al., 2024). In single-stage reservoirs, the assembly of phytoplankton communities is also dominated by stochastic processes (Liu et al., 2024). The large storage capacity and weak hydrodynamic conditions of annual regulation hydropower stations (Zhao et al., 2024) reduce the ability of phytoplankton to migrate and disperse with water flow. Furthermore, the longer water exchange period and hydraulic residence time increase the interaction time between phytoplankton and environmental factors, thereby strengthening the influence of deterministic processes. While stochastic processes may dominate in lakes (such as Lake Dongting) (Wu et al., 2021) or single-stage reservoirs (Liu et al., 2024), in the upper Yellow River, phytoplankton community assembly is mainly governed by deterministic processes, particularly in annual regulation hydropower stations, where deterministic processes have a greater impact on community assembly than in runoff hydropower stations.
5 CONCLUSION
This study systematically investigates the spatial distribution patterns and community assembly types of phytoplankton communities in reservoirs with varying HRT. Significant seasonal differences in phytoplankton composition were observed, with these variations differing under different HRT levels. Notably, the richness and diversity of phytoplankton communities in annual regulation hydropower station were much higher than in runoff hydropower stations. From the dry season to the wet season, the relative abundance of diatoms significantly decreased, while the relative abundance of cyanobacteria and green algae greatly increased. In the wet season, the dominant species shifted to Scendesmus sp., Cosmarium spp., Chlorella spp., and Pectodictyon spp. from the Chlorophyta, as well as Microcystis spp. and Chlorella spp. from the Cyanophyta. The neutral community model results indicate that phytoplankton community assembly in upstream cascade reservoirs is primarily governed by deterministic processes. Furthermore, as HRT increases, the influence of these deterministic processes becomes more pronounced, suggesting that in annually regulated hydropower stations, deterministic processes play a more dominant role in community assembly compared to runoff hydropower stations. Stepwise multiple regression analysis further reveals that HRT, WT, and TN are the primary environmental factors driving variations in phytoplankton community structure. Phytoplankton abundance is significantly positively correlated with water temperature, particularly in runoff hydropower stations, where its influence is more pronounced. This study reveals the structure, aggregation characteristics, and influencing factors of phytoplankton communities in the upstream cascade reservoirs of the Yellow River under different HRT conditions, thereby deepening our understanding of the assembly processes of river phytoplankton communities.
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First-level
Subjects

Fl

n

Second- Biophysical Biophysical ~ Monetary Monetary  Percent Total Total
level Value Value Value Value (%) Monetary  proportion
Subjects Indicators Indicators  (x10* CNY) Value (%)
(x10* CNY)
F11 COD purification 923.63 cop 48029 642 587.68 785
capacity/(t/a) purification
Total phosphorus 7159 Total 35.80 048
purification phosphorus
capacity/(t/a) purification
Total nitrogen 7159 Total nitrogen 7159 096
purification purification
capacity/(t/a)
F12 SO, purification 6155 50, purification 1847 025 2070 028
capacity/(t/a)
NO; purification 173 NO, 069 001
capacity/(t/a) purification
Dust purification 90.56 Dust 154 002
capacity/(t/a) purification
F13 Total amount of 2098.81 Carbon dioxide 1242 017 1242 0.17
carbon dioxide fixation
fixation/(t/a)
Fl4 Total amount of 152641 Oxygen release 15264 204 152.64 204
oxygen supply/(t/a)
Fl5 Total heat absorbed 319,522.19 Temperature 1747 023 1747 023
by regulation
ecosystems/(KW-h)
Fl6 Total water sources 198.04 Conservation of 1210.14 1617 1210.14 1617
conservation water sources
capacity/
(x10* m*/a)
F17 Total flood 60021 Flood regulation 3,667.68 4901 3,667.68 4901
regulation and and storage
storage capacity/
(x10* m*/a)
F18 Total ecosystem’s 921183 Sediment 299 004 143.15 191
soil conservation accumulation
capacity/(t/a) reduction
Soil fertility 14016 187
preservation
F21 Total amount of 74.00 Leisure and 968.73 1295 968.73 1295
leisure and recreation
recreation
personnel/
(x10" person/a)
F22 Activities carried - Promotion, 166.56 223 166.56 223
out for promotion, education and
education and scientific
scientific research research
23 Total number of 67.00 Employment 536.00 7.16 536.00 7.16
social labor engaged promotion
in wetland park
related work/
(person/a)
Total 748317 100.00 7,483.17 10000
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First-level
subjects

F1

Second-level
subjects

Biophysical value indicators

Indicator description

Monetary value indicators

Indicator description

F11 Total amount of COD, total phosphorus, and total nitrogen | t/a. Water purification value
for purifying water pollutants

Fl2 Total amount of SO, NO;, and dust for purifying air ta Air purification value

pollutants
F13 Total amount of carbon dioxide fixation tCOy/a Carbon dioxide fixation value
Fl4 Total amount of oxygen supply tO,fa Oxygen release value
FI5 The total heat absorbed by ecosystems KWh Temperature regulation value
F16 Total amount of water sources conservation m’fa | Conservation of water sources value
FI7 Total amount of flood regulation and storage m'a | Flood regulation and storage value
FI8 Total amount of ecosystem’s soil conservation ta Sediment accumulation reduction

value
Soil fertility preservation value
F21 Total amount of leisure and recreation personnel person/ Leisure and recreation value
a

F2 Activities carried out for promotion, education and scientific . — | Promotion, education and scientific

research research value
23 The total number of social labor engaged in wetland park | person/ | Employment promotion value

related work

Unit

CNY
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Second-level Subjects Connotation

F11 Water Purification Wetland ecosystems including rivers, lakes, and swamps absorb, degrade, biologically transform, and transform water
pollutants through physical and biochemical processes, thereby reducing the concentration of water pollutants and
purifying the water environment (Wu et al., 2020)

F12 Air Purification Ecological systems, such as forests, grasslands, and wetlands absorb, flter, block, and decompose atmospheric pollutants,
thereby reducing the concentration of air pollutants, and enhancing air quality (Kong et al., 2023)

13 Carbon Dioxide Fixation Forests, grasslands, wetlands, and other ecosystems utilize organisms to synthesize organic matter from carbon dioxide or
dissolve carbon dioxide in water bodies, thereby reducing concentration of carbon dioxide in the atmosphere (Wang, J. M.
etal, 2019)

F14 Release of Oxygen Forests, grasslands, wetlands, and other ecosystems release oxygen through plant photosynthesis, to maintain stable
oxygen concentration in the atmosphere (Wang, J. M. et al,, 2019)

Fl5 Temperature Regulation Ecosystems such as forests and grasslands absorb energy through vegetation transpiration, occlusion, and evaporation,
thereby regulating temperature and enhancing the comfort of human living environments (Zhao et al., 2019)

F16 Conservation of Water Sources Ecosystems such as forests, grasslands, and wetlands intercept and store precipitation, enhance soil infiltration and
accumulation, thereby achieving the goal of conserving soil moisture, replenishing groundwater, regulating surface runoff
and river flow, and effectively redistributing precipitation (Hu et al,, 2021)

17 Flood Regulation and Storage Forests, grasslands, reservoirs, lakes, and other ecosystems absorb and store precipitation, regulate stormwater runoff,
reduce flood peak during rainstorm, to mitigate the threat and loss caused by flood peak in flood season and mitigate flood
hazards (Ping and Zeng, 2023)

F18 Soil Conservation Ecosystems such as forests and grasslands slow down the erosion of topsoil by rainwater, and increase soil resistance by
retaining soil through root systems, thereby reducing sedimentation and soil loss, and maintaining soil nutrients (Wang
W.J. et al, 2022)

21 Leisure and Recreation Wetland parks provide services such as recreation, sightseeing, entertainment, and landscape appreciation, allowing
visitors to relax mentally and achieve non-material benefits such as emotional pleasure (Liu et al., 2023)

2 Promotion, Education and Scientific Wetland parks provide public education and promation of wetland functions and values to the public, while universities
Research and research institutions can conduct comprehensive studies on wetland ecology, and provide venues and services for
educational and scientific research activities (Liu et al., 2023)

23 Employment Promotion Wetland parks require social labor for their daily management and operation, providing employment opportunities for
relevant groups (Li et al., 2020)
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Well name Aquifer type  Hydraulic conditions =~ Aquifer depth (m) Initial water level (i

Qw Quarter-nary alluvium Porous Confined 80.5-93.6 1732
Nw Neogene-nary alluvium Porous Confined 3312-3453 18
Cw Carboniferous limestone Karst Confined 422.7-478.7 17.11
Oow Ordovician limestone Karst Confined 550-765.1 1773
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Ecosystem category Types of land use included Area (hm?) Percent (%)

Grassland | Other grassland 278 027
Forest land Other forest land 7159 | 701
Wetland River water surface | 7236 7.08

Pond water surface 15061 1474

Inland mudflat 61343 [ 60.03

Others Other types of land use 11102 10.87

Sum 1,021.78 100.00
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Dry Season Wet Season Normal Season All year

Taxa Taxa Taxa IRI Taxa
Heptagenia 2575 Caridina 2681 Corbicula fluminea 2014 Corbicula fluminea 1756
Baetis 1524 Hydropsyche sp.1 1576 Hydropsyche sp.1 1419 Hydropsyche sp.1 1636
Corbicula fluminea 622 Semisulcospira cancellata ‘ 1010 Heptagenia 632 Heptagenia 1162
Ephemera 613 Cloeon 553 Baetis 1097

Cinygmina 546 Caridina 713
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Land use/cover 2020 30 scenario 1 2030 scenario 2 2030 scenario 3

Maize 35,719.20 38,975.00 39,292.00 38,063.00

Forest 602.91 542.00 542.00 68100
Grassland 2,20032 1,988.00 [ 1,988.00 2,631.00
Water 3,168.36 3,168.36 3,16836 3,168.36
Construction 7,486.11 673700 [ 6,737.00 6,737.00
Unused land 3,32235 1,662.00 1,662.00 1,662.00
Soybean [ 222651 245000 [ 2003.00 2,450.00

Rice 3,276.18 3,921.00 2,948.00 2,948.00
Other crops 25,944.93 24,682.52 25,785.52 25,785.52
Wetland 1,70001 1,530.00 1,530.00 1,530.00
7 Total s 85,655.88 [ 85,655.88 85,655.88

*2030 scenario 1: grain crop planting priority; 2030 scenario 2: ethanol crop planting priority; 2030 scenario 3: maximize carbon sequestration priority. Meaning of symbol a: It explains the
weibiie seanaelin: scorennoniing wi sih v
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Resource carrying capacity

Environmental carrying capacity

Economic and social carrying

capacity
First Second Third First Second Third First Second Third
factor factor factor factor factor factor factor factor factor
Xi Xiu RS R9 RI E8 E9 E6 3 6 s2
1661% 10.25% 631% 12.79% 7.32% 6.97% 5.98% 576% 216%
Ping Ba R7 RS RI E8 E6 E9 s2 $5 s
9.95% 9.38% 879% 746% 7.03% 6.48% 478% 274% 220%
Pu Ding RS R9 R E8 E9 E6 3 s1 s5
10.03% 934% 9.07% 5.80% 5.16% 497% 544% 468% 428%
Zhen Ning RY R2 RI0 E8 E6 E5 3 $5 s4
9.34% 9.17% 9.36% 8.60% 7.29% 476% 6.66% 543% 381%
Guan Ling RI0 RS RI E5 E4 E9 3 s5 s1
9.13% 539% 5.16% 840% 6.34% 5.46% 832% 7.68% 652%
Zi Yun RIO R3 RO 6 E5 B4 si s3 s5
7.33% 527% 426% 9.33% 5.86% 5.65% 815% 7.68% 557%
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Soybean ‘ 05 336.25 21434 12190
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Others (cabbage and potato) | 1.1 369.01 176.09 19292
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Evaluation

standard layer

Evaluation
index layer

Measurement index

Number

Measurement
unit

Indicator
attribute

Weig|

Resource bearing capacity Land resources Per capita cultivated land area Rl hm?/human being + 00522
(0.4087) (0.1934)
Proportion of the rocky desertification R2 % - 0.0503
area
Proportion of the effective irrigated R3 % + 00282
area of cultivated land
Proportion of unused land R4 % - 00184
Proportion of regional soil erosion RS % - 00291
area
Proportion of flooded area R6 % - 00152
‘Water resource Per capita total annual water use R7 m*/human being - 0.0591
(02153)
Per capita water resources owned RS m?/human being + 00652
Average annual rainfall RY mm + 00518
Utilization rate of water resource RI0 % + 00392
development
Environmental bearing Atmospheric Annual nitrogen oxide concentration El ng/m - 0.0204
capacity environment (0.0662)
(0.3408) Annual SO, concentration B2 ng/m® - 00207
Excellent rate of ambient air quality E3 % + 00251
Water environment | Centralized treatment rate of E4 % + 00302
(0.1125) wastewater and sewage
Water resource contamination S Ton + 00324
capacity (COD + NH,-H)
Area proportion of regional water E6 % + 0.0499
ecological protection area
Geological Number of geological disaster points E7 Individual/km - 00304
environment per unit area
(0.0806)
proportion of karst area E8 % - 0.0502
Ecological condition | Land area covered with trees E9 % + 00385
(0.0815)
Forest area E10 hm?/100 km? + 00236
Ratio of nature reserves to the total Ell % + 0.0194
area
Economic and social Financial condition  Per capita total GDP s1 Yuan/person + 0.0436
carrying capacity (0.2505) (0.1721)
Proportion of the tertiary industry s2 % + 00284
in GDP
Per capita fixed asset investment s3 10,000 yuan/person + 00411
Per capita disposable income of urban 54 Yuan/person + 00289
residents
Per capita disposable income of rural $5 Yuan/person + 00301
residents
Social condition Density of population 6 Human being/km? - 00226
(0.0784)
Urbanization level s7 % + 00179
Number of health institutions for s8 10,000 people + 00161
10,000 people
Proportion of the number of residents 59 % + 00218

with minimum living security
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use/cover

Code Allocation in 2020 (hectare)

Maize X1 357192
Forest X2 [ 60291
Grassland X3 220932
Water X4 | 316836
Construction X5 7486.11
Unused land X6 [ 332235
Soybean X7 222651
Rice X8 3276.18
Other crops X9 25944.93
Wetland X10 [ 1,70001
Farmland X1+X7+X8+X9 67,166.82
Total - 85,655.88
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name Document content

\ covxx Land use/cover in the initial year
‘ demand.in | Various land demands year by year
‘ region.fil [ Restricted area

‘ selgr.fil Driving factor

‘ allow.txt Land transfer matrix

‘ alloclreg Logistic regression coefficient

|

main.txt Main parameter file
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The convenience level of implementing hydroph y Score assignmen
The configuration of the waterside expanse is judicious, featuring convenient and easily accessible transport options that facilitate seamless 100
pedestrian walkways adjacent to the water’s edge; public facilities are thoroughly equipped and maintained in superb condition.
The configuration of the waterside expanse is a reasonable layout, featuring convenient and easily accessible transport options that facilitate 70,100)
seamless pedestrian walkways adjacent to the water’s edge; public facilities are relatively equipped and maintained in superb condition. }
The configuration of the waterfront area is mediocre, offering convenient transportation and largely unobstructed walkways. Fundamental 40,70)

amenities are available for ease, and the facilities are well-maintained.

The configuration of the waterside areas is inefficient, and accessibility proves difficult. The pedestrian pathways bordering the water are
unfinished. Furthermore, the supply of public amenities is inadequate, with some of the existing facilities exhibiting signs of damage [0,40)
or neglect.
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Chengtan  Huangze Xinchang QGincun Changzhao

River River River Reservoir Reservoir
Number Primary Indicator Secondary indicators Summation
Score Score Score Score Score
assignment  assignment  assignment  assignment  assignment
1 Flood Prevention and Disaster Mitigation Compliance 863 100 100 100 100 486
the Safety Rivers and Lakes
2 Operation Status of Hydraulic Engineering Projects - 100 100 - - 500
3 Riparian Vegetation Shoreline vegetative cover % 100 100 % 100 14.40
4 Diversity of Fish 75 76 78 69 78 376
5 Diversity of Large Benthic Invertebrates 77 81 76 84 67 385
6 Biodiversity of River and Lake Ecosystems Diversity of Phytoplankton 84 82 84 77 76 403
E Diversity of Zooplankton 66 70 7 72 70 349
8 Diversity of Periphytic Algae 84 86 81 81 87 419
9 the Quality of Water 883 943 925 95 95 698
‘The Aquatic Environment of Rivers and Lakes
10 the Assurance of Ecological Flow 100 100 100 100 100 7.50
1 Average annual growth in revenue from water-related tourism - - - - - 3.00
12 the Economic Development Related to Water ‘The Annual Growth in the Output Value of Aquaculture - - - - - 3.00
13 ‘The Per Capita Income Growth Rate from Microhydropower - - - - - 4.00
14 Drinking Water Sources the Compliance Status of Potable Water Sources 100 100 100 100 100 500
15 “The “River and Lake Chief System” Collaboration 100 100 100 100 100 -~
Mechanism Situation
the Management and Protection Mechanisms 3 = 5 "
ié or Blvers andiiabes Zoning and Classification Control Situation of River and Lake Water it 166 6 o it 555
Areas and Shoreline Spaces
17 Supervision of the River-Related Projects - - - - - 250
18 Cultural Display 100 100 100 100 100 150
the Water Culture
19 Development of Cultural, Physical, and Tourism Activities - - - - - 150
s ‘The Status of Su;podrlmi fa;: ies for Urban and Rural it it % i 16 366
Hydrophilic Implementation ydrophilic Structures

21 Riverside-waterfront Greenways - - - - - 200
2 Public Satisfaction Satisfaction Survey % 70 100 - - 260

Summation 92.66

“— signifies that the corresponding data remains uncollected.
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Fish diversity index in Fish diversity index in Large benthic

Sampling Area the spring the summer invertebrates diversity
D’ I H' D’ J’ H' D’ J’ H'
Huangze River 0910 0.592 0.820 1.941 0915 2.569 3.338 0.885 2.199
Chengtan River 0962 0819 0900 1.603 0913 2167 2435 0.787 1.795
Xinchang River 1.820 0.887 1427 1.924 0.936 2309 2.147 0902 1.641
Changzhao Reservoir 1.610 0.840 1352 1.970 0.747 2368 1.362 0404 0.785
Qincun Reservoir 1.895 0831 1.489 0582 0.258 0410 4.091 0933 2463
. : : ; Periphytic
Phytoplankton diversity Zooplankton diversity Al Z yic
Sampling Area gae diversity
D’ J’ H' D’ J’ H' D’ J’ H'
Huangze River 5331 0691 2304 1.460 0.963 1.092 5.658 0754 2681
Chengtan River 6825 0682 2474 1443 1.000 0693 6.173 0689 2453
Xinchang River 5.282 0.716 2.400 1.796 0.975 1.168 4.998 0.628 2.191
Changzhao Reservoir 2997 0.589 1.669 1.388 0915 1.004 5.689 0.782 2721

Qincun Reservoir 3.784 0.526 1.708 1.830 0.971 1.203 5.419 0.599 2.187
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Length within XinChang
County (km)

Basin areas (km?)

River

Type

Large-scale projects (2) type projects

Xinchang River 48.9 440
Huangze River 50.6 375
Chengtan River 41.1 386.7

Name
Changzhao Reservoir

Qincun Reservoir

Capacity (x10° m?)
1.86

244

Basin areas (km?)
8.38

9.39
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Primary Secondary

Primary Indicator Indicator Secondary Indicator Indicator
Weight Weight
1 Flood Prevention and Disaster Mitigation Compliance 0.5
the Safety Rivers and Lakes 0.1

2 Operation Status of Hydraulic Engineering Projects 05

3 Riparian Vegetation 0.15 Shoreline vegetative cover 1

4 Diversity of Fish 0.2

5 Diversity of Large Benthic Invertebrates 02

6 Biodiversity of River and Lake Ecosystems 025 Diversity of Phytoplankton 02

7 Diversity of Zooplankton 02

8 Diversity of Periphytic Algae 02

2 The Aquatic Environment of Rivers s thie Quality:of-Water 05

10 and Lakes the Assurance of Ecological Flow 05

11 Average annual growth in revenue from water-related tourism 03

12 the Economic Development Related to Water 0.1 The Annual Growth in the Output Value of Aquaculture 0.3

13 The Per Capita Income Growth Rate from Microhydropower 04

14 Drinking Water Sources 0.05 the Compliance Status of Potable Water Sources 1

s The “River and Lake Chief System” Collaboration 05
Mechanism Situation :

the M: t and Protection Mechani:
A anggeerL end Sosection Viecharisms 0.1 Zoning and Classification Control Situation of River and Lake
16 for Rivers and Lakes N 025
Water Areas and Shoreline Spaces
17 Supervision of the River-Related Projects 025
18 Cultural Display 05
the Water Culture 0.03
19 Development of Cultural, Physical, and Tourism Activities 05
2 The Status of Supporting Facilities for Urban and Rural 05
Hydrophilic Implesientation 0.04 Hydrophilic Structures
21 Riverside-waterfront Greenways 0.5
22 Public Satisfaction 0.03 Satisfaction Survey 1!

The evaluation result will be “unsatisfactory” in the following situations. a) Public satisfaction survey score is below 60 points; b) The annual average water quality over the past year is below Level
Vi ¢) A significant or more serious safety production accident and water-related illegal incident occurred in the past year; d) The significant issues identified through superiors’ undercover
investigations, spot checks, and media scrutiny have not been resolved within the designated timeframe.
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