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Abstract


A comprehensive approach to ecological functional zoning in the Shenzhen region of China is presented in this study. Through the integration of advanced geospatial analysis tools, multiple data sources, and sophisticated statistical techniques, different ecological functions have been identified and categorized based on a comprehensive set of indicators and spatial analysis techniques. The three-level zoning framework established in this study offers policymakers, urban planners, and environmental managers a nuanced understanding of the region’s environmental characteristics, and highlights areas of ecological significance that warrant special attention and protection. It has been demonstrated that the data-driven approach to ecological functional zoning is effective in delineating distinct ecological zones within the study area. This study’s findings carry significant implications for future land use planning, conservation efforts, and sustainable development practices in the Shenzhen region. In essence, this study contributes to the broader discourse on ecological planning and environmental management by providing a systematic and data-driven approach to delineating ecological functional zones in urbanizing regions.
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1. Introduction


Ecological functional zoning is a vital endeavor that revolves around the regional ecological environment [1,2]. The interconnectedness and mutual constraints of ecological factors within a region give rise to diverse structures, facilitate various ecological processes, deliver a range of services to humanity, and ultimately shape the regional ecological environment [3,4]. The spatial division or integration of ecological functional regions is based on overarching connectivity, spatial continuity, ecological process similarity and dissimilarity, service function characteristics, and the intensity of human activities.



The origins of ecological zoning can be traced back to 1898, when Merriam conducted a comprehensive classification of biological zones and crop zones in the United States, establishing the foundation for a biological-based ecological zoning approach [5]. In recent years, significant progress has been made in applying remote sensing and machine learning techniques to study land–water interfaces and ecological systems [6,7,8]. Although many studies have employed machine learning algorithms to classify land cover and plant communities in coastal regions, the focus has primarily been on analyzing individual spatial data layers without exploring the interactions and mutual influences among different layers [9,10]. While notable regional-scale ecological zoning efforts have been undertaken [11,12], these initiatives have mainly concentrated on natural ecological factors with limited consideration for the role of humans within ecosystems [13]. Addressing pressing global challenges such as population growth, resource scarcity, and environmental degradation, ecologists have redirected their attention to ecological zoning, recognizing the limitations of past approaches and acknowledging the vital role and impact of human activities on resource development and environmental conservation [14,15].



Chinese researchers have also made significant contributions to the field of ecological zoning [16,17,18,19]. Li’s work on ecological sensitivity and ecosystem service functions in Hainan Province, as well as Yang’s foundational research on national ecology, exemplify efforts to provide a scientific basis for regional economic development policies, sustainable resource management, and ecological preservation [20,21]. Furthermore, Fu [22] proposed a comprehensive framework for national ecological zoning, dividing the country into 3 ecological zones, 13 ecological regions, and 54 ecological areas, considering ecosystem service functions, sensitivity, and human influences. Hong et al. [23] established an ecological vulnerability assessment indicator system comprising nine elements and twelve indicators, focusing on ecological sensitivity, ecological pressure, and self-resilience. It spatially identifies ecologically vulnerable areas within a highly urbanized region. Highly vulnerable areas, primarily located in the western region and intertwined with urban functional zones, suggest the need for establishing an ecological red line and enforcing stringent controls akin to China’s existing ecological protection laws. The Chinese government is vigorously advancing its carbon market and began establishing the national carbon market in December 2017 [24]. The efficiency of market information is a crucial measure of market maturity and is essential for participants to devise trading strategies. As one of the pilot cities, Shenzhen’s policies play a significant role in its comprehensive ecological functional zoning [25].



However, there is a lack of research on hierarchical methods for coastal ecosystems and the establishment of comprehensive protection systems at the intersection of highly developed areas and urban environments [26,27,28,29]. Liu et al.’s study [30] underscores the complexity of economic development’s impact on the environment, highlighting differing trends between production and consumption-related pollutants. It suggests that targeted policies addressing both industrial production and consumption patterns are crucial for achieving sustainable development goals in rapidly urbanizing regions like Shenzhen. Ecological security patterns (ESPs) integrate landscape patterns and ecological processes to enhance ecological connectivity, promoting the coordinated development of social systems and ecosystems [31]. Wang et al. [32] chose townships in the Tacheng Basin, Xinjiang, China, as the basic research units, and established an evaluation index system covering ecological protection, agricultural production, and urban development suitability, and they analyzed them using spatial analysis functions and an exclusive matrix method. An assessment system integrating ecological security and economic development was constructed for evaluating these areas, fully considering drivers such as precipitation, temperature, topography, soil, land use, geological disasters, and landscapes that impact the ecosystem [33]. While previous ecological zoning research has primarily focused on large-scale land and watershed spaces, there are a limited number of comprehensive studies on small to medium-scale urban coastal areas, impeding the development of guiding research results used for reference [34,35].



In conclusion, while ecological zoning and mapping have garnered significant attention and research efforts, there is untapped potential for further exploration and development, particularly in addressing the complex ecological challenges at the intersection of urban and highly developed areas. This calls for a concerted effort to advance ecological zoning research and develop comprehensive protection strategies to ensure the sustainable coexistence of human activities and natural ecosystems. The purpose of this study is to propose the theoretical basis and specific zoning techniques for three-level ecological functional zoning at medium and small scales, and to validate and apply this method in the study area.




2. Methodology


This section introduces a comprehensive three-level framework for regional ecological functional zoning, focusing on the scales of watershed, sub-watershed, and river. To further achieve refined management of river basins, a three-level zoning theory is proposed based on the structural characteristics of the ecosystem, building on primary and secondary zoning of the river basin. This theory aims to reflect the spatial differences in the functions of the river basin’s ecosystem.



2.1. Zoning Methods


Utilizing a top–down approach, the first and second levels of ecosystem function zoning in watersheds are analyzed using cutting-edge remote sensing and Geographic Information System (GIS) technologies. Large-scale factor distribution maps are spatially overlapped to construct ecological zoning based on various types of aquatic ecosystems. The third-level zoning employs a bottom–up approach at a smaller scale, involving an in-depth analysis of major ecological environmental factors within the study area using GIS techniques and remote sensing. Weight coefficients for indicators are determined in collaboration with expert experience to calculate the zoning values for each level, with the sub-watershed serving as the fundamental unit for zoning. The specific process is detailed in Figure 1. Based on the spatial ecological pattern and evolution characteristics formed under the combined influence of natural geographical features and human activities in Shenzhen City, this paper proposes a three-level framework for ecological functional zoning, corresponding to the spatial scales of watershed, sub-watershed, and river. Different levels of zoning employ different indicators, with subordinate zones constrained by the scope of higher-level zones.




2.2. Sub-Watershed Unit Division Techniques


The determination of the study area’s scope and boundary involves generating the watershed boundary through the application of a digital elevation model (DEM) and adjusting the sub-regions based on the water system map. The resolution of the DEM utilized for sub-watershed division is intricately determined based on data availability and the scale of the three-level zoning, typically employing a 90 m resolution elevation dataset.




2.3. Construction of Indicator System for Three-Level Zoning


The selection of indicators for three-level zoning primarily revolves around considering the influential factors of watershed characteristics on the structure of water ecosystems, aiming to differentiate the characteristics of diverse regional habitats and functional disparities. Not only do the natural conditions of rivers play a pivotal role, but the surrounding landscape and human activities are also significant factors impacting river ecosystems at the catchment scale. Therefore, the selection of candidate indicators for three-level zoning should encapsulate the influence of both natural and human activities on the structure of water ecosystems.




2.4. Techniques for Identification of Main Functions


Based on the established zoning and classification system for rivers in Shenzhen, Zhang et al. [36] focused on the ecological flow of the Shenzhen River. This research underscores the importance of tailored ecological flow assessments based on river characteristics and geographical zones, contributing to more effective and sustainable river management strategies.



The framework proposes a three-level hydro-ecological functional zoning system corresponding to three spatial scales: basin, sub-basin, and river. This aims to achieve finer-scale watershed management. Based on primary and secondary divisions within the watershed, the theory proposes a three-level zoning approach grounded in the structural characteristics of aquatic ecosystems. This framework aims to reflect spatial variations in the functional capabilities of watershed aquatic ecosystems.



The indicators for each level of zoning reflect specific features influenced by regional backgrounds at the ecosystem type level for the primary zone, and spatial differentiation rules for natural environmental factors such as topography, climate, and hydrology affecting regional ecosystem differences at the watershed scale. The indicators for the secondary zone reflect spatial differentiation rules for natural environmental factors such as topography and vegetation affecting regional ecosystem differences at the sub-watershed scale. The indicators for the tertiary zone characterize the river type and functional differences influenced by land use and river structures at the watershed scale. Tölgyesi et al. [37] used single statistical tests to compare vegetation units based on relative ecological indicator values with different approaches and weighting methods. The weights of the evaluation indicators are determined through an extensive literature review and expert judgment [38,39].



In summary, this study presents a robust framework for regional ecological functional zoning, incorporating state-of-the-art technologies, expert insights, and comprehensive indicator systems to effectively manage ecosystem functions within watersheds.





3. Case Study


3.1. Overview of the Study Area and Data


Shenzhen, a prominent city comprising nine administrative districts and one new district, occupies a land area of 1997.47 square kilometers. Situated in the south-central coastal region of Guangdong Province, China (as shown in Figure 2). Shenzhen’s rapid development faces significant challenges due to its scarcity of resources and energy as one of China’s initial cities committed to low-carbon development [40]. The city’s economic, social, and ecological demands are substantial, necessitating an urgent exploration of pathways toward green, low-carbon, and efficient development. Shenzhen’s urban development is intertwined with a complex ecological pattern shaped by both natural evolution and recent human interventions [41]. The integration of land and sea forms a sophisticated system, wherein the destruction of terrestrial and marine ecosystems, regional cross-media pollution, and interactions between natural and anthropogenic factors pose severe environmental stressors, hindering sustainable development. Long-standing segmented management of terrestrial and marine ecological environments exacerbates this challenge. The city’s development is intricately linked to material and energy exchanges between its urban and marine components, reflecting a coupled and mutually influential integrated ecological system. Effective environmental strategies must therefore adopt a holistic approach, coordinating land–sea management to address ecological challenges and provide robust theoretical and technological support for Shenzhen’s sustainable development as a special economic zone.



The land use data for Shenzhen in 2020, including the classification data based on GlobelLand30, are sourced from various entities. Socio-economic data, such as population and GDP, are provided by the Resource and Environmental Science and Data Center. Climate and environmental data, including soil type, annual average temperature, and annual average precipitation, are also sourced from the Resource and Environmental Science and Data Center. Elevation and slope data come from the Geographic Spatial Data Cloud, while the distances to water bodies (rivers) and lakes are obtained from the National Geographic Information Resource Catalog Service System. All data are projected using the WGS_1984_UTM_Zone_51N coordinate system.



High-resolution geospatial data, including the 1:250,000 digital elevation model (DEM) and 1:250,000 water system map of the Shenzhen region, were utilized in this study, in conjunction with advanced geospatial analysis tools such as the Arc Hydro Tools module in ArcGIS 10.8. Predefined sub-division criteria for sub-regions were adhered to, leading to the successful delineation and extraction of small watershed units within the urban expanse of Shenzhen. A total of 148 defined sub-region units across the entirety of the study area were yielded by analysis, as illustrated in Figure 3.



This detailed geospatial analysis not only provides valuable insights into the unique topographical characteristics of Shenzhen, but also lays a solid foundation for further research in urban planning, environmental management, and sustainable development initiatives within the region.




3.2. Identification of Candidate Indicators


The establishment of a three-level ecological function sub-division index necessitates the incorporation of watershed characteristic indicators, along with the assessment of human activities’ influence on aquatic ecosystems. Considering the distinctive features of the Shenzhen region and considering the ecological relevance, typology, and accessibility of sub-division indicators, a meticulous selection of candidate indicators and their corresponding ecological significance was undertaken and is comprehensively presented in Table 1.



The indicators used in three-level zoning play a crucial role in assessing how watershed characteristics shape aquatic ecosystems, delineating diverse habitat features and functional distinctions among different geographical regions. These indicators encompass not only the inherent natural conditions of rivers, but also the broader landscape context [42]. Moreover, human activities, particularly alterations in local land use patterns, exert profound impacts on riverine ecology at the watershed scale. Thus, when selecting alternative indicators for tertiary zoning, it is essential to consider these anthropogenic influences alongside natural factors [43,44]. Methods employed for indicator selection include rigorous sensitivity analyses to gauge data variability, spatial autocorrelation analyses to understand the spatial patterns of the environmental factors, and statistical approaches such as the Principal Component Analysis and correlation analyses to identify key influencing factors.



The data sources and acquisition methods for these candidate indicators encompassed a range of thematic maps, such as digital elevation models, water system maps, administrative boundary maps, and land use maps specific to the Shenzhen region provided by the Resource and Environmental Science and Data Center, China. The spatial resolution of the geographic information is 90 m. Each thematic map was integral to the calculation of the sub-division index.



Drawing upon the 2020 vector data map of land use in Shenzhen offered by the Resource and Environmental Science and Data Center, China, this study focused on the extraction of six distinct land use categories, namely farmland, forest land, grassland, water area, urban area, and unused layers. An overlay analysis was conducted to derive dBase-type data for each layer within the small watershed unit, facilitating subsequent calculations of the proportion of land use types within each specific small watershed unit using the following Formula (1):


    P   I   ( % ) =     ∑    A   i        ∑    A   T         



(1)




where     P   I     is the area proportion of each land type,     A   i     is the area of each land type in each small watershed unit, and     A   T     is the area of the delineated small watershed.



3.2.1. Sensitivity Analysis of Indicators


The usability of data in a sub-division analysis is contingent upon its sensitivity. Hence, the candidate indicators for the Shenzhen sub-division underwent an initial sensitivity analysis using SPSS 20.0 software to assess their suitability. The coefficient of variation for each indicator is detailed in Table 1. Notably, indicators such as population density, GDP per unit area, urban area ratio, and grassland area ratio exhibited coefficients of variation exceeding 100%, signifying substantial variability capable of capturing spatial environmental nuances and thus enhancing the efficacy of the sub-division analysis. Conversely, the watershed slope and water volume demonstrated coefficients of variation at 12.50% and 20.03%, respectively, indicating minimal variability and homogeneous characteristics across the watershed.



Consequently, guided by the sensitivity analysis outcomes, the watershed slope direction and water volume were excluded from further consideration. The ensuing selection of indicators for an in-depth analysis comprised population density, GDP per unit area, water area ratio, urban area ratio, grassland area ratio, drainage density, forest area ratio, watershed slope, and farmland area ratio.




3.2.2. Factor Analysis


In this study, a factor analysis was conducted to identify the primary factors that define the water environment in Shenzhen and to select indicators with the most significant contribution to the sub-division results. The varimax rotation method [45] was employed to ensure the independence of factors, and the determination of the number of common factors extracted was based on the criterion that the eigenvalue should surpass 1.0 [46]. Table 2 presents the characteristic values of the candidate indicators at various sub-division levels, indicating the extraction of four common factors.



Refer to Table 3 for the composition matrix post-factor rotation utilizing the maximum variance orthogonal method. In the current study, factor loadings greater than 0.75 were deemed significant [47] and this classification was adopted by Singh et al. [48] and Qian et al. [49]. Indicators exhibiting factor loading values surpassing 0.75 were selected, encompassing forest area ratio, farmland area ratio, watershed slope, population density, urban area ratio, water area ratio, drainage density, and GDP per unit area, for further scrutiny.




3.2.3. Aquatic Biological Correlations Analysis


The correlation between environmental indicators and aquatic biological attributes was examined to elucidate the principal environmental factors influencing the spatial distribution of aquatic ecosystems, and to ascertain the environmental indicators exhibiting strong correlations with the spatial distribution of aquatic organisms. Leveraging aquatic biological survey data spanning from 2015 to 2020 in the Shenzhen region, ArcGIS software was adeptly employed to extract the sub-division index data for each sampling point’s small watershed, composing an environmental data matrix comprising candidate sub-division indicators.



Initially, a detrended correspondence analysis (DCA) [50] was conducted on the algae indicators, revealing an eigenvalue of 2.208 < 4, thereby indicating the appropriateness of a redundancy analysis (RDA) [51] for probing the relationship between the algae plant community and sub-division indicators. Through a Mantel Carlo test analysis in RDA, all sub-division indicators exhibited noteworthy correlations with the first sorting axis (AX1) (F = 30.321 and p = 0.002) and all sorting axes (F = 2.971 and p = 0.004).



The RDA analysis outcomes concerning the algae plant community and environmental factors are delineated in Table 4. Drawing insights from the factor analysis results, four common factors were discerned. The foremost eigenvalue surfaced on the first sorting axis (AX1), which emerges as the predominant factor dictating the distribution of algae plant communities. AX1 mirrors the extent of the environmental factors’ impact on the distribution of algae plant communities, with a correlation coefficient of 0.720 between AX1 and the environmental factors, signifying a robust correlation. The Shenzhen sub-division candidate indicators and algae plant community RDA dual-axis plot are portrayed in Figure 4. The arrows symbolize the candidate sub-division indicators, with the length of the line segment denoting the degree of correlation between the indicator and the biological community, the angle between the arrow connection and the sorting axis representing the level of correlation with the water environment, and the quadrant in which the arrow is positioned indicating a positive or negative correlation with the water environment.



Based on the findings presented in Figure 4, it is evident that watershed slope (F6) exhibited a positive correlation with AX1, demonstrating the highest correlation coefficient of 0.495. Similarly, forest area ratio (F1) demonstrated a positive correlation with AX1, boasting a correlation coefficient of 0.4098. In contrast, water area ratio (F8), farmland area ratio (F4), and GDP per unit area (F2) were found to be negatively correlated with AX1, with corresponding correlation coefficients of −0.350, −0.276, and −0.236, respectively. Although population density (F10), urban area ratio (F5), and drainage density (F3) did not exhibit significant correlations with AX1, the retention of the urban area ratio was deemed essential to signify the impact of human activities on aquatic ecosystems.




3.2.4. Correlation Analysis


To assess the independence of information among the selected parameters, a correlation analysis was conducted on the ecological correlation-selected indicators, employing the correlation coefficient to quantify the relative strength of the relationship between the quantitative variables. When the absolute value of the correlation coefficient |R| < 0.5, it suggests a substantial degree of information overlap between the two indicators, thereby necessitating the removal of environmental factors with diminished information content to uphold the independence of the sub-division indicators [52].



The outcomes of the indicator correlation analysis are detailed in Table 5. Notably, the correlation coefficients between forest area ratio and watershed slope, as well as farmland area ratio, were determined to be 0.422 and 0.444, respectively. Furthermore, the correlation coefficient between watershed slope and farmland area ratio stood at 0.399, bearing a significant level of 0.000, signifying a substantial correlation. Additionally, the correlation coefficient between urban area ratio and watershed slope was determined to be −0.254, also demonstrating a significant correlation. Despite the significant correlation trends observed in the candidate indicators for the three-level sub-division, their correlation coefficients all fell below 0.5, indicating a limited degree of information overlap between the candidate indicators, thereby warranting their retention.



In summary, following a correlation analysis, six indicators—forest area ratio, urban area ratio, GDP per unit area, water area ratio, watershed slope, and farmland area ratio—were identified as the three-level sub-division indicators for ecological function in Shenzhen.





3.3. Shenzhen City Ecological Function Three-Level Zoning


3.3.1. Zoning Index Spatialization


The spatialization of various indicators was conducted to illustrate the spatial distribution and variation of Shenzhen City’s ecological function three-level zoning indicators, as depicted in Figure 5. Variations in the six zoning indicators were observed.



The forest area ratio in Shenzhen City ranges from 0 to 100%, with a total forest area of approximately 64,323.61 hectares and an average forest area ratio of 32%. This encompasses various types of forest land such as tree forests, bamboo forests, shrub lands, and other forest lands. The distribution shows larger forest areas in high-altitude mountainous regions and smaller forest areas in low-altitude plain areas. Specifically, tree forests cover 62,682.69 hectares, accounting for 97%; bamboo forests cover 42.86 hectares, accounting for 0.07%; shrub lands cover 747.21 hectares, accounting for 1.16%; and other forest lands cover 850.85 hectares, accounting for 1%. Forest lands are predominantly concentrated in the Dapeng, Longgang, and Pingshan districts, constituting 63% of the city’s forest land.



The agricultural land area ratio in Shenzhen City ranges from 0 to 50%, with a cultivated land area of approximately 2844.74 hectares and an average agricultural land area ratio of 2%. This includes paddy fields, irrigated lands, and dry lands. Cultivated lands are mainly clustered in the Guangming, Bao’an, and Pingshan districts, representing 66% of the city’s cultivated land.



The water area ratio in Shenzhen City ranges from 0 to 35%, with water bodies and water facilities covering approximately 9392.55 hectares and an average water area ratio of 5%. This includes river water surfaces, lake water surfaces, reservoir water surfaces, pond water surfaces, channels, and water engineering construction lands. Water bodies and water facilities are prominently present in the Bao’an, Longgang, and Dapeng districts, comprising 58% of the city’s water area.



The urban area ratio in Shenzhen City spans from 0 to 100%, with urban, rural village, and industrial lands covering approximately 92,416.05 hectares, with an average of 46%. This category includes various types of urban lands, rural residential areas, mining and industrial construction areas, scenic spots, and special land uses.



The GDP per unit area in Shenzhen City ranges from 0.1 to 7.2 × 105 CNY/km2, with an average value of 1.62 × 105 CNY/km2. The distribution closely aligns with the urban area ratio distribution in Shenzhen City.



The regional slope in Shenzhen City ranges from 0 to 39.56 degrees, with an average of 5 degrees. Steeper slopes are predominantly found in Dapeng New District, Yantian District, and the junction of the Nanshan and Bao’an Nanshan districts.




3.3.2. Indicator Weight


This study employs the entropy weight method [53] to determine the weight of each indicator. This method objectively evaluates the importance of indicator factors based on the information provided by the observation values of each indicator. The calculation steps are detailed as follows [53]:



Construct an i × j matrix with the indicator data as column vectors.



Calculate the characteristic weight (    P   i j    ) of the j-th indicator for the i-th measurement value using Formula (2).


    P   i j   =      x   i j       ∑  i = 1   n      x   i j         



(2)







Compute the entropy of each indicator (    e   j    ) based on the characteristic weight using Formula (3).


    e   j   = −    1   l n   n      ∑  i = 1   n      P   i j     l n   P   i j      



(3)







Determine the weight of each indicator (    w   j    ) according to Formula (4).


    w   j   = ( 1 −   e   i j   ) /   ∑  j = 1   n    ( 1 −     e   i j   )  



(4)







The results of the ecological indicators’ weights in Shenzhen City are presented in Table 6.




3.3.3. Comprehensive Indicators Analysis


Following the determination of the weight factors for each indicator, a weighted sum calculation is applied to each zoning indicator within the range of each zoning unit. This process yields the comprehensive value for each small watershed in Shenzhen City. The spatial distribution map illustrating Shenzhen City’s ecological function comprehensive values is depicted in Figure 6.



In this study, the K-means algorithm is employed to conduct a spatial clustering analysis within each secondary zone based on the comprehensive value of water ecological function. Subsequently, zoning boundaries are established through expert analysis and adherence to the principle of sub-zone integrity, leading to the delineation of tertiary zoning results.



Shenzhen City is partitioned into 24 ecological function three-level areas as shown in Figure 7. These divisions exhibit significant variations in ecosystem characteristics and background conditions, primarily manifesting through distinctive zoning indicators. The differentiation in ecological function zoning across Shenzhen underscores the diverse ecological landscapes and environmental attributes present within the region.



In terms of spatial distribution, the primary functional differences among the three ecological functional zones in Shenzhen are significant. The upper reaches of the watershed are mostly characterized by ecological maintenance and water conservation functions, with Dapeng New District predominantly being an ecological maintenance area. The urban support areas are mainly concentrated in the upper reaches of the watershed, such as Futian District, Luohu District, and Nanshan District. The agricultural production areas are mainly located in the flat areas with sufficient water sources and lower slopes, primarily in the northeast corner of Longgang District and Nanshan District.



According to the three-level zoning, policymakers can develop plans more specifically. For example, RHI1-1 focuses on the upstream basin of the Maozhou River in the Pearl River Delta, emphasizing the conservation of high-functioning habitats, including protecting forest ecosystems and biodiversity by strictly prohibiting deforestation for cultivation, enhancing river protection awareness, implementing reasonable conservation measures, establishing a strict development approval system, and preventing soil erosion. RHI2-3 focuses on the hilly river types within the midstream basin of the Pearl River Delta’s Zhujiang Estuary, emphasizing high-function water source protection areas. It aims to improve water body environments by avoiding human activities that disturb them, minimizing large-scale hydraulic construction, enhancing river protection awareness, implementing reasonable conservation measures, establishing a strict development approval system, preventing soil erosion, and suggesting water quality management goals in line with Class III water quality standards. RHII1-2 focuses on the urban support function area of the urban river types in the Guanlan River basin of the Dongjiang River system, emphasizing high-pressure functional restoration. It involves restructuring industries to include investments in high-tech and non-polluting projects, improving regional environments, and promoting ecological urban development. This includes implementing reasonable conservation measures and establishing a strict development approval system.






4. Discussion


Several studies indicate that changes in urban coastal ecosystems are closely related to land–sea utilization, coverage types, terrestrial inputs, management, and development practices. Terrestrial ecosystems significantly impact nearshore ecological systems and their evolution. The substantial material and energy flows driven by human activities on land contribute to uncertainties in the evolution of coastal ecosystems, leading to environmental degradation. Hong et al. [54] indicated consistent ecological corridor sensitivity grades in Shenzhen, with high sensitivity in the north and low values in the south, dominated by moderately sensitive corridors. A land-use control program is designed considering current management practices and future land demands, outlining withdrawal, reservation, occupation, and avoidance policies. Peng et al. [55] explored the dynamics of urban ecological land in Shenzhen City, driven by rapid urbanization and its associated socio-economic development and ecological protection conflicts. Using multivariate logistic regression, the research quantified the factors influencing these changes and maps the transition probabilities of ecological land. Factors such as slope, proximity to construction land, and the rate of growth in construction land were identified as crucial determinants influencing changes in urban ecological land.



The three-level ecological functional zoning framework developed in this study provides a robust foundation for policymakers, urban planners, and environmental managers to make informed decisions regarding land use, conservation efforts, and sustainable development in the Shenzhen region. By identifying and categorizing different ecological functions based on a comprehensive set of indicators and spatial analysis techniques, this zoning approach offers a nuanced understanding of the region’s environmental characteristics and highlights areas of ecological significance that warrant special attention and protection.



Yi et al. [56] utilized a comparative evaluation approach to analyze changes in positive and negative ecological elements within Shenzhen’s coastal zone. These elements were classified based on land uses derived from multiple remote sensing sources and a land-use degree index. The findings indicate that human activities have exerted stronger impacts on the west coast compared to the east coast of Shenzhen. It observed a gradual increase in environmental protection awareness of the government since 2000; however, this did not correspond to an improvement in ecosystem health. The research findings of this paper are consistent with that. Additionally, there has been a significant increase in research on ecosystem multifunctionality, which refers to the capacity of ecosystems to provide multiple functions and/or services simultaneously throughout the world [57]. This study enhances ecological planning and environmental management by offering a systematic, data-driven method for defining ecological functional zones in urbanizing areas. Compared to previous studies [58,59], the three-level zoning proposed in this paper provides more refined management of the study area, extending to the scales of watershed, sub-watershed, and river. Furthermore, this paper supports the conclusion that urban land use is crucial for zoning plans to foster sustainable urban development [27].



Furthermore, the application of the K-means algorithm for a spatial clustering analysis proved to be an effective method for delineating distinct ecological zones within the study area. This approach not only allows for the identification of areas with similar ecological functions, but also helps in recognizing spatial patterns and relationships among different environmental variables. Such insights are crucial for prioritizing conservation efforts, implementing targeted land management strategies, and promoting sustainable development practices that are in harmony with the natural environment.



Ecological zoning holds significant value for other regions worldwide. It provides insights into effective urban environmental management practices, sustainable development strategies, and approaches to balancing economic growth with ecological preservation. Shenzhen’s experience can offer valuable lessons on integrating green spaces, conserving natural habitats, managing urban expansion, and promoting environmental sustainability amidst rapid urbanization. These lessons can be adapted and applied in various global contexts facing similar challenges of urban development and environmental conservation [60,61].



It is important to note that the results of this study are contingent upon the availability and accuracy of the input data, as well as the assumptions and criteria used in the ecological zoning process. Future research could benefit from incorporating more detailed field surveys, remote sensing data, and stakeholder consultations to validate and refine the zoning framework presented here. Additionally, the continuous monitoring and evaluation of the ecological conditions in the Shenzhen region will be essential to assess the effectiveness of the zoning scheme over time, and to adapt it to changing environmental dynamics and human activities. The shortcomings of ecological zoning methods include complexity in integrating diverse marine and terrestrial ecosystem data and difficulty in addressing spatial and temporal dynamics of both marine and terrestrial environments simultaneously [62,63,64]. There is a limited availability of comprehensive datasets covering both marine and terrestrial ecosystems. Future research will also include exploring how ecological zoning impacts carbon emission markets, since ecological zoning and carbon emission markets are interconnected in several ways.



Overall, this research contributes to the broader discourse on ecological planning and environmental management by offering a systematic and data-driven approach to delineating ecological functional zones in urbanizing regions. By integrating spatial analysis techniques, ecological indicators, and stakeholder engagement, this study lays the groundwork for promoting sustainable development practices that safeguard ecological integrity and enhance the quality of life for current and future generations in Shenzhen.




5. Conclusions


Rapid global economic development has brought significant challenges in the form of overexploitation and the depletion of ecological resources, as well as environmental degradation. As a result, research focus has shifted towards watershed-based ecological management, with a particular emphasis on ecological zoning. To address the evolving needs of ecological environment management and protection, ecological zoning has become a primary approach for regional ecological environment management in the future.



This paper establishes a three-level zoning theoretical framework for river basin aquatic ecology and conducts a practical case study in Shenzhen, a representative coastal city. This study includes the completion of a three-level zoning of terrestrial and shoreline aquatic ecological functions in Shenzhen, as well as an assessment of shoreline development suitability, leading to the following key conclusions:




	
Definition and framework of watershed ecological function zoning: The concept and system of ecological zoning are elucidated. This method not only reflects the impact of natural factors on ecological systems, but also quantitatively incorporates the influence of human activities within a certain range. It considers the dual function of aquatic ecosystems in self-sustaining and providing water resources for human needs. Considering the spatial scales of different watershed levels, the hierarchical structural characteristics of aquatic ecosystems, and other factors, a comprehensive framework for the three-level zoning of watershed aquatic ecological functions is proposed. Specific zoning methods for different levels within the system are suggested, ultimately establishing a complete technical roadmap and research methodology for the three-level zoning of watershed aquatic ecology.



	
Theoretical basis and technical methods for three-level zoning of river basin aquatic ecological functions: Based on the integrity of aquatic ecosystems, a structural characteristic index is proposed as the three-level zoning indicator for watershed aquatic ecological functions. This index can distinguish habitat characteristics and functional differences in different regions, thus enabling more effective management. In pursuit of finer river basin management, a three-level zoning theory based on the structural characteristics of aquatic ecosystems is presented, complementing the existing two-level zoning. This expanded framework better captures the spatial variability of aquatic ecosystem functions within river basins. Additionally, corresponding zoning objectives and unique principles are introduced. Guided by the three-level zoning theory, this paper proposes a method for dividing zoning units (sub-basin units), covering the division, indicator system construction, zoning technology, technical pathways, and main function identification.



	
Completion of three-level zoning for terrestrial aquatic ecological functions in Shenzhen: In line with ecological zoning goals, 148 small basin units were identified. Through factor and correlation analyses, six key three-level zoning indicators for aquatic ecosystems were established, with weights determined by the entropy weight method. A spatial cluster analysis was used to integrate these results, resulting in 24 zones with distinct aquatic ecological functions. Standards for ecological function assessment, indicator weights, and evaluation principles were defined, with zoning results validated through a spatial functional analysis, finalizing the three-level zoning plan for Shenzhen.








Through this comprehensive investigation, this study not only contributes to the theoretical understanding of watershed aquatic ecological function zoning, but also provides valuable insights and a solid methodology for its practical implementation, as demonstrated in the detailed case study in Shenzhen.
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Figure 1. The process flowchart for watershed ecological functional zoning. 
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Figure 2. The boundary of Shenzhen City and its location in Guangdong Province, China. 
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Figure 3. The sub-regional unit map of Shenzhen City. 
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Figure 4. Alternative indicators of tertiary zoning and RDA analysis results of algae community. 
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Figure 5. Map of Shenzhen City’s ecological function three-level zoning indicators. 
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Figure 6. Comprehensive value of ecological function in Shenzhen. 
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Figure 7. The three-level zoning map of Shenzhen City. 
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Table 1. Statistical values of alternative indicators of zoning.
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	Index
	Unit
	Minimum
	Maximum
	Range
	Mean
	Standard Deviation
	Coefficient of Variation (%)





	F1
	Forest Area Ratio
	%
	0.00
	100.00
	100.00
	36.00
	34.50
	95.92



	F2
	GDP Per Unit Area
	104 CNY/km2
	0.00
	29,550.30
	29,550.30
	362.67
	1343.41
	370.42



	F3
	Drainage Density
	km−1
	0.00
	6.60
	6.60
	0.46
	0.44
	96.64



	F4
	Farmland Area Ratio
	%
	0.00
	100.00
	100.00
	37.00
	31.50
	85.13



	F5
	Urban Area Ratio
	%
	0.00
	95.00
	95.00
	3.00
	6.12
	204.20



	F6
	Watershed Slope
	Degree
	0.00
	17.56
	17.56
	4.00
	3.61
	90.14



	F7
	Watershed Slope Direction
	-
	0.00
	286.24
	286.24
	170.43
	21.31
	12.50



	F8
	Water Area Ratio
	%
	0.00
	100.00
	100.00
	3.00
	8.90
	296.67



	F9
	Volume of Water
	mm
	0.00
	13,667.88
	13,667.88
	5419.74
	1085.70
	20.03



	F10
	Population Density
	p/km2
	0.00
	10,841.00
	10,841.00
	116.91
	446.76
	382.13



	F11
	Grassland Area Ratio
	%
	0.00
	100.00
	100.00
	11.00
	15.90
	144.30










 





Table 2. Eigenvalues of factor analysis of alternative indicators.
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Principal Component

	
Initial Eigenvalue

	
Selection Sums of Squared Loadings

	
Rotation Sums of Squared Loadings




	
Sum

	
Variance %

	
Accumulate %

	
Sum

	
Variance %

	
Accumulate %

	
Sum

	
Variance %

	
Accumulate %






	
1

	
2.890

	
32.110

	
32.110

	
2.890

	
32.110

	
32.110

	
2.461

	
27.341

	
27.341




	
2

	
1.717

	
19.076

	
51.186

	
1.717

	
19.076

	
51.186

	
2.063

	
22.924

	
50.265




	
3

	
1.372

	
15.241

	
66.426

	
1.372

	
15.241

	
66.426

	
1.411

	
15.680

	
65.945




	
4

	
1.095

	
12.171

	
78.597

	
1.095

	
12.171

	
78.597

	
1.139

	
12.652

	
78.597











 





Table 3. Alternative index factor analysis rotation component matrix.
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	Principal Component 1
	Principal Component 2
	Principal Component 3
	Principal Component 4





	Zscore (F1)
	0.932
	−0.218
	−0.118
	−0.142



	Zscore (F2)
	−0.013
	−0.086
	−0.064
	0.977



	Zscore (F3)
	−0.082
	0.030
	0.821
	0.062



	Zscore (F4)
	0.854
	0.061
	−0.174
	−0.361



	Zscore (F5)
	−0.222
	0.841
	−0.058
	−0.091



	Zscore (F6)
	0.884
	−0.107
	−0.172
	−0.097



	Zscore (F8)
	−0.031
	0.047
	0.765
	−0.105



	Zscore (F10)
	−0.057
	0.885
	−0.062
	−0.036



	Zscore (F11)
	−0.013
	0.727
	0.252
	0.001










 





Table 4. RDA analysis results of algae community and environmental factors.
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Axis

	
Eigenvalue

	
Correlation Coefficient

	
Cumulative Percentage

of Variance




	
Species

	
Species-Environment






	
AX1

	
0.464

	
0.720

	
46.438

	
96.109




	
AX2

	
0.008

	
0.483

	
47.323

	
97.920




	
AX3

	
0.006

	
0.547

	
47.935

	
99.243




	
AX4

	
0.004

	
0.292

	
48.321

	
100.000











 





Table 5. Correlation analysis matrix of three-level alternative indicators.
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F1

	
F2

	
F4

	
F5

	
F6

	
F8






	
F1

	
Pearson correlation

	
1

	

	

	

	

	




	
Significance (bilateral)

	

	

	

	

	

	




	
F2

	
Pearson correlation

	
−0.129 **

	
1

	

	

	

	




	
Significance (bilateral)

	
0.000

	

	

	

	

	




	
F4

	
Pearson correlation

	
−0.444 **

	
−0.290 **

	
1

	

	

	




	
Significance (bilateral)

	
0.000

	
0.000

	

	

	

	




	
F5

	
Pearson correlation

	
−0.303 **

	
−0.143 **

	
0.242 **

	
1

	

	




	
Significance (bilateral)

	
0.000

	
0.000

	
0.000

	

	

	




	
F6

	
Pearson correlation

	
0.422 **

	
−0.043 **

	
−0.399 **

	
−0.254 **

	
1

	




	
Significance (bilateral)

	
0.000

	
0.000

	
0.000

	
0.000

	

	




	
F8

	
Pearson correlation

	
−0.117 **

	
−0.078 **

	
−0.050 **

	
0.068 **

	
−0.141 **

	
1




	
Significance (bilateral)

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	








** Significant correlation at 0.01 level (bilateral).













 





Table 6. Weight of zoning indicators.
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	Index
	Weight





	Forest area ratio
	0.170



	farmland area ratio
	0.140



	Water area ratio
	0.246



	Urban area ratio
	0.256



	GDP per unit area
	0.068



	Watershed slope
	0.120
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