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Abstract

:

The dense river network and large population in the southern region of China are vulnerable to flooding stress, which challenges the construction of human settlements. This paper analyzes the causes of flood risk and the dilemma of human settlement improvement in river-network cities, introduces the principle of resilience to human settlements, and conducts a quantitative study on the resilience of human settlements in river-network cities with the goal of flood risk management. Taking Yueyang city, a river-network city in the Yangtze River Basin, as the empirical research object, we conduct a flood resilience zoning of the human settlements based on the flood risk assessment model and use the GIS spatial overlay method to correct the resilience of the current human living space against the territorial spatial planning of Yueyang city. Ultimately, we propose a strategy for optimizing human settlements under flood risk management. The results show that (1) the highest-risk and high-risk areas of Yueyang city were mainly located in Dongting Lake and its interconnected water system, the southwest local area and the southeastern fringe, while the low-risk and lowest-risk areas were mainly located in the northeast local area and the northwestern fringe, with low flood stress risk. (2) The spatial system of human settlement resilience was constructed based on the flood risk assessment level. Among them, the human settlement flood resilience zoning of Yueyang city was divided into five categories from low to high: human settlement control zone, restriction zone, buffer zone, construction zone and expansion zone; the flood resilience zoning of Yueyang city’s current living space was divided into three categories from low to high: structure adjustment zone, flood restriction zone and development stability zone. (3) The specific control implementation and execution of the human settlements in Yueyang city mainly focus on the interrelationship between the risk of flooding in the watershed and the development of human activities through zoning regulation and collaborative management to optimize the human settlements. The study results can provide positive intervention and guidance for constructing urban and rural territorial spatial prevention planning and improving human living quality in river-network cities in China.
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1. Introduction


Floods are one of the most frequent and severe natural hazards in China. According to the global natural hazard statistics report, floods pose a significant threat to human safety and urban property due to their high frequency and high risk, and the mortality rate has ranked first among all natural hazard types for many years [1,2,3]. River-network cities with numerous water systems and complex geological environments are more vulnerable to flooding, which poses challenges to human settlements and sustainable urban development [4,5,6]. In 2019, China was severely affected by direct property damage caused by heavy rainfall and flooding. The affected population was also widely distributed, with the most severe impact in the densely populated and economically active hilly areas of the southeastern plains in the south (Figure 1). For river-network cities, flood risk assessment and management are essential to human settlement resilience construction and optimization. Therefore, it is of great theoretical and practical significance to carry out human settlement resilience zoning and the optimal response of river-network cities under flood risk management objectives to effectively mitigate flood losses and improve the quality level of human settlements [7].



Resilience is a controversial concept defined differently in different disciplines and contexts. The concept of resilience originated from engineering and indicated an object’s ability to return to its original state after being subjected to an external force. Holling first introduced the concept of resilience into ecology, which was understood primarily as the ability of a system to “bounce back” to normal function upon impact [8,9]. In contrast to engineering resilience, ecological resilience emphasizes the ability to survive in any state, allowing for fluctuations in the range of existing mechanisms [10]. In 2002, the International Council for Local Environmental Initiatives (ICLEI) first introduced the topic of “resilient cities” and introduced it into the study of cities and disaster prevention, which started a wave of research on city resilience [11]. In this context, ecological resilience began to change to the paradigm of socio-ecological resilience, which involves a large amount of information and complex coupling relationships among nature, society and economic activities. This theory has important guiding significance in the field of urban governance, especially in the practice of urban planning and natural hazard management [12,13]. The concept of human settlements originated in the 1850s with the creation of “Anthropological Clustering” by Dausardias, a natural-social complexity system for human life facing various natural hazards and social crises. There is a wide variation in the degree of recovery of urban human settlements in the face of disaster shocks. Its resilience level can directly reflect the ability of the human settlements to cope with various shocks and is closely related to the well-being of residents [14].



Nowadays, city resilience, as a highly complex coupled system composed of integrated urban economic, social, institutional, ecological, infrastructure, and other human and environmental systems, has strong durability, adaptability, and convertibility, which emphasizes the ability to adapt, recover, and learn in the current and future periods of the urban system demonstrated in response to disaster disturbances [15]. In the field of resilience optimization and management for human settlements based on flooding, facing a series of problems such as lack of resilience of river-network cities, misalignment of spatial configuration, and lagging flood control planning, flood risk assessment and management of urban human settlement optimization have become a hot topic of concern for governments and scholars.



At the level of technical methods of flood risk assessment, studies related to city settlement assessment under flood risk stress in Western countries have been conducted for more than 40 years, mainly focusing on the use of GIS technology for flood vulnerability evaluation, fragility evaluation, and risk level zoning to promote high-quality development of human settlements [16,17,18,19,20]. Ishiwatar used multiple regression models to demonstrate the relationship between flood control investments, flood losses, and the development of human socio-economic activities [21]. Auliagisni interpreted the evolution of flood hazard risk trends in New Zealand’s North Country by creating a community atlas of flooding over multiple periods [22]. Aynur constructed a Habitat Environment Index (HEI) model to evaluate the habitat suitability of the Kai-kon River basin by selecting a relief index, vegetation index, moisture index, hydrological index, and land-use evaluation index [23]. Flood research techniques in China are mainly based on analyzing and assessing flood risk processes in foreign countries, considering natural and social environmental factors such as water systems, population, precipitation, topography, and GDP [24,25,26]. The risk level of flooding factors in each region is studied based on mathematical modelling algorithms, and measures are taken to develop corresponding levels of human settlement optimization plans, often taking watersheds, water, and ecologically sensitive areas and rapidly urbanizing areas as research objects [27,28,29]. Li evaluated the flood risk evaluation map and vulnerability of Henan Province based on the GIS and AHP integrated method considering precipitation, runoff, rivers, topography, population, and economy [30]. Cai applied the multi-indicator fuzzy integrated evaluation (MFCE) model and hydrodynamic (DS) model for flood risk assessment in Yifeng city, Jiangxi Province, to improve the hazard-bearing capacity of human settlements [31]. Li used AHP hierarchical analysis to determine the human settlement evaluation indexes of Nujiang Canyon and obtained the human settlement suitability of each resident by establishing the spatial database and suitability score table [32].



At the level of human settlement resilience optimization under flood risk management objectives, the resilience of urban flood control and prevention systems refers to the ability to set up and recover from urban floods [33]. Traditional flood management in various countries starts with developing flood engineering countermeasures. Since the 21st century, environmental and regional policies in many countries have shifted from flood-protection strategies to risk management, and non-engineering measures such as flood-warning systems, floodplain delineation, spatial land-use planning, and flood risk measures have started to receive attention. The spatial planning subjects under flood risk management involve the state, departments, cities, communities, and individuals from top to bottom [34,35,36]. Nouzar proposed introducing stakeholders to the habitat flood management approach by integrating water management, nature conservation, land use, spatial planning, shipping, port infrastructure, and other stakeholders to build a flood risk management program at the basin level [37]. Ling proposed a dynamic flood resilience management model by combining the perceptions of human residents with the characteristics of local geographical environments, considering the magnitude and timing of flood impacts and the different responses of residents to the location of the community’s living environments [38]. Flores evaluated the governance of flood infrastructure policies in San Pedro Cholula, Mexico, based on the possibility of water-sensitive leapfrog development to ensure a safe environment for human production and survival [39].



In summary, scholars in China and abroad have conducted a series of studies on the levels of flood risk assessment and human settlement resilience enhancement in river-network cities. Traditional sponge city planning mainly relies on cross-scale water and ecological infrastructure for rainwater management, providing urban space with restoration capacity to cope with flooding and increasing urban green space rate to create ecologically resilient space [40]. Most of these flood management approaches focus on urban infrastructure construction and emphasize feedback in response to natural hazards but do not sufficiently take into account the natural background conditions of individual cities and the differences in hazard-bearing conditions for flood risk assessment in all dimensions of the human environment. On the other hand, the post-hazard risk management approach also lacks synergy among multiple stakeholders. Therefore, in the context of territorial spatial planning in the new era, this paper focuses on the geographic and environmental characteristics of river-network cities, combines the resilience mechanism with human settlements, carries out the flood resilience zoning of human settlements in river-network cities based on the flood inundation risk classification, further compares the territorial spatial planning, and corrects the urban and rural living space in a graded manner. The results of flood resilience grading are actively fed back to the construction of the urban human settlement optimization response system to form a refined governance mechanism. Afterwards, Yueyang city is used as an empirical case to explore the optimization of human settlements response under flood risk assessment and management objectives, to actively intervene and guide the improvement of human settlements quality of river-network cities and the construction of urban and rural disaster prevention planning.




2. Causes of Flooding Risk and Human Settlement Improvement Dilemma in River-Network Cities


The formation of flooding risk in river-network cities results from the combination of natural and social factors [41]. The combined response of natural factors and artificial social activities causes flooding in cities, while the management and improvement of the human settlements affect the cities’ disaster situation to a certain extent [42] (Figure 2).



2.1. Flood Risk in River-Network Cities Driven by Natural and Social Factors


The natural flood risk factors include extreme rainstorm weather, river network density, and topographic conditions:




	
Frequent heavy rainfall causes severe water accumulation on the urban ground for a short period, resulting in a rise in the overall watershed water level.



	
River-network cities are often densely populated with river systems, and the water surface rate can reach more than 20–30%, so the density of the river network is significantly higher than that of ordinary cities, and the pressure to prevent flooding is even greater than that of ordinary cities.



	
The water system in river-network cities is complicated, the groundwater level is generally high, and the low and flat topographic conditions near the waters make lakes’ water capacity low, leading to poor drainage and increasing the risk of flooding.








The social factors of flood risk contain three aspects: land development and use, human social development, and construction of technical facilities:




	
Urban land development and utilization have encroached on the natural ecological function areas such as rivers and lakes, reducing the proportion of ecologically resilient land area in the city. Irrational land use leads to changes in the subsurface of the domain and an increase in impervious areas. Cities’ hazard-bearing and hazard-resilient capacities have been reduced, leading to secondary urban flooding risks [43,44].



	
On the one hand, human beings rely on excellent natural water resources for development and construction activities to obtain higher economic benefits. On the other hand, uncontrolled urban development and construction have also reduced the flood resilience of water ecosystems and increased the risk of human exposure to flooding.



	
Against the backdrop of high-intensity human construction activities, urban hard-surface areas have increased and the construction of underground drainage infrastructure has seriously lagged behind compared to its rapid development. The above situation causes profound surface water accumulation and poor underground drainage in river-network cities. Urban flooding is becoming increasingly severe [45,46].









2.2. The Dilemma of Human Settlement Improvement for River-Network Cities under Flood Resilience Regression Orientation


Currently, the dilemma of human settlement remediation in river-network cities under the guidance of flood resilience regression is reflected in two aspects: the flood control and regulation system of national space is not yet perfect, and the collaborative management mechanism is not yet sound.



	
The flood prevention and control system in the territorial space of river-network cities is not yet perfect. The means of urban flood management are still mainly based on engineering measures, including urban depressions, river ditches, and vegetation to store rain and floods. Flood management cannot reserve enough space for high-intensity flood risks based on the land-use structure and has not yet been considered the “production–living–ecological space” to form a graded control mechanism. In addition, river-network cities have not yet considered flooding environmental risks in the boundary delineation of urban growth boundaries, ecological protection redlines and basic farmland protection zones, which aggravate urban flooding risks.



	
The current resilience management of human settlements for river-network cities has not yet formed a collaborative response governance system that integrates urban resources and environmental conditions, scientific and technological innovation, social and public participation, policy planning guidance and other elements of human settlement management, and the roles of various stakeholders in flood risk management, authorization issues, and coordination among authorities are not clear.






Therefore, under the interaction of nature and manufacturing, the internal structure of the flood control system in river-network cities lacks stability, and the natural anti-disturbance ability is becoming weaker than before. Problems in one part of the flood risk management will lead to a series of chain reactions in the whole system and further increase the flood vulnerability, bringing dilemmas and challenges to the optimization of human settlements of river-network cities under the construction of flood resilient cities.





3. Logical Paths for Flood Risk Management and Human Settlement Resilience Optimization in River-Network Cities


3.1. Technical Path Design


Human settlement resilience zoning and optimizing strategies for river-network cities under flood risk management objectives can divide into the following four steps:




	
In this paper, we first analyze the causes of flood risk in river-network cities and the dilemma of improving human settlements to analyze the interactions between flood threat and human settlement destruction. Moreover, based on the domestic and foreign literature review, we collect the natural environment cover information and socio-economic development index data associated with urban flooding to build a primary database of river-network cities.



	
We standardize the selected two-dimensional flood risk element indicators, apply AHP hierarchical analysis to determine the weights, and construct a flood risk assessment model for river-network cities to provide technical prerequisites for constructing a resilient human settlement spatial system.



	
Thirdly, we carry out spatial zoning of city human settlement resilience levels based on flood risk assessment in river-network cities. On the other hand, we carry out flood prevention grading and adjustment of the current living space against territorial spatial planning.



	
Finally, we perform resilience management of flood risk and resilience optimization of human settlements in river-network cities from two levels of zoning regulation and collaborative management (Figure 3).









3.2. Construction of Flood Risk Assessment Model for River-Network Cities


Exploring the natural and social flood risk influencing factors of river-network cities can provide a data basis for improving urban flood resilience, make up for the lack of disaster prevention topics in traditional urban planning, and provide technical prerequisites for optimal response to human settlements. The flood risk assessment model for river-network cities is constructed mainly for the current situation of urban flood control and existing information, combining the opinions of designers and experts in urban planning-related disciplines [47,48,49]. Through the integration of opinions, this paper selects two significant directions of flood hazard and flood vulnerability. Among them, the hazard-causing factors and hazard-forming environments are mainly based on urban remote sensing image cover data. The vulnerabilities of population structure and economic activities are mainly based on socio-economic statistical yearbook data, forming a multi-source index database of human settlement elements to achieve the effect of comprehensive determination and multi-dimensional output of results (Figure 4).



3.2.1. Multi-Dimensional Element Index Selection


The hazard includes hazard-causing factors and hazard-forming environments. Precipitation is the primary hazard-causing factor for regional flooding. Two sub-indicators are selected as hazard indicators: multi-year average rainfall (H1) and frequency of rainstorms (H2). The rainstorm standard derives from the “Rainstorm Yearbook”. If one or more stations experience precipitation and the daily rainfall exceeds 50 mm, the rainstorm is judged to have started. The higher the average multi-year rainfall and the frequency of rainstorms, the higher the likelihood of flooding. Hazard-forming environments are essential places for forming hazard-causing factors and natural hazard generation, reflecting the formation mechanism of flooding, including the hydrological and underlying surface environments [50]. The more horizontal the topography is, the higher the water network environment is, and the greater the risk of flooding. In addition, the soil and water conservation capacity of vegetated soils can reduce the intensity of flood erosion to some extent. Therefore, land use type (H3), slope (H4), elevation (H5), river network density (H6), vegetation cover (H7), and soil conservation (H8) are selected to represent the risk indicators of the hazard-pregnant environment in this study.



Vulnerability, also known as fragility, refers to the inherent properties of hazard-bearing bodies to the loss suffered by the city. Hazard-bearing bodies represent the human social subjects directly affected and damaged by the disaster [51]. The region’s vulnerability tends to rise with the increase in population and property. At the population level, the higher the population density of a region, the higher the vulnerability to the flooding risk, in which the vulnerable groups less than 14 years old or more than 65 years old are generally more vulnerable to flooding stress. Therefore, this paper selects population density (V1), and vulnerable populations share (0–14 years old or >65 years old) (V2) as demographic vulnerability indicators. At the economic level, floods of the same magnitude have a higher density and value of hazard-bearing bodies in economically developed areas and cause more significant economic losses. GDP density indicates the value of GDP created per square kilometer of land, and the brightness of night lighting and the density of traffic road network also reflect the prosperity of the regional economy to some extent. Therefore, this paper selects the GDP density (V3), night lighting (V4), and road network density (V5) as indicators of economic activity vulnerability [52].




3.2.2. Standardization of Index Data Factors


Due to the complexity and variety of evaluation indicators, their meanings and dimensions are different, and the indicators are not comparable. In order to comprehensively calculate the data of each indicator, it is necessary to perform dimensionless standardization on the data. The value of each indicator is standardized to 0–1, and the standardized value can reflect the impact of the indicator on flood risk. Multi-year average rainfall, frequency of rainstorms, land-use type, slope, elevation, river network density, vegetation cover, soil conservation, population density, vulnerable populations share, GDP density, night lighting, and road network density are positive indicators. Elevation, slope, vegetation cover, and soil conservation are negative indicators. The standardized calculation formula is as follows.



For positive indicators,


   Y  i j   = (  X i  −  X  m i n   ) /    X  m a x   −  X  m i n      











For negative indicators,


   Y  i j   = (  X  m a x   −  X i  ) /    X  m a x   −  X  m i n      








where,    Y  i j     is the ith value of the jth indicator;    X i    is the original value;    X  m a x     and    X  m i n     are the maximum and minimum values of the jth indicator.




3.2.3. Weight Assignment and Comprehensive Evaluation


The premise of the comprehensive evaluation of flood riskiness level is to assign values to each dimensional indicator according to its importance in turn, and the weight of each indicator reflects its degree of influence on flood risk. Hierarchical analysis (AHP) is a combined qualitative and quantitative weighting analysis and decision-making method proposed by Saaty [53]. Its main idea is to split the final goal into individual factor indicators and compose the indicators into different levels of the hierarchical structure according to the hierarchical relationship. Finally, by scoring the crucial indicators with weights and constructing a weight judgment matrix, the target results are derived from the bottom up.



The flood risk assessment model of river-network cities is mainly used to rank the importance of each index in order to determine the evaluation weights using a questionnaire. A total of 25 questionnaires were distributed to people from different fields related to flood risk management and city human settlement construction, including designers, experts, and teachers with specific qualifications in resilient urban planning, to ensure the authenticity of the data results and the wide range of data sources. Finally, the consistency test of the weight matrix of each index met CR < 0.1, indicating the authenticity and reliability of the data. The standardized calculation formula is as follows.


  R =   ∑   i = 1  n   C i   W i   








where, R denotes the ecological safety index or its unidimensional safety index, respectively; i denotes the number of indicators involved; Ci denotes the indicator evaluation results; and    W i    denotes the indicator weights (Table 1).



After determining the factor weights of each index, this paper uses the raster calculator to obtain the weighted values of flood risk for river-network cities with the help of ArcGIS software and calculates the comprehensive flood risk index on each spatial raster cell. Then, we use the natural breakpoint method to classify the comprehensive flood risk evaluation index into five levels: highest, high, medium, low, and lowest. Finally, a risk level map with a resolution of 1 km is formed to visualize and comprehensively evaluate flood risk in the geographical area.





3.3. Spatial Zoning and Optimal Response for Human Settlement Flood Resilience in River Network Cities


In the context of flood risk management, spatial zoning of flood resilience levels of human settlements based on the assessment level of flood risk in river-network cities can ensure the orderly implementation of urban flood prevention and provide a theoretical basis and decision support for the site selection of human settlement construction [54]. Further, the spatial overlay analysis function in ArcGIS software can align the highest-risk and high-risk areas with the living space in the existing territorial spatial planning functional zoning. The classification of flood prevention levels and structural adjustment of living space are conducive to zoning linkage regulation of human development activities and strengthen the resilience optimization of river-network cities to cope with flood risks [55]. Structure adjustment zone for living space can provide a basis for vacating and replacing conflicting land types in the territorial space. Flood restriction zone for living space can provide the basis for local adjustment and buffer of land use structure by integrating water resource elements. Development stability zone can provide a basis for the urban growth boundary delineation of river-network cities and guide future population flow and human activities (Figure 5).





4. Empirical Research: Taking Yueyang City, a Typical City with Abundant River Network in the Yangtze River Basin, as an Example


4.1. Overview of the Study Area


Yueyang city is located in the northeastern part of Hunan Province, on the south bank of the middle reaches of the Yangtze River, with a total land area of 0.09 km2. It is a typical representative of river-network cities in the vast southern region. The topography of Yueyang city is high in the east and low in the west, with a stepped slope toward Dongting Lake. The landform type is mainly hills and plains, and it belongs to the subtropical monsoonal humid climate zone with humid climate and abundant rainfall (Figure 6).



In recent years, Yueyang city has experienced rapid economic and social development under the influence of high-intensity human construction activities. The growing population and highly prosperous economic system have determined its exposure to high flooding risks and the importance of natural hazard warnings. Statistics show that Yueyang city is an area prone to summer storm flooding. With the increasing frequency of extreme rainfall hazards, Yueyang city suffers severe losses from storm flooding every year, which significantly restricts human production, living activities and ecological protection. With the unsound drainage facilities, Yueyang city has become the hardest-hit area by flooding in Hunan Province. Taking Yueyang city as an example, this paper conducts flood risk evaluation, delineates the suitable space for flood resilience of human settlements, and proposes optimized response measures, intending to serve as a reference for river-network cities with similar environmental conditions concerning river and lake units.




4.2. Data Source and Processing


This study’s raw data mainly includes meteorological data, natural environment element data and socio-economic data. Among them, the extraction of vegetation cover is mainly achieved by using remote-sensing images of Yueyang TM with Bandmath function on ENVI5.3 software (Broomfield, CO, USA); the extraction of elevation and slope is calculated based on DEM under Surface and Neighborhood tools on ArcGIS10.5 software (Redlands, CA, USA), respectively (Table 2).




4.3. Risk Assessment of Flooding in Yueyang City


4.3.1. Hazard Assessment of Flooding in Yueyang City


Flood hazard is one of the factors reflecting the degree of flooding, and the flood hazard within each raster area can be calculated according to the index weights. The flood hazard evaluation results are divided into five risk levels: highest risk, high risk, medium risk, low risk, and lowest risk (Figure 7). At the level of hazard-causing factors, the multi-year average rainfall and frequency of rainstorms in Yueyang city show a gradually decreasing distribution trend from southeast to northwest. At the level of land-use types, water spaces such as rivers, canals, lakes, reservoirs, and ponds in the northwestern part of Yueyang city are subject to a high degree of natural erosion by floods, accounting for 43.23% of the total land area of Yueyang city. Regarding geological hazards, the areas with higher slopes and elevation are mainly the Lianyun Mountain area in the east of Yueyang city, the south area of Tieling Reservoir and the Mufu Mountain area, where the risk of flooding is high. A relatively uniform distribution of the density of the river network in Yueyang city, flowing from the southeastern hills to the main body of Dongting Lake Basin. The overall level of vegetation cover in Yueyang city is high, mainly in Pingjiang country and Linxiang city in the southeastern part of Yueyang city. At the soil conservation level, the overall soil conservation in Yueyang city is low, and the degree of soil conservation is higher in the woodland areas in the southeast.



In general, the highest hazard area is mainly in the central area of the Dongting Lake waters and its interconnected water system, local areas in the southwest and the southeastern edge. This type of space is mainly the core protection area of essential wetlands, water systems, and nature reserves in Yueyang city, with relatively low and flat terrain, high river network density and soil erodibility, and a low level of flood-protection resilience. The lowest-risk area is mainly located in the northern forest area of Yueyang city, with low rainfall and exemplary soil conservation.




4.3.2. Vulnerability Assessment of Flooding in Yueyang City


The vulnerability index of Yueyang city mainly reflects the risk response ability of social and economic factors to flooding. Similarly, the flood vulnerability in each grid area can be calculated according to the index weight. The flood vulnerability evaluation results have five risk levels: highest risk, high risk, medium risk, low risk, and lowest risk (Figure 8). The distribution among the four indicators of population density, average GDP, road network density, and nighttime lighting in Yueyang city has strong spatial synergy in geographical areas, with the highest value in Yueyanglou district and Yunxi district, which are near the Dongting Lake water body. These areas are the urban centre of Yueyang city and are more vulnerable to flood risk. The area with a higher proportion of vulnerable populations is Yueyang county, with a more significant proportion of youth and older people and a higher response capacity to flood. The response capacity to flood risk is relatively low.



Overall, the highest vulnerability area to flooding in Yueyang city is located in the Yueyanglou district in the north of Yueyang city, which is rapidly developing based on the excellent water ecological environment, with high populations, GDP density, and developed economic conditions. The lowest vulnerability area is east of Yueyang city, mainly covered by woodland ecological resources, with sparse populations and slow economic development.




4.3.3. Comprehensive Assessment of Flood Risk in Yueyang City


The risk evaluation results of the study area’s single dimension of flood hazard and flood vulnerability are obtained through the weighted superposition evaluation of each dimensional index. The structure is used as the integrated evaluation index of flood risk in the study area, and the final spatial distribution of the integrated flood risk assessment level in Yueyang city is obtained (Figure 9a).



The highest-risk and high-risk areas in Yueyang city are mainly located in the central Dongting Lake and its interconnected water system, the local area in the southwest, and the southeastern fringe, covering 38.97% of the total area of Yueyang. The above areas have relatively abundant precipitation, a dense river-network water system, flat terrain, and low vegetation coverage. The types of land are mainly mountainous, hilly areas, swampy wetlands, lakes, and rivers, which are mostly valley catchment areas and natural ecological resource protection areas in Yueyang city. The medium-risk area is mainly located around the high-risk area, and the land type includes economic forest land and the land part of Dongting Lake, which plays a specific role in buffering and regulating flooding. The low-risk and lowest-risk areas are mainly located in the local northeastern area and the northwestern edge, with agricultural land and forest land as the mainland types. These areas have low precipitation, insignificant population and economic activities, which have a low risk of flooding stress.





4.4. Spatial Construction of Human Settlement Resilience System in Yueyang City Based on Flood Risk Assessment


4.4.1. Identification of Human Settlement Flood Resilience Zoning of Yueyang City


Based on the above flood risk level, the spatial zoning of Yueyang city’s human settlement resilience level under the flood risk management objective is divided into five categories from low to high: human settlement control zone, human settlement restriction zone, human settlement buffer zone, human settlement construction zone, and human settlement expansion zone, which correspond to Yueyang city’s flood highest-risk area, high-risk area, medium-risk area, low-risk area, and lowest-risk area, respectively (Figure 9b).



Among them, the total area of the human settlement control zone is 1837.96 km2, accounting for 12.39% of the city’s total area. This region is at the highest risk of flooding and has low human settlement resilience, making it highly unsuitable for human habitation. The total area of the human settlement restriction zone is 3942.64 km2, accounting for 26.58%, and the level of resilience repair after flood erosion in this area is also low. Strict flood control measures are needed in the area to ensure the safety of human production and life. The buffer zone of human settlements is 4538.01 km2, accounting for 30.60%. As a transition area between the high and low risk of flooding, it is critical for the suitability of human settlements in Yueyang city and an alternative resilient area for human development and construction activities. The construction zone of human settlements is 3051.06 km2, accounting for 20.57%, and the expansion zone of human settlements is 1461.42 km2, accounting for 9.85%. These zones have a low risk of flood erosion and a high resilience level of human settlements, which are the best areas for future human activities and urban development and construction in Yueyang city.




4.4.2. Grading Adjustment of Living Space Flood Resilience in Yueyang City


In order to further develop the spatial response of human settlements under the flood risk management objectives in Yueyang city, this study extracts the urban–rural, industrial-mining, and residential land in the land-use structure as the territorial living space by comparing the “production–living–ecological” functional zoning and urban–rural construction planning from the perspective of planning preparation. Then the spatial overlay is carried out with the control and restriction zones, and the flood prevention level of the current living space is classified to guide the revision and adjustment of the territorial spatial planning in Yueyang city. After outputting, the flood prevention level of living space contains three categories: structural adjustment zone, flood restriction zone, and development stability zone (Figure 10).



Among them, the structural adjustment zone is the overlapping part of the highest flood risk area and the living space of human settlements. This area is mainly distributed near the central waters of Dongting Lake in the north and southwest of Yueyang city, accounting for 33.79% of the current living space of human settlements. The flood restriction zone is the overlapping area of urban and rural living space in the high flood risk area, with a fragmented distribution, accounting for 26.35% of the urban and rural living space. The development stability zone is the urban and rural living space with a low risk of flooding, accounting for 39.86%, which is less risk of flooding and safer for human development and construction activities. The results indicate that human production and living construction highly depend on the watershed’s ecological resources. While benefiting from the advantages of the watershed resources for development and construction, the human living space also faces a high flood risk threat simultaneously (Figure 11).





4.5. Human Settlement Resilience Optimization Strategies for Yueyang City under Flood Risk Management Objectives


From the perspective of flood risk management in river-network cities, constructing an optimal response mechanism for human settlement resilience can help promote the coordinated development between natural hazards and human survival and development. As a complex system project, optimizing human settlement resilience should eliminate the vague and sloppy planning and management mode to highlight the role of planning control and spatial governance in “ensuring the bottom line, setting rules and leaving flexibility”. It requires the superimposition of diversified control frameworks, governance requirements and construction guidance within the scope of spatial units at different levels to achieve refined flood risk management and improvement of the resilience level of human settlements in Yueyang city with territory-wide coverage. This paper proposes the optimization strategies of human settlements from the perspective of flood risk management at two levels: zoning control and collaborative management (Figure 12).



4.5.1. Zoning Regulation Mechanism for Human Settlement Optimization in Yueyang City


At the level of refined zoning control for human settlement optimization in Yueyang city, human settlement spatial control, as the primary implementation unit of territorial spatial planning and governance, involves multiple spatial systems and covers a wide range of contents. This section proposes the zoning control strategy for human settlement optimization based on the differentiation level of land nature of urban and rural living space, blue–green ecological space and agricultural production space in Yueyang city.



Urban and rural living space: building a human settlement resilience pattern for the urban and rural living space. According to the classification of flood prevention and resilience of living space in Yueyang city, we focus on the layout of living land in the planning area of urban growth boundaries and implement the measures of flexibility-based, rigid–flexibility combined, and rigid-based for development stability zone, flood restriction zone, and structural adjustment zone, respectively.



	
In the structural adjustment zone, the land-use development should consider the hazard-bearing capacity of the ground, strictly control the human development and construction in the flood risk zone, and strengthen the layout planning of green infrastructure and emergency rescue base points in urban construction space. It should ensure timely flood storage and drainage when heavy rain and floods come, and improve the resilience of Yueyang city to cope with floods. In addition, for high-risk areas unsuitable for human settlement construction, the quality of human settlements can be optimized through partial land-use debugging, replacing land with ecological parking lots and green squares to reduce flood risks and optimize urban and rural construction space.



	
For the flood restriction zone, the socio-economic and cultural elements can be introduced into the available water management policies of watersheds and riverbanks to ensure that the water elements are fully considered and utilized in the construction of towns and cities and to maintain the “living with water” human settlement resilience planning.



	
The development stability zone has high resilience in flood control. It can be used to delineate future urban growth boundaries and development direction in Yueyang city to focus on development and construction and guide future population flow and human development activities.






Watershed ecological space: consolidating environmental conservation and resilient restoration of watershed ecological space. The ecological space of Yueyang city should strictly implement water ecological safety control, strictly adhere to the ecological protection red line of Dongting Lake, and firmly build a blue–green barrier.



	
Implement all-around protection for the core ecological space such as Dongting Lake Ecological Protection Zone and important mudflat wetlands with a high risk of flooding, and prohibit all human productive business activities from achieving the dual effect of protecting the environment of the water and enhancing the resilience of the human living environment. The effect is to protect the watershed’s ecological environment and enhance the human settlements’ resilience.



	
In addition, for national forest parks and various economic forest resources, natural restoration should be strengthened, and artificial restoration means such as forest cultivation should be introduced to enhance their soil and water conservation and nourishment functions and reduce the risk of flooding in Yueyang city.






Agricultural production space: realizing resource utilization and flood management of agricultural production space.



	
The agricultural production space in Yueyang city should implement the policy of returning farmland to forests and lakes, implement compensation for farmland, plant trees according to local conditions, restore forest vegetation, and enhance flood resilience.



	
Secondly, it should enhance flood risk prevention in the agricultural space with a high risk of flooding and high sensitivity, improve the construction of agricultural water conservancy infrastructures, such as reservoirs and ponds, and improve the ability to regulate and control water resources.



	
Thirdly, it should reasonably arrange the drainage and dredging facilities in agricultural land, and do an excellent job of dredging flooding rivers to avoid the phenomenon of river breaching, to reduce the economic losses under extreme heavy rainfall and flooding in agricultural production space.







4.5.2. Collaborative Governance Mechanism for Human Settlement Optimization in Yueyang City


At the level of collaborative governance for human settlement optimization in Yueyang city, this paper mainly considers two classes of synergy in decision making between stakeholders at all levels and synergy in governance during the whole process of natural hazard occurrence to effectively strengthen the awareness of flood resilience optimization of human settlements from the region, city, and community to the individual public.



Collaborative governance mechanism based on the linkage of multiple subjects. By constructing the implementation mechanisms such as governance synergy between the government and various subjects of the department, the unique synergy between various elements of resources and environment, and linkage synergy between various players of interest, we strengthen the cooperation and resource sharing with the departments associated with flood risk management and carry out the graded protection linkage between the territorial space control units of the country.



	
Firstly, Yueyang city needs to form a stakeholder role system by combining government agencies in meteorology, hydrology and transportation, business organizations in pollution, management and supervision of the Dongting Lake Basin, experts and scholars in water resources, meteorology and disasters, and the interests of the public.



	
Then, the core concerns of various stakeholders, such as watershed enterprises, government departments, insurance companies, and public residents, are comprehensively considered so that spatial interests in the domain are balanced and negotiated.



	
Finally, based on the identification and estimation of flood risks, each stakeholder makes a more desirable pro-disaster dispatch decision, which can further improve the resilience level of Yueyang city in response to flood emergencies.






The flood-prevention response mechanism based on the whole process of flooding occurrence. Combined with intelligent city planning and construction, the feedback mechanism of flood control based on the whole process of flooding participation covers the closed loop of top-down participation from regions and towns to communities, aiming to optimize the response of the human living environment from three levels before, during, and after flooding.



	
Through the flood risk atlas, we can collect monitoring and early warning information of urban flood-prone and waterlogged points and strengthen pre-flood online warning and preparation of flood plans. Strengthen natural hazard education and training by community units, guide the whole society to participate in flooding prevention, and improve individual residents’ awareness and self-help ability in dealing with flood risks in the future.



	
Strengthen the emergency response mechanism in flooding with joint civil–military and regional linkage, and set up professional and social emergency rescue teams to ensure comprehensive control, real-time monitoring, and emergency dispatch of flood-control materials.



	
The post-flood linkage public transportation system strengthens the response to evacuation under flooding and builds a medical infrastructure design evacuation system for post-flood recovery under flooding risk to cope with the duress of future floods coming again.









5. Conclusions and Discussion


5.1. Conclusions


This paper selects Yueyang city as a typical river-network city in the Yangtze River Basin for research. The flood risk level of Yueyang city is assessed based on the multivariate data of natural and social elements of human activities. The results are fed back to the construction of urban human settlement optimization and improvement system, and the flood resilience zoning and optimization responses of the human settlement of the river-network city under the flood risk management objectives are conducted. Specifically, the following conclusions are drawn.



	
Based on the assessment of flood risk at the hazard and vulnerability levels, Yueyang city is divided into five levels: highest-risk area, high-risk area, medium-risk area, lower-risk area, and lowest-risk area. The highest-risk and high-risk areas are mainly located in the central Dongting Lake and its interconnected water system, the local area in the southwest, and the southeastern fringe. The medium-risk area mainly contains economic forests and the land part of Dongting Lake shoreline. The low-risk and lowest-risk areas are mainly located in the northeast local area and northwest edge, with a low risk of flood stress.



	
According to the urban flood risk level, the human settlement flood resilience spatial zoning in Yueyang city ranges from low to high: human settlement control zone, human settlement restriction zone, human settlement buffer zone, human settlement construction zone, and human settlement expansion zone. The total area of the human settlement control zone is 1837.96 km2, accounting for 12.39% of the city’s total area. The spatial area of the restriction zone is 3942.64 km2, accounting for 26.58%. The buffer zone is 4538.01 km2, accounting for 30.60%. The construction zone is 3051.06 km2, accounting for 20.57%. The expansion zone is 1461.42 km2, accounting for 9.85%.



	
Further, by comparing overall territorial space planning, Yueyang city’s human settlement control zone, human settlement restriction zone, and territorial living space overlap and are analyzed, and the current living space of Yueyang city is graded and adjusted for flood control. After the output, the flood resilience zoning of the current living space in Yueyang city contains three categories: structure adjustment zone, flood restriction zone, and development stability zone. They account for 33.79%, 26.35%, and 39.86%, respectively, indicating that human production and living construction activities have a high environmental dependence on the ecological resources of the water, and the living space of the human settlements, while benefiting from the advantages of water resources for development and construction, also facing a high flood risk coercion at the same time.



	
The specific control and implementation of Yueyang city’s human settlements mainly focus on the interrelationship between the flood risk area of the watershed, the development pattern of human activities, and the optimized response to the city’s human settlements. The content contains the following two levels: one is the zoning regulation mechanism for human settlement optimization based on the land function of “production–living–ecological space” and the flooding resilience of construction space, and the other is the cooperative management mechanism of human settlement optimization based on multi-stakeholder and the whole process of flooding.







5.2. Discussion


In order to further promote the synergistic improvement of human settlement optimization in the national space of river-network cities, this paper argues that the following research work needs to be guided by “the interactions between humans and their environments” and improved in the following three aspects.



	
Currently, the contradiction between natural ecological environments and population urbanization is becoming more intense. At the same time, the emerging urban planning technologies, such as big data, cloud computing, artificial intelligence, and mobile Internet, are constantly updated while putting forward new requirements for flood risk management in river-network cities. Therefore, at the level of technological innovation, the future river-network cities should take urban public safety technology as the core, and through interdisciplinary technology-driven construction of a platform of comprehensive flood risk factors of intelligent information management, to achieve the efficient and intelligent development of the human settlement resilience management of river-network cities.



	
The construction of resilient cities under the threat of natural hazard risk has been elevated to a national strategy. In territorial spatial planning, the concept of resilience should be integrated into natural hazard risk management and human settlement optimization. Therefore, from the planning level, comprehensive disaster prevention and mitigation planning should be incorporated into the special planning of the territorial spatial planning system, forming a comprehensive planning system that is closely connected and synchronized with the territorial spatial overall planning. At the same time, the “fine control” should be implemented into the spatial “one map” planning system through the development of graded classification and zoning of flood risk control tools.



	
Optimizing the resilience of river-network cities requires the simultaneous follow-up of various stakeholders with the “watershed” as the governance unit. At present, human settlement construction in watersheds under flood risk management often spans multiple administrative divisions and involves multiple stakeholders. Therefore, updating the management criteria, policies, and regulations in different administrative units is challenging. At the level of implementation feedback, the path of resilient development of human settlements based on “collaborative governance” needs to consider the leap from city scale to watershed scale and realize the collaborative governance of multiple stakeholders. In addition, the relevant legal and policy frameworks should be further improved to provide practical constraints for optimizing human settlements in the future territorial space.
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Figure 1. Spatial distribution of direct damage to property and affected population caused by heavy rainfall and flooding in China in 2019. (a) Direct damage to property; (b) Affected population. 
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Figure 2. Causes of flooding risk and human settlement improvement dilemma in river-network cities. 
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Figure 3. Research path diagram. 
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Figure 4. Flood risk assessment for river-network cities based on a two-dimensional index model. 
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Figure 5. Spatial zoning and optimal response for human settlement flood resilience in river-network cities. 
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Figure 6. Scope of the study area. 
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Figure 7. Results of flood hazard assessment in Yueyang city. (a) Multi-year average rainfall; (b) Frequency of rainstorms; (c) Land use type; (d) Slope; (e) Elevation; (f) River network density; (g) Vegetation cover; (h) Soil conservation; (i) Flood hazard. 
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Figure 8. Results of flood vulnerability assessment in Yueyang city. (a) Population density; (b) Share of vulnerable population; (c) GDP density; (d) Night lighting; (e) Road network density; (f) Flood vulnerability. 
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Figure 9. Flood risk level Classification and human settlement resilience zoning in Yueyang city. (a) Flood risk level Classification in Yueyang city; (b) Human settlement resilience zoning in Yueyang city. 
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Figure 10. Grading adjustment of living space flood resilience in Yueyang city. 
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Figure 11. Current living space flood resilience grading in Yueyang city. 
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Figure 12. Human settlement improvement framework for river-network cities under flood management objectives. 
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Table 1. Weight values of indicators for comprehensive risk assessment of flooding in river-network cities.
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Primary Indicator Layer

	
Secondary Indicator Layer

	
Thirdly Indicator Layer

	
Index Attribute

	
The Weight






	
Hazard

	
Hazard-causing factors

	
Multi-year average rainfall

	
Positive

	
0.181




	
Frequency of rainstorms

	
Positive

	
0.262




	
Hazard-forming environments

	
Land use type

	
Positive

	
0.108




	
Slope

	
Negative

	
0.038




	
Elevation

	
Negative

	
0.049




	
River network density

	
Positive

	
0.011




	
Vegetation cover

	
Negative

	
0.134




	
Soil conservation

	
Positive

	
0.026




	
Vulnerability

	
Population structure vulnerability

	
Population density

	
Positive

	
0.083




	
Vulnerable populations share

	
Positive

	
0.008




	
Economic activities vulnerability

	
GDP density

	
Positive

	
0.067




	
Night lighting

	
Positive

	
0.019




	
Road network density

	
Positive

	
0.016
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Table 2. Data sources and processing.
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Data Category

	
Data Source

	
Source Site






	
Meteorological Data

	
Data set of daily values of surface climate information in China

	
Meteorological Data Center, China Meteorological Administration (http://data.cma.cn/)




	
Annual precipitation data for China

	
National Earth System Science Data Center (http://www.geodata.cn/)




	
Natural Environment Data

	
Administrative planning map of Yueyang city

	
National Center for Basic Geographic Information (http://ngcc.sbsm.gov.cn)




	
Land use cover data of Yueyang city

	
Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn/)




	
DEM data of Yueyang city

	
Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn/)




	
River network water system vector data of Yueyang city

	
Global River Network Database (http://gaia.geosci.unc.edu/rivers/)




	
Vegetation cover data of Yueyang City

	
National Integrated Earth Observation Data Sharing Platform (https://www.chinageoss.cn/)




	
Soil data set of Yueyang city

	
World Soil Database (http://westdc.westgis.ac.cn/)




	
Socio-economic data

	
Census data of Yueyang city

	
Yueyang City Statistical Yearbook (http://tjj.yueyang.gov.cn/index.html)




	
Population spatial distribution grid dataset of Yueyang city

	
Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn/)




	
GDP spatial distribution grid dataset of Yueyang city

	
Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn/)




	
Night lighting data of Yueyang city

	
National Center for Environmental Information (NCEI) (https://www.ncei.noaa.gov/)




	
Traffic road network vector data of Yueyang city

	
National Earth System Science Data Center (http://www.geodata.cn/)
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