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Urbanization has reduced river network connectivity, posing a great threat to water security. However, the mechanism through which changes in river network connectivity impact water security remains uncertain. River network connectivity and water security have been separately and thoroughly assessed by several researchers; however, few studies conducted a coupled assessment of these two aspects together, which may shed light on this mechanism. Based on assessment indicators developed in previous studies and key influence factors identified in the study area, this study proposed a comprehensive evaluation method to continually evaluate the adaptability between river network connectivity and water security in the Wuchengxiyu region, a highly urbanized area in Eastern China. The continuous evaluation was conducted for the period 2010–2019 based on the coupling coordination degree calculation formula. The results show that from 2010 to 2015, the coupling coordination degree between river network connectivity and water security followed a downward trend, due to the uncoordinated development between water systems and urbanization. After 2015, an increasing trend was observed with the implementation of environmental policies. In the past decade, the water surface rate and the coverage rate of suitable flow velocity decreased from 4.59% to 4.28% and from 54.1% to 30.9%, respectively, which may have negative effects on water quality and limit the improvement of regional flood control capacity. Moreover, the evaluation results also prove that policies such as the Ecological River–Lake Construction and the River Chief System have contributed to improve the quality of the water environment and regional flood control. The proposed assessment framework can be used as a guidance to evaluate the relationship between water network connectivity and water security; moreover, it provides new ideas for water network system protection and water quality maintenance in similar highly urbanized areas.
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1 INTRODUCTION
As a vital infrastructure to support economic development, interconnected river–lake systems play a major role in flood control, waterlogging elimination, water resources allocation, and aquatic environment protection (Wang et al., 2018; Yang et al., 2021). In China, several water conservancy projects have been implemented at the end of the 20th century to address the mismatch between water supply and demand, such as the Luan River–Tianjin Water Diversion Project in 1983 (Zhang et al., 2019), the Songhua River–Changchun Water Diversion Project in 1999 (Yang et al., 2019), and the South-to-North Water Diversion Project at the beginning of the 21st century (Xu et al., 2010; Nong et al., 2020). More in general, an increasing number of water system connection projects have been built or are ongoing in the last 20 years, not only for the purposes of management of water resources, but also for ecological environment protection. These include the Yangtze River–Taihu Lake Water Diversion Project in 2002 (Liu et al., 2017; Qin et al., 2018), the Integrative Conservation Project of Hangzhou West Lake in 2009 (You et al., 2015), and the Yellow River–Hebei Province Water Diversion Project in 2017 (Li et al., 2021). Although these projects modified the water system and promoted the connectivity of the watershed system, numerous urban drainage systems have been destroyed due to rapid urbanization in several urban or peri-urban areas, causing a series of water security problems (Rashid et al., 2018). Moreover, urbanization entailed great changes in regional land use, filling and interrupting several rivers (Chen et al., 2007). In the Taihu Lake Basin in Eastern China, from the 1980s to the 2010s, river network density decreased by 11.3%; moreover, the degradation rate of river networks increased rapidly, while the urbanization rate reached 40% (Xu et al., 2018), resulting in frequent urban waterlogging and pollution-induced water shortage problems (Wei, 2003). Deng et al. (2020) showed that from 1990 to 2015, urbanization had a significant impact on river systems in the mid-west part of China, and the attenuation rate of river systems was positively correlated with the growth rate of urban construction land. This caused severe flood risks and ecological problems in the Wei River Basin. Moreover, due to the rapid urbanization process, in 100 cities in the United States; the index of water area, the numerical density of water bodies, and the density of flow channels decreased by 89, 25, and 71%, respectively (Steele et al., 2014); this is considered as an important reason for the increase in flood risks and environmental landscape loss.
In order to support the improvement of urban water security, it is necessary to assess the influence of river network connectivity on water security. Several researchers used assessment indexes to evaluate river network connectivity and water security (Cote et al., 2009; Xu et al., 2012; Deng et al., 2018; Deng, 2019; Garbin et al., 2019; Shao et al., 2020; Gao et al., 2022). Cui et al. (2009) used the connectivity index γ and the circuitry index α, which are based on the graph theory, to analyze natural and designed channel networks and assess the impact of their optimization on flood control in Xiaoqinghe River Basin in China. Phillips et al. (2011) also used the graph theory to describe the relationship between hydrological connectivity and basin runoff conditions in the Baker Creek Basin in Canada. Meng et al. (2014) used a series of assessment indexes of river quantity, density, connectivity, flow potential, and water transport ability to evaluate the urban river network connectivity in Huaian City, China. Xu et al. (2018) used similar assessment indexes to analyze the connectivity between river network change and urbanization in the Taihu Lake Basin. In parallel, also hydraulic models such as MIKE11\MIKE21 (Karim et al., 2012), HEC–HMS (Gao et al., 2018), and CRUM2D (Lane et al., 2009), have been used to quantify river network connectivity. Moreover, water security has been assessed by several research groups (Norman et al., 2013; Veettil and Mishra, 2016; Babel and Shinde, 2018; Shrestha et al., 2018; Cai et al., 2020). Jiang and Yang (2015) built a water security assessment framework to evaluate the water security conditions of 47 countries in the Asia-Pacific region, considering domestic water safety, economic water security, urban water security, environmental water security, and resilience to water-related disasters. Zuo et al., 2020; 2021 combined 16 basic indicators and 34 alternative indicators into an assessment framework for river security management along the Yellow River. A case study was conducted in the United States to develop a multiscale analysis of water security by using 10 sub-indicators focusing on specific dimensions including water quality, productivity, and infrastructure. (Doeffinger and Hall, 2021) Many of the previous assessment indexes can evaluate the conditions of river network connectivity and water security comprehensively and objectively, but some indexes needed for assessing materials are difficult to obtain. In this study, data accessibility will be an important factor to consider so that the assessment can be proceeded successfully and accurately.
As a result, river network connectivity and water security have been separately and thoroughly assessed by several researchers and in many regions. However, few studies performed an assessment of these two aspects together to determine how changes in river network connectivity affect regional water security. The concept of adaptability refers to the coordination and consistency between different subjects, and reflects the suitability and matching relationship between subjects (Wang et al., 2021). Several research groups in other fields focused on evaluating the coupling degree and adaptability between two separate systems. Lin et al. (2017) built a coupling and coordination model between urbanization and river system network for the Jiangsu Province of China. Han et al. (2020) assessed the degree of coupling of the water–food–energy nexus in 30 provinces across China. Liu et al. (2021) proposed an integrated supply–demand coupling model to evaluate water security in China. This demonstrates that the coupling analysis can be applied to the suitability analysis of water system connectivity and water security.
The Wuchengxiyu (WCXY) region, as one of the regions with the highest urbanization in Eastern China and an important part of Taihu Lake Basin, was selected as a representative case study area. In fact, this region is characterized by a plain river network system and high urbanization. On the one hand, the natural river network system in WCXY has a relatively high density and connectivity, extending in all directions and connected with each other, and providing a good foundation for regional flood control, industrial and agricultural production, residential water consumption, navigation condition, and water quality conservation. On the other hand, rapid urbanization has led to changes in the river–lake system structure, reducing the drainage ability and increasing the pollution load in WCXY, and resulting in the increase in flood risk and in the likelihood of water environmental problems. As a result, a problem has gradually emerged in this area of adaptability between the connectivity of the river–lake system and the needs for economic and social development. Hence, in this study, a continuous assessment framework was developed to quantitatively assess river network connectivity, regional water security, and adaptability between these elements in WCXY, and to identify the main problems that limited the development of water security, providing a guide to implement future river regulation measures.
2 MATERIAL AND METHODS
2.1 Study area and data sources
The WCXY region is a low-lying plain in the lower course of the Yangtze River in the southern Jiangsu Province, with a total area of 4,016 km2. It lies to the south of the Yangtze River, to the north of the Taihu Lake, to the east of the Huxi District, and to the west of the Wangyu River’s east bank, and includes highly urbanized cities such as Changzhou and Wuxi. The terrain of the WCXY region is relatively plain, and is divided by the Baiqu Port East Control Line into two zones, namely, Wuchengxi lowland and Chengxiyu highland, whose area is 2,255 km2 and 1,761 km2, respectively. WCXY has a subtropical monsoon climate; the multi-year average precipitation is 1,112 mm, mainly concentrated in the period from May to September and with great interannual and seasonal variations. The multi-year average temperature in this area is about 15.5°C, with the highest temperatures normally recorded in July and August and the lowest in January and February.
The hydrological data used in this study originate from the hydrological yearbooks of the Yangtze River Basin from 2010 to 2019, including daily water level data from 17 stations and daily flow data from eight stations (Figure 1). Water quality data were taken from the Jiangsu Province Hydrology Bureau and the Jiangsu Provincial Academy of Environmental Science. This study used 30 m land-use/land-cover (LUCC) data from the Institute of Geographic Science and Natural Resources Research.
[image: Figure 1]FIGURE 1 | Location of the Wuchengxiyu region.
2.2 Methods
The assessment of the coupling between river network connectivity and water security included the consideration of the connectivity of rivers and lakes and its impact on flood control safety, water supply security, and hydro-ecological environment security. As shown in Figure 2, in this study, we first evaluated river network connectivity and water safety separately, and then used the coupling coordination degree calculation formula to quantify the coordination degree between these two aspects. Before carrying out the evaluation, it was necessary to select the evaluation indexes that were suitable for such a highly urbanized and plain river network area. After selecting the evaluation indexes, the coupling assessment was performed to identify and solve water security problems, reflect the different aspects of water disasters, water resources, and water ecological environment, and consider the interaction between local and surrounding areas. As water security is a dynamic process, the coupling assessment index framework of river network connectivity and water security should be flexible. Table 1 presents an overview of the assessment framework of this study.
[image: Figure 2]FIGURE 2 | Assessment framework of adaptability between river network connectivity and water security.
TABLE 1 | Index framework to assess the adaptability between river network connectivity and water security.
[image: Table 1]2.2.1 Evaluation of river network connectivity
The assessment of river network connectivity included the evaluation of river network structure and of connectivity. In the WCXY region, rivers are densely distributed and well developed. The water surface rate and river network density were selected as indexes to evaluate the river network structure, while hydrological connectivity, suitable flow velocity coverage rate of the representative station, and network connection degree were selected as indexes to evaluate river network connectivity.
2.2.1.1 Water surface rate
The water surface rate indicates the ratio of the water surface area to the total area of a region. Since the water surface area changes dynamically with the water level, this rate usually refers to the ratio of the water area at a constant or average water level to the total area of a region. The water surface rate provides an intuitive indication of water areas, and is also an important index of regional hydro-ecological space. Liu et al. (2021) research on the river network structure in the WCXY area shows that from the 1960s to the 2010s; the water surface rate continually decreased at a nearly stable rate, while the hydrological connectivity was in a steady state in the 1960s and decreased abruptly at the beginning of the 1970s, thereby indicating that a breakpoint of change in the river network occurred at that time. Moreover, with the adjustment of the national urban development policies, China’s urbanization started to increase in the 1970s, following a slow growth stage that was seriously hampering the industrialization process. Therefore, in this study, considering that the recreation of a virgin scenario of the river network is challenging, the river network condition in the 1960s was considered as the near-ideal state of the WCXY region.
Accordingly, the water surface rate in the 1960s was used as a reference value to measure the current water surface rate. The closer the current water surface rate to the historical natural water surface rate, the healthier the river network system, and the more harmonious the relationship between humans and water systems. The formula used to calculate the water surface rate [image: image] is as follows:
[image: image]
where [image: image] represents the water surface area (km2) and [image: image] represents the total area of the region (km2). According to the existing research on this area (Xu et al., 2018; Yu et al., 2018), in the 1960s; the water surface rate of the WCXY region was 6.10%. In this study, values higher than or equal to 6.10% were assigned an evaluation score of 100, and the 90, 80, and 70% values of the historical level of water surface rate were considered as breakpoints in the scoring system, so as to clearly represent the gap between past and present conditions. The specific evaluation criteria are illustrated in Table 2.
TABLE 2 | Index evaluation criteria of the water surface rate.
[image: Table 2]2.2.1.2 River network density (alternative indicator)
The river network density indicates the total length of a river per unit area, and reflects the drainage effectiveness of the river system in the basin. In general, the higher the river network density, the higher the connectivity level of the river and lake system. This study considered the state of river network density in the 1960s as the near-ideal state of the WCXY region, and used this value as a reference to measure the current river network density. The formula used to calculate river network density [image: image] is as follows:
[image: image]
where [image: image] represents the river network density (km/km2), [image: image] represents the length of the river (km), [image: image] represents the total area of the region (km2), and [image: image] represents the number of rivers in the region.
2.2.1.3 Hydrological connectivity
Hydrological connectivity indicates the relevance of each river channel in an area based on water level differences (Liu et al., 2021). A high relevance of the water level from two monitoring sites means that river flow can easily move through channels between these two sites, that is, the river network system has a relatively high connectivity in this area. On the contrary, a low value of the index of hydrological connectivity means that river channels between two monitoring sites are interrupted or there are problems of channel filling. The calculation formula used is as follows:
[image: image]
where [image: image] represents hydrological connectivity, [image: image] indicates the water level of monitoring site 1 or the average water level of region 1, and [image: image] indicates the water level of monitoring site 2 or the average water level of region 2. A value of [image: image] near 1 indicates a high connectivity of the river network system in the study area; on the contrary, a value near 0 indicates that most river channels are interrupted and water exchange in this area is difficult. The score of the index is 0 when hydrological connectivity is 0% and 100 when hydrological connectivity is 100%. The linear interpolation method was used to determine the median score from 0 to 100.
2.2.1.4 Coverage rate of the suitable flow velocity of the representative station
The coverage rate of the suitable flow velocity of the representative station ([image: image]) represents the ratio of the flow velocity records in the suitable flow velocity range to all the flow velocity records of each representative station in an area, which reflects the coverage rate of the suitable flow velocity. The selection of representative stations needs to comprehensively consider mainstreams and tributaries and only the non-flood season (i.e., from November to April of the following year), in order to avoid the influence of the operation of flood-related water projects. According to the flow velocity; to inhibit algal outbreaks and the preferred and limited flow velocity for the main fish in the study area (e.g., crucian carp, carp, silver carp, and grass carp), the suitable flow velocity of the regional river channels was determined as equal to 0.05–0.15 m/s. Under normal circumstances, in highly urbanized plain areas the river bottom is relatively flat; moreover, due to the fact that tributaries are easily affected by water conservancy projects such as gates and dams, the overall fluidity is weak, which has a great impact on regional water quality and on water ecosystems. Therefore, to calculate this index, the [image: image] of the representative stations of the mainstreams and of the tributaries was given a weight of 40 and 60%, respectively. The calculation formula used is as follows:
[image: image]
where [image: image] represents the coverage rate of suitable flow velocity of the representative station (%), [image: image] represents the number of flow velocity records of the representative station [image: image] of mainstreams, [image: image] represents the number of flow velocity records of the representative station [image: image] of tributaries, [image: image] represents the number of flow velocity records in the suitable flow velocity range of the representative station [image: image] of mainstreams, and [image: image] represents the number of flow velocity records in the suitable flow velocity range of the representative station [image: image] of tributaries. Given the difficulty to make the flow velocity of all the river channels in the suitable condition, we considered 80% as the ideal coverage rate and marked it as 100 when the coverage rate was above 80%, with breakpoints uniformly distributed below 80%. The specific assessment criteria are illustrated in Table 3.
TABLE 3 | Index evaluation criteria of [image: image].
[image: Table 3]2.2.1.5 Network connection degree (alternative indicator)
The network connection degree represents the ratio of the number of interconnected channels in a river network to the maximum possible number of connections. The value of the network connection degree varies between 0 and 1, where a value of 0 indicates that no channels are connected, while a value of 1 indicates that each channel is connected to other channels. In other words, the higher the ratio, the higher the hydrological connectivity of the river network. This study considered the network connection degree in the 1960s in the WCXY region as the near-ideal state of the region, and used it as a reference value to measure the current network connection degree. The formula used to calculate the network connection degree [image: image] is as follows:
[image: image]
where [image: image] represents the network connection degree, [image: image] represents the number of interconnected channels, [image: image] represents the node, and [image: image] represents the maximum possible number of channel connections.
2.2.2 Water safety assessment
Based on natural geographic characteristics, river and lake water systems, and on the social and economic development of the WCXY region, six indicators of water safety assessment were constructed to characterize flood control safety, water supply safety, and water ecological environment safety. The aim was to analyze whether the current state of river and lake connectivity and the level of water security were coordinated and compatible. In relation to flood control and waterlogging elimination, considering the coordination between urban and regional waterlogging, the two indicators of regional flood control capacity and drainage modulus suitability were constructed. In relation to the water ecological environment, considering water environmental quality and biological safety, the two indicators of water qualification rate and biodiversity were constructed. In relation to water supply, as the WCXY region is a plain river network area with bottlenecks in water resources, the two indicators of water level probability and water supply probability were constructed.
2.2.2.1 Regional flood control capacity
Regional flood control capacity ([image: image]) reflects the return period during which a region can withstand the maximum flood. When the regional flood control capacity matches the target standard, this indicates that the region can reliably defend itself against the majority of flood events.
Actually, the flood control capacity standard in every region is different, and the regional governments in China have normally set flood control capacity targets under the guidance of the national ‘Standard for flood control (Deng et al., 2014)’, which considers the local development of society and economy. Therefore, it was necessary, in this study, to consider the flood control capacity target set in the local flood control plan as the ideal condition, and use it as a basis for scoring.
By the end of 2020, the flood protection standard in WCXY has reached a 30-year event, and will gradually increase to a 50-year event before 2025, which was set as a development goal in the regional flood control plan. Thus, the regional flood protection to a 50-year return flood was considered as the ideal condition in this study. However, in many other countries such as the United States, the United Kingdom, and Germany, a 100-year return flood is a widely accepted standard of flood control capacity (Begum et al., 2007; Hu et al., 2019; Environment Agency, 2020). So, 100-year return flood control capacity can be used as an ideal condition in the assessed areas without the specific regional flood control plan.
In terms of assessment criteria, a score of 100 points were assigned for reaching the standard of 50-year event, 80 points for 30-year event, 60 points for 20-year event, 40 points for 10-year event, and 20 points for 10-year event.
2.2.2.2 Drainage modulus suitability (alternative indicator)
Taihu Lake Basin is in a plain area characterized by a densely distributed river network, low terrain in its central part, and high water and tide levels outside the basin. The river network water level in this basin is often higher than the ground. Embankments have been built around low-lying areas for flood control and waterlogging elimination, forming polder areas. Polder gates have been built on the embankments, and pump stations in the polder area.
Drainage modulus suitability represents the closeness of the actual drainage modulus to the design drainage modulus in each polder area, which reflects the matching degree between current and designed drainage capacity. Since the magnitude of the drainage modulus has different impacts on the external area and the polder area, it was necessary to determine the drainage modulus that adapts to local conditions according to the size and importance of polder areas. A drainage modulus is considered as appropriate when it can meet certain urban or polder area drainage standards, and the corresponding discharged water can be absorbed at the regional level. The value of drainage modulus suitability generally varies between 0 and 100%, and the closer it is to 100%, the more favorable it is for regional flood control and waterlogging elimination. The formula used to calculate the drainage modulus suitability [image: image] is as follows:
[image: image]
where [image: image] represents the current regional mean drainage modulus (m3/s•km2) and [image: image] represents the designed regional mean drainage modulus (m3/s•km2).
2.2.2.3 Water qualification rate
Water qualification rate refers to the ratio of the number of water quality monitoring points that reach the water quality standard to the total number of monitoring points among all representative monitoring points in a region. It is used to evaluate the qualification degree of overall water in the region. According to the national environmental quality standards for surface water of China (GB3838-2002), water quality is evaluated by several indicators including ammonia–nitrogen, chemical oxygen demand, and permanganate index. This means that only when all the indicators reach the water quality standards, the water quality of the monitoring point meets the setting requirements. The calculation formula used is as follows:
[image: image]
where [image: image] represents the water qualification rate (%), [image: image] represents the total number of water quality monitoring points, and [image: image] represents the number of water quality monitoring points that reach the water quality standard. To avoid the impact of temporal fluctuations of water quality, we set 95% as a breakpoint and assigned it a score of 90 points. The specific assessment criteria are illustrated in Table 4.
TABLE 4 | Index evaluation criteria of the water qualification rate.
[image: Table 4]2.2.2.4 Biodiversity (alternative indicator)
Biodiversity is the main characteristic of biological communities. Clean waters host a number of species with relatively stable numbers of individuals. However, when a water body is polluted, each species has a different sensitivity and tolerance to new factors. Sensitive species die off under unfavorable conditions, while species with a strong resistance develop in large numbers under the new conditions. This phenomenon of community succession can be represented by the biodiversity index, which is an important measure of environmental quality. Based on the evaluation methods for aquatic organisms in Jiangsu Province’s regional specification for ecological river and lake status assessment (DB32/T 3674–2019), the diversity of phytoplankton and river resident algae was considered as important indicators to evaluate the water eco-environment. The biodiversity assessment was based on the Shannon–Wiener method, which is commonly used to measure community species diversity. The calculation formula of the Shannon–Wiener index is as follows:
[image: image]
where [image: image] represents the Shannon–Wiener diversity index, [image: image] represents the total number of species, and [image: image] represents the percentage of individuals of the [image: image] species to the total number of individuals.
2.2.2.5 Water level probability
Water level probability is defined as the ratio of the number of water level records that are lower than the minimum permitted level for water intake, to the total number of all the water level records in a study area. A water level below the minimum permitted level means that water demand cannot be satisfied in the area around that water level monitoring point. The value of water level probability ranges from 0 to 100%, and water demand will be satisfied when this index has an evaluation score of 100%, which indicates that all the users can meet their water demand in the study area. The formula used to calculate water level probability is as follows:
[image: image]
where [image: image] indicates the water level probability (%), [image: image] represents the number of the daily average water level records in monitoring point [image: image], and [image: image] represents the number of the daily average water level records that are higher than the minimum permitted water level in the monitoring point [image: image]. As the value of water level probability was relatively high in WCXY, we set breakpoints from 85 to 100%, so as to amplify the differences in the probabilities by score. The specific evaluation criteria are illustrated in Table 5.
TABLE 5 | Index evaluation criteria of water level probability.
[image: Table 5]2.2.2.6 Water supply probability (alternative indicator)
Water supply probability refers to the comprehensive water supply guarantee rate of various industries in a region, including indicators of agricultural, industrial, and domestic water supply. The degree of guarantee is weighted on the basis of whether the water supply goals of each industry are met. Normally, as the economic loss caused by insufficient or interrupted water supply in urban life and industrial production is relatively large, the general water supply probability is in the range of 95–99%. However, agricultural water supply is mainly limited by economic and natural conditions, and water supply probability is relatively low. The formula used to calculate water supply probability is as follows:
[image: image]
where [image: image] represents water supply probability (%), [image: image], [image: image], and [image: image] represent the agricultural, industrial, and domestic water supply probability, respectively (%); and [image: image], [image: image], and [image: image] represent the target probability of agricultural, industrial, and domestic water supply, respectively (%).
2.2.3 Assessment of the adaptability between river network connectivity and water security
The aim of a coupling and coordination model was to analyze the degree of coordinated development of evaluation objects (Liu et al., 2017; Han et al., 2020; Liu et al., 2021); as such, it can be applied to the assessment of adaptability between river network connectivity and water security. A high adaptability between river network connectivity and water security means that changes in the river network system meet the demand for comprehensive, coordinated, and sustainable development of water security and urbanization.
The degree of coordination [image: image] was used as the indicator to evaluate the adaptability between river network connectivity and water security. It indicates the degree of coordination in the coupling relationship and can reflect the quality of coordination. It was calculated as a function of the coupling degree [image: image] and of the integrated coordination index [image: image]. The coupling degree [image: image] refers to the interaction between two or more systems to achieve a dynamic relationship of coordinated development, which can reflect the degree of interdependence and mutual restriction between systems. The calculation formulas used are as follows (Zhao et al., 2011):
[image: image]
[image: image]
[image: image]
where [image: image] and [image: image] represent the composite scores of river network connectivity and water security, respectively; and [image: image] is an accommodation coefficient that is commonly higher than 2 ([image: image] in this study). According to the similar importance of river network connectivity and water security, the values of the undetermined coefficients [image: image] and [image: image] were both set as equal to 0.5. The specific evaluation criteria of the degree of coordination are illustrated in Table 6.
TABLE 6 | Index evaluation criteria of the degree of coordination.
[image: Table 6]3 RESULTS AND DISCUSSION
3.1 Analysis of river network connectivity
The water surface rate was calculated using the China’s National Land Use and Cover Change data (CNLUCC) with 30 m resolution (Figure 3), taken from the Institute of Geographic Science and Natural Resources Research (Xu et al., 2018), as well as by referring to the conclusions of Xu et al. (2018) and Liu et al. (2021). As is shown in Figure 4, the water surface rate decreased from a value of 6.10% in the 1960s, to 4.59% in 2010, and 4.27% in 2020. This indicates that about 75 km2 (i.e., 1.83% of the WCXY region) of water surface area has been erased since the 1960s, most of which consisted of river branches in urban areas. This phenomenon is related to the land-use change in the process of urbanization, where the growing demands of the urban population and industrial facilities for more land resources caused the encroachment of grassland, forest, and water surface (Zhou et al., 2011). The water surface rate decreased rapidly during the period 2015–2018, and this decrease clearly slowed down after 2018, which may be related to the impact of water protection policies, including the completion of the River Chief System in 2018 (whose construction started in 2016).
[image: Figure 3]FIGURE 3 | Main land cover of the Wuchengxiyu region in 2010, 2015, 2018, and 2020 (CNLUCC data with 30 m resolution, taken from the Institute of Geographic Science and Natural Resources Research).
[image: Figure 4]FIGURE 4 | Results of the assessment of river network connectivity.
In order to assess hydrological connectivity, the WCXY region was divided into two subareas, namely, Wuchengxi lowland and Chengxiyu highland. The total hydrological connectivity was calculated by considering the relevance of the average water level between these two subareas (Liu et al., 2021). To avoid the impact of flood control projects running during the flood season, such as drainage pumping stations and gates, only the water level during the non-flood season was used in the assessment. Three water level monitoring points in Wuchengxi and two in Chengxiyu were used to calculate the regional average maximum monthly water level, while the yearly hydrological connectivity was evaluated from the average connectivity over a 6-month period during the non-flood season each year. The results show that in the study area during the period 2010–2015, hydrological connectivity decreased from 0.94 to 0.95 to 0.87 with strong fluctuations, while river channels were interrupted and filled critically. This decrease is related to urban encroachment, leading to the disappearance of river channels, especially of some narrow embranchments. Moreover, the main reason for the fluctuations may lay in the fact that, in order to intensify the ability of regional flood control and waterlogging elimination, several water conservancy projects have been constructed in the WCXY region, which may have interrupted the river networks. After 2015, hydrological connectivity recovered from 0.87 to 0.93, a value that is slightly higher than that for 2010. This can be explained by the application of river network interconnection research during this period.
The coverage rate of the suitable flow velocity of the representative station ([image: image]) was calculated by using daily flow data and river channel cross-section data. Unfortunately, due to the lack of monitoring points on branches, daily flow data of representative trunk streams were used to represent the general condition of river flow in the WCXY region, which also allowed identifying the trend of [image: image] changes in this area. The results show that the value of [image: image] generally decreased from 54.1% in 2012 to 30.9% in 2019, with a continuous decrease after 2014, which is opposite to the change of hydrological connectivity. Actually, the total flow velocity condition in 2019 was better than that in 2017–2018, because of the relatively high flow velocity (larger than 0.15 m/s). This means that the river network connectivity in 2019 was better than that in 2017–2018, even though the relatively high flow velocity was not good for aquatic organisms.
3.2 Analysis of water security
The evaluation results of water security are shown in Figure 5. Even if numerous water conservancy projects for flood control have been built during the past 10 years, the improvement of regional flood control capacity has been relatively slow due to a large quantity of rainfall in this area. The flood control ability could only allow a defense from 20-year floods before 2016, and was strengthened to defense from 30-year floods in 2019. As a comparison, the target requirement of flood control ability in 2025 is to defend from 50-year floods. As extreme rainfall events take place increasingly more frequently, it is urgent to ensure a high level of flood control ability for the WCXY region.
[image: Figure 5]FIGURE 5 | Results of the assessment of water security.
Water qualification rate followed a downward trend from 2010 to 2015, due to the impact of urbanization, population explosion, and large quantities of industrial emissions and agricultural non-point source pollution (Lu et al., 2020). The situation was worse in 2015, when more than 70% of water quality monitoring records were below the standard. However, afterward, the trend of water quality was reversed and water quality was increased rapidly, with the proportion of monitoring records that reached the standard rising from 27.5% in 2015 to 66.7% in 2019. This increase in water qualification rate was mainly related to the policy of the River Chief System and a series of environmental governance projects. A high correlation was found between the water qualification rate and hydrological connectivity, where the enhancement of river network connectivity had a positive effect on the improvement of the water ecological environment.
In terms of water supply, in the past 10 years, water use for agriculture, industry, and domestic consumption could be easily satisfied in the WCXY region due to the abundant water resources. However, pollution-induced water shortage was pointed out as a problem in some regions in Taihu Lake Basin (Wei, 2003), which should be also taken into consideration in the WCXY region.
3.3 Analysis of adaptability between river network connectivity and water security
The composite scores of river network connectivity and water security needed to be calculated before performing the adaptability assessment. Due to the similar importance of each indicator, the mean value was used to evaluate the composite scores of river network connectivity and water security. Then, the degree of coordination between river network connectivity and water security from 2010 to 2019 was calculated, based on the coupling coordination degree calculation formula.
By comparing the scores of the indicators of river network connectivity and water security for 2010 with those for 2019, which is shown in Figure 6, it is observed that some indicators were significantly different in the past decade. In terms of river network connectivity, the water surface rate and the coverage rate of the suitable flow velocity decreased by about 15–30%, while hydrological connectivity followed a slightly upward trend. The reduction in the water surface area and poor flow velocity condition seem to be the restraining factors for the development of river network connectivity in WCXY. Even if an increase in hydrological connectivity may indicate that water is able to flow between two specific areas, this does not mean that the connectivity among adjacent rivers is in a good condition. In other words, a high hydrological connectivity but a low coverage rate of suitable flow velocity means that water travels through a small number of channels, usually mainstreams, while many tributaries are interrupted or filled by urban encroachment during the rapid urbanization process. Moreover, the indicators of water security clearly increased in the last 10 years, especially water qualification rate and regional flood control capacity, although they were far from the ideal condition that can satisfy the requirements for sustainable urbanization.
[image: Figure 6]FIGURE 6 | Radar graph of the scores of the indicators of river network connectivity and water security for 2010 and 2019.
As shown in Figure 7, the adaptability between river network connectivity and water security generally decreased in the past decade, with sight fluctuations in 2011, 2014, and 2017. By analyzing the individual index in terms of river network connectivity, the fluctuations in 2011 and 2014 were found to be caused by the same factor. In fact, in these 2 years, the water surface rate in the study area did not change too much, while on the contrary, the coverage rate of suitable flow velocity and hydrological connectivity clearly increased, which mainly led to the sudden increase in river network connectivity. Unlike river network connectivity, the integrated evaluation of water security showed to follow a slightly downward trend from 2010 to 2015, increasing rapidly after 2015. This can be explained by the downward trend of water qualification rate and the steady state of regional flood control capacity before 2015, and the simultaneous increase in these two indicators after 2016, during which a series of water protection and environmental protection policies have been implemented. This may be the main reason why the third fluctuation of the adaptability score took place in 2017.
[image: Figure 7]FIGURE 7 | Composite evaluation results of river network connectivity, water security, and degree of coordination from 2010 to 2019.
The adaptability between river network connectivity and water security showed to follow a downward trend from 63.3 in 2010 to 57.1 in 2015, then increased rapidly to 64.7 until 2019. This means that the relationship between the development of the river network and water security was nearly at an inferior adaptability stage, especially around 2015. Relatively low-level adaptability between river network connectivity and water security was related to the rapid urbanization in the WCXY area. In order to satisfy the demand for urbanization development, including economic development, residential and industrial construction, transportation expansion, and other urban infrastructures, several tributary channels have been filled or interrupted by the construction of hydraulic works, which were built for flood control and waterlogging elimination. These anthropogenic pressures caused the deterioration of the water environment, frequent urban waterlogging, and ecological damage in the WCXY region. Fortunately, the adaptability between river network connectivity and water security has begun to recover since 2015, which indicates that additional efforts for water system management were made by society and the government. A higher adaptability between river network connectivity and water security is required to ensure a comprehensive, balanced, and sustainable development in China, and policies such as the Action Plan for the Prevention and Control of Water Pollution in 2015 and the River Chief System (fully established in 2018) were highly effective in terms of water security improvement and river network system protection.
In fact, the adaptability between river network connectivity and water security represents the relationship between human activities and the natural environment. A high adaptability means a harmonious development between humans and nature, that is, that effective environmental protection is ensured in the process of urbanization and economic development. On the contrary, a low adaptability between river network connectivity and water security indicates an unrestrained destruction of the natural environment during the process of social development, which will cause problems such as severe pollution, urban waterlogging, and lack of water supply related to scarcity of water resources or poor water quality. Moreover, it will also damage urban landscapes and lead to low-level satisfaction and happiness among urban residents.
4 CONCLUSION
This study proposed a new assessing method to continuously evaluate the adaptability between river network connectivity and water security. The results show that the degree of coordination followed a downward trend from 2010 to 2015 and increased rapidly afterward, which can be explained by the implementation of related water environmental protection policies in China. In recent years, the relationship between human activities and natural environment has improved, together with the increase in the degree of coordination in the WCXY area. However, excessive reductions in the water surface area and flow velocity still exist which lead to the deterioration of water quality, lack of clean water supply, and difficulties in flood control improvement. For the moderate adaptability relationship between river network and water security, we need to further improve water security. This assessment framework can be used continually in the WCXY area or other similar highly urbanized regions to perform real-time supervision on the urban river network development, and it is meaningful for the problem determination of water security in the context of rapid urbanization.
Some uncertain aspects in the assessment are worth to be mentioned.
1) In terms of the coverage rate of the suitable flow velocity of the representative station, monitoring points on both mainstreams and tributaries should be considered. Actually, in this study, only monitoring points on representative mainstreams were used in the calculation because of the lack of records for tributaries. This may have influenced the results of the assessment, due to the fact that water flow records for tributaries are often worse than those for mainstreams. Even if adequate water flow monitoring points can be used, the choice of monitoring points will have a strong impact on results; this is an important issue that should be overcome in future research.
2) Water level probability was equal to 100% for the whole past decade. This may be related to the limited number of water level gauges from which records can be obtained, which can only represent the water supply ability in some parts of the study area. Moreover, water quality needs to be taken into consideration in the calculation of water supply probability, due to the relatively high risk of quality-induced water shortage in the regions under rapid urbanization.
3) The materials to evaluate regional flood control capacity were not sufficient, and the regional flood control ability area was evaluated once for several years, which led to a relatively low resolution in the assessment.
4) Alternative indicators in the assessment framework could sufficiently improve the accuracy of the integrated evaluation. In this study, some alternative indicators were temporarily abandoned because of problems in the accessibility of related data. For example, the regional assessment of biodiversity in WCXY was possible only after the proposal of policies such as the Ecological River and Lake Construction and the River Chief System; therefore, in this study, it was possible to perform only a regional biodiversity assessment for the year 2016. The increasing attention to the importance of the ecological environment will increase the number of biodiversity assessments that will be carried out in the WCXY area, which in turn will be helpful for the completion of the assessment framework.
As mentioned earlier, the continuous assessment framework can help managers determine the degree of regional coordinated development between river network and water security, and formulate policies to avoid potential water disasters and water pollution under rapid urbanization. However, the assessment framework proposed in this study was based on the characteristics of WCXY, which is mainly facing water security problems such as floods and water pollution. This means that some indicators may be not suitable to be applied to other regions with a high level of urbanization and a lack of water supply and other water security problems. Therefore, in the future, it is necessary to optimize the assessment framework so that it can be applied to different types of urbanized regions.
Moreover, although this study used the currently available assessment material, this is still insufficient for all the indicators, especially for the alternative indicators. Fortunately, several technologies have been developing rapidly in recent years, which provide new ideas and possibilities for data collection. For example, using remote sensing techniques to monitor the water level and river discharge is a burgeoning field rife with innovation (Gleason and Durand, 2020), which can help us obtain relatively high-resolution information on river network connectivity. In addition, with the development of unmanned aerial vehicles (UAVs) and high-resolution satellite imagery, it is more convenient for researchers and managers to obtain accurate river network structure data, including on structural connection (i.e., the physical connections of the river network) and hydraulic connection (i.e., the interruption of connection by dams or weirs). Therefore, future research should consider multi-source data to cover the shortages in the assessment material, and improve the objectivity and prevision of the continuous assessment.
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