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In this study, a coupla risk combinations and coping strategies have been developed for confronting conflicts between population–economy development and water resource management (PEWM) due to population–industry transformation (PIT) into a floodplain of the economic belt under climate change. A location-entropy-based PVAR (Panel Vector Autoregression) model coupla-risk analysis (LPCR) can be introduced into PEWM to reflect the adverse effects of population–industry transformation on a special function area (e.g., floodplain) of the economic belt, where the coupla risk map has been addressed. Meanwhile, an adaptive scenario analysis-based stochastic–fuzzy method (ASSF) can be joined to deal with multiple uncertainties and their interactions due to subjective and artificial factors. The proposed LPCR and ASSF can be integrated into a risk-based stochastic–fuzzy scenario method framework (RASF) to apply for a practical PEWM case study of the Yongding River floodplain in the context of the coordinative development of the Beijing–Tianjin–Hebei economic belt, China. The results can be presented as follows: 1) the PIT was accelerated into the floodplain due to the fact that it can require more water resources, where each additional unit can promote the regional gross domestic product (GDP) by 0.019 units, increasing the water demand by 0.046 units. It can strengthen various risks such as water shortage, soil loss, and flood control investment in a floodplain of the economic belt; 2) the farmland returning to wetland (CFW) can decrease the water demand and shortage ratio (would be 0% at highest) for irrigation in the long run, but this would reduce the direct economic income of irrigation in the short run; 3) backward irrigative schemes and low water utilization efficiency require a cleaner production mode, which could reduce water shortages by 77.23 × 10^3 m3 at the highest; and 4) the combined policy (S12) can reduce coupla risks (including the risk of water shortage, soil loss, and flood) compared to other individual policies (S2, S4, S6, and S8). The findings can assist local decision-makers to gain insights into adjusting interegional strategies not only for remitting population–resource stress in core cities but also for improving the resilience against drought and flood in a floodplain area, which is conducive of the special function of the floodplain to support an integrated sustainable development of the economic belt.
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1 INTRODUCTION
The development of urbanization agglomeration based on new function design for a reginal collaborated goal can accelerate industrial relayout and population movement in an economic belt, which has accelerated populations and industries concentrated in core areas (such as key cities) and also radiation-driving population and economy into the specialized function areas (such as flood storage areas) surrounding central cities (White et al., 2007; Halkos et al., 2016). It could cause siphonic effects (such as urban disease, resource crisis, and environmental pressure) for core areas and surrounding special function areas (such as the floodplain area surrounding key cities in an economic belt), which would increase the drought–flood challenge under climatic changes. On the one hand, excessive human activities due to population–industry transformation (PIT) into the floodplain from the core cities need more resource supply (e.g., water or land), which causes great pressure due to limited natural capacity. On the other hand, the urbanization process can disturb the surface circulation characteristics of precipitation and destroy soil storage capacity, which would damage the source function of the floodplain. In addition, climate change can enhance population–economy exposure by the drought–flood risk due to extreme events (Yu et al., 2016; Kumar et al., 2017; Li et al., 2019; Park et al., 2023). All the above issues can potentially increase the risk of disaster, drought, and loss of flood control investment. Therefore, how to identify the anthroponatural influence on the floodplain due to PIT and climate changes is an important issue in the sustainable development of the economic belt.
Previously, various researchers have focused on the effects of excessive human activities and climate changes in some special function location areas. For example, Prokop and Ploskonka (2014) analyzed historical reports, combined topographic maps, and satellite images to study the effect of excessive human activities on land use and soil properties. Zhang et al. (2020) used ecological risk assessment methods to reflect the adverse influence of high population density and urban expansion on ecological properties, land use structure, and environment in Chinese coastal areas. Guo et al. (2023) used Pearson’s correlation and a fixed-effects model to analyze the impact of climate variations and unreasonable human activities on grassland productivity. In general, previous research has focused on the simulation method, risk assessment, and statistical analysis model for reflecting drought and flood stress due to population–economy development, which indicated that population–economy development would cause a great challenge for population–economy development and water resource management (PEWM). Therefore, a number of research works have displayed effective ways (e.g., optimization method, adaptive management mode, and policy analysis) to balance the relationship between population–economy development and water resource management. For instance, Viljoen and Booysen (2006) introduced a strategic approach to flood damage assessment and control, integrated into the disaster management policy framework, with the aim of addressing the risks arising from large-scale urbanization and population growth enabling large numbers of people settling and living in urban areas and their surrounding floodplain areas. Zhang and Song (2014) proposed a site-specific model combined with nine scenarios to optimize the spatial distribution and functional areas so as to maximize the risk of high population density and large economic outputs and improve the benefits while improving the ecologic environment. Zeng et al. (2021) designed a wetland reallocation (WR) plan to remit conflict among human activities, flood control, and ecological protection. Previous research presents various engineering methods (such as withdrawn farmland project, wetland construction, and water diversion) and policy regulations to confront the negative effects of excessive human activities.
However, a number of uncertainties and their interactions in a PEWM issue can enhance the difficulty of generating effective and adaptive policies in a floodplain of the economic belt. For instance, PIT into the floodplain can generate new water use structures, leading to changed water demands. Meanwhile, the process of urbanization can have destructive effects on the floodplain, which would reduce the played function, leading to flood risks and water shortage. Under climate change, random precipitation (such as extreme rainfall), regarded as stochastic factors, can drive floods and droughts, which would result in net system benefit fluctuation due to spatial and temporal variations. Based on these situations, multiple uncertainties and their interactions can enhance the complexity of PEWM in a floodplain area of the economic belt, which requires more robust methods. Therefore, two-stage stochastic programing (TSP) has been joined to build a linkage between changed water need (due to population–industry transformation) and random water flow on a floodplain of the economic belt, which can generate a comprehensive plan based on recourse actions if the pre-regulated targets are violated (Zeng et al., 2019; Nematian, 2023). However, TSP cannot handle fuzziness in response to limited data (such as data error and deficiency). Thus, fuzzy programing (FP) can be introduced to increase the expression of ambiguity (Huang and Loucks, 2000; Inuiguchi, 2012; Zeng, et al., 2021; Nematian, 2023). In addition, a scenario analysis is embedded to reflect the potential future outcomes with the aim of supporting the generation of effective and adaptive policies (Peterson, et al., 2003; Swarta, et al., 2004; Kumar et al., 2016; Kumar et al., 2017; Liu et al., 2023). Nevertheless, few research works have proposed hybrid methods (e.g., TDSP, FCP, and SA) into a framework to deal with multiple uncertainties for confronting adverse effects of excessive human activities and climate change on a floodplain of the economic belt.
Therefore, the objective of this study is developing a coupla risk combinations and coping strategies for confronting conflicts between PEWM due to population–industry transformation of an economic belt under climate change. A coupla risk-based stochastic–fuzzy scenario method framework (RASF) has been proposed to reflect anthroponatural impacts and optimize the relationship of PEWM under uncertainties, which integrates a location-entropy-based PVRA model coupla-risk analysis (LPCR) and an adaptive scenario analysis-based stochastic–fuzzy method (ASSF) into the RASF framework. Among them, RASF can be introduced to reflect the adverse effects of PIT and climatic changes in a human–water system (HWS), where coupla risks have been shown in the risk maps of the floodplain in the processes of urban agglomeration. Meanwhile, the ASSF is transformed into the RASF to deal with multiple uncertainties. The proposed RASF is applied to a practical case study of the Yongding floodplain, China. The results were obtained to contemporarily reflect the negative effects of PIT in the context of the coordination of Beijing–Tianjin–Hebei urban agglomeration and corresponding damages, function degradation, and its risks. Meanwhile, the results obtained under various policy scenarios (such as farmland returning to wetland (CFW), improvement in water resource utilization efficiency, water diversion, and flood control) can be designed to recover the source function of the floodplain, which is effective in adjusting current population–economy strategies and water management patterns in a risk-averse and sustainable manner.
2 MATERIALS AND METHODS
2.1 Case study
The Beijing–Tianjin–Hebei economic belt (BTHEB) is located in the heart of the Bohai Sea, which is the largest and most vigorous region in northern China. It entered the high-speed development channel from 2015 due to the implementation of the Beijing–Tianjin–Hebei coordinated development strategy (Wang, 2023). The new function design of each cities based on a comprehensive function for a cross-reginal collaborated goal can accelerate industrial relayout and population movement. Central cities can distribute labor-intensive industries to backward areas for optimizing their industrial structure and release resource–environment stress, but this would cause new ecological challenges for some backward areas. In particular, in some special function location areas (e.g., stored floodwater district) of backward areas, excessive human activities due to the mitigation of the population and industry can damage the source function to reduce the resource–environment-carrying capacity, leading to various negative effects. For instance, the Yongding River floodplain in Hebei Province has undertaken the responsibility of protecting the flood control safety of Beijing, Tianjin, and Hebei areas (as shown in Figure 1). In the past half century, it has always been considered an effective measure to enhance the flood storage capacity of water conservancy projects and reduce the flood disaster in the Beijing–Tianjin–Hebei (BTH) region. Meanwhile, since it is seated in the semi-arid climate zone and warm temperate zone, the weather condition is suitable for irrigation. Thus, more land resources have been exploited as irrigative land in recent decades, which can support the pillar position of agriculture in Hebei Province.
[image: Figure 1]FIGURE 1 | Study area.
However, in the context of the coordination of the BTHEB, a number of backward industries have been transferred to Hebei Province due to the new function design of the BTHEB. Under these situations, more populations can be driven by industrial transformation, which would have negative impacts on the Yongding River floodplain (Men, et al., 2017): 1) driven population due to industrial transformation into the floodplain can change water demand scales and structures, which would not only enhance water stress in dry seasons but also accelerate excessive water utilization and exploitation, leading to the reduction in ecological water and water resource conservation capacity; 2) dense population–economic distribution in the function of flood storage and detention areas can increase the exposure risk of drought and flood, leading to potential disaster and losses in flood control investments. Meanwhile, it is quite difficult to move out populations and disperse related industries, which would intensify the destruction of soil storage and storage capacity; 3) excessive water-resource exploitation and irrational irrigative schemes can accelerate soil erosion as the rain is washed away, which would not only result in land function generation but also lead to increased water shortages; and 4) the randomness of rainfall and available water resources due to climate change can increase the difficulty of water resource management. Therefore, identifying the negative effects and corresponding risks due to PIT would be an important step to remit conflict between the human–water interaction in the Yongding River floodplain; meanwhile, various coping strategies (such as withdrawn farmland project, wetland construction, and water diversion) and uncertain programming should be designed to improve decision-making in a risk-averse and robust manner.
2.2 Method development
In this study, a RASF has been developed to reflect the anthroponatural impact and optimize a PEWM issue in the context of the coordinative development of the BTHEB (as shown in Figure 2).
[image: Figure 2]FIGURE 2 | Framework of coupla risk-based stochastic–fuzzy scenario method (RASF) for optimizing a population–economy development and water resource management (PEWM) issue.
In this RASF, the tendency of PIT and mitigation based on the aggregation extent of the population industry can be reflected by the location entropy method according to the coordination of the BTHEB. Location entropy is generally used to measure the spatial distribution of factors in a region and the status and role of a region in the country. Among them, the industrial location entropy value can be modulated as shown in Eq. 1.
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where E denotes the industrial location entropy value; [image: image] denotes the industrial output value; [image: image] denotes the industrial output value in the study area; [image: image] denotes the gross domestic product; and [image: image] denotes the gross domestic product in the study area.
The population location entropy value can be modulated as shown in Eq. 2.
[image: image]
where [image: image] denotes the population location entropy value; [image: image] denotes the population size; [image: image] denotes the population size in the study area; [image: image] denotes the regional area; and [image: image] denotes the regional area in the study area.
Then, the effects on water resources due to PIT can be responded by the PVRA model. Under these situations, water-need scales and use patterns can be changed by PIT, which would consume more water resources, damage the capacity of soil conservation, and increase potential flood loss, enhancing various risk levels in the long term (Johannes and Leeuwen, 2017). Therefore, a risk assessment combining the geographic information system (RG) can be used for reflecting various risks (including water and soil erosion, flooding risk, and water shortage), where the soil loss risk can be calculated by the empirical model Revised Universal Soil Loss Equation (RUSLE) according to the land use in the Yongding River basin as shown in Eq. 3.
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where A denotes the annual soil loss; R denotes the rainfall erosivity factor; K denotes the soil erosion factor; L denotes the slope length; S denotes the slope factor; C denotes the ground cover management; and P denotes the soil and water conservation measure factor. Meanwhile, flood risk can be measured by precipitation, topography, surface water resources, and land use types as shown in Eq. 4.
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where F is the flood risk value; R is the rainfall erosivity factor; SW is the amount of surface water resources; and [image: image] is the roughness coefficient of the underlying surface (Liu et al., 2011). In addition, the risk of water shortage can be analyzed on water use patterns and land use types.
However, the above individual risk regarded as uncertainties can be influenced by both objective and subjective factors; meanwhile, the correlation among various risks would increase their complexity. In general, the traditional risk calculation system cannot deal with these complexities, which require an effective way. Thus, a coupla function can be introduced to measure the dependence of multidimensional variables (or indicators), as shown in Figure 3. Based on coupla risk analysis, a comprehensive plan with policy scenarios should be designed to confront the drought–flood challenge due to PIT into a floodplain of the economic belt. However, in the conflicts between PEWM, multiple uncertainties (such as random precipitation due to climate change, changed water utilization due to PIT, dynamic policy due to the coordination of the BTH belt, and fuzzy engineering effects and benefits) can enhance the complexity of the PEWM issue. Thus, an ASSF can be proposed for handling uncertainties (as shown in Supplementary Appendix SA1).
[image: Figure 3]FIGURE 3 | Risk identification based on the coupla function.
2.3 Modeling formulation
In the study region, decision-makers in a floodplain of the economic belt strive to allocate water resources to meet increasing water needs due to PIT in the dry season; meanwhile, they propose to control flood damage and risk in the flooding season. Under the background of coordination strategies in the BTHEB, the expected water demand was increasing because PIT may exceed what the natural system can afford in the dry season, leading to water shortage losses. Meanwhile, excessive and irrational water use patterns (such as irrigative schemes) may damage the water/soil conservation capacity of the floodplain, which would result in indirect environmental penalties. Moreover, flood event occurrence can cause economic loss in the flooding season. To cope with these problems, an optimal PEWM model with various scenarios (such as withdrawn farmland project, wetland construction and water diversion, population–economy policy, and water management pattern) can be designed, which could not only recover the source function of the floodplain but also maximize benefits with the consideration of risks as shown in Eq. 5.
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In Eq. 5, [image: image], deemed as the total system benefit, can reflect the tradeoff between population–economy development (benefits) and adverse effects (losses) based on PEWM in the no-flooding/flooding season within a floodplain area of the BTHEB (¥ RMB). Among them, corresponding benefits (including [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]) and losses (including [image: image] and [image: image]) are explained in “Supplementary Appendix SA2.” [image: image] is the probability of each scenario occurrence; [image: image] ([image: image]) is the overall performance of various policy scenarios, which means that the expected target will be obtained with different attitudes. The detailed nomenclatures for the subscript and notation are shown in “Supplementary Appendix SA3.” Meanwhile, various policy scenarios can be designed to remit the conflict between PEWM. Moreover, the ASSF can be proposed for handling multiple uncertainties. Under these situations, a number of constraints associated with population development scales, available land resources, water availability, irrigative production scales, livestock breeding scales, and the capacities of technique improvement are given in “Supplementary Appendix SA2.”
2.4 Data acquirement
The data contain both natural and economic aspects, which include human living, agriculture, industry, service, landscape, and wetland. Among them, since random rainfall can impact available water resources, five water availability levels (i.e., very low, low, medium, high, and very high levels) are considered, of which the corresponding probabilities would be 0.1, 0.2, 0.4, 0.2, and 0.1 simulated by previous precipitation from 2005 to 2018 (SYH, 2006–2016; WRH, 2006–2016). Meanwhile, the economic data (as shown in Table 1) can be calculated by the expert evaluation method according to regional statistical yearbooks (SYH, 2006–2016; WRH, 2006–2016) as fuzzy sets.
TABLE 1 | Fuzzy sets of economic data.
[image: Table 1]In addition, in order to reduce water shortage in the dry season and flood risk in the flooding season, various policy scenarios can be designed as follows: 1) scenario 0 (S0) is the basic scenario presenting current population–industry development and water resource management; 2) various individual policies (including improvement in water resource utilization efficiency, water diversion, and farmland returning to wetland) can be considered. Among them, scenarios 1–4 (S1–S4) display the policies with the improvement in water-use efficiency by prompting water saving and recycling ratios (0%, 5%, and 15%). Scenarios 5–6 (S5–S6) show that farmland returning to wetland, where the constructed wetland would be 2 and 4 times the area under S0. Scenarios 7–8 (S7–S8) present policies associated with water diversion to remit water shortages; and 3) scenarios 9–12 present mixed policies based on S1–S8.
3 RESULTS
3.1 Adverse effects and risks of floodplain due to population–industry transformation under S0
3.1.1 Adverse effects due to population–industry transformation
In order to reflect the adverse impact of PIT on specific functional areas (such as the floodplain), the location entropy method can be used for reflecting the aggregation extent of the population and industry in the given location, which would indicate the tendency of PIT and mitigation based on the strategy of the BTHEB. The results (as shown in Figure 4) present that the location entropy of agriculture in Beijing and Tianjin decreases continuously, but the agriculture in Hebei is better than that in Beijing and Tianjin due to the function of the BTHEB. Meanwhile, the location entropy of the industry in Tianjin and Hebei provinces would increase, but it would decrease in Beijing, which indicated the industrial transformation from Beijing to Tianjin and Hebei provinces. Moreover, the location entropy of the tertiary industry in Beijing is still much higher than that in Hebei and Tianjin. Based on industrial transformation, the population concentration in Beijing and Tianjin would be higher than that in Hebei Province from 2002 to 2014. However, the entropy of population in Hebei Province was increased from 2015, which indicates that the driven effect of industrial transformation would increase the population concentration in Hebei Province.
[image: Figure 4]FIGURE 4 | Location entropy of population–industry transformation in the Beijing–Tianjin–Hebei economic belt (BTHEB) from 2002 to 2019.
Under the situations of PIT, the effects of PIT on water resource management in the Yongding River floodplain of Hebei Province were tested by the PVRA model. Table 2 displays the stability of the data by the ADF test, which indicated that all the indicators would be stationary time-series data, meeting the preconditions of model estimation, impulse response, and variance decomposition, where C, T, and P, represent whether there is a constant term, a trend term, and a lag and the lag order, respectively. Meanwhile, according to the test results of AIC, SBIC, and HQIC under different lag orders, when each variable lags for three periods, it is consistent with the result that AIC, SBIC, and HQIC have the smallest amount of information. Therefore, the optimal lag period of the model is determined as three periods.
TABLE 2 | Test data stability results by the ADF test.
[image: Table 2]Table 3 shows that industrial transformation into the floodplain can promote the gross regional product (GDP) and average GDP per person significantly at the level of 5% and also increase the water demand at the level of 1%. Each additional unit can promote the regional GDP by 0.019 units and increase the water demand by 0.046 units, which should drive the improvement in water-saving technology. However, service transformation has a positive impact on regional economic growth but increases the water demand than the industry.
TABLE 3 | Empirical test results of the impact of population–industry transition on water resources.
[image: Table 3]3.1.2 Risks due to population–industry transformation into a floodplain under S0
Since PIT into a floodplain would increase the water demand for various water sectors (such as daily life, industrial use, and agriculture), it causes great stress on water resources, leading to corresponding risks. Figure 5 presents the risks of water shortage, soil loss, and loss of flood control based on the current population–industry scale in period 1 under S0 when α is 0.6. Based on the basic scenario (under S0), water shortage would occur since the expected water demand for the current population–industry scale cannot be satisfied in dry seasons when α is 0.6 and vice versa. Among various sectors, the irrigation has the highest water shortage, which indirectly influences the water availability in the landscape and wetland protection. For example, the water-deficit area for irrigation would be 9.36 × 103 ha when water flow is low. Nevertheless, excessive human activities would increase the risk of flood in flooding seasons.
[image: Figure 5]FIGURE 5 | Risks of water shortage, soil loss, and flood control based on the current population–industry scale in period 1 under scenario 0 (S0) when α is 0.6.
3.2 Various coping strategy scenarios
3.2.1 Water shortages and allocations under individual policy scenarios (S1–S8)
In order to reduce water shortage, technique improvement (water saving and recycling) can be designed under S1–S4, which can present the total water shortage among various water use sectors when α is 0.6 (as shown in Figure 6). The results show that improvements in water saving and recycling could prompt water utilization efficiencies, which would reduce water shortages, particularly in the wet season. For example, the water shortages would be 77.23 × 103 m3 and 48.34 × 103 m3 under S1 and S4, respectively, when water flow is low. Although technique improvement can be deemed as an effective method to reduce water shortage, the high cost of generalization would be a big challenge for policymakers on the Yongding River floodplain of the BTHEB.
[image: Figure 6]FIGURE 6 | Total water shortage under various water levels among various industrial sectors with the consideration of technique improvement (S1–S4) when α is 0.6.
The CFW project can be deemed as an effective method to encourage the improvement in source functions (i.e., flood control, remit shortage, and mitigation of pollution) in a floodplain area, which can remit pressure due to overdeveloped irrigation. Figure 7 displays water shortages and corresponding shortage ratios between irrigation and wetland with CFW (S5–S6) when α is between 0.6 and 0.99. In this region, CFW can decrease the water demand and shortage ratio for irrigation in the long run, but this requires water resources to guard CFW. Meanwhile, CFW can prompt the risk control in the flooding season, but this would reduce the direct economic income of irrigation in the short run. Therefore, how to balance the tradeoff between short-term losses for output reduction in irrigation and long-term benefits for flood damage reduction can be an important issue for policymakers in floodplains.
[image: Figure 7]FIGURE 7 | Water shortage and corresponding shortage ratios between irrigation and wetland with the consideration of withdrawn farmland to wetland (S5–S6) when α is between 0.6 and 0.99.
Figure 8 displays optimal water allocations with the consideration of water diversion (S7–S8) when α is between 0.6 and 0.9. In the comparison of various water use sectors, water allocation in irrigation can be highest to indicate its key role in the study region. However, the backward irrigative scheme can be deemed as an obstacle, which results in higher water shortage in the dry season. Water diversion (e.g., south–north water transfer project) can solve water deficiency to improve the satisfaction rate of optimal water allocation. For example, the optimal water allocation would be 315.43 × 103 m3 and 378.25 × 103 m3 under S7 and S8, respectively, when water flow is low in period 1, which would be better than the situation under S1. In addition, several α levels can reflect various credibility satisfaction levels by different combinations of fuzzy sets, which indicated that a lower credibility satisfaction level would correspond to higher water availability, leading to higher water allocation and vice versa.
[image: Figure 8]FIGURE 8 | Optimal water allocations with the consideration of water diversion (S7–S8) when α is between 0.6 and 0.9.
3.2.2 Water shortages and floods under combined scenarios (S0–S12)
In the study region, the concurrence of water deficiency due to PIT into the floodplain in the dry season and flood risk due to functional degeneration of the floodplain would increase the difficulty of decision-making. Thus, water shortage and flood control (WSFC) can be taken into account at the same time for policymakers; meanwhile, mixed policy implementation (including the improvement in water resource utilization efficiency, water diversion, and farmland returning to wetland) can be considered in the the WSFC issue (as shown in Figure 9). Figure 9 shows water shortages and flood controls under S0–S12 when α is between 0.6 and 0.9. The results display that mixed policies (such as S10 and S12) have a better effect than the individual policies (S0, S2, S4, S6, and S8) in water shortage. Meanwhile, S6 has a good result in flood control, but it has little ability to reduce water shortages.
[image: Figure 9]FIGURE 9 | Water shortages and floods under S0–S12 when α is between 0.6 and 0.9.
3.2.3 Coupla risks of water shortage, soil loss, and flood control under various scenarios (S0–S12)
Figure 10 shows coupla risks of water shortage, soil loss, and flood control under S0–S12 when α is 0.6. Among them, S2 and S4 (technique improvement) have the advantage of risk control in water shortage instead of soil loss and flood control. Meanwhile, S8 (water diversion) has the highest risk-control level for water shortages. Moreover, S6 (withdrawn farmland to wetland) is effective in reducing risks of soil loss and flood control, but it requires more water resources to increase water-shortage risks. In comparison, the combined policy (S12) can reduce coupla risks (including risks of water shortage, soil loss, and flood) than other individual policies (S2, S4, S6, and S8).
[image: Figure 10]FIGURE 10 | Coupla risks of water shortage, soil loss, and flood under S0–S12 when α is 0.6.
3.3 System benefit under S0–S12
Figure 11 displays system benefits under S1–S12 when α is between 0.6 and 0.9. The current population–industry scale due to PIT into the floodplain can increase the loss of water in response to limited water resource-carrying capacity, which would lead to a lower system benefit under S1. The current technical level can only support water-saving and recycling techniques increased by 9% at highest (under S3). Although CFW can bring about a higher benefit in a long run, lower direct economic incomes from wetland construction would generate lower benefits in the short run (S5 and S6). Since the cost of water diversion is relative low for floodplain in the context of the south-to-north water diversion project funded by the state, it can remit the losses of water shortage for current population economy pattern in the mass, which would bring about higher benefits (S7 and S8). A comprehensive combined policy (including improvement of technique, CFW, water diversion) would bring about better results for water shortage reduction, which can lead higher benefits (S9–S12).
[image: Figure 11]FIGURE 11 | System benefits under S1–S12 when α is between 0.6 and 0.9.
4 DISCUSSION
In this study, an ASSF has been developed for planning a PEWM issue under various risks from artificial and natural uncertainties, which has the following advantages: 1) a location-entropy-based PVRA model can assess adverse effects on water resources in the floodplain due to PIT in the process of urban agglomeration; 2) coupla-risk analysis can combine various types of risks (including water shortage, soil loss, and flood control) as coupla risk maps; 3) an ASSF can deal with water resource planning problems resulting from randomness in water flow that is expressed in a probabilistic way due to data deficiencies; 4) it can reflect the tradeoffs between the predefined economic targets and the associated water shortage penalties/flood losses, as well as the fuzziness of the water availability (i.e., fuzzy way).
The applications of ASSF for balancing the relationship between population–economy development and water resource management in the Yongding River floodplain can support decision-makers in identifying the coupla risk combinations and coping strategies, which are worth implementing in other places as follows: 1) in the process of economic belt formation, PIT can promote the regional productivity of the floodplain, but it would also damage its source function, causing new challenges of climate change for the entire economic belt. Thus, PIT scales into the floodplain should be regulated by policymakers with the consideration of coordinated goal coupling economic and ecological targets; 2) CFW can recover the source function of the floodplain to reduce the coupla risk of water shortage, soil loss, and flood, which can be advocated in some special function areas (such as ecological protection or floodplain area) to support the resource carrying capacity of the economic belt; 3) unpredictable climate shocks, limited data availability, and policy interaction can increase the complexity of the PEWM issue, which would pose new threats for interregional decision-makers in the economic belt. The ASSF has been developed to help them handle multiple uncertainties caused by objective and subjective factors, which can reduce the adverse effects and flood-disaster damage caused by climate change in a floodplain. All the above experiences and inspiration can be generalized to the area where the economic belt is initially formed, particularly in developing countries.
5 CONCLUSION
Using the PEWM in the Yongding River floodplain, the following discoveries were obtained: 1) in the context of the “strategy of Beijing–Tianjin–Hebei coordinated development” (from 2013), the driven effect of industrial transformation would increase the population concentration in the Yongding River floodplain (Hebei Province) from 2015. Accelerated PIT into the floodplain can require more water resources, where each additional unit can promote the regional GDP by 0.019 units, increasing the water demand by 0.046 units. It can strengthen various risks such as water shortage, soil loss, and flood control, which needs a comprehensive regulation of PIT into the floodplain based on its source function to support a sustainable PEWM in the floodplain of the economic belt; 2) CFW can decrease the water demand and shortage ratio for irrigation in the long run, but this would reduce the direct economic income of irrigation in the short run. It can be deemed as an effective method to restrict excessive land exploitation and recover the source function of the floodplain in an economic belt. The obtained results show that the lowest water shortage ratio in irrigation and CFW would be 0% and when water flow is high; 3) backward irrigative schemes and low water utilization efficiency are not accommodated by the regional water carrying capacity in the study area. Thus, cleaner production modes and water-saving patterns should be introduced into the PEWM issue to remit the water crisis from the water-use side. The results show that improvement in water saving and recycling could reduce water shortages by 77.23 × 10^3 m3 and 48.34 × 10^3 m3 under S1 and S4, respectively, when water flow is low; 4) an individual policy has its own advantages to control single risk, but it is not suitable for complex risk combinations in a practical PEWM issue. For instance, S2 and S4 (technique improvement) have advantages of risk control in water shortages instead of soil loss and flood control. Meanwhile, S8 (water diversion) has the highest risk control level for water shortages. Moreover, S6 (withdrawn farmland to wetland) is effective in reducing the risks of soil loss and flood, but it requires more water resources to increase the water shortage risk. The combined policy (S12) can reduce coupla risks (including the risk of water shortage, soil loss, and flood) compared to other individual policies (S2, S4, S6, and S8). Thus, the tradeoff between economic benefits and costs of various policy scenarios should be analyzed by policymakers in the long term.
Although the developed RASF can effectively deal with uncertainties existing in PEWM planning, there are also several limitations that are subject to further improvement. For example, in the practical PEWM in a floodplain area of the economic belt, various types of uncertainties (e.g., nonlinearity and interval features) can generate different uncertainties and risks. Meanwhile, interregional policies with optimistic/pessimistic preferences of policymakers would affect the efficiency of PEWM planning. Therefore, more robust optimization techniques should be introduced into RASF to enhance its capacity in handling uncertainties amid drought–flood challenges and climate change.
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