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Water is an important strategic resource for sustainable development and a basic element for ecological environment construction, especially in the karst areas of southwest China. Based on the concept model of drive, pressure, engineering water shortage, status, ecological foundation, and response (DPESFR), we built a comprehensive assessment indicator system based on the characteristics of karst water resources. The entropy-weighted right, CRITIC, and analytic hierarchy process methods were used to determine three types of basic weights, and the coordinated weights of all indicators were obtained by combining the thought method of game theory. The matter–element analysis model was then used to calculate the water resource safety situation of Guiyang from 2013 to 2022, and the limiting factors were explored using the limiting degree model. Finally, the autoregressive integrated moving average (ARIMA) model was used to predict water resource safety of Guiyang from 2023 to 2030. The results of these analyses were as follows: (1) the integral situation of the water resource safety in Guiyang showed an annual downward trend. The water resource safety was found to be grade IV from 2013 to 2017 and grade III from 2017 to 2022; from 2023 to 2030, the integral water resource safety grade is expected to continue decreasing, with the integral level expected to remain at grade III. (2) In six subsystems of the criterion layer, the key limiting factors affecting the water resource safety of Guiyang were the “state” subsystem, followed by the “response” and “drive” subsystems, with the indicators under different subsystems being different. (3) The most influential factors limiting the degree were concentrated in the “state” subsystem, followed by the “response” subsystem, indicating that both human activities and natural conditions significantly impact water resource safety in Guiyang. By identifying and analyzing the indicators affecting water resource safety in Guiyang, it is seen that measures such as controlling the total amount of industrial wastewater discharge, improving the treatment rates of domestic sewage, ensuring ecological water usage, and promoting water-saving technologies are important prerequisites for ensuring water resource safety in Guiyang.
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HIGHLIGHTS

• An improved concept model was constructed in this study.
• A matter–element analysis model was used to calculate water resource safety of Guiyang from 2013 to 2022.
• Limiting factors were explored using the limiting degree model.
• An autoregressive integrated moving average (ARIMA) model was used to predict water resource safety of Guiyang from 2023 to 2030.
1 INTRODUCTION
Water is one of the main sources of life as well as the foundation of production, the basis of ecology, and the strategic and primary natural resource needed for social sustainability (Wu et al., 2023a; Sahin et al., 2017). The rapid economic and population growths, along with excessive development and utilization of water resources, have resulted in frequent floods and drought disasters, serious ecological degradation, and water pollution, because of which water resource safety has become the most pressing and immediate resource constraint for sustainable development of mankind in the 21st century. Statistically speaking, of 657 cities in China, more than 300 cities are classified as “severely water-stressed” or “water-stressed” under the assessment criteria of the United Nations Habitat and Environment Program (Peng and Qin, 2019). Alakbar and Burgan (2024) adopted a regional power duration curve model for ungauged intermittent river basins. Accordingly, water resource security assessment plays a vital part in planning water resource strategies and guaranteeing socioeconomic sustainability.
Water resource safety assessment is a key problem of water resource safety studies and is elemental to implementing water resource safety strategies; hence, it is a popular topic of study (Deng et al., 2023; Zhao et al., 2024). The core problem of water resource safety assessment is whether the water resources of a nation or region can satisfy the demands of long-term and sustainable development of society. Through safety assessments of water resources, the influences of numerous factors on regional water resource safety are analyzed systematically, and the current safety situation is assessed, which forms the basis of sustainability and management of water resources; these also form the premise of related engineering planning, design, and operation management (Dai et al., 2015). Wu et al. (2023b) studied the water resource vulnerability of an arid inland river basin. Liu et al. (2021) assessed the sustainability of water resources in a karst area based on the emergy ecological footprint model and analyzed its driving factors. It can be concluded from the above literature analyses that all these investigations on water resource safety are about non-karst areas and that there are nearly no available studies on karst areas with special geological environments. Meanwhile, water resource safety in a karst area varies with different stages, objectives, and conditions with respect to water resource development and utilization. Thus, there is an urgent need to study water resource safety conditions in karst areas as they constitute about one-third of the land area of China.
Research on water resource safety assessments is of great significance. Based on a review of the existing common indicators of water resource safety assessment and by combining relevant characteristics of the study areas, the present work builds a basic index database and establishes an assessment indicator system for water resource safety in karst regions (Wang et al., 2024). We considered Guiyang as an example and carried out an integrated assessment of water resource safety with the aim of accurately evaluating the situation. Thus, we expect to provide relevant decision-support strategies for water resource safety in karst regions (Deng et al., 2022; Zamri et al., 2023).
2 ASSESSMENT INDICATORS FOR WATER RESOURCE SAFETY
2.1 Basic index database for water resource safety assessments
Studies on water resource safety in China started at the turn of the century when an indicator system was built; these indicators can generally be divided into two categories as follows. First, on the basis of water resource safety, the indicators were divided into multiple sub-security systems, such as economic, water supply, and ecological security; then, appropriate indicators were selected from each subsystem. Second, based on the overall water resources, the indexes were selected to build the evaluation system.
Deng et al. (2022) built an assessment indicator system from four sub-security systems, namely, the supply supports, exploitation, distribution, and utilization of water resources, by taking Chongqing city as the case study to assess the status quo of water resource safety. Wu et al. (2023a) built a water resource safety assessment system based on the physical endowment conditions of the water resources, social coordination system, economic coordination system, and ecological environment and food security system; they also used the fuzzy matter–element, limiting degree, and autoregressive integrated moving average (ARIMA) models to evaluate water resource safety in Lanzhou from 2005 to 2030. Based on the assessment indicator system of water resource safety, Jacques (2022) used a dialectical water–man interaction model to conduct a quantitative and comprehensive study on the temporal changes in water resource safety. Based on the concepts of production, life, and ecology, Zhang et al. (2023) established an integrated assessment indicator system using the pressure–state–response (PSR) model and combined the entropy-weighted model with TOPSIS to assess the regional water ecological security; they then used the synthetic index to evaluate the composite index of water ecological safety levels in the three-dimensional space, analyzed its spatial–temporal evolution, and used the GM(1,1) model to forecast the water ecological security level in Anhui from 2022 to 2026. Wang et al. (2023) constructed a water resource safety assessment system for the Yangtze River Economic Zone using the entropy method and analytic hierarchy process (AHP) and comprehensively analyzed its water resource safety situation from 2007 to 2016.
In addition, some scholars have established direct evaluation systems using the overall water resource safety. On the basis of the PSR model, Yao et al. (2019) constructed an assessment indicator system for water resource safety in Guizhou Province at three levels: water requirement stress, water resource state, and human social interactions; they then used the multitarget rough subordinate function normalization and comprehensive index methods to assess the water resource safety state of Guizhou from 2001 to 2015. Jemmali (2017) used the improved multidimensional index of water poverty, which is composed of human economic welfare and physical amounts of water available, to analyze the extent to which water resource shortage affected African people. Wang et al. (2019) analyzed the status of Taizhou city’s water situation, followed the assessment indicator system construction principles, and built a water circumstance safety indicator system containing socioeconomic indicators, water-quality guidelines, water content indicators, and water ecological indexes. The authors chose 22 indicators and used AHP to allot weights to these indicators; then, they used the synthetic indicator method to assess the water environmental safety of Taizhou city. Furthermore, some other scholars have assessed water resource safety using water resource stress, which is the most representative indicator of water resource in per capita terms, along with water resource exploitation and utilization levels and the water poverty index (WPI). Among these, the WPI was proposed by the British hydrologist Sullivan (2002), and Chinese scholars such as Deng and Li (2023) have used this method to assess water resource safety. Water resource safety is a global problem with high complexity. The WPI model includes factors such as economic status, water resource quality, population quality, and ecological environment. It can link water resource safety assessment with social development status to better reflect the state of social water resources, but there are still shortcomings in reflecting the overall situation. For example, its calculation and data collection processes are complicated and cumbersome, and the qualitative descriptions require consultation of expert opinions. In addition, the calculation basis of each sectorial index varies from one region to another; therefore, it is important to select applicable variates to formulate the computational framework of the WPI (Chen et al., 2023; Qin et al., 2023a).
To summarize, water resource safety assessment indicators can be divided into five categories, namely, drive, pressure, development, response, and utilization. Furthermore, several widely used indicators are needed to obtain the basic index database constituting the assessment indicator system of water resource safety, as shown in Table 1.
TABLE 1 | Basic indicators of the water resource safety assessment.
[image: Table 1]2.2 Establishment of an indicator system for water resource safety in karst areas
The core principle of establishing an indicator system is to account for the scientificity and simplicity. Scientificity requires that the index system reflect the evaluated object as comprehensively and accurately as possible, while simplicity requires that the selected index data are easy to obtain, calculate, operate, and apply. Scientificity and simplicity often contradict each other (Li et al., 2022). If people only pursue scientificity and ignore simplicity, the established index system may lose its application value because the data are difficult to obtain. Contrarily, if people pay too much attention to simplicity and ignore scientificity, then the established index body cannot reflect the true status of the assessment object, although given its simplicity, and may hence lose its application value. Therefore, a practical and reasonable index system must be the best combination of scientificity and simplicity (Peng et al., 2021; Peng et al., 2023).
Water resource safety entails many elements, including dynamic, static, qualitative, and quantitative indicators. On the basis of the connotations for water resource safety in karst areas, we classified the water safety assessment system into the target, criterion, and index layers by referring to relevant research results and taking the above principles into consideration (Wang et al., 2021; Peng and Deng, 2020a). The target layer is a single focus, namely, water resource safety, which expresses the comprehensive security degree of water resources. The purpose of the water resource safety assessment is to comprehensively evaluate the level of regional water resource safety and implement water management measures according to the evaluation results to promote harmonious coexistence among humans, water, the sustainable, healthy development of society and the economy. The criterion layer is an organic part of the target layer that combines relevant research results on water resource safety; accordingly, this layer includes supply supports, exploitation, distribution, and utilization of water resources. The selection of assessment indicators adheres to scientific, holistic, practical, representative, and regional principles and fully reflects the overall situation of socioeconomic development of water resource safety in the evaluation region (Peng and Deng, 2020b).
By referring to previous studies (Peng and Deng, 2020b), we adopted an indicator system based on the drive (D), pressure (P), engineering water shortage (E), status (S), ecological foundation (F), and response (R) (i.e., DPESFR) concept model in a special karst area that has the characteristics of fast conversion of three types of water resources, namely, prominent water scarcity in engineering, inefficient industrial and agricultural water usage, and other water shortages (Peng et al., 2023). The DPESFR concept model includes six parts, as shown in Table 2, using specific indicators.
TABLE 2 | Assessment indicator system for water resource safety.
[image: Table 2]2.3 Calculation model
2.3.1 Determination of basic weights
The entropy-weighted right and CRITIC methods are objective weighting methods, of which the entropy-weighted right method determines weights based on the quantity of information offered by the observed values of each index (Lu et al., 2023). As an objective weighting method, the CRITIC method considers the changeability of an index and correlations between the indicators; it then uses objective attributes of the data to determine the weights (Wu et al., 2023a). The analytic hierarchy process in systems engineering theory resolves the subjective weights of the indicators based on their contributions to the evaluation results (Ma et al., 2024). The basic weights of each of the indexes obtained using the abovementioned three methods are designated as Wa, Wb, and Wc.
2.3.2 Deciding the coordination weights
The coordination weight obtained by optimizing the weight coefficient based on game theory reflects not only the subjective intention of the decider but also the objectivity of the evaluation data (Peng and Deng, 2020a). The basic idea here is to seek uniformity or compromise among the diverse base weights and determine the most satisfactory coordinating weights by minimizing the respective deviations between the coordinating weights and each base weight. The computational procedures are as follows.
(1) Arbitrary combination of L fundamental weight vectors WK
[image: image]
In Equation 1, W is a possible weight according to the basic weight set and is the result of the cross fusion of the basic weights; αk is the linear coefficient of the combination; and WKT is the vector of base weights.
(2) The L linear coefficients αk of the combination are upgraded to minimize the deviations between W and each WK (Miao et al., 2024) such that [image: image], after obtaining the first derivative (Equation 2) according to the differential property of the matrix. The linear combination coefficients αk are then solved as follows:
[image: image]
In Equation 2, Wi is the index weight obtained using the three weighting methods.
(3) Calculation of the coordination weight coefficients αk*
[image: image]
In Equation 3, the coordination weight coefficients αk
* could be obtained from the linear combination coefficients
(4) Calculation of the coordination weights W*
[image: image]
In Equation 4, the coordination weight W* can be obtained based on results of αk* and WKT calculated from Equations 1-3.
2.4 Matter–element analysis model
2.4.1 Compound fuzzy matter–element model
A total of m eigenvalues with magnitudes C1, C2, … , Cm and corresponding fuzzy magnitudes X1, X2, … , Xm were used to describe the water resource security evaluation system A, and Z = (A, C, T) is the M-dimensional fuzzy matter–element model of water resource security. If the study area has n different periods with m evaluation indicators each, the ultimate compound fuzzy matter–element model Zmn is given by
[image: image]
In Equation 5, [image: image] is the jth assessment stage, [image: image] is the ith assessment characteristic, and Xij is the fuzzy magnitude of the ith assessment characteristic in the jth stage.
2.4.2 Optimal membership fuzzy matter–element model
Based on the established fuzzy matter–element matrix (Equation 5), the optimal membership degrees Xij of the different attribute indexes were calculated, as shown in Equations 6, 7. The fuzzy matter–element model Zmn was then constructed with the preferred membership degree. To avoid the inefficiency caused by some of the data equivalent to 0 after treatment, the result of the overall translation was 0.001.
The positive indicators are given by
[image: image]
The negative indicators are given by
[image: image]
In Equation 6, 7, X’ij represents the standardized values of the indicators, Xi,max is the peak value among the corresponding indicator data, and Xi,min is the least value among the corresponding indicator data.
2.4.3 Differential squared compound fuzzy matter–element model
Based on [image: image], the differential squared compound fuzzy matter–element model [image: image] composed of [image: image] is established as follows:
[image: image]
In Equation 8, Zon is the peak or least value of the optimal membership fuzzy matter–element model.
2.4.4 Calculation of the approximation degree
The Euclidean approximation degree Nj is used as the water resource safety evaluation indicator and is calculated as follows:
[image: image]
In Equation 9, Euclid approximation degree Nj could be obtained based on results of W* and ij calculated by Equations 4, 8.
2.5 Limiting degree model
Based on the assessment of water resource vulnerability, to further explore the main factors affecting regional water vulnerability and provide effective strategies for managing and regulating water resources, we calculated the limiting degrees of the evaluation indicators and criterion layer to determine their influences on the target. The higher the limiting degree of the indicator, the lower its contribution to the water resource safety indicator, making the promotion of the water resource safety system in the region more favorable. The formulas for calculating these degrees are as follows:
[image: image]
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In Equations 10–13, Fj is the degree of contribution, Wj is the criterion layer weight, Pij is the index layer weight, Ij is the degree of deviation, R’j is the index standardization value, Oj is the limiting degree of the index layer, and Uij is the limiting degree of the criterion layer.
3 CASE STUDY
3.1 Study area
We considered Guiyang (a representative karst region) the study area to implement the water resource safety assessment and limiting degree evaluation models. Guiyang is located in the eastern ramp area of the Yunnan–Guizhou Plateau at 106°71'-107°17′ east longitude and 26°11′-27°22' north latitude. It has a distinctly subtropical monsoon climate, characterized by mild and humid conditions. Guiyang is located in the Wujiang River system of the Yangtze River Basin and the Hongshui River system of the Pearl River Basin. Although there are 98 rivers in the territory, because Guiyang is located in the central area of the karst landform in China, the water cycle is affected by the binary structure, resulting in poor surface water storage capacity (Yang et al., 2016). The unique geological conditions have resulted in very low water consumption rates coupled with high slopes, steep canyons, and deep valleys, which makes it difficult to build reservoirs; furthermore, the river water is lost in large quantities, which results in a typical engineering water shortage (Qin et al., 2023b), producing strong constraints on agriculture and related industries that require serious water consumption. Karst landforms have large fluctuations, with thin soil layers and multiple cracks and sinkholes, which easily result in pollution linkage to groundwater. There are 52 types of proven mineral resources in Guiyang, mainly coal (9.00 × 108 t), iron (2.40 × 107 t), silicon, vanadine, phosphorus, sulfur, and other minerals. Among these, the recoverable deposits of bauxite are 4.30 × 108 t, and those of phosphate rock are 4.60 × 108 t; this area is one of the three largest phosphate rock bases in China. In 2023, the proportion of the three major industrial structures was 20.1:45.0:34.9; the proportion of primary and secondary industries in the gross domestic product (GDP) was very high, and the water consumption of the agricultural and large-scale industries was quite high.
3.2 Data sources
Through statistical analyses and calculation of relevant data from the Guizhou Water Resources Bulletin, Guiyang Statistic Yearbook, and Guiyang Statistic Bulletin of National Economic Development and Social Development from 2013 to 2022, each of the assessment indicators for water resource safety in Guiyang from 2013 to 2022 were obtained. The data of the specific indicators are listed in Table 3.
TABLE 3 | Raw data of each indicator for Guiyang from 2013 to 2022.
[image: Table 3]4 RESULTS AND DISCUSSION
The entropy-weighted right, CRITIC, and AHP methods were used to determine the three types of basic weights for the proposed model. The coordination weight coefficients of the indicators are obtained as α*1 = 0.30317, α*2 = 0.33084, and α*3 = 0.366 using the thought method of game theory, and the coordination weights of the indicators were then obtained using the coordination weight formula. These calculation results are shown in Table 4.
TABLE 4 | Weight calculation results of the related indicators.
[image: Table 4]4.1 Evaluation results and analysis of water resource safety in Guiyang from 2013 to 2022
There are no fixed standards for the classification of water resource safety assessment levels. Based on domestic and foreign research results and related standards [27, 28, 29, 30, 31, 32, 33], the relationships between the water resource security assessment values (proximity degrees) and their corresponding levels and security state were determined using equidistant classification, as shown in Table 5. The index data of the water resource safety assessment system for Guiyang from 2013 to 2022 were used to calculate the Nj values on the basis of the fuzzy matter–element analysis model, and the obtained assessment results are listed in Table 6. From 2013 to 2022, the state of water resource safety in Guiyang changed from good to general, showing an overall downward trend. During this period, the safety state was good from 2013 to 2017 and general from 2018 to 2022.
TABLE 5 | Corresponding relationships between the assessment values and water resource safety grades.
[image: Table 5]TABLE 6 | Water resource safety status of Guiyang from 2013 to 2022.
[image: Table 6]4.2 Limiting factor diagnosis
Using the limiting degree model of coordinated weights, the limiting degree of each index and each criterion layer in the water resource safety assessment system of Guiyang was obtained from 2013 to 2022, as shown in Table 7. The flow direction and specific gravity of the indicator limiting degree as well as the change in the criterion layer limiting degree are shown in Figures 1, 2. From Table 7 and Figures 1, 2, it is seen that at the criterion level, the limiting degrees in descending order are state, response, drive, pressure, ecological foundation, and engineering water scarcity. From the perspective of temporal changes, state had the greatest limiting degree from 2013 to 2017 and was the greatest threat to water resource security in Guiyang. Drive, pressure, and engineering water scarcity reached the maximum limiting degrees from 2018 to 2022, whereas state, response, and ecological foundation reached the minimum limiting degrees over the same period, indicating that water consumption for economic development was high, relevant policies were insufficient, and the ecological foundation was poor. In the case of high consumption of water resources, it is necessary to fully explore the potential for water savings and actively strengthen the management of factors affecting water security so as to alleviate the degree of regional water insecurity to a certain extent. At the same time, when the basic ecological conditions of the water resources are superior and the water resource response system is good, the water resource security state of Guiyang can be further improved by actively adjusting the economic driving and engineering water shortage systems.
TABLE 7 | Limiting degrees of the water resource safety assessment indicators for Guiyang.
[image: Table 7][image: Figure 1]FIGURE 1 | Flow directions and specific gravities of the limiting degrees of the indicators.
[image: Figure 2]FIGURE 2 | Changes in the limiting degrees of the subsystems in the criterion layer.
At the indicator level, the greatest limiting factor among the 23 indicators was precipitation and the least limiting factor was the GDP growth rate. Owing to the large number of indicators selected in this study, the top six factors with the highest limiting degrees were selected in the indicator layer as the main limiting factors that had vital impacts on water resource safety in Guiyang. These factors (in descending order) were precipitation, total industrial wastewater discharge, forestry area, total population, population density, and treatment rate of domestic sewage. According to changes in the major limiting factors (Figure 3), the peak and least values of the limiting degrees of these six factors were mainly concentrated in 2018–2022. The influence of precipitation on the state of water security increased from 2013 to 2020, decreased in 2021, and rebounded in 2022, with the strongest and weakest effects being observed in 2020 and 2013, respectively. The overall impact of the total industrial wastewater discharge on water resource safety showed a continuous downward trend, with the strongest effect being in 2016 and the weakest effect being in 2022. The overall effects of forest area, total population, population density, and domestic sewage treatment rate on water resource security have continued increasing. Forest area, total population, and domestic sewage treatment rate had the least impact in 2014 and the greatest impact in 2022. Population density had the least impact in 2013 and the greatest impact in 2022.
[image: Figure 3]FIGURE 3 | Changes in the limiting degrees of the main limiting factors. (A) Precipitation, (B) Total volume of industrial waste water discharged, (C) Forestry area, (D) Total population, (E) Population density (F) Treatment rate of domestic sewage.
After normalizing the limiting degree data for each indicator in each year, the thermal map of the limiting degrees of the indicators was obtained, as shown in Figure 4. Over the years, it has been observed that indicators with higher limiting degrees gradually transformed into indicators with lower limiting degrees, implying that most limiting factors with greater influences gradually become common limiting factors over time. However, the limiting degrees of a few factors were highly concentrated and did not change to common limiting factors; these posed greater threats to water resource security than the other factors. Therefore, relevant measures are urgently needed to weaken the limiting degrees of these factors to reduce their threats to water security. For example, in 2022, the limiting degree of domestic sewage treatment rate exceeded 6%, which requires adhering to the treatment of domestic sewage, guiding the discharge measures for wastewater in the daily lives of residents, and promoting water savings in daily life to reduce the impacts of domestic sewage on water resource safety. In 2022, the limiting degree of population density exceeded 8%. When a region experiences rapid urban population growth, relevant policies should be adopted to guide residents to relocate to the surrounding areas so as to ensure the water quality and daily use quantities of the residents as well as reduce the influence of population density on water resource safety. With time, the indicators with high limiting degrees changed till 2018. Before 2018, the total industrial wastewater discharge had the greatest impact on the state of water resource safety in Guiyang, and its impact gradually weakened after 2018. The reason for this is not only the implementation of relevant engineering measures but also the benefits derived from various water resource regulation measures and management policies issued by Guiyang. Therefore, managing urban water resources, ameliorating the function of the urban water ecosystem, and implementing the construction of engineering facilities are some of the suggested research directions for improving the water resource safety of Guiyang in the future.
[image: Figure 4]FIGURE 4 | Limiting degree heat map of the assessment indicators.
4.3 Construction of the water resource safety prediction model for Guiyang
4.3.1 ARIMA model
The ARIMA model is a time-series prediction method developed by Box and Jenkins in the early 1970s (Wu et al., 2023b). In the present study, ARIMA was used to predict the development trends of water resource safety in Guiyang, and the modeling process is shown in Figure 5.
Step 1: The difference data are collected and used to create the difference timing charts as well as test difference stationarity.
Step 2: The difference non-stationarity data are processed next, and the difference value d is determined.
Step 3: Using the difference values d, the difference sequence is established.
Step 4: The model is identified and graded, and the p-order and q-order values are determined using the autocorrelation function (ACF) and partial autocorrelation function (PACF).
Step 5: Parameter estimation analysis and adaptability tests of the model parameters are conducted.
Step 6: The ARIMA(p, d, q) model is used to predict the system.
[image: Figure 5]FIGURE 5 | Flowchart for the ARIMA model.
4.3.2 Prediction and assessment results of water resource safety for Guiyang from 2023 to 2030
Based on the ARIMA model, the water security value of Guiyang from 2013 to 2022 was used to predict the safety for 2023–2030; these values are listed in Table 8. From Table 8 and Figure 6, it is seen that the water resource safety state of Guiyang from 2023 to 2030 is generally expected to be stable (“general”), but the predicted values from 2023 to 2030 show a downward trend. From the 95% confidence upper and lower limit curve analysis, the future security state is expected to become poor or even worse.
TABLE 8 | Predicted water resource security state for Guiyang from 2023 to 2030.
[image: Table 8][image: Figure 6]FIGURE 6 | Variation tendency of the water resource safety of Guiyang.
4.4 Discussion
Based on the water resource safety assessment framework, we combined six subsystems and selected 23 evaluation indexes with logical correlations to build a comprehensive assessment indicator system of water resource safety in Guiyang in this study. The fuzzy matter–element model was used to calculate the comprehensive level of water resource safety in Guiyang, the limiting degree model was used to analyze and diagnose the limiting factors, and the ARIMA model was used to predict the integrated level of water resource safety in Guiyang from 2023 to 2030. With regard to data procurement, the assessment indicator system needs to be improved. In addition, this study only considers the integral water resource safety assessment of Guiyang, so the correlations between surrounding cities still need to be explored.
It is important to strengthen the water resource safety level in Guiyang and firmly establish consciousness regarding this matter. Promoting the mutual promotion and coordinated development of each subsystem of the assessment framework is conducive to building a healthy water resource safety system to enhance self-regulation while reducing the occurrences of natural disasters such as droughts and floods. At the state level, production activities should minimize the total industrial wastewater discharge and urban domestic sewage discharge while reasonably utilizing surface water and groundwater resources. At the drive level, reducing the population density is an essential step. At the engineering water shortage level, reducing industrial water consumption and appropriately increasing the ecological water supply are effective methods to improve water resource security. In the future, it is important to continue increasing publicity regarding water resource protection, actively cooperating with government policies, and strengthening the water resource safety level in Guiyang.
Since there are few relevant studies regarding the study area, we reviewed the available literature and found that Yang et al. (2017) adopted the SPA-MC approach to study the water resource safety of Guiyang from 2002 to 2014; accordingly, we adopted the proposed method to obtain the water resource safety level of Guiyang from 2014 to 2022 and found that the results were in accordance with the outcomes of the present study. This indicates that the proposed approach in this study is in good agreement with the findings of previous research. Evaluating water resource safety based on the DPESFR concept and matter–element analysis models allows for the comprehensive level quantification of water resource safety. The DPESFR concept model is more in line with the actual conditions and geological characteristics of karst areas; however, this method can also be applied to study the safety levels of other resources, such as soil, minerals, and air.
5 CONCLUSION
In this study, the fuzzy matter–element analysis and limiting degree models were used to calculate and analyze the water resource safety of Guiyang from 2013 to 2022; we also obtained the status and change trends of water resource security in Guiyang along with studying and analyzing the corresponding limiting factors. Next, the ARIMA model was utilized to predict the state of water resource safety for Guiyang from 2023 to 2030. The relevant findings of this study are as follows.
(1) The overall level of water resource safety in Guiyang from 2013 to 2022 showed a moderate trend with each passing year. Among the six subsystems of water resource security selected in this study, the state subsystem had the greatest impact on the water resource safety level, followed by the response subsystem. In 2018, the state of water resource safety in Guiyang began to decrease from grade IV to grade III, so the service function of the water resource system needs to be improved.
(2) The largest index factors restricting the development of water resource safety in Guiyang are precipitation, total industrial wastewater discharge, forestry area, total population, population density, and treatment rate of domestic sewage, and the most important criterion layer factor is the state subsystem.
(3) The water resource safety level of Guiyang is predicted to decrease to 0.496 by 2030 and is likely to continue decreasing thereafter. Under the influence of karst geology, the water resource safety level of Guiyang has been declining yearly in recent times, and the engineering water scarcity level is low. The improvement of engineering water scarcity will thus help enhance the comprehensive level of water resource safety.
(4) Human social activities and natural conditions play important roles in water resource safety in Guiyang. While precipitation and the total amount of industrial wastewater discharge have always been the greatest limiting factors, socioeconomic developments have gradually introduced ecological constraints, such as surface water and groundwater supply.
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