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Abstract. The water ecological security of a river basin affects the vigorous growth of the regional 

economy and the healthy development of the ecological environment. Based on river physics, chemistry, 

and biological indicators, this study constructed a comprehensive assessment index system for the water 

ecological security of the Xiangjiang River Basin in China. The system consisted of 6 elements, and 18 

indicators. This study used the analytic hierarchical process (AHP) to evaluate the water ecological 

security of the upstream, midstream, and downstream environments of the Xiangjiang River Basin. The 

results show that the overall ecological security of the upper and midstream portions of the Xiangjiang 

River Basin is relatively good, while the downstream section is at a general level. The three indicators 

that are given the most weight in the indicator system are the fish bio-loss index, the degree of ecological 

flow satisfaction, and the compliance rate of the water function zone. The less significant indicators are 

the natural wetland retention rate, riparian vegetation coverage, riparian human activity, and riverside 

connectivity. The research results of this study can provide a reference for the ecological restoration of 

regional rivers and the protection of Xiangjiang River. 

Keywords: ecological security, water environment, indicator system, AHP, Xiangjiang River Basin 

Introduction 

Xiangjiang River, the mother river of Hunan Province, is an important tributary of the 

Yangtze River and the largest tributary of the Dongting Lake water system. The location 

of Xiangjiang River Basin is both in the radiating zone of the Yangtze River Economic 

Belt and in the South China Economic Circle. This basin is located in the most densely 

populated and economically developed region in Hunan Province and is an important 

grain production base in China. In the past two decades, with the increase in water 
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consumption due to urbanization as well as industrial water and agricultural irrigation, 

some wastewater has been directly discharged into the Xiangjiang River, causing serious 

pollution concerning heavy metals, fecal coliforms, ammonia nitrogen, total phosphorus 

and chemical oxygen demand. When the indicators of the presence of these pollutants 

exceed standard values, aquatic biodiversity is reduced, which brings about problems 

with watershed resources and the ecological environment, and the pressure of sustainable 

development increases dramatically. In 2013, in order to protect the Xiangjiang River, 

the Government of Hunan Province issued the “Regulations on the Protection of the 

Xiangjiang River in Hunan Province” and launched the “No. 1 Key Project” for 

implementing the protection and treatment of the Xiangjiang River, which was then 

comprehensively carried out. 

A river is the core of a river basin ecosystem. Rivers are often regarded as ecological 

corridors to provide good habitats for animals and plants. They are also sources of matter 

and energy (He, 2017). A river ecosystem is one of the most complex ecosystems on the 

planet. Water ecological security has evolved from environmental changes and 

ecological risk analysis. Since the International Institute for Applied Systems Analysis 

(IIASA) was first proposed in 1989 (Ji and Long, 2016; Pan et al., 2017), the concept of 

water ecological security has not been scientifically defined. At present, there are two 

levels of understanding of water ecological security: the generalized concept and the 

narrow concept (Chen and Zhou, 2005; Chen et al., 2013). According to the generalized 

concept, water ecological security is a complex ecosystem safeguard composed of 

natural water ecological security, economic-ecological security, and social-ecological 

security (Zhang et al., 2013; Chen et al., 2016). According to the narrow concept, water 

ecological security concerns the safety of the “human” aspect, which includes the safety 

of natural and semi-natural ecosystems (Wang and Hu, 2013). The foundation of water 

ecological security assessment involves establishing a scientific indicator system and 

evaluation criteria. At present, there are some typical evaluation systems, such as the 

indicator species ecosystem evaluation method (Zhang et al., 2017), biological integrity 

index (Schnier et al., 2016), and the PSR (Pressure-State-Response) model (Sun et al., 

2016). The PSR model was proposed by Canadian statisticians David J. Rapport and 

Tony Friend in 1979 (Rapport et al., 1979) and later developed by the Organisation for 

Economic Co-operation and Development (OECD) and the United Nations Environment 

Programme (UNEP) in the 1980s and 1990s. Based on the PSR framework, in order to 

better characterize the role of non-environmental indicators in ecosystem health 

assessment, the United Nations Commission on Sustainable Development (UNCSD) 

established the Driver-State-Response (DSR) framework in 1996 (Doran, 1996). 

The assessment of water ecological security involves the analysis of numerous factors 

using various methods. The existing water ecological safety assessment framework, 

however, often attaches importance to ecological health, while ignoring the assessment 

of ecosystem service functions and ecological risks. Due to different interpretations of 

various indicators, the selected evaluation indicators differ. Even the same evaluation 

indicators can be given different evaluation connotations. Liu et al. (1989) used the 

cultivated land area as an indicator to characterize the ecological state. Other researchers 

believe that agricultural and urban land represent the pressure of human production and 

lifestyle on aquatic ecosystems (Li et al., 2012). In addition, existing evaluation 

indicators are mostly based on the entire basin, administrative divisions, fixed wide grid, 

and different ecosystem types (Nödler et al., 2016). These indicators have the advantage 

of reflecting the integrity of the basin through convenient data collection, but they also 
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have shortcomings, such as the one concerning the spatial differences that cannot 

adequately reflect ecological security. Therefore, a series of indicators are needed to 

measure the water ecological security statusIn this paper, based on the comprehensive 

assessment of the water ecological security in the Xiangjiang River Basin, the water 

ecological characteristics of the Xiangjiang River Basin are understood. The research 

results provide basic support for watershed water ecological protection and restoration, 

and provide scientific basis for the formulation of water resources and water ecological 

security planning by the national and local governments in China. 

Materials and methods 

Overview of the study area 

The Xiangjiang River Basin (110°31′E–114°15′E, 24°31′N–29°52′N) is located 

south of the Yangtze River, and north of the Nanling Mountains in China. It has a 

subtropical humid climate and is greatly affected by monsoons. The average annual 

temperature of the basin is 17.4°C. The average annual evaporation of the basin is 

1275.5 mm. The average annual precipitation in the basin is 1490 mm. The spatial and 

temporal distribution of rainfall is uneven. From April to June, the rainfall was 

concentrated, and the average annual rainfall is 617.9 mm, accounting for 42.9% of the 

whole year; from July to September, the average annual rainfall is 318.2 mm, 

accounting for 22.1% of the whole year; from October to March, the rainfall is only 

504.7 mm, accounting for 35.0% of the whole year. In terms of geographical 

distribution, there is a trend of more rainfall in the north and south, and less rainfall in 

the central areas.The main stream of the Xiangjiang River is 856 km long, with a 

drainage area of 94,600 km2. A total of 85,400 km2 of the drainage area is in Hunan 

Province, accounting for 90% of the total basin area. To be specific, the Xiangjiang 

River Basin refers to the section of the basin in Hunan Province. The Xiangjiang River 

Basin includes important urban centers such as Yongzhou City, Chenzhou City, 

Hengyang City, Shaoyang City, Loudi City, Zhuzhou City, Xiangtan City, Changsha 

City, Yueyang City, and Yiyang City. The elevation of the basin is high in the 

southwest and low in the east. The Xiangjiang River flows into Dongting Lake from the 

south. The water system in the basin is complicated, consisting of many tributaries. 

There are 2,157 tributaries in the basin with lengths greater than 5 kilometers. The two 

sides of the main stream of the Xiangjiang River are in the form of asymmetrical 

feathers. The right bank covers an area of 67,316 km2, accounting for 71.2% of the total 

area of the basin. The main tributaries of the Xiangjiang River (the Xiaoshui River, 

Chonglinshui River, Leishui River, Mishui River, Lushui River , and Liuyang River) 

flow from the right bank into the main stream. The area of the left bank is 27,433 km2, 

accounting for 28.8% of the total area of the basin. The main tributaries (the Qishui 

River, Zhengshui River, Juanshui River, Lianshui River, and Weishui River) flow from 

the left bank. The distribution of water system and hydrological stations as shown in 

Figure 1. 

Division of evaluation units 

Based on the boundaries of municipal administrative divisions within the basin, this 

study comprehensively considered the spatial overlapping relationships among natural 

geographic units, administrative divisions, and watershed environmental management 
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units of the basin and the consistently divided evaluation unit of the combination. Using 

the ArcHydro hydrological analysis module of ArcGIS software, the ASTER GDEM 

V2 (30 m resolution) data jointly measured by National Aeronautics and Space 

Administration (NASA) and Ministry of Economy, Trade and Industry (METI) was 

used as the basic DEM data for river network information extraction in the Xiangjiang 

River Basin. Finally, areas in Yongzhou City and Chenzhou City were designated as the 

upstream evaluation units; areas in Hengyang City and Zhuzhou City were designated 

as the mid-stream evaluation units; and areas in Changsha City, Xiangtan City, and 

Loudi City were designated as the downstream evaluation units. Figure 2 is a 

interpretation map of the catchment area of the Xiangjiang River Basin. 

 

Figure 1. Distribution of the water system and hydrological stations in the Xiangjiang River 

Basin 
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Figure 2. Interpretation map of the catchment area of the Xiangjiang River Basin 

 

 

Construction of a comprehensive evaluation index system 

According to previous research, the water ecosystem safety of a river basin means 

that the basin ecosystem is in a stable and sustainable state, maintaining physical, 

chemical, and biological integrity, providing humans with different ecological products 

or service functions, and having a certain resilience with respect to natural and human 

interference, as well as adjustment and repair capabilities. While assessing the water 

ecosystem safety through a series of indicators, we often tend to the principles of 

science, systems, conciseness, and operability. There are many water ecosystem safety 

assessment methods according to the previous studies (Dai et al., 2015; Lin et al., 2016; 

Wang et al., 2016). Among them, the AHP is a useful tool for providing qualitative and 

quantitative assessment to decision makers, which enables managers to evaluating the 

complicated indicator system (Yoshimatsu and Abe, 2006; Haji et al., 2016). In this 

study, therefore, the AHP was used to construct a comprehensive evaluation index 

system for water ecological security in Xiangjiang River Basin. This indicator system 

contains 18 indicators related to six aspects: hydrology and water resources, physical 

structure, water quality, biology, water ecological management, and social service 

functions (Table 1). 
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Table 1. Comprehensive evaluation index system for water ecological security in the Xiangjiang River Basin 

Target 

layer 

Factor 

layer 
Indicator layer Indicator description Data Sources 

Water 

ecological 

security 

Hydrology 

and water 

resources 

The flow process variation 

degree 

Reflects and evaluates the influence of water resources development 

and utilization above the monitoring section of river reach on the 

hydrological situation of river reach 

Hunan Hydrological Network 

(http://61.187.56.156/wap/index_sq.asp) The flow and water 

level data of all hydrological stations in the basin of the 

Xiangjiang River Basin from 1996 to 2015 

The degree of ecological 

flow satisfaction 
Reflects the degree of ecological flow satisfaction of the main section 

Hunan Hydrological Network 

(http://61.187.56.156/wap/index_sq.asp) Three stations from 

Guiyang, Hengshan and Xiangtan from 1996 to 2017 

Physical 

structure 

Riverbank Stability 
Shows whether the indicators reflect the stability of the river bank , 

i.e., is readily eroded 

The main river course is counted by Google Earth software. 

12 sampling points are selected randomly and evenly in the 

main river course within the scope of the river basin. The 

statistical time is 2017. 

Vegetation coverage on 

river banks 

Reflects whether the structure and function of the riparian zone are in 

good condition 

NDVI product data using the official MODIS website 

(https://modis.gsfc.nasa.gov/) MOD13Q1 satellite. 

Degree of human activity 

in the riparian zone 

The focus of the survey is to assess nine types of human activities in 

the riparian zone and its adjacent area: riverbank rigid masonry, sand 

mining, coastal buildings (houses), roads (or railways), landfills or 

dumps, riverside parks, degree of impact on water ecosystems, 

pipelines, mining, agricultural farming, livestock farming, etc. 

Monitoring of riverside belts on the left and right sides of the 

river in an on-site survey (2017) 

River connection barrier 

condition 

The main survey assesses river migration of biological species such as 

fish and the blocking of water flow and nutrient transport, which can 

be used to characterize river water ecological security. 

Statistics of the main river channel using Google Earth 

software. The statistical time is 2017. 

The natural wetland 

retention rate 

Reflect the pros and cons of the state of the river's ecological 

environment 

Land use classification product data using the MODIS 

website (https://modis.gsfc.nasa.gov/) MOD12Q1 satellite. 

Water 

quality 

Dissolved Oxygen 

Concentration 

Dissolved oxygen is very important for aquatic animals and plants. 

DO values that are too high or too low are harmful to aquatic 

organisms, and the suitable range is 4-12 mg/L. 

Observation data of hydrological station from Hunan 

Hydrological and Water Resources Survey Bureau in 2015 

Oxygen-poor organic 

pollution status 

Reflects the content of organic matter in water, based on the 

permanganate index, chemical oxygen demand, five-day biochemical 

oxygen demand, ammonia nitrogen and four other items to evaluate 

the oxygen consumption of rivers 

Observation data of hydrological station from Hunan 

Hydrological and Water Resources Survey Bureau in 2015 

Heavy metal pollution 

status 

Five items , i.e., arsenic, mercury, cadmium, chromium (hexavalent) 

and lead were selected to assess the metal pollution status of water. 

Concentration data of measured heavy metal pollutants at 

hydrological stations from Hunan Hydrological and Water 

Resources Survey Bureau in 2015 

https://modis.gsfc.nasa.gov/
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Target 

layer 

Factor 

layer 
Indicator layer Indicator description Data Sources 

Water function area 

compliance index 

Reflects the level of ecological environmental protection and resource 

utilization 

Assessment of the monitoring sections of the upstream, 

midstream and downstream of the Xiangjiang River Basin. 

The proportion of the number of compliance points in the 

water functional zones during the year of 2015. 

Biology Fish Bio-Loss Index Reflects the quality of aquatic ecosystems 

Survey data on fishery resource flows obtained from 8 

sampling points in the Xiangjiang River Basin 

(November-December 2008, February-December 2009 and 

February-September 2010, 30 times in total) 

Water 

ecological 

management 

Sewage centralized 

treatment efficiency index 
Reflects the ability of water ecosystems to treat wastewater Sewage treatment plant operation survey data 

Soil erosion control index 
Reflects the intensity of soil erosion and the implementation of 

control measures 

Urban soil erosion area survey data, the third remote sensing 

survey of soil and water loss in hunan province organized by 

Hunan Water Resources Department in 2015. 

Hazard Source Risk Index 
Reflects the extent to which the source of the hazard affects the 

ecosystem 

Hazard source survey and evaluation data of major industrial 

parks (2017) 

Social 

service 

function 

Flood Control Indicators Reflects the safe discharge capacity of the river 
Data sourced from the "Xiangjiang River Basin 

Comprehensive Planning Report" 

Public Satisfaction 

Indicator 

Reflects the public's satisfaction with river landscapes, aesthetic 

values, etc. 

Collected and processed relevant information through 

questionnaires 

Centralized drinking water 

source safety guarantee 

compliance rate public 

satisfaction index 

Reflects the safety of water 
National Safe Drinking Water Source Safety Assessment 

Indicators 
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Indicator calculation method and indicator assignment 

Based on the river water environment and ecological characteristics of the 

Xiangjiang River Basin, the standard values for river water ecology evaluation were 

determined. The calculation and assignment of each indicator utilized the following 

principles: (a) If there were specific applicable standards and industry norms in the 

country, the national standards and norms were preferred; (b) the relevant research 

results in China and abroad were used for reference; (c) indicators were standardized. 

The closer a detected indicator is to the natural state or the less a detected indicator is 

affected by human activities, the higher the score given to the indicator. 

The flow process variation degree (C11) indicator can be calculated by the following 

equation (Eq. 1): 

 

  (Eq.1) 

 

where qm is the measured annual monthly runoff and Qm is the annual natural monthly 

runoff. The annual average natural runoff is then evaluated. And the final score is 

shown in Table 2. 

 

Table 2. Flow process variation degree indicator score 

Flow process variation index Score 

0.05 100 

0.1 75 

0.3 50 

1.5 25 

3.5 10 

5 0 

 

 

The degree of ecological flow (EF) satisfaction (C12) can be calculated by the 

following equation (Eq. 2): 

 

  (Eq.2) 

 

where qd is the estimated annual runoff, which is the average annual runoff; EF1 is the 

lowest percentage of the daily average flow from April to September; and EF2 is the 

lowest percentage of the daily average flow from October to March. Based on the 

hydrological method to determine the ecological base flow, the EF1 and EF2 

assignment values were calculated according to Table 3, with the minimum value of the 

assignment taken as the final assignment of the indicator. 

Riverbank Stability (C21): The Riverbank Stability Index (BKSr) was assessed based 

on the current status of riverbank erosion, including erosive erosion that has occurred or 

is likely to occur. 
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The calculation of BKSr can be expressed as follows (Eq. 3): 

 

  (Eq.3) 

 

where BKSr is defined as the bank slope stability index score, SAr is the bank slope dip 

score, SCr is the bank slope coverage score, SHr is the bank slope height score, SMr is 

the river bank matrix score, and STr is the slope foot scour strength score. The specific 

scoring criteria are shown in Table 4. 

 

Table 3. Staging base flow standard and score 

Grading 
Qualitative 

description 

Recommended base flow standard (annual average flow percentage) 

Score 
EF1: General water period 

(October-March) 

EF2: Fish spawning period 

(April-September) 

1 maximum 200% 200% 100 

2 optimal 60-100% 60-100% 100 

3 excellent 40% 60% 100 

4 very good 30% 50% 100 

5 good 20% 40% 80 

6 general 10% 30% 40 

7 poor 10% 10% 20 

8 very poor <10% <10% 0 

 

 

Table 4. Evaluation criteria for river bank stability indicators 

Bank slope 

characteristics 
Stable Basically stable Secondary unstable Unstable 

Score 90 75 25 0 

Slope inclination 

(degrees) (<) 
15 30 45 60 

Vegetation coverage (%) 

(>) 
75% 50% 25% 0% 

Slope height (m) (<) 1 2 3 5 

Matrix (category) Bedrock Rocky bank Clay river bank Non-clay river bank 

Riverbank scouring No flushing signs Mild scouring Moderate scouring Severe scouring 

General 

characterization 

In the near future, 

the river bank will 

not be deformed and 

destroyed, and no 

soil loss will occur. 

The riparian structure 

has signs of loosening 

development and soil 

erosion, but it will not 

be deformed and 

destroyed in the near 

future. 

The development trend 

of loose cracks on the 

river bank is obvious. 

Under certain 

conditions, the river 

bank can be deformed 

and destroyed, with 

moderate soil erosion. 

The water and soil 

loss on the river bank 

is serious, and large 

deformation and 

damage may occur at 

any time, or damage 

may have already 

occurred. 
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Vegetation coverage on river banks (C22): Also known as changes in biomass 

indicators; vegetation can be separated from water and soil. This process is closely 

related to plant transpiration, interception of sunlight, photosynthesis, and net primary 

productivity. This coverage is calculated as follows (Eq. 4): 

 

  (Eq.4) 

 

where Band2 and Band1 are derived from MOD13Q1 satellite band data. And the final 

score is shown in Table 5. 

 

Table 5. Riverbank vegetation coverage index score table 

NDVI Score 

0.4 100 

0.3 74.9 

0.2 47 

0.1 24.6 

0.05 9.7 

0 0 

 

 

Degree of human activity in the riparian zone (C23): A riparian human impact 

assessment was performed in the assessment of the river section using a method for 

reducing the corresponding score for each human activity. A river section with all 9 

types of activities listed below was given 100 points, with corresponding points being 

deducted according to the type of human activity and its position, with a lowest score of 

0. The specific scoring criteria are shown in Table 6. 

 

Table 6. Standards for human activities in the riparian zone 

NO. 
Type of human 

activity 

Location 

Inside the river 

(within the waterline) 
Riparian zone 

The riparian zone is adjacent to the land 

(within 10 m of a small river and within 

30 m of a large river) 

1 Rigid masonry  -5  

2 Sand mining -30 -40  

3 
Coastal buildings 

(houses) 
-15 -10 -5 

4 Highway (or railway) -5 -10 -5 

5 Landfill or dumping  -60 -40 

6 Riverside park  -5 -2 

7 Pipeline -5 -5 -2 

8 Agricultural cultivation  -15 -5 

9 Livestock farming  -10 -5 
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River connection barrier condition (C24): The final score of C24 is from Table 7. 

 

Table 7. Dam barrier identification table 

Fish migration barrier 
Water quantity and material circulation barrier 

characteristics 
Score 

Unobstructed No regulation of runoff 0 

There is a fish channel and it is running 

normally 

Adjusting the runoff, the discharge flow meets the 

ecological base flow 
-1 

No fishway, blocking the migration of 

some fish 

The runoff is regulated, and the discharge flow does not 

satisfy the ecological base flow 
-2 

The migration channel is completely 

blocked 
Partial time leads to interruption -20 

 

 

The calculation of the natural wetland retention rate (C25) can be expressed as 

follows (Eq. 5): 

 

  (Eq.5) 

 

where NWL is the natural wetland retention rate, AW is the natural wetland area (km2) 

for the assessment base year, and AWRn is the historical wetland area (km2). The final 

score of C25 is from Table 8. 

 

Table 8. Natural wetland retention rate assignment standard table 

Natural wetland retention rate Score Description 

93% 100 Close to reference conditions 

86% 75 Small difference from reference conditions 

72% 50 Moderately different from reference conditions 

44% 25 A large difference from reference conditions 

16% 0 Significantly different from the reference status 

 

 

Dissolved Oxygen Concentration (C31): The monthly average concentration of 12 

months was used to classify the data into 2 groups, the flood season and the non-flood 

period. The scores of the flood season and the non-flood period were then evaluated. 

The specific scoring criteria are shown in Table 9. 

 

Table 9. DO water quality indicator score criteria 

DO (mg/L) (>) Saturation rate 90% (or 7.5) 6 5 3 2 0 

DO indicator assignment 100 80 60 30 10 0 
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Oxygen-poor organic pollution status (C32): Permanganate index, 5-day biochemical 

oxygen demand, and ammonia nitrogen were assigned separately. The monthly average 

concentration of the 12-month evaluation year was selected and the average value was 

calculated based on the flood season and the non-flood period. The scores of the flood 

season and the non-flood period were separately assessed. The average of the scores of 

the three water quality projects was taken as the oxygen-consuming organic pollution 

status. The indicator calculation can be expressed as Eq. 6: 

 

  (Eq.6) 

 

The specific scoring criteria of C32 are shown in Table 10. 

 

Table 10. Oxygen consumption index 

Permanganate index (mg/L) 2 4 6 10 15 

5-day biochemical oxygen demand (BOD5) (mg/L) 3 3.5 4 6 10 

Ammonia nitrogen (NH3‐N) (mg/L) 0.15 0.5 1 1.5 2 

Score 100 80 60 30 0 

 

 

Heavy metal pollution status (C33): The average monthly concentrations of mercury, 

cadmium, chromium, lead, and arsenic concentrations were determined according to 12 

months of assessment. The averages were determined based on the flood season and 

non-flood period. The scores of the flood season and non-flood period were then 

evaluated. The minimum score was divided into the scores of the water quality project, 

and the lowest scores of the 5 water quality projects were assigned as the indicators of 

the heavy metal pollution status. The calculation can be expressed as Eq. 7: 

 

  (Eq.7) 

 

where  is the heavy metal pollution index factor and Arr, Hgr, Cdr, Crr, and Pbr 

are factors assigned to the corresponding metals. The specific scoring criteria are shown 

in Table 11. 

 

Table 11. Standards for assigning indicators of heavy metal pollution status 

Arsenic 0.05 0.025 0.1 

HG 0.00005 0.0001 0.001 

Cadmium 0.001 0.005 0.01 

Chromium (hexavalent) 0.01 0.05 0.1 

Lead 0.01 0.05 0.1 

Score 100 60 0 
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Water function area compliance index (C34): The water function area that met the 

number of assessments during the year at least 80% of the time was defined as the water 

quality standard water function area. The calculation method for the water quality 

compliance index of the water function area was that 20 points were deducted when the 

river section was not up to standard. 

Fish Bio-Loss Index (C41): This index refers to the assessment of the difference 

between the current number of fish species in a river segment and the number of fish 

species in the historical reference system. The surveyed fish species did not include 

alien species. The fish bio-loss index is calculated as follows (Eq. 8), 

 

  (Eq.8) 

 

where FOE is the fish bio-loss index, FO is the number of fish species obtained from the 

survey of a particular river segment, and FE is the number of fish species in the section 

based on historical assessment. 

Sewage centralized treatment efficiency index (C51): From a basic survey of the 

operational status of sewage treatment plants in the Xiangjiang River Basin, the scores 

of the sewage centralized treatment efficiency indicators could be determined. The 

specific scoring criteria are shown in Table 12. 

 

Table 12. Sewage centralized treatment efficiency index score 

Sewage centralized treatment efficiency index Score 

1 100 

0.95 80 

0.8 70 

0.75 50 

0 0 

 

 

Soil erosion control index (C52): This index indicates the intensity of soil erosion 

and the implementation of control measures throughout the river. The calculation of this 

index can be expressed as follows (Eq. 9): 

 

  (Eq.9) 

 

where SECI represents the soil erosion control index, SE represents the area of soil 

erosion in the region, and SEC represents the planned area of key treatment of soil 

erosion in the region. 

Hazard Source Risk Index (C53): This index refers to assessed sources of heavy 

metal pollution and sources of toxic and hazardous substances in the riparian zone and 

its adjacent land areas. For the assessment of river segments, a hazard source risk 

assessment was carried out using a method in which each hazard source reduces the 

total number of points by its corresponding score. River segments without danger 
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sources were assigned a value of 100 points, and the corresponding points were 

deducted according to the type of danger source and its position, untila minimum value 

of 0 points. Each state-level industrial park in a river segment has an association 

deduction of 5 points was reached. Each provincial industrial park results in a deduction 

of 3 points. 

Flood Control Indicators (C61): River Flood Control Indicators (FLD) are used to 

assess the safe discharge capacity of a river course. The calculation of this index can be 

expressed as follows (Eq. 10): 

 

  (Eq.10) 

 

where FLD is the river flood control index and RIVLn is the length of river segment 

nthe number of river segments divided by the river according to the flood control plan is 

evaluated. RIVBn is assigned according to whether the flood control project of a given 

river segment meets the planning requirements, where RIVBn = 1 when the standard is 

met and RIVBn = 0 when the standard is not met. RIVWFn is the recurrence period of 

the planned flood control standard for a given river segment (e.g., 100 years). The 

scoring criteria are shown in Table 13. 

 

Table 13. Flood control index assignment standard 

Score 100 75 50 25 0 

FLD 100% 75% 50% 25% 0% 

 

 

Public Satisfaction Indicator (C62): This indicator is calculated based on the public 

participation survey statistics. The public questionnaire included many parameters: the 

basic information of the participants, the relationship between the participants, the 

participants’ assessment of the river's water volume, water quality, river beach 

conditions, fish status and the river suitability, the participants’ understanding of the 

above aspects, and an overall assessment of the river conditions.According to the 

Technical Guidelines for River and Lake Health Evaluation, scores are assigned 

according to the total number of responses for options in the table, with the assignment 

criteria shown in Table 14. 

 

Table 14. River safety assessment public survey indicator assignment criteria 

Option type Option Score 

Option 1 

A 100 

B 75 

C 50 

D 0 

Option 2 

A 100 

B 50 

C 0 

Option 3 
A 100 

B 50 
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Centralized drinking water source safety assessment index (C63): The drinking water 

source refers to the water source area that provides residents' living and public service 

water intake projects. This index was calculated using the centralized drinking water 

source safety assessment index system from the National Important Drinking Water 

Source Safety Assessment Guide. This guide includes a water quality assessment of 30 

points, a water quality assurance assessment of 40 points, a monitoring assurance 

assessment score of 15 points, and a management assurance assessment score of 15 

points. The maximum evaluation of the centralized drinking water source is 100 points. 

The average value was taken as the safety assurance assessment index of the centralized 

drinking water source. 

Index weight calculation 

This study selected the current mature and general AHP method to calculate the 

index weights, which can make this process clear, quantifying qualitative problems and 

requiring fewer data. There are three basic steps. The first step was the establishment of 

a hierarchical structure. The second step concerned the construction of a pairwise 

comparison judgment matrix. The third step involved the hierarchical ranking 

calculation and consistency test, followed by an n index weight calculation. The AHP 

method generally uses a scale of 1–9 and its reciprocal when constructing the pairwise 

comparison judgment matrix (Table 15). 

 

Table 15. Judgment matrix scale and its corresponding meanings 

Scaling Implication 

1 Equally important to a function 

3 Slightly more important relative to a certain function 

5 Significantly important relative to a function 

7 Strongly important relative to a function 

9 Extremely important relative to a function 

2,4,6,8 

Intermediate conditions between two adjacent judgments 

(Reciprocal, results of geminate contrast and reversal, 

namely index i is relative to index j) 

 

 

Building a judgment matrix 

Experts in three related fields (#1, #2, #3) determined the importance of the 

indicators. The importance judgment matrices of the factor layer and the indicator layer 

were obtained. The final weight determination depended on the average values of the 

three experts (Tables 16,17,18). 

There are many methods for normalizing the eigenvectors of the judgment matrix. 

The maximum eigenvalues and eigenvectors of the judgment matrix were calculated 

using the square root method. The judgment matrix is 
nnjiuU = )( ,

, where 
jiu ,
 

indicates that the importance of factor i is higher than that of factor j relative to the 

previous level. n is the order of the matrix. 

 



Xu et al.: Comprehensive assessment of the water ecological security of the Xiangjiang River Basin based on physico-chemistry and 

organism indices 
- 4562 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):4547-4574. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1702_45474574 

 2019, ALÖKI Kft., Budapest, Hungary 

Table 16. Judgment matrix of the water ecological security indicator system of the 

Xiangjiang River Basin (#1) 

A B1 B2 B3 B4 B5 B6 

B1 1 7 1 5 5 1 

B2 1/7 1 1/7 1/3 1/5 1/7 

B3 1 7 1 7 5 1 

B4 1/5 3 1/7 1 1/3 1/2 

B5 1/5 5 1/5 3 1 1/5 

B6 1 7 1 2 5 1 

B1 C11 C12 B2 C21 C22 C23 C24 C25 B3 C31 C32 C33 C34 

C11 1 1/5 C21 1 5 5 3 5 C31 1 1 1/3 1/7 

C12 5 1 C22 1/5 1 1 1/2 1 C32 1 1 1/3 1/7 

   C23 1/5 1 1 1/2 1/2 C33 3 3 1 1/7 

   C24 1/3 2 2 1 2 C34 7 7 7 1 

   C25 1/5 1 2 1/2 1      

B4 C41  B5 C51 C52 C53   B6 C61 C62 C63  

C41 1  C51 1 7 5   C61 1 5 2  

   C52 1/7 1 1/3   C62 1/5 1 1/5  

   C53 1/5 3 1   C63 1/2 5 1  

 

 

Table 17. Judgment matrix of the water ecological security indicator system of the 

Xiangjiang River Basin (#2) 

A B1 B2 B3 B4 B5 B6 

B1 1 3 1/3 1/3 2 2 

B2 1/3 1 1/4 1/4 1/3 1/2 

B3 3 4 1 2 2 2 

B4 3 4 1/2 1 2 2 

B5 1/2 3 1/2 1/2 1 1/2 

B6 1/2 2 1/2 1/2 2 1 

B1 C11 C12 B2 C21 C22 C23 C24 C25 B3 C31 C32 C33 C34 

C11 1 1/2 C21 1 3 2 2 4 C31 1 1/3 1/3 1/3 

C12 2 1 C22 1/3 1 1/2 2 2 C32 3 1 1/2 1/2 

   C23 1/2 2 1 2 2 C33 3 2 1 2 

   C24 1/2 1/2 1/2 1 2 C34 3 2 1/2 1 

   C25 1/4 1/2 1/2 1/2 1      

B4 C41  B5 C51 C52 C53   B6 C61 C62 C63  

C41 1  C51 1 4 3   C61 1 4 1/2  

   C52 1/4 1 2   C62 1/4 1 1/3  

   C53 1/3 1/2 1   C63 2 3 1  
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Table 18. Judgment matrix of the water ecological security indicator system of the 

Xiangjiang River Basin (#3) 

A B1 B2 B3 B4 B5 B6 

B1 1 5 1/3 1 3 9 

B2 1/5 1 1/7 1/5 1 5 

B3 3 7 1 2 3 9 

B4 1 5 1/2 1 3 7 

B5 1/3 1 1/3 1/3 1 3 

B6 1/9 1/5 1/9 1/7 1/3 1 

B1 C11 C12 B2 C21 C22 C23 C24 C25 B3 C31 C32 C33 C34 

C11 1 1/3 C21 1 1/5 1/3 1/5 1 C31 1 3 3 3 

C12 3 1 C22 5 1 1 1/2 3 C32 1/3 1 2 2 

   C23 3 1 1 1 5 C33 1/3 1/2 1 2 

   C24 5 2 1 1 3 C34 1/3 1/2 1/2 1 

   C25 1 1/3 1/5 1/3 1      

B4 C41  B5 C51 C52 C53   B6 C61 C62 C63  

C41 1  C51 1 7 2   C61 1 1/3 1  

   C52 1/7 1 1/2   C62 3 1 3  

   C53 1/2 2 1   C63 1 1/3 1  

 

 

The specific calculation steps can be expressed as follows: 

(1) The calculation of the product of each row element of the judgment matrix can be 

expressed as (Eq. 11): 

 

 
=

=
n

j

iji uM
1

 (Eq.11) 

 

(2) The calculation of the nth root of iM  can be expressed as (Eq. 12): 

 

 n
ii MW =  (Eq.12) 

 

(3) The normalization can be expressed as (Eq. 13) 

 

 


=

=
n

j

j

i
i

W

W
W

1

 (Eq.13) 
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Then, ),,2,1,( niWW i ==  indicates the relative priority of each factor, which is 

the element that constitutes the feature vector W of the judgment matrix, namely, the 

ranking weight of the corresponding factor of the same level for the relative importance 

of the previous level factor. 

Consistency calculation 

(1) The calculation of the maximum eigenvalue of the judgment matrix can be 

expressed as (Eq. 14): 

 

  (Eq.14) 

 

(2) The calculation of the computational judgment matrix consistency index can be 

expressed as (Eq. 15): 

 

  (Eq.15) 

 

(3) The calculation of the consistency check coefficient of the judgment matrix can 

be expressed as (Eq. 16): 

 

  (Eq.16) 

 

When CR is 0.1, the maximum eigenvalue can be calculated as: 

. RI is the average random consistency 

indicator, which is related to the order n of the judgment matrix. When , 

the corresponding RI value is shown in Table 19. 

 

Table 19. Average stochastic consistency indicators 

n 1 2 3 4 5 6 7 8 9 

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 

'

max  - - 3.116 4.27 5.45 6.62 7.79 8.99 10.16 

 

 

In the Table 19, n=1 or 2 and RI=0, because the 1st- and 2nd-order judgment 

matrices are always consistent. 

When n ≥ 3, CR < 0.1, and , the consistency of the comparison 

judgment matrix is considered to be acceptable; otherwise, the judgment matrix should 

be properly corrected until  is smaller than  in order to pass the consistency 

test and ensure the obtained W is valid. 
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Hierarchical sorting calculation 

Calculating the relative importance scale (also known as the weight vector) of all 

elements in the same hierarchy to the highest level (total target) is called the total 

ranking of the hierarchy. The steps for total hierarchical ordering are shown below. 

A. The first step is to calculate the weight vector of the importance of all factors at 

the same level relative to the highest level. This process is carried out from top to 

bottom and layer by layer. 

B. The second step is to calculate the weight vector of nk-1 elements relative to the 

total target for the k-1th layer: 

 

 W(k-1)=(W1
(k-1), W2

(k-1), …, Wn(k-1)
(k-1))T (Eq.17) 

 

C. The kth layer has nk elements. The single criterion weight vector for an element j 

of the previous level (k-1) is 

 

 Pj
(k)=(W1j

(k), W2j
(k),. .., Wnj

(k))T (Eq.18) 

 

(for the unqualified relationship with the jth element of the k-1 layer, the corresponding 

Wij takes a value of 0); 

D. The weight vector of the kth layer relative to the total target is 

 

 Wk=(P1
(k), P2

(k),. . . , Pk-1
(k))W(k-1) (Eq.19) 

 

Determination of safety assessment criteria 

Based on domestic and foreign research results (Jain et al., 2016; Sun et al., 2016; 

Zhang et al., 2017; Lyu et al., 2018)[22–25], as well as consultation with experts, the 

safety assessment grades were determined. The safety assessment scores can be 

obtained after the standardization of each level of indicators. They are then divided into 

5 grades (Table 20). 

 
Table 20. Classification of comprehensive assessment of water ecological security in river 

basins 

Security Level Very unsafe Unsafe General Safe Very safe 

Indicator score interval [0, 10) [10, 30) [30, 70) [70, 90) [90, 100] 

Mean score 5 20 50 80 95 

 

 

Results 

Indicator comprehensive value 

Through the calculation of indicators and according to the criteria for the 

corresponding indicators, the evaluation results for each indicator were determined, as 

shown in Table 21. 
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Table 21. Evaluation results of water ecological security indicators for the Xiangjiang River 

Basin 

Target layer Factor layer Indicator layer 

Evaluation result 

Upstream Midstream Downstream 

Water 

ecological 

security 

Hydrology and water 

resources 

Flow process variation degree 43.10 49.57 49.68 

Degree of ecological flow 

satisfaction 
84.23 75.61 51.68 

Physical structure 

Riverbank stability 76.06 72.06 64.33 

Vegetation coverage on river banks 53.54 48.67 49.61 

Degree of human activity in the 

riparian zone 
53.00 48.00 13.00 

River connection barrier condition 72.00 67.00 99.00 

Natural wetland retention rate 100.00 47.16 17.42 

Water quality 

Dissolved oxygen concentration 93.36 90.51 77.57 

Oxygen-poor organic pollution 

status 
97.05 92.78 90.15 

Heavy metal pollution status 80.47 81.80 82.68 

Water function area compliance 

index 
100.00 93.33 62.22 

Biology Fish bio-loss index 54.33 43.45 23.74 

Water ecological 

management 

Sewage centralized treatment 

efficiency index 
74.52 66.80 79.26 

Soil erosion control index 77.94 89.52 71.97 

Hazard source risk index 56.00 74.00 49.00 

Social service function 

Flood control indicators 48.61 54.38 59.93 

Public satisfaction indicator 76.10 84.23 78.14 

Centralized drinking water source 

safety guarantee compliance rate 

public satisfaction index 

70.30 88.43 88.05 
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Indicator weights 

The average of the weights of the three experts was comprehensively calculated. The 

results are shown in Table 22. 

 

Table 22. Weights of water ecological security indicators for the Xiangjiang River Basin 

Target layer Factor layer Indicator layer Index weight 

Water ecological 

security 

Hydrology and water 

resources 

(0.2166) 

Flow process variation degree (0.2340) 0.0507 

Degree of ecological flow satisfaction (0.7655) 0.1658 

Physical structure 

(0.0500) 

Riverbank Stability (0.2660) 0.0133 

Vegetation coverage on river banks (0.1880) 0.0094 

Degree of human activity in the riparian zone (0.2280) 0.0114 

River connection barrier condition (0.2320) 0.0116 

Natural wetland retention rate (0.088) 0.0044 

Water quality 

(0.3302) 

Dissolved Oxygen Concentration (0.2426) 0.0801 

Oxygen-poor organic pollution status (0.1753) 0.0579 

Heavy metal pollution 

Status (0.2414) 
0.0797 

Water function area compliance index (0.3407) 0.1125 

Biology 

(0.1762) 

Fish Bio-loss Index 

(1.0000) 
0.1762 

Water ecological 

management 

(0.0931) 

Sewage centralized treatment efficiency index (0.6617) 0.0616 

Soil erosion control 

Index (0.1418) 
0.0132 

Hazard Source Risk 

Index (0.1944) 
0.0181 

Social service function 

(0.1339) 

Flood Control Indicators 

(0.4720) 
0.0632 

Public Satisfaction Indicator 

(0.1337) 
0.0179 

Centralized drinking water source safety guarantee 

compliance rate public satisfaction index (0.3951) 
0.0529 
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Comprehensive assessment results of water ecological security in the Xiangjiang 

River Basin 

The comprehensive assessment values of the hydrological and water resources, 

physical structure, water quality, biological, aquatic ecological management, and social 

service functions of the upstream, midstream, and downstream portions of the 

Xiangjiang River Basin were calculated separately. On this basis, overall assessments 

for the upstream, midstream, and downstream portions of the Xiangjiang River Basin 

were obtained. The comprehensive evaluation index values of ecological security status 

are shown in Table 23 for upstream assessment results, Table 24 for midstream 

assessment results, and Table 25 for downstream assessment results. 

 
Table 23. Results of comprehensive assessments of water ecological security in the upstream 

portion of the Xiangjiang River Basin 

Objective Health status of the upstream portion of the Xiangjiang River Basin 

Function Composite indicator score Evaluation result 

Hydrology and water 

resources 
74.6 Safe 

Physical structure 67.9 Average 

Water quality 93.2 Very safe 

Biology 54.3 Average 

Water ecological 

management 
71.2 Safe 

Social service function 60.9 Average 

Upstream comprehensive 

health level 
74.7 Safe 

 

 
Table 24. Results of comprehensive assessments of water ecological security in the 

midstream portion of the Xiangjiang River Basin 

Objective Health status of the midstream portion of the Xiangjiang River Basin 

Function Composite indicator score Evaluation result 

Hydrology and water 

resources 
69.5 Average 

Physical structure 59 Average 

Water quality 89.8 Safe 

Biology 43.5 Average 

Water ecological 

management 
71.3 Safe 

Social service function 71.9 Safe 

Midstream comprehensive 

health level 
71.6 Safe 



Xu et al.: Comprehensive assessment of the water ecological security of the Xiangjiang River Basin based on physico-chemistry and 

organism indices 
- 4569 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):4547-4574. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1702_45474574 

 2019, ALÖKI Kft., Budapest, Hungary 

Table 25. Results of comprehensive assessments of water ecological security in the 

downstream portion of the Xiangjiang River Basin 

Objective Health status of the downstream of the Xiangjiang River Basin 

Function Composite indicator score Evaluation result 

Hydrology and water 

resources 
51.2 Average 

Physical structure 53.9 Average 

Water quality 75.8 Safe 

Biology 23.7 Unsafe 

Water ecological 

management 
71.2 Safe 

Social service function 73.5 Safe 

Downstream 

comprehensive health level 
59.6 General 

 

 

Discussion 

Through the study of water ecological security assessment at home and abroad, it can 

be seen that the index system is the key point of water ecological security assessment in 

river basins, and it is worth further study. 

Weight comparison of evaluation indicators 

The calculation results of the weights of each indicator from the comprehensive 

assessment index system for water ecological security are shown in Figure 3. 

 

Figure 3. Comparison of various indicator weights of water ecological security 
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The figure reflects the importance of indicators in terms of water ecological security 

assessment. The three most significant indicators are the fish biological loss index, the 

ecological flow satisfaction level, and water function area compliance, which are 

important indicators of biological, hydrological, and water resources in the factor layer. 

The three least important indicators are natural wetland retention, riparian vegetation 

coverage, and riparian human activity. These indicators reflect the physical structure of 

the factor layer. Because the indicators with larger weights have a greater impact on the 

water ecological security of the Xiangjiang River Basin, it is necessary to pay more 

attention to these indicators. 

A comparative analysis of the current status of evaluation indicators 

Figure 4 shows the status of the indicators of the upstream, midstream, and 

downstream portions of the Xiangjiang River Basin after investigation, reflecting the 

current safety status of each indicator. The comparison shows that the safety status of 

the upstream water ecosystem is significantly better than those of the middle and 

downstream ecosystems, and the comprehensive assessment result of the water 

ecological security in the midstream is better than that in the downstream section. In 

terms of specific indicators, i.e., the upstream ecological flow satisfaction level, river 

bank stability, riparian vegetation coverage, riparian human activity, natural wetland 

retention, dissolved oxygen concentration, oxygen-consuming organic pollution, water 

functional zone compliance indicators, and fish life, the scores of the biological loss 

indicators are higher than those of the middle and downstream sections. In the 

midstream portion, the soil erosion control index, hazard source risk index, public 

satisfaction index, and centralized drinking water source safety guarantee compliance 

rate are better than in other river sections. The downstream river section is superior to 

the other two river sections in the social service function criterion layer. However, other 

criterion layers of the downstream section perform poorly. Overall, the natural 

ecosystem of the upstream portion of the Xiangjiang River Basin is larger, making the 

water ecology healthier, but there are still some problems in ecological water 

management. As an important area where soil erosion control has been conducted, the 

midstream section of the river has done well in terms of ecological water health 

management, but there are also problems concerning the low retention rate of natural 

wetlands and the low vegetation coverage on river banks. The ecological quality of the 

aqueous environment in the downstream reaches of the river is poor. However, this 

section performs well in terms of water ecological management. 

 

Figure 4. Assessment of the current status of the upstream, midstream, and downstream 

sections of the Xiangjiang River Basin 
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Variation characteristics of indicators 

A comprehensive analysis of the variation of the indicators of the upstream, 

midstream, and downstream sections of the ecological water security of the Xiangjiang 

River Basin is shown in Figure 5. In terms of health status, there are 8 indicators of the 

upstream and midstream sections that are better than the those of the downstream 

section. These indicators include the water function area compliance indicators, natural 

wetland retention rate, oxygen-consuming organic pollution status, dissolved oxygen 

concentration, ecological flow satisfaction degree, river bank stability, fish bio-loss 

index, and degree of human activity in the riparian zone. 

 

Figure 5. Variations of current indicators of the upstream, midstream, and downstream 

sections of the Xiangjiang River Basin 

 

 

These indicators are mainly related to hydrology and water resources, physical 

structure, water quality and biological elements. It is indicated that from the upstream to 

the downstream sections of the Xiangjiang River Basin that the health status of the 

indicators transitions from good to bad, and this situation needs to be paid enough 

attention. It is worth noting that the natural wetland retention rate along the entire river 

basin ranges from upstream to downstream is good, general and very poor, indicating 

that the health level of the index has changed dramatically. In addition, with respect to 

the entire basin of Xiangjiang River, five indicators (the degree of variation in the flow 

process, the flood control index, human activity intensity in the riparian zone, riparian 

vegetation coverage, and the fish bio-loss index) are always at unhealthy levels. This 

fact merits the attention of concerned researchers and citizens. 
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Contribution value of indicators 

Using the weighted values of each indicator of the Xiangjiang River Basin along 

with the health status of the selected indicators, the contributions of the upstream, 

midstream, and downstream components of the Xiangjiang River Basin to the total 

water ecological security can be obtained, as shown in Figure 6. Among them, the top 3 

contributing values of the upper reaches are the water function zone compliance index, 

the ecological flow satisfaction degree, and the fish bio-loss index. The midstream 

contribution value is consistent with that of the upstream The top 3 contributing values 

in the lower reaches are water function area compliance, ecological flow satisfaction 

level and heavy metal pollution status. 

 

Figure 6. Contribution of the indicators of the upstream, midstream and downstream sections of 

the Xiangjiang River Basin to water ecological security 

 

 

Conclusions 

This study considered the effects of physical, chemical, and biological indicators on 

the stability and sustainability of watersheds from the perspective of water ecological 

security. The AHP method was used to calculate the comprehensive evaluation index 

system of the water ecology of the Xiangjiang River Basin. The top 3 indicators 

reflecting the health of the river are the fish bio-loss index, the degree of ecological flow 

satisfaction, and the water function area compliance. These are important indicators of 

biological, hydrological and water resources, as well as water quality in the factor layer. 

The last three indicators of importance are the natural wetland retention rate, riparian 

vegetation coverage, and riparian human activity. These indicators represent the 

physical structure in the factor layer. A comprehensive assessment of the water 

ecological security of the Xiangjiang River Basin showed that the water quality in the 

upstream portions of the Xiangjiang River Basin is satisfactory, and the hydrological 

water resources and water ecological management have been improved, while the 

physical structure and biological and social service functions are at an average level. 

The overall ecological security status of the upstream portion of the river is good. The 

water quality, water ecological management, and social service functions of the 

midstream are satisfactory. The hydrology and water resources, physical structure and 

biology are at an average level, and the overall situation of the midstream is safer than 

the downstream. The water quality, water ecological management and social service 

functions of the downstream section of the Xiangjiang River Basin are good. The 

hydrology and water resources and physical structure are at a general level, while the 

biological health status is unsafe. The overall ecological safety and health status of the 
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downstream is at an average level. Based on the health status of the upstream, 

midstream, and downstream portions of the Xiangjiang River Basin, it can be said that 

the upstream ecological security level is better than the middle reaches, and that the 

middle reaches better than the downstream portions. 
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