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Abstract: Ecological waterway construction and waterway health protection have become a trend 
and requirement of waterway development worldwide. How to assess the health status of a water-
way is a fundamental concern for waterway sustainable development. This study established a com-
prehensive framework for health assessment of the waterway from Chongqing to Yibin in the upper 
reach of the Yangtze River, focusing on the coordinated development of river functions or services 
including navigation, flood discharge, sediment transport, water supply, self-purification, ecology, 
and recreation. This framework consists of a hierarchical indicator system, a weight determination 
method with analytic hierarchy process (AHP), an assessment model considering cask short board 
effect, and a sensitive analysis method. The waterway health in this river section in the periods 
2016–2017 and 2018–2020 were assessed. The results showed that the river functions of navigation, 
flood discharge, water supply, ecology, and recreation had improved, while sediment transport had 
deteriorated from “Fair” to “Poor”, and self-purification remained at “Excellent” condition. The 
overall health of the waterway from Chongqing to Yibin has improved but remained in a “Fair” 
state during 2016–2020, at roughly the same healthy state as the other three waterways in the middle, 
middle-lower, and lower reaches. The results are conducive to understanding the health status of 
the whole Yangtze River waterway. They can serve as an important reference for ecological protec-
tion and development of high quality in the Yangtze River basin. 
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1. Introduction 
Inland waterways are essential for transportation due to benefits such as large navi-

gation capacity, low cost, less energy consumption, less pollution, and less land occupa-
tion [1]. With the rapid development of the water transportation industry, the waterway 
construction has entered a golden period of development. Aside from meeting the in-
creasing demand for passenger and goods transport, an accumulating body of research 
has revealed that the essence of creating inland waterways is to bring about regional so-
cio-economic development that is also comprehensive, coordinated, and sustainable [2]. 
Coordination of navigation and environmental and ecological protection of a waterway 
is getting more and more attention from researchers, governmental administrators, and 
practitioners. 

Waterway health assessment is useful for guiding inland waterway construction and 
realizing the sustainable development of the nexus between waterways, nature, society, 
and the economy. As a result, the current research mainly focused on the assessment of 
river health [3–5]. A series of agreements, plans, assessment systems and prediction mod-
els of river health have been established in the United States (Rapid Bioassessment Proto-
cols, RBPs) [6], Britain (a system for evaluating rivers for conservation, SERCON) [7], Aus-
tralia (AUSRIVAS) [8] and South Africa (River Health Program, RHP) [9]. River health 
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assessment methods include model methods and multi-index evaluation methods [4]. 
Waterway health is affected by multiple factors. A multi-metric approach is more com-
monly used because it can assess waterway health in an objective and comprehensive way 
[10]. Numerous mathematical approaches, such as analytic hierarchy process (AHP) [11], 
fuzzy comprehensive assessment [12], artificial neural network [13] and so on, have also 
been applied to river health assessment. Among them, the AHP, which was proposed by 
Saaty, has been widely used and proved useful in multi-index evaluation and multi-object 
decision making [14]. 

The Yangtze River is the longest river in China and the third longest river in the 
world. The ecological functions of Yangtze River, such as bio-diversity preservation, wa-
ter supply security, and pollution reduction, have significant implications well beyond 
the local environment. It is important for the regional environment as environmental 
fluxes transporter and ecosystem provider [15]. On the other hand, the Yangtze River wa-
terway plays an important role in China’s economy and even the world’s industrial chain 
[16]. The Yangtze River waterway has become the busiest inland waterway in the world 
since 2006, and carries much larger freight transport than any other inland waterway [17]. 
The efforts of China to protect the ecological system in the waterway development could 
be useful for other developing regions relying on inland water transportation. So far, the 
existing research pertinent to waterway ecological protection mainly focused on the mid-
dle and lower reaches of the Yangtze River, proposing the concept and evaluation indica-
tor system of the ecological waterway [18–21]. Located in the upper reaches of the Yangtze 
River, the waterway from Chongqing to Yibin has different riverbed features, has experi-
enced different kinds of waterway regulation projects, and plays a critical role in the com-
prehensive transportation system of western developing areas in China and the ecological 
security of the middle and lower reaches of Yangtze River [22]. Nevertheless, waterway 
health in this river reach has not been reported. This, therefore, hinders forming a holistic 
picture of the waterway health in the Yangtze River. 

The main aims of this paper are: (1) to construct a comprehensive framework of wa-
terway health assessment for the reach from Chongqing to Yibin in the upper Yangtze 
River based on the principle that the navigation function should be developed in harmony 
with other river functions; (2) to compare the waterway health changes between the peri-
ods of 2016–2017 and 2018–2020 and comprehensively assess the effect of the waterway 
regulation projects during the Thirteenth Five-Year Plan period (from 2016 to 2020); (3) to 
reveal the health status of the whole Yangtze River waterway for the first time by com-
parative analysis with previous studies on waterway assessment in the other reaches. This 
work is thus expected to provide scientifical support for sustainable exploitation and eco-
logical protection of the Yangtze River. 

2. Materials and Methods 
2.1. Study Area 

Located in the southern margin of Sichuan Basin, the waterway from Chongqing to 
Yibin in the upper Yangtze River primarily flows through Chongqing and through Yibin 
and Luzhou in Sichuan (Figure 1). The waterway from Chongqing to Yibin has a total 
length of 384 km. The area has a subtropical monsoon climate, which is characterized by 
distinct patterns of four seasons, notably being hot and wet in summer, cold and dry in 
winter. Sufficient rainfall in the upper reaches of the Yangtze River can easily induce ge-
ological disasters such as collapse and landslides. The reach passes through canyons, hills, 
and mountains. The waterway in this section is narrow and steep in canyons, open in hilly 
areas, and has a width of 500~1000 m during the flood season, 300~400 m during the dry 
season. The average current velocity is 1.5–3.0 m/s in the dry season, 3.0–5.0 m/s in the 
flood season, and the maximum frequently exceeds 6.0 m/s. There are more than 30 navi-
gation-obstructing beach sections, which have become a serious hindrance to the devel-
opment and health of the waterway. 
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Figure 1. Location of the Chongqing to Yibin waterway. 

A series of waterway regulation projects had been carried out in this river reach in 
order to produce and maintain a more favorable channel dimension which is normally 
represented by Water depth × Waterway width × Bend radius. Dredging and reef blasting 
are the most common waterway regulation projects between Chongqing and Yibin. At 
present, the channel dimensions of the waterway from Chongqing to Yibin have already 
been enlarged from 1.8  m  ×  40 m  ×  400  m to 2.9  m  ×  50  m  ×  560  m, which has effec-
tively improved its navigation capacity[23]. The navigable conditions in the reach can 
meet the standards for class-III, with a navigation capacity for ships up to 1000 tons 
throughout the year. 

2.2. Indicator System Construction for Waterway Health Assessment  
A waterway usually has both natural and social functions, and a healthy waterway 

should maintain its natural functions while meeting societal needs [21]. Previous pieces 
of research have already pointed out that the river system has a variety of functions or 
services, such as flood discharge, water supply, sediment transport, purification, land-
scape, navigation, power generation and so on [24]. In response to the new changes of 
water and sediment conditions caused by the joint operation of the Three Gorges Project 
and the upstream reservoirs, new requirements for the Yangtze Golden Waterways have 
also been developed, including for flood control, shipping, power generation, water sup-
ply and ecology [25]. A healthy waterway must ensure that navigation and other river 
functions are developed in a coordinated manner. 

The waterway health assessment indicator system consists of three layers: (a) the 
state layer (indicates the comprehensive health status of the waterway); (b) the function 
layer (includes the major functions or services of the waterway); (c) the indicator layer 
(which includes indicators to represent a certain function or service). Based on previous 
research [19–21] and the actual situation of the study area, seven functions or services 
were chosen for the function layer including navigation, flood discharge, sediment 
transport, water supply, self-purification, ecology, and recreation. The indicators were se-
lected following the principles that they should be clear, simple, and independent, and 
the data needed to assess them is available. Table 1 shows the proposed indicator system 
to assess the health of the waterway from Chongqing to Yibin in the upper Yangtze River. 
The proposed indicator system will be described in detail after Table 1. 

Table 1. Indicator system for health assessment of the waterway from Chongqing to Yibin. 

State Layer No. Function Layer No. Indicator Layer Description and Calculation Method 
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The 
Waterway 

Health 

B1 Navigation 

C1 
Navigable depth and 

width (m) Navigable depth and width of the waterway [24] 

C2 
Rate of navigation aid 

facilities in service to the 
total (%) 

     
    

× 100% (GB50139-2004) 

C3 
Annual accident 

occurrences Accidents occurred within a year [20] 

B2 
Flood 

discharge 

C4 Maximum flood 
discharge capacity 

The maximum flood level that the waterway can resist. (GB 
50201-94) [26] 

C5 

Proportion of flood 
control works meeting 
the criterion to the total 

(%) 

         
      

× 100% [27] 

B3 Sediment 
transport 

C6 

The variation rate of 
water used for sediment 

transportation in a 
certain year relative to 
the average value (%) 

        
          

×
100%  

Wc=
0.1 × nSt

∑ max Cij
n
i

  

Where Wc represents water used for sediment transportation 
(108 m3); St is average sediment discharge in a year(104); Cij 

is average sediment concentration in the 푗th month of the 
푖th year; 푛 indicates the number of years [28]. 

C7 

The variation rate of the 
suspended sediment 
load in a certain year 

relative to the average 
value (%) 

푆퐶푟 = | | × 100%  

Where 푆퐶푟 represents the rate of change of suspended 
sediment load, 푊  is the suspended sediment load in a 

certain year, 푊  is average sediment load over years [29]. 

B4 
Water 
supply 

C8 Rate of water resource 
utilization (%) 

    
   

× 100% [30,31] 

C9 
Rate of reaching water 

quality standard in 
function zones (%) 

       
     

× 100% [32] 

C10 
Water quality 

comprehensive index 

푃 =         푃 =   

Where 푃 represents comprehensive water quality index; 푃  
is pollutant index; 퐶  is the concentration of pollutant; 퐶  is 

the reference value of pollutant concentration [18]. 

B5 Self-
purification 

C11 Dissolved oxygen 
concentration(mg/L) 

Dissolved oxygen concentration (mg/L) [33] 

C12 

The variation rate of 
water used for self-

purification in a certain 
year relative to the 
average value (%) 

Average minimum monthly flow over the past decade 
(GB3839-83) 

B6 Ecology 

C13 
Degree of satisfaction of 

ecological water 
demand (%) 

퐸퐹 = 푚푖푛 [ ]   

Where EF represents degree of satisfaction of ecological 
water demand(%), 푞  is the measured daily flow in 

evaluation year, 푄 is the average flow for several years [34]. 

C14 Fish integrity index 

퐻 = − ∑ ℎ × 푙푛 (ℎ )  
Where H represents fish integrity index; 푛 is the number of 
biological species, ℎ  is the proportion of number of species 

푗 to the total fish species [35,36]. 

C15 Survival of rare species 
Investigation of rare species numbers and survival situation 

[37–39] 

B7 Recreation C16 Landscape diversity 
index 

퐻 = − ∑ ℎ × 푙푛 (ℎ )  
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Where H  represents landscape diversity index; 푛 is the 
number of landscape species, ℎ  is the areal parentage of 

type 푗 landscape over the total area [40]. 

C17 Normalized difference 
vegetation index 

푁퐷푉퐼 =   

Where 푁퐷푉퐼 represents normalized difference vegetation 
index; 푅  is the intercalibrated data in near-infrared 

bands; 푅  is the intercalibrated data in red bands [41]. 

(1) Navigation 
The Yangtze River shipping plays an irreplaceable role in the national shipping sys-

tem [42]. The Yangtze River port completed a cargo throughput of 3.5 billion tons in 2021, 
an increase of more than 6% year by year, a record high. This includes a container through-
put of 22.82 million standard containers, an increase of 16.3%. The upper reaches of the 
Yangtze River have large ports such as Chongqing, Yibin, and Luzhou. In recent years, 
the shipping capacity of the three ports has been greatly improved, which provides an 
effective guarantee for the economic development of the upper reaches. The navigation 
function is expressed by 3 indicators: navigable depth reliability, proportion of navigation 
aid facilities in service, and annual accident occurrences. 
(2) Flood discharge 

One of the river’s primary functions is to regulate runoff between regions through 
flood discharge. In recent years, engineering measures such as channelization, reservoir 
construction, embankment, flood storage and detention areas, and underground rivers 
are quite commonly used for recharge, regulation, and discharge [43]. For a long time, 
flood control projects such as the Yangtze River embankment, flood storage and detention 
area have been mainly distributed in the middle and lower reaches, while flood defense 
in the upstream is relatively weak. Two indicators were selected to represent flood dis-
charge, namely, the maximum flood discharge capacity and the proportion of flood con-
trol works that meet flood control criteria stipulated by the Chinese government. 
(3) Sediment transport 

The abnormal sediment transport function will lead to river siltation, runoff reduc-
tion, and flow interruption, as well as threaten the safety of surrounding areas. Regional 
sediment transport could be severely affected by numerous factors, such as climate 
change, vegetation coverage, human interventions and so on [44,45]. The historical 
changes in land use brought an increase in sediment discharge [46,47]. However, the 
trends have now gone into reverse due to anthropogenic factors including construction of 
dams, water diversion and sand mining [48–50]. The main source of suspended sediment 
in the Yangtze River Basin is in the upstream reaches. The rate of variation in suspended 
sediment transport reflects the change in river sediment concentration and sediment dep-
osition in the river channel, and indirectly reflects the state of the river structure and eco-
logical environment [51]. The rate of variation in suspended sediment transport is ex-
pressed by the ratio of the value of river sediment transport in the assessment year and 
value of the average river sediment transport over a longer period. The greater the value, 
the greater the impact on the river ecosystem. The sediment transport function is repre-
sented by 2 indicators: the variation rate of water used for sediment transportation in a 
certain year relative to the average value and the variation rate of the suspended sediment 
load in a certain year relative to the average value. 
(4) Water supply 

Water is the source for life, and hence it gets diverted for human and animal use, 
such as farmland irrigation, industrial production, and landscape ecology. The Yangtze 
River provides abundant water resources for the areas it flows through. With the acceler-
ation of urbanization, it is of great importance for the waterway from Chongqing to Yibin 
to meet the growing demand for water quantity and water quality. In this context, water 
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function zoning has implemented to set water-quality target and improve water ecologi-
cal environment. Different function zones are stipulated according to conditions of social 
and economic development, natural endowment, and environmental and ecological func-
tions.. The water resource utilization ratio, comprehensive index of water quality and rate 
of reaching water quality standards in the function zones were chosen to indicate the func-
tion of water supply.  
(5) Self-purification 

The self-purification capacity of river water is an essential indicator for a healthy 
river [52]. Pollutants in rivers can be eliminated by natural dilution, diffusion, oxidation, 
or metabolism, as well as by absorption and degradation of aquatic organisms. Domestic 
sewage and industrial wastewater have been the primary pollution source along the 
reaches from Chongqing to Yibin. To assess the waterway’s self-purification, two indica-
tors were used, specifically, dissolved oxygen concentration and the variation rate of wa-
ter used for self-purification in a certain year relative to the average value. 
(6) Ecology 

As the breeding habitat of numerous aquatic organisms, the waterway plays an im-
portant role in maintaining biodiversity. From Chongqing to Yibin, a reserve covering 
some of the upper reaches of the river have been designated as the Yangtze River Rare 
Fish National Nature Reserve to protect rare freshwater fishes such as Acipenser dabryanus, 
myxopyronins asiaticus[53]. The ecology function of the waterway is represented by 3 indi-
cators: degree of satisfaction on ecological water demand, fish or biological integrity index, 
and survival of rare species.  
(7) Recreation 

In order to realize the harmonious coexistence of man and nature, the river is also 
attributed a recreation service function. It is critical that improvements in the surrounding 
ecological environment, increasing vegetation coverage, enriching people’s lives, and 
stimulating the local economy are considered during the waterway regulation implemen-
tation process. The recreation function is indicated by 2 indicators: landscape diversity 
index and normalized difference vegetation index (NDVI). Land cover data retrieved by 
the 30 m resolution Landsat 8 data (USGS, Reston, VA, USA) was used to calculate land-
scape diversity index. Seven types of landscape were used in this study, namely, built up, 
forest, arable land, grassland, water bodies, traffic land, and barren land. To represent the 
recreation function of the waterway, a 2-km buffer belt along the river banks from Chong-
qing to Yibin is used when calculating the two indicators. 

2.3. Determination of Indicator Weight 
Waterway health assessment is a multi-objective evaluation process, and the ration-

ality and accuracy of the weights directly affect the evaluation results. In this study, the 
corresponding weights were calculated by the analytic hierarchy process (AHP) method. 
AHP is a subjective weighting method with the advantages of ease of use, strong system-
aticity, and high flexibility. A complex problem is structured hierarchically by AHP, 
which descends from a goal to criteria, sub-criteria, and alternatives in successive levels 
[54]. The essence of AHP is pairwise comparison. The numbers 1–9 and their reciprocals 
are used to indicate the relative importance of different indicators, with ‘9’ indicating that 
one indicator is much more important than the other. Indicators are pairwise compared 
according to 9 level-scales to derive their weights, developing a pairwise comparison ma-
trix A = aij n×n

 for the function layer and the index layer. For each comparison matrix, 
we obtained the maximum eigenvalue(λmax ), consistency index (CI), consistency ratio 
(CR), and normalized eigenvector. The corresponding normalized eigen vector obtained 
from the pairwise comparison matrix was regarded as relative weight. The consistency of 
the pairwise comparison was assessed by the consistency ratio (CR), a scalar value defined 
as the ratio between CI and a reference value called the random index (RI). It is widely 
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accepted that the pairwise comparison matrix passes the consistency check with a CR ≤ 
0.1 [54–56]. 

To define the pairwise comparisons in this study, 18 experts from universities, the 
Yangtze River waterway administrations, research institutes for water transportation en-
gineering, hydrobiology and water conservancy, and inland river port and navigation 
center, and harbor consultants, were consulted with questionnaires. These experts have 
extensive knowledge and several years of practical experience in water ecological envi-
ronment, hydrology and water resources management, Yangtze River aquaculture, and 
hydropower among others. The total CR = 0.0158 < 0.1, indicating that consistency check 
is satisfactory. The derived weights obtained from our study can be used in health assess-
ment for the waterway from Chongqing to Yibin in the upper Yangtze River. 

CR = 
CI
RI

 (1)

CI = 
λmax- n

n-1
 (2)

where λmax is the principal eigen value, which was obtained from the sum of the products 
between each element of the eigen vector and the sum of columns of the pairwise matrix; 
n is the size of the pairwise comparison matrix. 

RI is the random consistency index, as shown in Table 2 [57]. 

Table 2. Average random consistency index (RI). 

n 1 2 3 4 5 6 7 8 
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 

2.4. Waterway Health Index 
Waterway health index has been used to determine the health condition of the wa-

terway. The weight of each indicator from AHP analysis is required for WHI estimation. 
Previous studies have defined the relationship between WHI and indicator weights 
through Equation (3) [58,59]. 

푊퐻퐼 = 퐼 × 푤 (3)

where 퐼  represents the information amount of the 푖th indicator by 5-points scores, and 
푤  indicates the weight of the 푖th indicator. For the sake of avoiding unit influence be-
tween different indicators, the dimensionless processing of the indicator is performed first 
before calculating WHI. The values of each indicator have been normalized into integers 
[1,5]. Hence, the value of WHI should be within the interval of [1,5], and it can be divided 
into five levels, in descending order: “Excellent,” “Good,” “Fair”, “Poor,” and “Bad”. 
Equation (3) is also applicable for function level when the status of every function is as-
sessed. 

In order to determine the classification criteria of waterway health, it is important to 
conduct threshold research of different indicators. In this study, each indicator threshold 
was determined according to following methods: (a) Adopt existing national, local, indus-
trial, or international standards; (b) Refer to the index classification of previous researches 
in similar study areas; (c) Expert consultation. Table 3 lists the indicator assignment stand-
ards for each indicator. 

Table 3. Five-grade waterway health assessment standard. 

Index Layer Unit Excellent (5) Good (4) Fair (3) Poor (2) Bad (1) 
Threshold 
Based on 
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C1 m/m ≥4/100 ≥3.5/80 ≥2.6/50 ≥1.8/30 <1.8/30 
National 
standards(GB5
0139-2004) 

C2 % ≥95 ≥85 ≥75 ≥60 <60 
National 
standards(GB5
0139-2004) 

C3  ≤30 ≤80 ≤160 ≤250 >250 
Maritime 
Bureau 
statistics 

C4  
Once in a 
thousand 

years flood 

Once-in-a-
century 

flood 

Flood once 
in 50 years 

Flood once 
in 20 years 

Flood 
once in 
10 years 

National 
standards (GB 
50201-94) 

C5 % ≥95 ≥80 ≥65 ≥60 <60 Literature[60] 
C6 % ≤10 ≤25 ≤40 ≤60 >60 Literature[61] 
C7 % ≤20 ≤35 ≤50 ≤70 >70 Literature[20] 
C8 % ≤10 ≤20 ≤30 ≤40 >40 Literature[12] 
C9 % ≥95 ≥80 ≥60 ≥40 <40 Literature[62] 

C10  ≤0.5 ≤1 ≤1.5 ≤2 >2 
National 
standards (GB 
3838-2002) 

C11 mg/L ≥7.5 ≥6 ≥5 ≥3 ≥2 
National 
standards (GB 
3838-2002) 

C12 % ≤5 ≤15 ≤30 ≤50 >50 
Historical 
hydrological 
data 

C13 % ≥65 ≥45 ≥35 ≥15 <15 Literature[63] 

C14  58–60 48–52 40–44 28–34 12–22 
Literature[35,3
6] 

C15  Better Good Ordinary Bad Poor Literature[37] 
C16  ≥1.8 ≥1.2 ≥0.7 ≥0.3 <0.3 Literature[12] 
C17  ≥0.8 ≥0.6 ≥0.4 ≥0.2 <0.2 Literature[64] 

Considering that the functions of the waterway interact and influence with each other, 
the functional failure can bring serious influence on the entire ecosystem. The WHI ob-
tained by weighted calculation cannot reflect the cask short board effect on waterway 
health. Therefore, a logarithmic function is used to represent the short-term effect of a 
functional collapse on the ecological waterway system, using the following Equation (4) 
[65]. 

푊퐻퐼 = 푙표푔 퐼 × 푤  (4)

In Equation (4), the function of log5 is used to convert the 5-point scale into the fol-
lowing grades as shown in Table 4. Thus, the linear split points of “Excellent,” “Good,” 
“Fair”, “Poor,” and “Bad” in WHI was non-linearized to reflect the cask short board effect. 
This method not only provides more reasonable waterway health assessment results but 
also allows for timely action to avoid further damage to river health. 

Table 4. Health condition interval marking of waterway assessment. 

Level Excellent Good Fair Poor Bad 
WHIc 1 (log 5) 0.86 (log 4) 0.68 (log 3) 0.43 (log 2) 0 (log 1) 

2.5. Sensitivity Analysis 
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Weighting is a factor that has great influence on the evaluation result. In this study, 
single parameter sensitivity analysis was used to verify the reliability of the indicator sys-
tem. The weight of each function was manually increased or decreased by 20% and the 
weights of the other functions changed proportionally to ensure that the sum of all 
weights always adds up to 1. We obtained the new WHIc after changing the weight value 
of one factor at a time to identify the impacts of single parameter. The weight calculation 
is as shown in Equations (5) and (6). 

wi
’=wi×(1±c %) (5)

where 푐% represents the rate-of-change of the weight, wi
’represents the weight of 푖th in-

dex after change. 

wj
’=

1-wi
’ × wi

1-wi
 (6)

2.6. Data Source and Preprocessing in 2016–2017 and 2018–2020 
During the Thirteenth Five-Year Plan (from 2016–2020), China vigorously advanced 

the Yangtze River golden waterway construction. Based on this background, data col-
lected was split into two time periods: 2016–2017 and 2018–2020. We assessed and com-
pared these time periods to better understand the health status of the waterway from 
Chongqing to Yibin in the upper Yangtze River. Most of the basic data comes from: 
(1) Reports about Yangtze River Channel regulation and construction, including Envi-

ronmental Impact Report of the “13th Five-Year” Waterway Management and Con-
struction Planning of the Yangtze River Trunk Line, Environmental Impact Report 
on Development Planning of Yangtze River Main Channel. 

(2) Statistics and Related Website. China Hydrological Yearbook, National Bureau of 
Statistics of China (accessed on 28 February 2022 http://www.stats.gov.cn/), 
Changjiang Waterway Bureau (accessed on 13 December 2021 
http://www.cjhdj.com.cn), Changjiang Hydrology (accessed on 3 November 2020 
http://www.cjh.com.cn), Changjiang Water Resources Commission of The Ministry 
of Water Resources (accessed on 6 September 2021 http://www.cjw.gov.cn), 
Changjiang Maritime Safety Administration (accessed on 8 March 2022 
https://cj.msa.gov.cn), Chongqing Water Resources Bureau (accessed on 28 January  
2020 http://slj.cq.gov.cn), Yibin Water Resources Bureau (accessed on 30 September  
2021 http://ybsswj.yibin.gov.cn). 

(3) Extensive monitoring and sampling in the study area. 

3. Results and Discussion 
3.1. Indicator Assessment 

AHP was used to calculate the weights of each indicator and function of waterway 
health. Figure 2 shows the weights for waterway health assessment. 
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Figure 2. Weights for waterway health assessment. 

According to the waterway maintenance plan published by Changjiang Waterway 
Bureau, the navigable width/depth has been kept at 2.9/50 m from 2016 to 2020. C1 was 
set to 3 for both 2016–2017 and 2018–2020. The proportion of navigation aid facilities in 
services reached 100%, and C2 was set to 5 for both. Reef running is the main type of 
accidents in the upper Yangtze River due to the special terrain topography. Based on the 
accident records by Changjiang Maritime Safety Administration, C3 was set to 4 and 5 for 
2016–2017 and 2018–2020, respectively. The number of accidents has decreased signifi-
cantly due to the construction of the waterway and the outbreak of COVID-19. 

With the guidance of the comprehensive plan for the Yangtze River Basin, the flood 
control standard has been remarkably upgraded in the reach from Chongqing to Yibin. 
The flood control standard has been improved to once in 50–100 years in major districts 
of Chongqing, once in 20–50 years in Yibin and Luzhou. C4 was set to 2 for 2016–2017 and 
to 3 for 2018–2020. From the 14th Five-Year Plan for Water Security in Chongqing, Luzhou 
and Yibin, the flood control measures have been gradually perfected within the region 
and the compliance rate was increased from ≥65% to ≥80%. Therefore, C5 was set to 3 and 
4 for 2016–2017 and 2018–2020, respectively. 

According to the Yangtze River Sediment bulletin, the sediment transportation data 
gauged at Zhutuo and Cuntan hydrological stations within the waterway from Chong-
qing to Yibin experienced a sharp increase of the water used for sediment transfer and a 
decrease of the sediment concentration in 2018. C6 was set to 4 and 1 for 2016–2017 and 
2018–2020, respectively. The proportion of the suspended sediment load relative to the 
average value was 69.47% in 2016–2017 and 42.41% in 2018–2020. C7 was set to 2 and 3 
for 2016–2017 and 2018–2020. 

Based on the Yangtze River water resources bulletin, water resource utilization rate 
was 11.63% and 12.94% in 2016–2017 and 2018–2020. For both periods, C8 was set to 4. 
The water quality of the Yangtze River has got better year by year during the 13th Five-
Year Plan period as several environmental protection measures have been taken. The rate 
of reaching water quality standard in functional districts increased from more than 60% 
in 2016–2017 to more than 80% in 2018–2020, with C9 increased from 3 to 4. C10 was set 
to 4 for 2016–2017 and 5 for 2018–2020. Throughout the evaluation period, the dissolved 
oxygen concentration basically kept above 7.5 mg/L. C11 was set to 5 for 2016–2017 and 
2018–2020. 

The hydrologic data at Cuntan and Zhutuo hydrologic stations were obtained from 
Hydrological Yearbook of the People’s Republic of China. The proportion of water used 
for self-purification relative to the average value was lower than 5%, hence C12 was set to 
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5 for both 2016–2017 and 2018–2020.The degree of satisfaction on ecological water demand 
(C13) was set to 3 for the two periods. 

Based on data from sampling in the study area, the fish or biological integrity index 
was calculated, and C14 was set to 3 for 2016–2017 and 2018–2020. The living environment 
of rare species has improved as a result of numerous policies aimed at recovering fish 
stocks and aquatic biodiversity throughout the Yangtze River Basin. C15 was set to 3 for 
2016–2017 and 4 for 2018–2020. 

The landscape diversity index (C16) and normalized difference vegetation index 
(NDVI, C17) of the buffer were calculated. The landscape diversity indicator was 0.94 in 
2016–2017 and 1.30 in 2018–2020. Thus, C16 was set to 3 and 4, respectively. For 2016–2017 
and 2018–2020, NDVI was maintained above 0.6. C17 was set to 4 for both 2016–2017 and 
2018–2020. 

The results of assessment of the indicators of the waterway from Chongqing to Yibin 
are displayed in Table 5. 

Table 5. Assessment of the indicators of the waterway from Chongqing to Yibin. 

Indicator 2016–2017 2018–2020 Index 2016–2017 2018–2020 
C1 3 3 C10 4 5 
C2 5 5 C11 5 5 
C3 4 5 C12 5 5 
C4 2 3 C13 3 3 
C5 3 4 C14 3 3 
C6 4 1 C15 3 4 
C7 2 3 C16 3 4 
C8 4 4 C17 4 4 
C9 3 4    

3.2. Function Health Assessment  
Based on the indicator system constructed to evaluate waterway health, the compre-

hensive Waterway Health Index was used to calculate the health condition of the water-
way from Chongqing to Yibin in upper Yangtze River. The specific results are shown in 
Figure 3. 

 
Figure 3. Assessment of the waterway from Chongqing to Yibin. 

As shown in Figure 3, the WHIc of the reach from Chongqing to Yibin was 0.6914 and 
0.7053 for 2016–2017 and 2018–2020, respectively. The results indicated that the health of 
the waterway from Chongqing to Yibin belonged to the “Fair” level during 2016–2017 and 
2018–2020. Comparing two time periods we assessed, the WHIc of the reaches from 
Chongqing to Yibin increased during the evaluation period. The scores of different 
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functions show that there was an increase in 2018–2020 compared to 2016–2017 except for 
B3 and B5. The sediment transport (B3) was assigned “Fair” in 2016–2017 but “Poor” in 
2018–2020. During the evaluation period, the self-purification (B5) remained in “Excellent” 
condition. 
(1) Navigation 

The waterway from Chongqing to Yibin in the upper Yangtze River usually holds 
poor natural conditions for navigation such as sharp corners, narrow channels, shallow 
water depth, fast flow rate, and a disordered flow regime [66]. For the sake of navigation 
capacity and safety, Changjiang Waterway Bureau has moved forward the implementa-
tion of improvement and dredging projects. The Ministry of Transport has incorporated 
the waterway regulation project from Yibin to Chongqing in the upper reaches of the 
Yangtze River into the “Thirteenth Five-year Plan for Waterway Regulation and Construc-
tion of the Yangtze River”. Three projects have completed preliminary work between 2016 
and 2020 (including the reaches from Yangshipan to Shangbaisha in Sichuan, Hejiangmen 
to Jieshipan and Jieshipan to Jiulongpan in Chongqing). Because of these works, the nav-
igation function of the reaches from Chongqing to Yibin increased from 0.8035 to 0.8269, 
while remaining in the “Fair” state. 
(2) Flood discharge 

In terms of the flood discharge function, the waterway from Chongqing to Yibin in 
the upper Yangtze River has been improved from 0.5044 to 0.5567 but remained in  “Poor” 
category in 2016–2017 and 2018–2020. The major measures that have been taken to im-
prove the flood discharge function of the waterway from Chongqing to Yibin are improv-
ing the flood control standard and constructing flood control projects. Regional flood con-
trol standards in the upper reaches have been further improved during the “Thirteenth 
Five-year” period, but failed to meet the standards set by the comprehensive plan for the 
Yangtze River Basin. In this case, controlling reservoirs is of great importance. The world’s 
largest reservoir group with the Three Gorges Reservoir at its core has been built along 
the upper reaches of the Yangtze River. In order to control the floods occurring in July/Au-
gust 2020 in the Yangtze River Basin, the number of controlled reservoirs in the upper and 
middle reaches of the Yangtze River increased to 41. The joint application of the reservoir 
group and improvement of city flood control standards will increase the flood control 
capacity [67,68]. 
(3) Sediment discharge 

As the sole function showing a negative trend, the sediment transport function index 
fell from 0.7080 (“Fair”) to 0.4396 (“Poor”). Under the dual influence of climate variations 
and human activities, the water discharge and sediment load have been significantly al-
tered [69]. Sediment loads in this river have shown a progressive decline since the 1970s; 
the Yangtze River’s average annual sediment load transported at Cuntan and Zhutuo hy-
drological station decreased to 922 Mt/year and 553 Mt/year between 2016–2020, only 
21.48% and 18.27% of the 1956–2002 level (before the three Gorges Dam was filled). In 
addition, the fluvial suspended sediment concentration has declined by an order of mag-
nitude, from 1.0 to 0.1 kg/m3 [70], and even to 0.01 kg/m3. Variation of the sediments 
transport function is affected by climate change and anthropogenic activities [71]. Over 
50,000 dam reservoirs including the Three Gorges Dam, one of the world’s largest dams, 
and many waterway regulation projects have been constructed in the Yangtze River catch-
ment since the 1950s, and many researches have suggested that these human activities 
might be the major driving factors for sediment load reduction [72,73]. The sediment 
transport function situation in the waterway from Chongqing to Yibin may have profound 
impacts on the morphology and ecology of the downstream Yangtze River including its 
delta. 
(4) Water supply 
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The water supply function improved from 0.6887 (“Fair”) in 2016–2017 to 0.9430 
(“Good”) in 2018–2020. Based on these monitoring and statistical data, researchers found 
that the water quality of the reaches from Chongqing to Yibin declined during 2000–2010 
and then gradually improved in 2010–2020 [74,75]. During the 13th Five-Year Plan period, 
all sections in the reaches from Chongqing to Yibin met the quality of class Ⅱ [76]. The 
improvement of the water quality should benefit from the national policies adopted by 
Chinese government, such as urban sewage treatment. 
(5) Self-purification 

The self-purification function was measured as “Excellent” both in 2016–2017 and 
2018–2020. During the evaluation period, the dissolved oxygen concentration of the 
reaches exceeded surface water Class II water standard. On account of the big vertical 
drop in elevation together with large discharge and some ecology restoration projects car-
ried out during the evaluation period, the waterway from Chongqing to Yibin has a strong 
self-purification ability. 
(6) Ecology 

The sampling results showed that the biodiversity of the reaches from Chongqing to 
Yibin had increased from 0.6826 to 0.7105 during 2016–2020, despite which the ecology 
function remained in a “Fair” state. The Yangtze River is one of the biodiversity hotspots 
in the world for its diverse assemblages [77]. However, the threats to the health of the 
Yangtze River ecosystem are many, such as habitat loss, alternations of hydrological re-
gimes, water pollution and overexploitation. For this reason, the protection of endemic 
species especially the rare and endangered, has been given great importance. Starting 
from 2015, the rescue actions for endangered species, such as Chinese sturgeon, Yangtze 
finless porpoise and Yangtze sturgeon, have been put into effect. In order to comprehen-
sively improve the biodiversity of Yangtze River, a long-term fishing-ban policy began to 
be implemented. Faced with the complexities of ecological interactions, the response of 
the ecological environment to the ecological measures has temporal hysteresis, which 
needs to assessed for the long-term. 
(7) Recreation 

In terms of the landscape recreation function, it has improved from 0.7665 to 0.7774 
but remained “Fair” in 2016–2017 and 2018–2020. There is a increase in the landscape di-
versity index and NDVI in the waterway from Chongqing to Yibin, which was consistent 
with the model evaluation results in previous studies [78]. Comprehensively considering 
the multi-functional needs of the waterway, many wetlands protection parks and wetland 
nature reserves have been built along the reaches from Chongqing to Yibin. These ecolog-
ical restoration projects are expected to further improve the landscape recreation function 
of the waterway. 

3.3. Sensitivity Analysis 
WHIc values when their weight factors are fluctuated ±20% from their original values 

as per Figure 2 are shown in Table 6. The results indicated that the assessment results are 
not sensitive to the weight floating by 20%. The waterway health assessment results of the 
reaches from Chongqing to Yibin are stable and reliable.  

Table 6. Fluctuation of WHIc with the increase or decrease of the weight by 20%. 

Function 
 Weight Increase 20%   Weight Decrease 20%  

2016–2017 Grade 2018–2020 Grade 2016–2017 Grade 2018–2020 Grade 
B1 0.6948 Fair 0.7091 Fair 0.6879 Fair 0.7015 Fair 
B2 0.6746 Fair 0.6920 Fair 0.7082 Fair 0.7187 Fair 
B3 0.6920 Fair 0.6956 Fair 0.6908 Fair 0.7150 Fair 
B4 0.6913 Fair 0.7123 Fair 0.6914 Fair 0.6984 Fair 
B5 0.7004 Fair 0.7140 Fair 0.6823 Fair 0.6966 Fair 
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B6 0.6911 Fair 0.7054 Fair 0.6916 Fair 0.7052 Fair 
B7 0.6918 Fair 0.7057 Fair 0.6909 Fair 0.7049 Fair 

3.4. Health Comparison with Waterways in the Other Reaches of the Yangtze River 
In previous research, health of waterways in the middle, middle-lower, and lower 

reaches of the Yangtze River have been assessed. Although the indicator systems in the 
different reaches were not the same, and the assessment years were not consistent with 
each other, they are very helpful to understand the overall health conditions of the Yang-
tze River waterway. The assessment results of waterway health in different reaches are 
shown in Table 7. In terms of the Jingjiang reach in the middle portion of the Yangtze 
River, the waterway health index has increased but remained in “Fair” state from 2011 to 
2014 with the waterway regulation project started in 2013. It was predicted to be in “Good” 
level after the project completed. The results indicated that the channel regulation projects 
offered the waterway health benefits. Considering different functions of the waterway, 
the navigation function, flood discharge function, sediment transport function and ecol-
ogy function have been improved but the water supply and self-purification function ex-
perienced a downward trend [20]. The evaluation for the Wuhan-Anqing reach in the 
middle-lower part of the Yangtze River revealed that the health status was “Fair” in 2018. 
The ecological function was “Poor” and the other functions including navigation, flood 
discharge, landscape and entertainment and self-purification were at a “Good” level, even 
“Excellent” [21]. As for the lower reaches of Yangtze River, the research reported that 
Nanjing-Liuhekou reach was “Fair”. From the perspective of the specific functions, the 
navigation function, self-purification function, and the landscape and entertainment func-
tion were “Excellent”, and the ecological function was “Bad” [63]. 

Based on the earlier research and our study that applied a comparable indicator sys-
tem, the overall waterway health status of the Yangtze River was “Fair”. In the past dec-
ade, there is a significant improvement in the navigation, flood discharge, water supply, 
and recreation function in the waterway health of the Yangtze River. The health status 
progress might be attributed to the national policies adopted by Chinese government, 
such as waterway regulation projects [75]. The degradation of sediment discharge only 
occurred in the upper reaches and has not been assessed in the other reaches of Yangtze 
River. Sediment discharge across the vast basin has long been recognized as a complicated 
issue for the distinct geographic features and climate change. Human activities have fur-
ther complicated this issue [79]. A part of the study has attributed the change of sediment 
discharge to human activities especially the dam construction, which plays the primary 
role in trapping sediment and reducing downstream sediment load [80]. However, the 
ecological impacts due to the change of sediment discharge have not yet been studied 
extensively. The long-lasting effects caused by changes in the sediment discharge still 
need further assessment. 

From the experiences of different rivers in the world, the ecological challenge in wa-
terway development could change over time, which requires constant reflection and ac-
tions as response. For example, numerous programs in last decades have been launched 
to improve the River Rhine ecosystem from different perspectives, including Room for 
the River, the Delta Program for Rivers, Sustainable Fairway Rhine Delta, and the Water 
Framework Directive, according to [81]. In order to restore a healthy Mississippi River 
ecosystem, the Upper Mississippi River Restoration program has been implemented since 
1986, which initially targeted specific restoration objectives through habitat rehabilitation 
projects. While addressing the complexity in multiple factors of the river ecological system, 
physical process modeling of existing conditions may be used to evaluate alternative res-
toration measures [82]. Compared to these rivers, the Yangtze River in China has experi-
enced a much more dramatic development in recent decades, leaving less time to address 
all the ecological challenges. To strengthen the protection and restoration of the ecological 
environment in the Yangtze River basin, Law of the Protection of the Yangtze River was 
enacted in December 2020, and put into force in March 2021. The present study provides 
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a dynamic method and an integrated assessment framework to cover a wide range of eco-
logical concerns for follow-up assessment. This may enable the further institutionalization 
of waterway health protection for the Yangtze River. The health assessment framework 
of the present study would also apply to other waterways of large rivers which usually 
have multiple natural and social functions besides navigation. 

Table 7. Waterway health assessment of the Yangtze River waterway. 

Function 

The Upper Reaches The Middle Reaches 
The Middle-Lower 

Reaches The Lower Reaches 

Form Chongqing to Yibin Jingjiang [21] From Wuhan to 
Anqing [22] 

From Nanjing to 
Liuhekou [23] 

2016–2017 2018–2020 2011 2014 2015 (Predicted) 2018 2016 
Navigation Fair Fair Fair Fair Good Good Excellent 

Flood discharge Poor Poor Fair Good Good Good Good 
Sediment transport Fair Poor Poor Fair Good Fair Fair 

Water supply Fair Good Fair Fair Good Fair Fair 
Self-purification Excellent Excellent Fair Good Excellent Excellent Excellent 

Ecology Fair Fair Fair Poor Fair Poor Bad 
Recreation Fair Fair Poor Poor Fair Good Excellent 

System Fair Fair Fair Fair Good Fair Fair 

4. Conclusions 
With a comprehensive health assessment framework, the waterway health from 

Chongqing to Yibin in the upper Yangtze River between 2016–2017 and 2018–2020 were 
assessed and compared. Basically, the health index of the waterway from Chongqing to 
Yibin has increased but remains in “Fair” category in the studied period. Owing to the 
ecological measures and actions taken during this period, the functions of the waterway 
including navigation, flood discharge, water supply, ecology and recreation have been 
improved. Sediment transport function showed a degradation from “Fair” to “Poor”. The 
sensitivity analysis shows that the results obtained in this study are not sensitive to 
weighting fluctuations within a narrow range of rates. Although the conditions of seven 
functions in the upper, middle, middle-lower, and lower reaches were different, ranging 
from “Poor”, “Fair”, to “Good”, the overall health of the four waterways were all assessed 
as “Fair” in recent years which implies that systematic efforts should be continued in the 
future. 

Several limitations of the study also warrant mention. (1) For the purpose of coordi-
nating development of the navigation function with other functions, a waterway health 
assessment system was constructed based on AHP methods in this study. The coordina-
tion of the navigation function with other functions was considered in an indirect way. 
More extensive work is therefore needed to directly explore the coupling and coordina-
tion of this relationship as well as the interaction mechanisms between different functions 
in the future. (2) This study assessed the health status of the upper river reach from 
Chongqing to Yibin in the context of the Yangtze River and the Thirteenth Five-Year Plan. 
Considering the delayed effect of regulation projects, especially on the ecological aspects, 
the waterway health assessment could be conducted at a longer time scale. (3) The sedi-
ment discharge function remains a complex issue that involves soil erosion, climate 
change, anthropogenic activities and so on. There is still some controversy concerning the 
choice of evaluation method and indicator of sediment discharge function. Further re-
search is needed for choosing more suitable indicators of the sediment transport function 
and for clarifying the response of variation of the indicators to waterway health. 

Author Contributions: Conceptualization, methodology, T.L. and W.X.; investigation, draft prepa-
ration, visualization, and editing, P.L., J.X. and T.L. All authors have read and agreed to the pub-
lished version of the manuscript. 



Water 2022, 14, 3007 16 of 19 
 

 

Funding: This research was funded by National Key Research and Development Plan of China 
[Grant number 2016YFC0402102]. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data that support the findings of this study are available from the 
corresponding author (T.L.) upon reasonable request. 

Acknowledgments: The authors would like to thank the anonymous reviewers for their helpful 
remarks and suggestions. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Rohacs, J.; Simongati, G. The role of inland waterway navigation in a sustainable transport system. Transport 2007, 22, 148–153. 

https://doi.org/10.3846/16484142.2007.9638117. 
2. Allan, J.D.; Castillo, M.M. Stream Ecology, 2nd ed.; Springer: Dordrecht, The Netherlands, 1994; pp. XIV, 436. 
3. Downing, D.M.; Winer, C.; Wood, L.D. Navigating through Clean Water Act jurisdiction: A legal review. Wetlands 2003, 23, 

475–493. https://doi.org/10.1672/0277-5212(2003)023[0475:NTCWAJ]2.0.CO;2. 
4. Singh, P.K.; Saxena, S. Towards developing a river health index. Ecol. Indic. 2018, 85, 999–1011. 

https://doi.org/10.1016/j.ecolind.2017.11.059. 
5. Zhang, P.; Cai, Y.P.; Zhou, Y.; Tan, Q.; Li, B.W.; Li, B.; Jia, Q.P.; Yang, Z.F. Quantifying the water-energy-food nexus in Guang-

dong, Hong Kong, and Macao regions. Sustain. Prod. Consum. 2022, 29, 188–200. https://doi.org/10.1016/j.spc.2021.09.022.  
6. Barbour, M.; Gerritsen, J.; Snyder, B.; Stribling, J.B. Rapid Bioassessment Protocols for Use in Streams and Wadeable Rivers: Periphyton, 

Benthic Macroinvertebrates, and Fish, 2nd edition; EPA 841-B-99-002; US Environmental Protection Agency, Office of Water: 
Washington, DC, USA, 1999. 

7. Boon, P.J.; Holmes, N.T.H.; Maitland, P.S.; Rowell, T.A. A system for evaluating rivers for conservation (“SERCON”): An outline 
of the underlying principles, SIL Proceedings, 1922-2010, 1994, 25, 1510-1514. https://doi.org/10.1080/03680770.1992.11900428. 

8. Simpson, J. C.; R. H. Norris. Biological assessment of river quality: development of AUSRIVAS models and outputs. Wright, 
J.F., Sutcliffe, D.W., Furse, M.T. (eds), In Assessing the Biological Quality of Fresh Waters: RIVPACS and Other Techniques. Freshwa-
ter Biological Association: Ambleside, UK, 2000, 125–142. 

9. Roux, D.J. Strategies used to guide the design and implementation of a national river monitoring programme in South Africa. 
Environ. Monit. Assess. 2001, 69, 131–158. https://doi.org/10.1023/a:1010793505708. 

10. Norris, R.H.; Hawkins, C.P. Monitoring river health. Hydrobiologia 2000, 435, 5–17. https://doi.org/10.1023/A:1004176507184. 
11. Yang, T.; Zhang, Q.; Wan, X.; Li, X.; Wang, Y.; Wang, W. Comprehensive ecological risk assessment for semi-arid basin based 

on conceptual model of risk response and improved TOPSIS model-a case study of Wei River Basin, China. Sci. Total Environ. 
2020, 719, 137502. https://doi.org/10.1016/j.scitotenv.2020.137502. 

12. Shan, C.; Dong, Z.; Lu, D.; Xu, C.; Wang, H.; Ling, Z.; Liu, Q. Study on river health assessment based on a fuzzy matter-element 
extension model. Ecol. Indic. 2021, 127, 107742. https://doi.org/10.1016/j.ecolind.2021.107742. 

13. Xie, J. X.; Cheng, C.; Chau, K.; Pei, Y. Z. A hybrid adaptive time-delay neural network model for multi-step-ahead prediction 
of sunspot activity. Int. J. Environ. Pollut. 2006, 28, 364–381. https://doi.org/10.1504/IJEP.2006.011217. 

14. Saaty, T.L.; Bennett, J.P. A theory of analytical hierarchies applied to political candidacy. Behav. Sci. 1977, 22, 237–245. 
https://doi.org/10.1002/bs.3830220402. 

15. Sarker, S.; Veremyev, A.; Boginski, V.; Singh, A. Critical nodes in river networks. Sci. Rep. 2019, 9, 11178. 
https://doi.org/10.1038/s41598-019-47292-4. 

16. Jing, P.; Sheng, J.; Hu, T.; Mahmoud, A.; Guo, L.; Liu, Y.; Wu, Y. Spatiotemporal evolution of sustainable utilization of water 
resources in the Yangtze River Economic Belt based on an integrated water ecological footprint model. J. Clean. Prod. 2022, 358, 
132035. https://doi.org/10.1016/j.jclepro.2022.132035. 

17. Yan, X.P.; Wan, C.P.; Zhang, D.; Yang, Z.L. Safety management of waterway congestions under dynamic risk conditions—A 
case study of the Yangtze River. Appl. Soft Comput. 2017, 59, 115–128. https://doi.org/10.1016/j.asoc.2017.05.053. 

18. Li, T.; Ding, Y.; Ni, J.; Xia, W. Ecological waterway assessment of the Jingjiang River reach. J. Basic Sci. Eng. 2017, 25, 221–234. 
19. Li, T.; Xue, J.; Xia, W.; Ding, Y. Application of combination weighting method and comprehensive index method based on cask 

theory in ecological waterway assessment of Yangtze River. J. Basic Sci. Eng. 2019, 27, 36–49. 
20. Li, T.; Ding, Y.; Xia, W. An integrated method for waterway health assessment: A case in the Jingjiang reach of the Yangtze 

River, China. Phys. Geogr. 2018, 39, 67–83. https://doi.org/10.1080/02723646.2017.1345537. 
21. Liu, N.; Li, T.; Kuang, S. Ecological waterway assessment of Wuhan-Anqing reach of the Yangtze River. Acta Sci. Nat. Univ. 

Pekin. 2021, 57, 489–495. 



Water 2022, 14, 3007 17 of 19 
 

 

22. An, M.; Xie, P.; He, W.; Wang, B.; Huang, J.; Khanal, R. Spatiotemporal change of ecologic environment quality and human 
interaction factors in three gorges ecologic economic corridor, based on RSEI. Ecol. Indic. 2022, 141, 109090. 
https://doi.org/10.1016/j.ecolind.2022.109090. 

23. Li, W.; Wang, H.; Long, H.; Yang, S.; Xiao, Y.; Yang, W. Study on the maximum waterway dimension of the Yibin-Chongqing 
reach in the upper Yangtze River. Hydro-Sci. Eng. 2021, 2, 20–26. https://doi.org/10.12170/20200526001. 

24. Ni, J.; Liu, Y. Ecological rehabilitation of damaged river system. Sci. Technol. Rev. 2006, 37, 1029–1037. 
25. Ni, J.; Liu, H.; Gu, Z. Research and demonstration of “Golden Waterway” regulation technologies of the Yangtze River. Chin. J. 

Environ. Manag. 2017, 9, 112–113. https://doi.org/10.16868/j.cnki.1674-6252.2017.06.112. 
26. Xiaoyan, L.; Jianzhong, Z.; Yuanfeng, Z. Indicators of the healthy Yellow River. Acta Geogr. Sin. 2006, 61, 451–460. 
27. Kundzewicz, Z.W. Flood protection—sustainability Issues. Hydrol. Sci. J. 1999, 44, 559–571. 

https://doi.org/10.1080/02626669909492252. 
28. Zhang, Q.-H.; Yan, B.; Wai, O.W.H. Fine sediment carrying capacity of combined wave and current flows. Int. J. Sediment Res. 

2009, 24, 425–438. https://doi.org/10.1016/s1001-6279(10)60015-7. 
29. Tian, S.; Xu, M.; Jiang, E.; Wang, G.; Hu, H.; Liu, X. Temporal variations of runoff and sediment load in the upper Yellow River, 

China. J. Hydrol. 2019, 568, 46–56, https://doi.org/10.1016/j.jhydrol.2018.10.033. 
30. Pan, W.; Huang, H.; Yao, P.; Zheng, P. Assessment methods of small watershed ecosystem health. Pol. J. Environ. Stud. 2021, 30, 

1749–1769. https://doi.org/10.15244/pjoes/125524. 
31. Stajkowski, S.; Zeynoddin, M.; Farghaly, H.; Gharabaghi, B.; Bonakdari, H. A methodology for forecasting dissolved oxygen in 

urban streams. Water 2020, 12, 2568. 
32. Ren, L.; Song, S.; Zhou, Y. Evaluation of river ecological status in the plain river network area in the context of urbanization: A 

case study of 21 Rivers’ ecological status in Jiangsu Province, China. Ecol. Indic. 2022, 142, 109172. 
https://doi.org/10.1016/j.ecolind.2022.109172. 

33. Bayram, A.; Uzlu, E.; Kankal, M.; Dede, T. Modeling stream dissolved oxygen concentration using teaching–learning based 
optimization algorithm. Environ. Earth Sci. 2015, 73, 6565–6576. https://doi.org/10.1007/s12665-014-3876-3. 

34. Karr, J.R.; Dudley, D.R. Ecological perspective on water-quality goals. Environ. Manag. 1981, 5, 55–68. 
https://doi.org/10.1007/bf01866609. 

35. Marzin, A.; Delaigue, O.; Logez, M.; Belliard, J.; Pont, D. Uncertainty associated with river health assessment in a varying envi-
ronment: The case of a predictive fish-based index in France. Ecol. Indic. 2014, 43, 195–204. 
https://doi.org/10.1016/j.ecolind.2014.02.011. 

36. Jia, Y.T.; Chen, Y.F. River health assessment in a large river: Bioindicators of fish population. Ecol. Indic. 2013, 26, 24–32. 
https://doi.org/10.1016/j.ecolind.2012.10.011. 

37. Liu, S.; Cheng, D.; Duan, X.; Qiu, S.; Huang, M. Monitoring of the four famous Chinese carps resources in the middle and upper 
reaches of the Yangtze river. Resour. Environ. Yangtze Basin 2004, 13, 183–186. 

38. Chen, T.; Wang, Y.; Gardner, C.; Wu, F. Threats and protection policies of the aquatic biodiversity in the Yangtze River. J. Nat. 
Conserv. 2020, 58, 125931. https://doi.org/10.1016/j.jnc.2020.125931. 

39. Yin, S.; Yi, Y.; Liu, Q.; Luo, Q.; Chen, K. A review on effects of human activities on aquatic organisms in the Yangtze River Basin 
since the 1950s. River 2022 . https://doi.org/10.1002/rvr2.15. 

40. Shannon, C.E. A mathematical theory of communication. Bell Syst. Tech. J. 1948, 27, 379–423. https://doi.org/10.1002/j.1538-
7305.1948.tb01338.x. 

41. Tucker, C.J. Red and photographic infrared linear combinations for monitoring vegetation. Remote Sens. Environ. 1979, 8, 127–
150. https://doi.org/10.1016/0034-4257(79)90013-0. 

42. Li, W.; Wang, D.; Yang, S.; Yang, W. Three Gorges Project: Benefits and challenges for shipping development in the upper 
Yangtze River. Int. J. Water Resour. Dev. 2021, 37, 758–771. https://doi.org/10.1080/07900627.2019.1698411. 

43. Sarker, S.; Sarker, T.; Raihan, S. Comprehensive understanding of the planform complexity of the Anastomosing River and the 
dynamic imprint of the river’s flow: Brahmaputra River in Bangladesh. Preprints 2022, 2022050162. 

44. Wang, B.; Xu, Y.J. Decadal-scale riverbed deformation and sand budget of the last 500 km of the Mississippi River: Insights into 
natural and river engineering effects on a large alluvial river. J. Geophys. Res. Earth Surf. 2018, 123, 874–890. 
https://doi.org/10.1029/2017jf004542. 

45. Mei, X.; Dai, Z.; Darby, S.E.; Gao, S.; Wang, J.; Jiang, W. Modulation of extreme flood levels by impoundment significantly offset 
by floodplain loss downstream of the Three Gorges Dam. Geophys. Res. Lett. 2018, 45, 3147–3155. 
https://doi.org/10.1002/2017GL076935. 

46. Zong, Y.; Huang, G.; Switzer, A.D.; Yu, F.; Yim, W.W.-S. An evolutionary model for the Holocene formation of the Pearl River 
delta, China. Holocene 2009, 19, 129–142. https://doi.org/10.1177/0959683608098957. 

47. Saito, Y.; Yang, Z.; Hori, K. The Huanghe (Yellow River) and Changjiang (Yangtze River) deltas: A review on their characteris-
tics, evolution and sediment discharge during the Holocene. Geomorphology 2001, 41, 219–231. https://doi.org/10.1016/S0169-
555X(01)00118-0. 



Water 2022, 14, 3007 18 of 19 
 

 

48. Nilsson, C.; Reidy, C.A.; Dynesius, M.; Revenga, C. Fragmentation and flow regulation of the world’s large river systems. Science 
2005, 308, 405–408. https://doi.org/10.1126/science.1107887. 

49. Tessler, Z.D.; Voeroesmarty, C.J.; Grossberg, M.; Gladkova, I.; Aizenman, H.; Syvitski, J.P.M.; Foufoula-Georgiou, E. Profiling 
risk and sustainability in coastal deltas of the world. Science 2015, 349, 638–643. https://doi.org/10.1126/science.aab3574. 

50. Wang, H.; Saito, Y.; Zhang, Y.; Bi, N.; Sun, X.; Yang, Z. Recent changes of sediment flux to the western Pacific Ocean from major 
rivers in East and Southeast Asia. Earth-Sci. Rev. 2011, 108, 80–100. https://doi.org/10.1016/j.earscirev.2011.06.003. 

51. Zhong, L.; Pan, Y.; Jiang, Z. Analysis of variation characteristics for runoff and suspended load runoff in Chongqing reach of 
the Yangtze River. J. Sediment Res. 2015, 40, 65–71. 

52. Zubaidah, T.; Karnaningroem, N.; Slamet, A. The Self-Purification Ability in the Rivers of Banjarmasin, Indonesia. J. Ecol. Eng. 
2019, 20, 177–182. https://doi.org/10.12911/22998993/97286. 

53. He, Y.; Wang, J.; Lek, S.; Cao, W.; Lek-Ang, S. Structure of endemic fish assemblages in the upper Yangtze River Basin. River 
Res. Appl. 2011, 27, 59–75. 

54. Saaty, T.L. How to make a decision: the analytic hierarchy process. Eur. J. Oper. Res. 1994, 24, 19–43. 
55. Sener, E.; Davraz, A. Assessment of groundwater vulnerability based on a modified DRASTIC model, GIS and an analytic 

hierarchy process (AHP) method: the case of Egirdir Lake basin (Isparta, Turkey). Hydrogeol. J. 2013, 21, 701–714. 
https://doi.org/10.1007/s10040-012-0947-y. 

56. Stefanidis, S.; Stathis, D. Assessment of flood hazard based on natural and anthropogenic factors using analytic hierarchy pro-
cess (AHP). Nat. Hazards 2013, 68, 569–585. https://doi.org/10.1007/s11069-013-0639-5. 

57. Saaty, T.L. The Analytic Hierarchy Process: Planning, Priority Setting, Resource Allocation; McGraw-Hill International Book Com-
pany: New York, NY, USA, 1980. 

58. Cinelli, M.; Coles, S.R.; Kirwan, K. Analysis of the potentials of multi criteria decision analysis methods to conduct sustainability 
assessment. Ecol. Indic. 2014, 46, 138–148. https://doi.org/10.1016/j.ecolind.2014.06.011. 

59. Singh, R.K.; Murty, H.R.; Gupta, S.K.; Dikshit, A.K. An overview of sustainability assessment methodologies. Ecol. Indic. 2012, 
15, 281–299. https://doi.org/10.1016/j.ecolind.2011.01.007. 

60. Xu, W.; Dong, Z.; Ren, L.; Ren, J.; Guan, X.; Zhong, D. Using an improved interval technique for order preference by similarity 
to ideal solution to assess river ecosystem health. J. Hydroinformatics 2019, 21, 624–637. https://doi.org/10.2166/hydro.2019.133. 

61. Yan, D.; He, Y.; Deng, W.; Zhang, S. Ecological Water Demand by the slope System in the East Liaohe River Basin. Acta Geogr. 
Sin. 2002, 57, 685–692. 

62. Feng, Y; H, D.M., Yang, L.P. Selection of major evaluation indicators on river health evaluation. Geogr. Res. 2012, 31, 389–398. 
https://doi.org/10.11821/yj2012030001. 

63. Kuang, S.; Li, T. Application of five-element connection number to assessment of ecological waterway in the lower reaches of 
Yangtze River. South–North Water Transf. Water Sci. & Technol. 2018, 16, 93–101. 

64. Zhang, F.; Zhang, Z.; Kong, R.; Chang, J.; Tian, J.; Zhu, B.; Jiang, S.; Chen, X.; Xu, C.-Y. Changes in forest net primary productivity 
in the Yangtze River Basin and its relationship with climate change and human activities. Remote Sens. 2019, 11, 1451. 

65. Wen, Z.; Li, X.; Liu, B.; Li, T. A comprehensive evaluation method for plateau freshwater lakes: A case in the Erhai Lake. Ecosyst. 
Health Sustain. 2021, 7, 1993753. https://doi.org/10.1080/20964129.2021.1993753. 

66. Gan, S.; Liang, S.; Li, K.; Deng, J.; Cheng, T.; Ship trajectory prediction for intelligent traffic management using clustering and 
ANN. In Proceedings of the 11th UKACC International Conference on Control (UKACC Control), Belfast, UK, 31 August–2 
September 2016. 

67. Richler, J. Nudge to flood insurance. Nat. Clim. Change 2019, 9, 906–906. https://doi.org/10.1038/s41558-019-0654-y. 
68. Li, H.; Liu, P.; Guo, S.; Cheng, L.; Yin, J. Climatic control of upper Yangtze River flood hazard diminished by reservoir groups. 

Environ. Res. Lett. 2020, 15, 124013. https://doi.org/10.1088/1748-9326/abc4fe. 
69. Zhao, Y.; Zou, X.; Gao, J.; Xu, X.; Wang, C.; Tang, D.; Wang, T.; Wu, X. Quantifying the anthropogenic and climatic contributions 

to changes in water discharge and sediment load into the sea: A case study of the Yangtze River, China. Sci. Total Environ. 2015, 
536, 803–812. https://doi.org/10.1016/j.scitotenv.2015.07.119. 

70. Sun, J.; Zhang, F.; Zhang, X.; Lin, B.; Yang, Z.; Yuan, B.; Falconer, R.A. Severely declining suspended sediment concentration in 
the heavily dammed changjiang fluvial system. Water Resour. Res. 2021, 57, e2021WR030370. 
https://doi.org/10.1029/2021wr030370. 

71. Gao, P.; Geissen, V.; Ritsema, C.J.; Mu, X.M.; Wang, F. Impact of climate change and anthropogenic activities on stream flow 
and sediment discharge in the Wei River basin, China. Hydrol. Earth Syst. Sci. 2013, 17, 961–972. https://doi.org/10.5194/hess-17-
961-2013. 

72. Yan, H.; Zhang, X.; Xu, Q. Variation of runoff and sediment inflows to the Three Gorges Reservoir: Impact of upstream cascade 
reservoirs. J. Hydrol. 2021, 603, 126875. https://doi.org/10.1016/j.jhydrol.2021.126875. 

73. Yang, S.L.; Xu, K.H.; Milliman, J.D.; Yang, H.F.; Wu, C.S. Decline of Yangtze River water and sediment discharge: Impact from 
natural and anthropogenic changes. Sci. Rep. 2015, 5, 12581. https://doi.org/10.1038/srep12581. 

74. Huang, J.; Zhang, Y.; Bing, H.; Peng, J.; Dong, F.; Gao, J.; Arhonditsis, G.B. Characterizing the river water quality in China: 
Recent progress and on-going challenges. Water Res. 2021, 201, 117309. https://doi.org/10.1016/j.watres.2021.117309. 



Water 2022, 14, 3007 19 of 19 
 

 

75. Zhang, J.; Guo, Q.; Du, C.; Wei, R. Quantifying the effect of anthropogenic activities on water quality change in the Yangtze 
River from 1981 to 2019. J. Clean. Prod. 2022, 363, 132415. https://doi.org/10.1016/j.jclepro.2022.132415. 

76. Qiu, W.; Luo, L.; Liu, X.; Zhang, Z.; Liu, B.; Wang, Y. The variation trend of water quality of the Yangtze River during the 13th 
Five-Year Plan period. Environ. Impact Assess. 2021, 43, 1–9. https://doi.org/10.14068/j.ceia.2021.06.001. 

77. Liu, X.; Qin, J.; Xu, Y.; Ouyang, S.; Wu, X. Biodiversity decline of fish assemblages after the impoundment of the Three Gorges 
Dam in the Yangtze River Basin, China. Rev. Fish Biol. Fish. 2019, 29, 177–195. https://doi.org/10.1007/s11160-019-09548-0. 

78. Yang, S.; Liu, J.; Wei, R.; Dong, X.; Lin, Q.; Zhang, C. Spatiotemporal variation characteristics and causes of vegetation coverage 
in growing season in the upper reaches of the Yangtze River Basin. Resour. Environ. Yangtze Basin 2021, 31, 1523–1533. 

79. Dai, S.B.; Lu, X.X. Sediment load change in the Yangtze River (Changjiang): A review. Geomorphology 2014, 215, 60–73. 
https://doi.org/10.1016/j.geomorph.2013.05.027. 

80. Dai, Z.; Mei, X.; Darby, S.E.; Lou, Y.; Li, W. Fluvial sediment transfer in the Changjiang (Yangtze) river-estuary depositional 
system. J. Hydrol. 2018, 566, 719–734. https://doi.org/10.1016/j.jhydrol.2018.09.019. 

81. Havinga, H. Towards sustainable river management of the Dutch Rhine River. Water 2020, 12, 1827. 
82. Theiling, C.H.; Janvrin, J.A.; Hendrickson, J. Upper Mississippi River restoration: Implementation, monitoring, and learning 

since 1986. Restor. Ecol. 2015, 23, 157–166. https://doi.org/10.1111/rec.12170. 


