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Abstract: (1) Background: River health assessment provides the foundation for sustainable river
development and management. However, existing assessments have no uniform standards and
methods. (2) Methods: The combination weighting method was proposed, drawing on the advantages
of subjective and objective weighting methods. To comprehensively investigate the river health level,
an index system based on 16 indices selected from river morphology, river water environment,
riparian condition, and social services level was established. The method and framework were
applied to the Beijing section of Yongding River in China. (3) Results: The comprehensive weights of
river morphology, river water environment, riparian condition, and social services are 0.1614, 0.3170,
0.4459, and 0.0757, respectively. The river health comprehensive index of Yongding River is 3.805;
the percentages of excellent, healthy, sub-healthy, unhealthy, and sick river segments are 0%, 11%,
69%, 20%, and 0%, respectively. (4) Conclusions: The results indicate that Yongding River is in a
sub-healthy state, and the riparian condition is the key factor that affects the river ecosystem health.
Health level exhibited a remarkable spatial variation, mainly influenced by anthropogenic activities,
and effective measures are needed to minimize the impact in fragile ecological areas.

Keywords: river ecosystem; health assessment; combination weighting method; Yongding River

1. Introduction

Rivers are one of the important ecological corridors, playing a key role in ecosystems
and society [1,2]. Rivers provide a range of ecosystem functions, such as material trans-
port, energy cycle, and information exchange between terrestrial and aquatic ecosystems.
Socially, rivers accommodate communities by providing a medium for water supply, navi-
gation, fisheries, and cultural recreation. In the process of socio-economic development
and anthropogenic activities [3], river ecosystems, especially, are facing unprecedented
threats and challenges due to change in river morphology, aquatic habitat, river continuum,
water quality, and hydrological characteristics. Simultaneously, river health assessment
and impaired river ecosystem restoration aiming at sustainable development are becoming
increasingly relevant in the field of river ecology [4,5].

To that end, many methods for characterization and assessment of river health have
been developed, such as the biological monitoring method [6-8], comprehensive index
evaluation method [9-11], and many mathematical approaches [12-15]. These methods
are not without limitations. For example, the biological monitoring method has a single
indicator, which makes it difficult to reflect the all-round changes in river ecosystems. Math-
ematical methods are frequently limited by sample data. In comparison, the comprehensive
index evaluation method is more integrated, making the evaluation results more accurate,
rigorous, and reasonable. There are two main types of methods to determine the weight
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of indices: the subjective assignment method and objective assignment method [12,16].
The subjective weighting method is a method to determine weights based on people's
subjective opinions, such as the Delphi method, binomial coefficient method, Analytic Hi-
erarchy Process (AHP), and so on [17,18]. It is superficial but subjective and arbitrary. The
objective weighting method can take into account the influence of the actual information of
the indices on the evaluation results, mainly principal component analysis [19], entropy
method, and so on. It is more suitable for objective reality but may ignore differences in
the indices themselves. In general, although many river health evaluation systems have
been constructed, since it is challenging to balance subjectivity and objectivity in weight
allocation, and indices need to be developed according to the geographical characteristics,
climatic conditions, economic development status, and social needs of the evaluation target,
there are no unified standards and methods for river health evaluation yet.

Therefore, in this study, we take Yongding River as the research river and select evalu-
ation indices that can reflect the four aspects of river morphology, river water environment,
riparian condition, and social service value. A combination weighting method combining
the analytic hierarchy process and entropy method was then developed to determine the
weight of evaluation indices. Further, the final river health evaluation of Yongding River
was carried out by the continuous metrics scoring method. The evaluation results can reflect
the river health status of Yongding River comprehensively and provide a theoretical basis
for ecological restoration and sustainable management of the river, and also recommend
rational and sound reference of river health evaluation methods for other rivers.

2. Materials and Methods

An index system based on 16 indices selected from river morphology, river water
environment, riparian condition, and social services level has been established to investigate
river health level comprehensively. Weight is a value reflecting the importance of the index,
and its size dramatically influences the evaluation results. In this study, we integrate
subjectivity and objectivity and use the combination of hierarchical analysis and entropy
weighting method to determine the weights of evaluation indices. Based on the above
methods, the river ecosystem health evaluation system was constructed.

2.1. Study Reach and Data Collection

Yongding River originates from Guanshu Mountain in Ningwu County, Shanxi
Province. It flows through five districts in Beijing, including Mentougou, Shijingshan,
Fengtai, Fangshan, and Daxing. The main channel of the Beijing section of Yongding
River is about 189 km long, with a watershed area of about 3200 km?. Climatically, the
study reach is located in the temperate continental climate zone, with the average annual
precipitation about 590 mm, and most of this precipitation occurs during the wet season,
from July to September. The terrain of the watershed slopes from northwest to southeast.
The upper reaches are dominated by low hills, mountains, and river terraces, while the
lower reaches are flat, with vast flatlands on both sides of the river. The soil of study reach
is mainly cinnamon soil and fertile, with a thickness of about 20-30 cm, which is suitable
for cultivation and production activities. The study reach is located in the section from
Zhuwo Reservoir to Wanping Lake in Mentougou District, Beijing, with a total length of
about 84 km (Figure 1).

A field survey of the topography, hydrology, and landscape aspects of the rivers in
the study reach was conducted in July 2018. Indeed, 175 survey points were distributed
from upstream to downstream, following the premise of “one survey point every 500 m,
with an additional point in case of rapid changes in ecological conditions”. Taking each
5 survey points as the benchmark and according to the actual situation, the adjacent survey
points with similar characteristics are composed of one survey river segment. The study
reach was eventually subdivided into 35 river segments, which improved the accuracy of
the evaluation results. Data for all indices were obtained from the field surveys.
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Figure 1. The location of the study reach.

2.2. Evaluation Index System

In order to comprehensively investigate the health level of Yongding River, it is critical
to assess the different aspects of river health and use indices to reflect each one. The
indices were selected based on physical survey and inspection of the river segments and
previous studies [5,20-23]. According to the context of river health, the index system
integrated the ecosystem integrity (river morphology, river water environment, riparian
condition) and non-ecological performance (social services) in Yongding River, including
target level, criteria level, index level, and 32 indices. River morphology was primarily
used to measure the structural features of the river, including the physical structure of the
channel, such as riverbed dynamics, riverbed material permeability, water width to river
width ratio, and cross-sectional morphology, as well as stream flow morphology, such as
longitudinal curvature, sheltered water surface to overall water width ratio, and planar
form. River water environment of Yongding River was examined in terms of physical,
chemical, and biotic aspects, including physical factors (odor, water temperature, water
turbidity, oxidation-reduction potential (ORP), flow rate ratio, total dissolved solids (TDS)),
chemical factors (ammonia nitrogen (NH3-N), phosphate, chemical oxygen demand (COD),
total phosphorus (TP), dissolved oxygen (DO), pH), and biological factors (benthic habitat
conditions). The riparian zone is a transitional zone extending from river to land, and
its structure and function play an important role in river ecological protection. Riparian
condition indices are used to reveal the structural and functional status of the riparian zone,
including land use, the number of water conservancy projects, riparian structure, erosion
degree, slope, vegetation cover, vegetation width, structural integrity, vegetation diversity,
and riparian zone accessibility. The indices reflecting social service functions contained
landscape diversity index and ornamental and recreation value.

Based on previous studies [24,25], the above candidate indices were further screened.
Principal component analysis (PCA) was undertaken using SPSS 26, and the indices with
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scores >0.6 in each PC axis were considered the key indices that play a dominant role
in river health. For the remaining metrics, boxplots and Spearman correlation analysis
were used to examine the independence among the indices. Metrics were sequentially
evaluated for redundancy using correlation analysis, and those with correlation coefficients
Irl > 0.75 and p < 0.01 were screened out, and, finally, only one index with greater
discriminatory ability (within each pair of strongly correlated indices) was retained based
on its performance in the box plot [26,27].

Based on the above screening, the evaluation index system was finally constructed
(Table 1). Within the four metric categories, namely the river morphology, river water
environment, riparian condition, and social services that describe the river health condition,

a total of 16 qualitative and quantitative indices were selected.

Table 1. Index system of health assessment for Yongding River.

Target  Criterion Index Level Basic Description Calculation Method/Data Resource
Level Level
. . The number of sharp bends and
Planar morphology (C1)  The degree of meandering rivers river islands
Riverbed material The permeability of Qualitative descrlptlgn, assigring a score
. . . : of 1-4 from low to high according to the
River mor- permeability (C2) riverbed materials o
degree of water permeability
phology . . .
(B1) Water width to river Water width as a percentage of Measurement with portable range finder
width ratio (C3) overall river width
Sheltered water surface . .
. Proportion of water surface with . .
to overall water width Measurement with portable range finder
. shade to the whole water surface
ratio (C4)
. . Qualitative description, assigning a score
Odor (C5) Describe whetber the river water of 1-4 from low to high according to the
has a fishy smell .
degree of odor emitted
River Flow rate ratio (C6) Ratio Of. maximum to nmum Measurement with a flow meter
\ river flow velocity
water en-
. .. . Measurement by handheld
V1r0r];rznent TDS(us/cm) (C7) Conductivity of the river conductivity meter
River (B2) TP (C8) Total phosphorus content of Measurement by Multi-parameter Water
health the river Quality Analyzer
Dissolved oxygen content of Measurement with Seven2Go Pro S9
DO (C9) ; .
the river portable dissolved oxygen meter
Qualitative description, assigning a score
erosion degree (C10) Extent of riparian erosion of 1-4 from low to high depending on the
degree of erosion
Percentage of vegetation zones Qualitative description, assigning a score
vegetation cover (C11) 8¢ 01 Veg of 1-4 from lowest to highest according to
on riparian zones .
the percentage of vegetation zones
Riparian vegetation diversity Diversity level of riparian Calculation of Shannon-Wiener
condition (C12) vegetation species Diversity Index
(B3) vegetation width/m Width Of rpanan Measurement with portable range finder
(C13) vegetation zone
Slope (C14) Slope of the riparian zone Measurement by slope meter
The extent of construction of
Water conservancy hydraulic engineering measures ~ Number of artificial engineering measures
projects(C15) in the riparian zone that affect affecting water flow
water flow
Social . . .
services Ornamental and The level of recreational value Calculation with Romme Landscape

(B4)

recreation value (C16)

provided by the river system

Richness Index
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2.3. Determination of Index Weights
2.3.1. AHP

First, the relative importance of the river health evaluation indices was compared and
scored by experts, and the judgment matrix was constructed according to the 1-9 scale
proposed by Professor Saaty [28]:

A= (aij)mxn’ i=1,2,..., m;]':l, 2, ..., 1, Elij>0; aijzl/a]-i; al‘j:1. (1)

where 4;; is the ratio of the importance of index i to index j.
The weight vector was then measured as follows:

/\max = i (Aial) (2)

-1 M

where Amax is the maximum feature vector, and «; is the weight vector.
After obtaining, the consistency test of the judgment matrix is required. Detailed
procedure was as follows [29]:
Amax — 1
n—1
CI

CR= @)

where 7 is the order of the judgment matrix, CI is the consistency index, RI is the ran-
dom consistency index of the judgment matrix. When CR < 0.1, the judgment matrix is
considered to pass the consistency test.

CI = 3)

2.3.2. Entropy Weight Method

Primarily, samples and indices were selected and defined as m samples and n indices,
and the indices were normalized to obtain the data matrix:

X = (%i7) e ®)

where x;; is the original value of sample i, index j.
According to the definition, the entropy value of the jth term was calculated as follows:

€j:—2:7:lpijlnpij, izl, 2, ...,m;jzl, 2, e, N (6)

The weight of the jth index was calculated as follows:
di=—,j=12 ..., n ()

where d; was normalized to obtain the weight of the jth index. Specific calculation formula
is as follows:

! (8)

W» =
] .
19

2.3.3. Combination Weighting Method

Assuming the weight vector calculated by the hierarchical analysisis &« = (a1, a2, ..., &)
and the weight vector calculated by the entropy weight method is B = (B1,B2,. .., Bn)-

Combined weights were calculated based on geometric average method, and the
calculation formula was as follows:

Wi=—————,j=12...,n )
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2.4. Evaluation Standards

In order to improve accuracy, in this paper, the quartile method was used to score, and
the evaluation criteria are shown in Table 2. The maximum value, minimum value, mean
value, and standard deviation of each index were counted. The five quartiles of 5%, 25%,
50%, 75%, and 95% of each index were calculated to establish the river health evaluation
criteria. The indices were assigned scores according to the constructed evaluation criteria.
According to the total score of indices in descending order, the river health status is divided
into five levels, namely excellent, healthy, sub-healthy, unhealthy, and sick. The within-
average linkage method and squared Euclidean distance were used for cluster analysis of
evaluation results.

Table 2. Health assessment grading of river ecosystem.

Quantile >95% 75-95% 50-75% 25-50% <25%
Standard 8 6 4 2 0
Health level Excellent Healthy Sub-healthy Unhealthy Morbid

According to the constructed river health evaluation index system, the weighted
average method is used to calculate the comprehensive river health index. The specific
calculation process was as follows:

RHI=Y"" HW, (10)

where RHI is the river health comprehensive index, H; is the score of the ith index, and W;
is the comprehensive weight of the ith index.

3. Results
3.1. Weighting of Evaluation Indices

The weight is calculated according to the analytic hierarchy process and entropy
weight method, respectively, and the comprehensive weight is computed. The results are
shown in Table 3. The comprehensive weights of river morphology, river water environ-
ment, riparian condition, and social services in the criterion level are 0.1614, 0.3170, 0.4459,
and 0.0757, respectively. Moreover, it suggests that riparian condition has the greatest
impact on river health. The value range of the index level is 0.0072-0.2067, where the
weights of riparian vegetation width and TDS are larger and the weights of odor, riparian
vegetation cover, and riparian erosion degree are smaller.

Table 3. The weight of every river health assessment index.

River Morphology (B1) River Water Environment (B2) Riparian Condition (B3) Social Services (B4)
Index c1T c «© < 2 2 € € C Clo Cll Cl2 CI3 Cld Cl5 C16
Weight obtained by AHP 0.0406 00575 00218 00141 01354 00487 00704 00869 0.1239 00265 00354 0.075 00582 00439 0.0882 0.0736
Weigh“’b:i::f\g;y entropy 00371 00237 01409 01364 00026 00942 0.0879 00294 00142 00257 00247 0.0374 0.1728 00809 0.0424 0.0501
Comprehensive weight (W;) 00309 0028 00631 00395 00072 00949 0.1264 00525 00361 0014 0018 00576 02067 00729 0.0768 0.0757

3.2. Evaluation Criteria

According to the statistics of the maximum value, minimum value, and average value
of each index, and calculating the five quantiles of 5%, 25%, 50%, 75%, and 95% of each
index, the index scoring standard of the Beijing section of Yongding River is obtained
(Table 4).
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Table 4. Index evaluation criteria.

Quantile Score Standard
Index
5% 95% 8 6 4 2 0
C1 0.25 1 >1.000 0.750-1.000  0.500-0.750  0.250-0.500 <0.250
River morphology (B1) C2 0.25 1 >1.000 0.750-1.000  0.500-0.750  0.250-0.500  <0.250
C3 0.013 0.862 >0.862 0.421-0.862  0.182-0.421 0.093-0.182 <0.093
C4 0.02 0.748 >0.748 0.281-0.748 0.184-0.281 0.103-0.184 <0.103
C5 0.25 1 >1.000 0.750-1.000  0.500-0.750  0.250-0.500  <0.250
Co6 0.056 0.899 >0.899 0.506-0.899  0.337-0.506 0.174-0.337 <0.174
River water environment (B2) c7 0.048 0.82 >0.820 0.424-0.820 0.337-0.424 0.163-0.337 <0.163
C8 0.333 0.833 >0.833 0.833-1.000 0.667-0.833  0.500-0.667  <0.500
(&) 0.585 0.94 >0.940 0.849-0.940 0.806-0.849 0.764-0.806 <0.764
C10 0.25 1 >1.000 0.750-1.000  0.500-0.750  0.250-0.500  <0.250
C11 0.25 1 >1.000 0.750-1.000  0.500-0.750  0.250-0.500  <0.250
Riparian condition (B3) C12 0.153 0.948 >0.948 0.827-0.948 0.665-0.827 0.484-0.665 <0.484
C13 0.022 0.336 >0.336 0.141-0.336  0.090-0.141  0.055-0.090  <0.055
Cl14 0.025 0.916 >0.916 0.750-0.916  0.484-0.750  0.282-0.484 <0.282
C15 0.16 0.953 >0.953 0.817-0.953  0.667-0.817  0.467-0.667 <0.467
Social services (B4) C16 0.25 1 >1.000 0.750-1.000  0.500-0.750  0.250-0.500  <0.250

The evaluation index system of Yongding River consists of one first-class index (target
level), four second-class indices (criterion level), and sixteen third-class indices (index level).
Each index has the highest score of 8 and the lowest score of 0. According to the calculated
river health comprehensive index value, the total score is divided into five equal points to
construct the river evaluation criteria. The comprehensive evaluation grade of Yongding
River as divided is shown in Table 5.

Table 5. River health assessment criteria of Yongding River.

Health Level Excellent Healthy Sub-Healthy  Unhealthy Sick
RHI Value 8.0-6.4 4.8-6.4 3248 1.6-3.2 0-1.6

3.3. Evaluation Results
3.3.1. Evaluation Results of the Criterion Level

The statistics on the health status of the criterion level of Yongding River are shown
in Table 6. In general, the river morphology, river water environment condition, riparian
condition, and social services of the whole river reach are generally in a sub-healthy state,
and the health composite indices are 3.360, 4.616, 3.260, and 4.571, respectively. In terms
of river morphology, the health index of each river segment ranged from 0.729 to 6.159,
and unhealthy segments account for as high as 37%. In terms of river water environment,
the health index of each river segment ranged from 2.72 to 7.362. The proportion of river
segments whose evaluation level is not lower than sub-healthy is 86%, so the overall
morphological conditions of rivers were good. Regarding riparian conditions, the health
composite index ranges from 0.878 to 6.210. Furthermore, the percentages of unhealthy
segments are as high as 46%, indicating that the riparian condition of the study reach
needs to be improved. In terms of social services, its health composite index has the
most considerable difference, with a standard deviation of 2.321, indicating that landscape
diversity varies widely among river segments.
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Table 6. Statistics on the health status of criterion level of Yongding River.

Health Level River Morphology River Water Environment Riparian Condition Social Service
Excellent 0% 6% 0% 20%
Healthy 23% 40% 17% 26%

Sub-healthy 26% 40% 29% 17%

Unhealthy 37% 14% 46% 37%
Sick 14% 0% 9% 0%
The hierarchical clustering results of river health evaluation are shown in Table 7.
River segments S3, 54, S8, S9, 520, and S22 showed poor river morphology and riparian
condition, while river water environment and social services were above sub-healthy level.
Among them, the river morphology and riparian condition indices of river segment S8
are the lowest values in the whole river, with a difference of 4.760 and 4.113 from the
highest value (6.159 and 6.210), with a significant difference of 79% and 75%, respectively.
River segments S5, 510, S13, and S18 only have riparian conditions that do not reach the
sub-healthy level. For these river segments, the management and improvement of riparian
should be emphasized in ecological restoration work. While river segments S15 and S27
only have unhealthy social services, the rest perform well. The health indices of river
morphology and riparian condition of S15 are 6.159 and 6.210, respectively, the highest
values of the whole river. For such river segments, emphasis can be placed on improving
the value of social services while maintaining the existing condition.
Table 7. Data description of each cluster of hierarchical cluster analysis based on evaluation results
of the criterion level of Yongding River.
Cluster Segments Criterion Level Mean Skewness Kurtosis
River_morphology 2.162 + 0.916 —0.285 £0.661 —1.312 +1.279
1 9(S1,S2,S3,54,S8, River_water_environment 4.735 + 1.066 —0.415+0.661 —0.189 + 1.279
S9, 520, S22,523)  River_bank_condition 2.367 £ 1.012 0.537 £ 0.661 0.068 £1.279
Social_service 7.091 £ 1.044 —-0.213 £0.661 —2.444 +1.279
12 (S5, 510, S13, River_morphology 4.663 £ 0.504 0.201 £0.913 0.578 + 2.000
» S14, 516,517,518,  River_water_environment 4.817 £ 1.120 —0.489 £ 0.913 1.815 £ 2.000
519, 530,533,534, River_bank_condition 3.414 +1.523 0.224 £ 0.913 —2.207 £ 2.000
S35) Social_service 6.400 + 0.894 2.236 +£ 0.913 5.000 £ 2.000
9.(S6, 57, S15, S21 River_morphology 2.767 £ 1.015 0.807 £ 0.661 0.61 £1.279
3 S04 ,825, s 6/ 527’ River_water_environment 4.056 £ 0.924 0.644 £ 0.661 —0.804 £ 1.279
’ 5’29) 7777 River_bank_condition 3.130 £ 0.965 0.494 + 0.661 —1.036 £ 1.279
Social_service 2.909 £+ 1.044 0.213 £ 0.661 —2.444 £1.279
River_morphology 4.824 1+ 0.817 1.330 £ 0.913 2.307 £ 2.000
4 2 (S11, 812) River_water_environment 4.191 4+ 1.068 0.114 +0.913 —1.465 + 2.000
! River_bank_condition 5.103 4+ 0.899 0.125 +0.913 —2.351 + 2.000
Social_service 2.400 & 0.894 2.236 £ 0.913 5.000 £ 2.000
River_morphology 5.312 +0.734 1.732 +£1.225 -
River_water_environment 6.604 £ 0.782 —0.263 £+ 1.225 -
> 3 (528,531, 532) River_bank_condition 3.68 £ 1.392 1.728 +1.225 -
Social_service 2.000£0 - -

3.3.2. Comprehensive Evaluation Results

The results of the health level of Yongding River are shown in Figure 2. Overall,
the health composite index of the study reach of Yongding River is 3.805, which is at
the sub-healthy level. The percentages of excellent, healthy, sub-healthy, unhealthy, and
sick river segments are 0%, 11%, 69%, 20%, and 0%, respectively. Among them, the
comprehensive health index of river segment 516 reached 5.632, which is the optimal value;
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the comprehensive health index of river section S30 was only 2.707 as the lowest value, and
the degree of difference from the optimal value reached 52%.

o Zhuwo Reservoir

AN

Qingbaikou Villag%/ ’

Health Level
— Healthy

Sub-healthy
— Unbhealthy

0 3 6

@ Important locations \

N

A

Eighteen Ponds
Nﬂj tazhuang - Cpenjiazhuang Dam
&

Wangping Town
Sanjiadian Reservorr

@

Lianshi Lakee

12 Wanping Lake ¢

km by

Daning Reservoir

Figure 2. Comprehensive health evaluation results of Yongding River.

Combined with the analysis of the field survey results (Table 8), the evaluation level
of river segments S15, 516, S17, and S27 is at a healthy state. Among them, river segments
516 and S17 are close to Wangping Town. In recent years, the government has continued to
carry out particular rectification actions along Yongding River and has removed open-air
barbecue stalls and illegal construction areas of more than 23,400 m?, with good results of
comprehensive river management. The river water body is clear and odorless. The river
morphology and riparian conditions are in a healthy state. In contrast, river segments S15
and S27 have a good water environment near the mountains because they are far away
from residential areas and have less human interference. The riparian trees, shrubs, and
herbaceous vegetation hierarchy are well-defined, and the vegetation cover is high. The
vegetation diversity in the buffer zone is greater than 1.1829 and higher than 80% of river
segments, which is higher than the average value of Yongding River.
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Table 8. Data of main indices of Yongding River.

River Flow TDS Riparian Zone P Riparian Ornamental and . .
I-{ealt{l Segment Rate (us/ ( ngI;L) (30/” Vegetation Is{llgazlfol; Vegetation Recreation %gsigg Vecggiaetlfon
eve Number Ratio cm) 8 Diversity P Width (m) Value &
S16 9.588 1417 0.02 9.45 0.9555 54.6 154 1 1 3
Health S17 6.520 1495 0.01 10.62 1.1955 384 34 2 1 2
Y 515 1.746 1467 0.03 4.77 1.1829 514 56 1 2 3
S27 4.952 1498 0.01 10.03 1.3015 10.4 30 1 2 2
528 1.000 1495 0.01 10.18 1.0696 17.4 50 4 2 3
S31 4.110 1496 0.01 9.99 1.1629 69.2 18 3 3 4
518 6.210 1461 0.01 10.75 1.1283 55.6 10 1 1 4
532 3.894 1483 0.01 10.08 1.0113 73.6 12 3 3 4
S13 2.676 1473 0.02 10.44 1.1371 18.8 14 1 1 2
S14 6.271 1469 0.03 10.50 0.9835 41.0 18 1 1 1
S19 1.532 1466 0.01 10.48 0.8510 60.2 28 2 2 2
Sub- 523 3.496 1474 0.01 10.31 0.7954 26.2 18 3 2 1
health 526 3.490 1490 0.04 9.83 1.2218 19.0 23 1 2 2
y S33 3.246 1494 0.02 10.71 0.8509 494 18 2 2 2
S7 1.531 1476 0.01 7.34 1.0084 78.0 26 3 1 4
S29 1.679 1490 0.02 10.38 0.9842 33.8 16 1 2 2
S1 1.359 1429 0.01 10.67 1.1247 43.5 9 3 2 4
S10 4.961 1468 0.03 10.25 0.9825 20.6 8 3 1 2
525 4.497 1485 0.01 9.63 0.5679 26.2 29 1 1 2
512 4.235 1472 0.01 11.26 0.8887 44.0 16 2 1 1
524 3.420 1483 0.01 9.76 0.6623 20.0 14 2 1 2
S11 4.725 1475 0.00 11.69 1.1663 68.2 13 1 2 2
522 2.560 1472 0.02 10.18 0.8004 11.8 12 3 2 2
Unhealth S34 3.487 1501 0.03 10.54 0.6623 72.0 10 1 2 3
y S2 2.195 1445 0.02 10.42 0.7872 69.2 11 4 2 2
521 1.588 1482 0.06 10.09 0.9959 29.4 20 1 2 2
S30 2.435 1488 0.01 10.35 0.8610 57.0 14 1 2 2
Average value 4.191 1474 0.02 10.15 0.9856 42.6 20 2 1 1

Twenty-four river segments are in sub-healthy condition, among which S1, S3, 54,
S5, 56, and S7 are located in the zone of the ecological project “Five Lakes and One Line”.
After implementation of the water purification project, river ecological restoration project,
and construction of large country parks, the area has high riparian vegetation coverage.
The vegetation diversity index is higher than average, and the river has better water
environment conditions and high ornamental and recreational value. However, the river
banks are mostly protected by grouted rubble, dry rubble, and lead wire gabions built
in the river channel project, making the channel planform straight. It not only fails to
provide a natural habitat for life below water but forces the water flow faster than its
natural form, leaving less time for micro-organisms to decompose pollutants in the water
and not reducing accelerated erosion caused by anthropogenic factors. 59, 512, 514, 523,
525, 528, and S33 are amid many tourist attractions and farmhouses, with high ornamental
and recreational value but under high interference of human activities. For example, along
59, farmhouses, convenience stores, and restaurants have been densely constructed. Along
523, the scenic spots of Eighteen Ponds attract millions of tourists, mainly from the urban
area, every holiday. In these areas, due to the waste produced by tourists and construction,
water bodies are polluted so that turbidity is high, accompanied by a worsening benthic
habitat; vegetation coverage is also lower than average, with vegetation diversity indices
of S12, 514, 523, 525, and S33, and riparian zones are 0.8887, 0.9835, 0.7954, 0.5679, and
0.8509, respectively, which are lower than the average value. S10 and S35 are more affected
by construction of water conservancy projects; S35 is adjacent to Sanjiadian Reservoir and
Zhuwo Reservoir, respectively, and a large number of irrigation diversions, large power
plants, and barrage dams are built in river segment S10. The land use on both sides of these
river segments is mostly for construction and roads, and the vegetation widths of riparian
zones in river segments 510 and S35 are less than 8 m and 5 m, respectively, which is lower
than 77% of the river sections. The vegetation diversity index of the riparian zone in river
segment S35 is only 0.4283, which is 56% different from average.

There are seven river segments at an unhealthy level. River segment S8 is adjacent
to Sanjiadian Reservoir, with a primary flood control function but a weakened ecological
function. Both river banks are slurry stone revetment, and riverside wetlands and buffer
zones have disappeared. The vegetation on both sides of the river has been heavily
damaged, and the vegetation diversity index is only 0.5475, which is much lower than the
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average value of Yongding River. River section 521 is close to Anjiazhuang, and the land
use type is primarily residential and construction land, with low ornamental recreation
value. The water body is relatively turbid, with high ammonia nitrogen content, and
the river water environment conditions are poor. River segment S30 is located in the
vicinity of Qingbaikou Village, and the surrounding farmland is extensive. The diversity
of vegetation has been significantly damaged, especially at the junction of the land and
water counterparts.

4. Discussion
4.1. Evaluation Method Reliability Analysis

There are many methods for river health evaluation, and calculation of index weights
is critical. Different weight calculation methods may produce different evaluation results.
In order to synthesize the advantages of the subjective and objective weighting method, in
this paper, we use the combined assignment method of hierarchical analysis and entropy
method to determine the index weights. The core problem of combination weighting is
determining the weight distribution of the two methods. There are many studies in this
area [30-32]. However, the mathematical derivation of most methods is cumbersome,
poorly applied, and not operable. Accurately carrying out combination weighting now
seems to have no suitable method. Therefore, to simplify the evaluation system, we used
the geometric mean method for combination assignment.

The weighting results of evaluation indices are riparian condition index > river water
environment index > river morphology index > river social service function index. Based
on the field survey analysis and evaluation results, the main influencing factor of the health
status of Yongding River is the riparian condition. It may be because the Yongding River
bank is most affected by human activities, such as construction of illegal buildings on
the riverbank and tourism development. Moreover, the information provided by riparian
condition indices is more decadent. Therefore, more attention should be paid to riparian
condition indices in future studies.

In addition, the evaluation system used in this study is based on the Beijing section
of Yongding River, which has some shortcomings. For example, the influence of time
dynamics on the river evaluation index is not considered. Moreover, the selection of
evaluation indicators is too subjective. Aquatic life indicators, such as phytoplankton,
and other socio-economic indices are not considered due to the limitations of conditions
and data. Therefore, for rivers with different spatial scales and regional differences, the
river health evaluation system should be further screened and judged according to the
actual situation of rivers. Moreover, the method tends to lack consideration of information
redundancy among the various indicators. Long-term use of the indicator systems should
be further studied.

Overall, we have established a health evaluation index system for Yongding River
and proposed restoration and management countermeasures for the current health status
of Yongding River. This study broadens the ideas and methods of river health evaluation
research, and the results can provide decision-making reference for health assessment,
management, and protection of other rivers.

4.2. Suggestions on River Ecological Restoration

The health condition of the Beijing section of Yongding River shows a series of prob-
lems, such as water environment pollution, riparian ecological degradation, urbanization,
and severe human impact. The manner to restore the damaged natural environmental
systems is one of the essential issues that river managers and the public should consider.
In this paper, we propose the following recommendations for restoring rivers in different
health conditions.

For healthy river segments, river management should be strengthened to maintain
the morphology, riparian condition, and water environment quality while increasing the
value of social services. For those in a sub-healthy state, targeted restoration should be
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carried out. For river segments affected by land use changing engineering construction,
decision-makers should have a clear picture of the impact of engineering construction and
irrigation diversions on the river morphology and river water environment. More stringent
measures to regulate illegal farming or urban expansion should be introduced. For river
segments where the habitat is damaged by landscape recreation, tourism management
should be regulated, and discharge of pollutants from production and construction and
disposal of household waste should be monitored to reduce water pollution; at the same
time, ecological protection, restoration, remediation, and reconstruction in riparian zones
should be carried out, building ecological slopes with trees, shrubs, and herbage. For
unhealthy river segments, comprehensive treatment should be carried out for all aspects:
regularly conducting river training to reduce the pollutant precipitated on the riverbed,
optimizing riparian ecological construction, focusing on improving river morphology and
riparian condition, restoring natural river channel state, and improving the stability and
biodiversity of riparian zones.

5. Conclusions

In this research, we constructed a river health evaluation system based on 16 indices
in four aspects: river morphology, river water environment, riparian condition, and social
service value, and evaluated the health status of Yongding River:

(1) The river health evaluation indices were assigned using a combination of hierarchi-
cal analysis and entropy weighting methods. The weight was ranked as riparian
condition > river water environment > river morphology > social service function.
It shows that the river water environment has the most significant influence on the
health status of the Beijing section of Yongding River.

(2) The evaluation results using the continuous metrics scoring method show that the
overall health index for the study reach of Yongding River is 3.805, which is at a sub-
healthy level. For the 35 segments, the percentages of excellent, healthy, sub-healthy,
unhealthy, and sick river segments are 0%, 11%, 69%, 20%, and 0%, respectively.

(3) Combining the actual situation of Yongding River, factors affecting the health of
Yongding River include mainly human disturbance activities, such as industrial and
agricultural development, construction of water conservancy projects, tourism and
sightseeing, and so forth. In order to improve the health condition, Yongding River
channel and riparian regulation need to be strengthened.

Author Contributions: Conceptualization, L.M., C.P. and L.C.; methodology, LM.,L.Y., C.P.and L.C,;
formal analysis, L.C., Z.N. and L.Y.; investigation, L.Y. and L.C.; writing—original draft preparation,
L.C,JJ, QK, ZN. and L.Y,; writing—review and editing, J.J., Q.K., Z.N., L.C. and L.M.; project
administration, L.C.; funding acquisition, L.C., L.M. and C.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Science and Technology Major Project, grant num-
ber 20187X07101005-04, and College Students’ Innovative Entrepreneurial Training Plan Program,
grant number X202110022048.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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



Int. |. Environ. Res. Public Health 2022, 19, 14433 13 of 14

References

1. Valero, E.; Alvarez, X.; Picos, ]. An assessment of river habitat quality as an indicator of conservation status. A case study in the
Northwest of Spain. Ecol. Indic. 2015, 57, 131-138. [CrossRef]

2. Grizzetti, B.; Liquete, C.; Pistocchi, A.; Vigiak, O.; Zulian, G.; Bouraoui, F.; De Roo, A.; Cardoso, A.C. Relationship between
ecological condition and ecosystem services in European rivers, lakes and coastal waters. Sci. Total Environ. 2019, 671, 452-465.
[CrossRef]

3. Jia, Y.T.; Chen, Y.F. River health assessment in a large river: Bioindicators of fish population. Ecol. Indic. 2013, 26, 24-32. [CrossRef]

4. Lee, ].H,; An, K.-G. Integrative restoration assessment of an urban stream using multiple modeling approaches with physical,
chemical, and biological integrity indicators. Ecol. Eng. 2014, 62, 153-167. [CrossRef]

5. Luo, Z.L.; Zuo, Q.T.; Shao, Q.X. A new framework for assessing river ecosystem health with consideration of human service
demand. Sci. Total Environ. 2018, 640, 442-453. [CrossRef] [PubMed]

6. Casatti, L.; Ferreira, C.P; Langeani, F. A fish-based biotic integrity index for assessment of lowland streams in southeastern Brazil.
Hydrobiologia 2009, 623, 173-189. [CrossRef]

7.  Stenger-Kovacs, C.; Lengyel, E.; Crossetti, L.O.; Uveges, V.; Padisak, J. Diatom ecological guilds as indicators of temporally
changing stressors and disturbances in the small Torna-stream, Hungary. Ecol. Indic. 2013, 24, 138-147. [CrossRef]

8.  Haase, R.; Nolte, U. The invertebrate species index (ISI) for streams in southeast Queensland, Australia. Ecol. Indic. 2008, 8,
599-613. [CrossRef]

9. Vollmer, D.; Shaad, K.; Souter, N.J.; Farrell, T.; Dudgeon, D.; Sullivan, C.A.; Fauconnier, I.; MacDonald, G.M.; McCartney, M.P;
Power, A.G; et al. Integrating the social, hydrological and ecological dimensions of freshwater health: The Freshwater Health
Index. Sci. Total Environ. 2018, 627, 304-313. [CrossRef]

10. Ladson, A.R.; White, L.J.; Doolan, J.A.; Finlayson, B.L.; Hart, B.T.; Lake, P.S.; Tilleard, ]. W. Development and testing of an Index of
Stream Condition for waterway management in Australia. Freshw. Biol. 1999, 41, 453-468. [CrossRef]

11.  Petersen, R.C., Jr. The RCE: A Riparian, Channel, and Environmental Inventory for small streams in the agricultural landscape.
Freshw. Biol. 1992, 27, 295-306. [CrossRef]

12. Deng, X.J.; Xu, Y.P; Han, L.E; Yu, Z.H.; Yang, M.N.; Pan, G.B. Assessment of river health based on an improved entropy-based
fuzzy matter-element model in the Taihu Plain, China. Ecol. Indic. 2015, 57, 85-95. [CrossRef]

13. Xie, ].X.; Cheng, C.T.; Chau, K.W,; 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. [CrossRef]

14. Chau, K.-W.; Muttil, N. Data mining and multivariate statistical analysis for ecological system in coastal waters. J. Hydroinformatics
2007, 9, 305-317. [CrossRef]

15.  Zhao, YW.; Yang, Z.F. Integrative fuzzy hierarchical model for river health assessment: A case study of Yong River in Ningbo
City, China. Commun. Nonlinear Sci. Numer. Simul. 2009, 14, 1729-1736. [CrossRef]

16. Ramanathan, R. A note on the use of the analytic hierarchy process for environmental impact assessment. J. Environ. Manag. 2001,
63, 27-35. [CrossRef]

17. Liang, R.; Song, S.; Shi, Y.; Shi, Y,; Lu, Y.; Zheng, X.; Xu, X.; Wang, Y.; Han, X. Comprehensive assessment of regional selenium
resources in soils based on the analytic hierarchy process: Assessment system construction and case demonstration. Sci. Total
Environ. 2017, 605, 618-625. [CrossRef]

18.  Shi, R.-J.; Fan, X.-C.; He, Y. Comprehensive evaluation index system for wind power utilization levels in wind farms in China.
Renew. Sustain. Energy Rev. 2017, 69, 461-471. [CrossRef]

19. Liu, E; Birch, G.F; Shen, J.; Yuan, H.; Zhang, E.; Cao, Y. Comprehensive evaluation of heavy metal contamination in surface and
core sediments of Taihu Lake, the third largest freshwater lake in China. Environ. Earth Sci. 2012, 67, 39-51. [CrossRef]

20. Shan, CJ.,; Dong, Z.C.A,; Lu, D.B.; Xu, C.D.; Wang, H.; Ling, Z.; Liu, Q. Study on river health assessment based on a fuzzy
matter-element extension model. Ecol. Indic. 2021, 127, 107742. [CrossRef]

21. Wang, S.; Zhang, Q.; Yang, T.; Zhang, L.Q.; Li, X.P; Chen, ]. River health assessment: Proposing a comprehensive model based on
physical habitat, chemical condition and biotic structure. Ecol. Indic. 2019, 103, 446—460. [CrossRef]

22. Shaad, K.; Souter, N.J.; Vollmer, D.; Regan, H.M.; Bezerra, M.O. Integrating Ecosystem Services Into Water Resource Management:
An Indicator-Based Approach. Environ. Manag. 2022, 69, 752-767. [CrossRef] [PubMed]

23.  Available online: https://www.mrcmekong.org/our-work/functions /basin-monitoring /water-quality-monitoring/ (accessed
on 3 October 2022).

24. Liu, L; Xu, Z,; Yin, X,; Li, F,; Dou, T. Development of a multimetric index based on benthic macroinvertebrates for the assessment
of urban stream health in Jinan City, China. Environ. Monit. Assess. 2017, 189, 1-12. [CrossRef] [PubMed]

25. Silva, D.R.O.; Herlihy, A.T.; Hughes, R.M.; Callisto, M. An improved macroinvertebrate multimetric index for the assessment of
wadeable streams in the neotropical savanna. Ecol. Indic. 2017, 81, 514-525. [CrossRef]

26. Niu, L.; Li, Y.,; Wang, P; Zhang, W.; Wang, C.; Li, ].; Wu, H. Development of a microbial community-based index of biotic integrity
(MC-IBI) for the assessment of ecological status of rivers in the Taihu Basin, China. Ecol. Indic. 2018, 85, 204-213. [CrossRef]

27. Li,J;Li, Y; Qian, B.;; Niu, L.; Zhang, W.; Cai, W.; Wu, H.; Wang, P.; Wang, C. Development and validation of a bacteria-based
index of biotic integrity for assessing the ecological status of urban rivers: A case study of Qinhuai River basin in Nanjing, China.
J. Environ. Manag. 2017, 196, 161-167. [CrossRef]

28. Saaty, T.L.; Bennett, ].P. A theory of analytical hierarchies applied to political candidacy. Behav. Sci. 2010, 22, 237-245. [CrossRef]


http://doi.org/10.1016/j.ecolind.2015.04.032
http://doi.org/10.1016/j.scitotenv.2019.03.155
http://doi.org/10.1016/j.ecolind.2012.10.011
http://doi.org/10.1016/j.ecoleng.2013.10.006
http://doi.org/10.1016/j.scitotenv.2018.05.361
http://www.ncbi.nlm.nih.gov/pubmed/29864658
http://doi.org/10.1007/s10750-008-9656-x
http://doi.org/10.1016/j.ecolind.2012.06.003
http://doi.org/10.1016/j.ecolind.2007.08.005
http://doi.org/10.1016/j.scitotenv.2018.01.040
http://doi.org/10.1046/j.1365-2427.1999.00442.x
http://doi.org/10.1111/j.1365-2427.1992.tb00541.x
http://doi.org/10.1016/j.ecolind.2015.04.020
http://doi.org/10.1504/IJEP.2006.011217
http://doi.org/10.2166/hydro.2007.003
http://doi.org/10.1016/j.cnsns.2007.09.019
http://doi.org/10.1006/jema.2001.0455
http://doi.org/10.1016/j.scitotenv.2017.06.150
http://doi.org/10.1016/j.rser.2016.11.168
http://doi.org/10.1007/s12665-011-1478-x
http://doi.org/10.1016/j.ecolind.2021.107742
http://doi.org/10.1016/j.ecolind.2019.04.013
http://doi.org/10.1007/s00267-021-01559-7
http://www.ncbi.nlm.nih.gov/pubmed/34973072
https://www.mrcmekong.org/our-work/functions/basin-monitoring/water-quality-monitoring/
http://doi.org/10.1007/s10661-017-5920-8
http://www.ncbi.nlm.nih.gov/pubmed/28374188
http://doi.org/10.1016/j.ecolind.2017.06.017
http://doi.org/10.1016/j.ecolind.2017.10.051
http://doi.org/10.1016/j.jenvman.2017.03.003
http://doi.org/10.1002/bs.3830220402

Int. |. Environ. Res. Public Health 2022, 19, 14433 14 of 14

29.

30.

31.

32.

Kuemmerlen, M.; Reichert, P.; Siber, R.; Schuwirth, N. Ecological assessment of river networks: From reach to catchment. Sci.
Total Environ. 2019, 650, 1613-1627. [CrossRef]

Liu, S;; Chan, ETS.; Ran, W.X. Decision making for the selection of cloud vendor: An improved approach under group
decision-making with integrated weights and objective/subjective attributes. Expert Syst. Appl. 2016, 55, 37-47. [CrossRef]

Xu, X.Z. A note on the subjective and objective integrated approach to determine attribute weights. Eur. J. Oper. Res. 2004, 156,
530-532. [CrossRef]

Liu, W,; Li, L. An approach to determining the integrated weights of decision makers based on interval number group decision
matrices. Knowl. Based Syst. 2015, 90, 92-98. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2018.09.019
http://doi.org/10.1016/j.eswa.2016.01.059
http://doi.org/10.1016/S0377-2217(03)00146-2
http://doi.org/10.1016/j.knosys.2015.09.029

	Introduction 
	Materials and Methods 
	Study Reach and Data Collection 
	Evaluation Index System 
	Determination of Index Weights 
	AHP 
	Entropy Weight Method 
	Combination Weighting Method 

	Evaluation Standards 

	Results 
	Weighting of Evaluation Indices 
	Evaluation Criteria 
	Evaluation Results 
	Evaluation Results of the Criterion Level 
	Comprehensive Evaluation Results 


	Discussion 
	Evaluation Method Reliability Analysis 
	Suggestions on River Ecological Restoration 

	Conclusions 
	References

