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Abstract: The foundation for ensuring the sustainable utilization of natural resources and human well-
being lies in achieving a harmonious balance between nature and humans. In the Yellow River basin
(YRB), numerous water crises, including floods, droughts, soil erosion, and water pollution, threaten
its crucial role as a significant economic belt and ecological barrier. Unfortunately, less comprehension
regarding the complex human—water relationship in this region has impeded watershed water
management decision-makers from identifying key priorities for intervention. Here, we selected
29 evaluation indicators, including water resources, environment, ecology, society, economy, and
science and technology from three dimensions: healthy water systems, sustainable human systems,
and synergy of human-water system. We applied the entropy weight method, hierarchical analysis,
and Single index quantification, multiple index synthesis, and poly-criteria integration (SMI-P)
methods to quantify the spatial-temporal variation of the human—water harmony degree (HWHD)
in nine provinces of the YRB from 2002 to 2021. We observed a consistent increase in the HWHD
across all provinces in the YRB in the past two decades. Notably, five provinces have transitioned
from Complete disharmony (0 < HWHD < 0.2) to Nearly complete disharmony (0.2 < HWHD < 0.4).
Additionally, the average growth rate of the downstream provinces is faster compared to those
upstream. By 2021, the HWHD of upstream provinces like Sichuan and Ningxia, constrained by slower
growth, became the two lowest provinces of the YRB, at 0.19 and 0.12 respectively. These findings
offer valuable guidance for the region and similar areas grappling with the complex challenges of
human-water conflicts, providing insights to navigate and address such dilemmas effectively.

Keywords: harmony theory; harmony evaluation; water resources management; spatial-temporal analysis

1. Introduction

Water serves as the fundamental resource for humanity and is indispensable for
fostering social development and well-being [1,2]. As the global population and societal
development continue to rise, the increasing demand for water resources exacerbates its
impact on the water environment [3]. The escalating water crisis, encompassing issues
like water scarcity, flood disasters, and polluted groundwater, threatens human survival
and sustainable development, posing a significant challenge to global social security [4,5].
The projected global urban population experiencing water scarcity is expected to triple
by 2050 compared to the levels observed in 2016 [5]. Moreover, populations exposed to
river flooding are predicted to increase by 4-20 fold by the years of 2100 [6]. Therefore,
comprehending the interplay between human and water systems and promoting their
sustainable development has become both urgent and imperative.
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The human system, centered around humanity, encompasses social activities, eco-
nomic development, scientific and technological progress, and other factors critical to
human survival [7]. Accordingly, the water system comprises the water consumption
and demand of related sectors, as well as the environmental background conditions of
water resources. The interplay between human activities and water environment status
is exceptionally intricate [8]. Currently, the quantification of this relationship employs
either single or comprehensive indicators. When focusing on single indicators, researchers
often construct evaluation metrics based on the contrast between water supply and de-
mand, with commonly employed measures such as water shortage index [9], water stress
index [10], water use efficiency [11,12], and others. However, these single indicators reflect
only one aspect of the complex relationship. Conversely, comprehensive indicators and
integrated assessment models offer a more holistic approach, such as the water poverty
index [13,14], water resources carrying capacity index [15], water security index [16], and
human-water harmony index [17]. These comprehensive metrics offer a more nuanced
understanding of the multifaceted relationship within the human—water system, helping to
promote synergies between human development and water environment health.

Related research of human-water harmonious is a forward-looking exploration grounded
in the mechanisms of interaction, adaptation, and balance principle within human-water
system [17]. Its primary objective is to promote a virtuous cycle within the human-water
system. This will enhance the self-maintenance and renewal capabilities of the water sys-
tem, ensuring that water resources can offer enduring support and assurance sustainable
economic growth and social development [18]. Research on human-water harmonious has
evolved from qualitative inquiries at the beginning of the 21st century to a more quantita-
tive approach today. Key components of this research now encompass the exploration of
interaction mechanisms within human-water systems, the quantitative analysis and simu-
lation of the human-water relationship, and the optimization of schemes promoting such
harmony [19-21]. These studies have found widespread application across various scales,
including national, provincial, urban, and watershed levels. In this study by Ding et al. [17],
27 indicators related to social development, system coordination, and public satisfaction
were utilized to establish the Human-Water Harmony Index (HWHI) grounded in the
concept of harmony with its application to five megalopolises of China. Building upon this
framework, Zuo et al. [18] determined the harmonious balance constraint and regulation by
quantifying the equilibrium state of the human-water relationship of six criteria in 43 coun-
tries along the Belt and Road. Duan et al. [19] constructed a human-water-nexus-based
evaluation system, in which 13 indicators of 8 sustainable development goals (i.e., SDGs 2,
6,8,9,11, 12, 13, and 17) associated with water, society, and ecology criteria were analyzed.
These studies evaluate human-water relationship by examining specific factors related
to water resources within human systems, including water quantify, water quality, water
use structure, and the dynamic balance between supply and demand. Unfortunately, they
primarily focus on enhancing the health of water systems and promoting the sustainable
development of human systems, while overlooking the harmonized development of the
two [17,22]. The latter aspect is crucial for promoting the healthy, orderly, and sustainable
development of both systems simultaneously.

Yellow River Basin (YRB) serves as a representative example of human—water inter-
action [23,24]. The basin’s environment is significantly influenced by human activities,
meanwhile, water resource scarcity emerges as a critical constraint for the socio-economic
development of the region [25]. Nonetheless, a comprehensive analysis of the evolution
of the human-water relationship in the YRB is hindered by the insufficient simulation on
key process, vital variables, mutual feedback relationships, and a lack of comprehension
regarding common mechanisms. Simultaneously, both domestically and internationally,
there is a scarcity of research cases focusing on identifying the evolutionary mechanisms
and assessing the external effects of the synergistic mechanism between water resources
utilization and human activities in the large river basins [26].
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To address these knowledge gaps, we selected 29 evaluation indicators to construct
the Human—-water harmony degree (HWHD) evaluation framework, encompassing three
dimensions: healthy water systems, sustainable human systems, and synergy between
human and water systems. Meanwhile, we combined the Entropy Weight method (EW)
and Analytic Hierarchy Process (AHP) into one framework to determine every indicator’s
weight. According to the harmony theory, we employed the Single index quantification,
multiple index synthesis, and poly-criteria integration (SMI-P) method to quantify the
HWHD. Generally, we analyzed the intricate relationship between humans and water
in YRB from 2002 to 2021 and explore their synergistic development from an integrated
perspective. Hence, the systematic quantification of the dynamic evolving process of the
HWHD in the YRB can serve as a scientific foundation for fostering ecological health and
sustainable development within the YRB. Furthermore, it can facilitate to the development
of earth system science in China through integrated basin research.

2. Methods
2.1. Calculation of Comprehensive Weight

As an objective weighting method, EW judges the degree of dispersion of the index
through the information entropy of the index data, while it neglects the actual demand of
decision-makers for indicators [27]. AHP judges the relative importance of each indicator
according to the experience of decision makers, however, the evaluation results are prone to
fluctuate due to subjective human factors [28]. It is desired an integrated EW-AHP method
should be developed to overcome the above issues [29]:

wi= Y7 i_1 ) 1)
'Ellxixﬁi
1=

wj, aj, and B; are the comprehensive, subjective, and objective weights of the index i,
respectively.

2.2. Calculation of HWHD

Here, we utilized the evaluation approach of SMI-P to assess the HWHD [30]. HWHD
is further segmented into the three sub-harmony degrees (SHD), named healthy water
systems (HED), sustainable human systems (HAD), and synergy between human and
water systems (DED), respectively. The SHD of each indictor was determined based on the
assumed fuzzy membership within the range of [0, 1] as shown in Figure 1 [19]. These SHD
are detailed in the following calculated equations [31].

HED(T) = Y w;SHD; (Y{(T)) @
i=1

DED(T) = " wSHD,(¥}(T)) ®
i=1

HAD(T) = nzl w;SHD3(Yi(T)) 4)

i=1

where T and 7 indicate the time and number of indicator; Y/ (T) shows the indicator value;

w; presents the indicator’s weight; SHD,;[Y?(T)] indicates the sub-harmony degree; and

HED(T), HED(T), and HAD(T) represent the sub-harmony of each criterion, respectively.
Then, the final HWHD can be achieved as follows:

HWHD(T) = HED(T)P* x DED(T)P? x HAD(T)* (5)
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where HWHD(T) is the final human-water harmony degree; B1, B2, and B3 are the weights
of each criteria, respectively; generally, the weights of each criteria are assumed as equal
(i.e., 1/3). The harmony grading standards were based on the final HWHD and were
equally segmented into five intervals from 0 to 1 [31].
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Figure 1. Study framework.

3. Case Study

As the second longest river in China, YRB covers approximately 7950 hm?. It con-
stitutes 2.56% of the national total water resources, while sustains 12% of the population,
irrigates 13% of farmland, and contributes 13% of food and 14% of GDP in China [27].
In 2021, the total population in YRB is 421 million, and the GDP is CNY 28,778.3 billion.
However, the per capita water resources in this basin are 26,824 m3 per person, occupying
about 1/4 of the world average level, which evolves into the biggest contradiction in the
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YRB. Due to the serious imbalance between social and economic development and natural
hydrological process and ecosystem process, the YRB is one of the most prominent and
complicated areas in China. It has become a national strategic plan to protect the ecological
environment and promote the high-quality development of the YRB. Meanwhile, several
national development plans were also published toward the harmonious human-water
relationship. In detail, during the 14th Five-Year Plan, the water ecological environmental
protection work should pay more attention to human-water harmony by the Ministry of
Ecology and Environment of the people’s Republic of China. In the year of 2024, opinions
of thoroughly promoting the construction of Beautiful China were published by the CPC
and State council, aiming at accelerating the modernization of harmonious coexistence
between human and nature, especially for building the pilot zone for ecological protection
and high-quality development of the YRB.

Thus, we built a comprehensive human-water harmony evaluation system to promote
the implementation of national strategies. As shown in Figure 1, the constructed human-
water harmony evaluation system encompasses three aspects: the evaluation indicators of
HWHD, calculation of weights based on AHP and EW, and the spatio-temporal analysis of
HWHD in the YRB from 2002 to 2021.

To reflect the prominent contradictions between human and water systems in nine
provinces of YRB in the past two decades, we employed 29 indicators to construct a human—
water harmony evaluation system based on harmony theory, including three dimensions:
healthy water systems, sustainable human systems, and synergy between human and water
systems [21], as shown in Table 1. A healthy water system necessitates the preservation of
ecological functions in rivers, lakes, groundwater, and other water sources, with robust self-
repair and renewal capabilities and resistance to shocks. Thus, we chose Water resources per
capita, Water resources utilization rate, and Per capita COD emission to express the health
conditions. Sustainable water systems require socio-economic development to be managed
in a way that doesn’t compromise life support on earth. Thus, indicators of Proportion of
employees in the tertiary industry, Per capita disposable income of urban residents, and
Per capita disposable income of rural residents were presented for development. Synergy
between human and water systems mandates that water systems must provide necessary
and robust support for human and social economic development. Meanwhile, humans
are expected to continually safeguard the health of rivers and take proactive measures to
transform the relationship between humans and water into a virtuous cycle. Therefore, the
synergy indicators were chosen in terms of Water supply ratio of industry, Water supply
ratio of domestic, and Water supply ratio of ecology.

Table 1. Evaluation indicator standard threshold.

Criterion Classification Indicator Layer Unit Criterion Worst Difference Pass Optimal Optimal
Layer Layer Yy Attribute Value Value Value Value Value
Water resources Person Positive 130 1115 2100 2600 3100
Water resources per capita
subsystem
Water resources % Negative 100 80 60 42 24
utilization rate
Waste water
discharge per
Heilftlvtlglti%ree Water CNY 10,000 of Ton Negative 80 53 26 20 14
system environment industrial added
subsystem value
Per capita COD Ton Negative 0.04 0.03 0.02 0.011 0.002
emission
. Green coverage
Water ecological rate of built-up % Positive 29 32 35 40 45

subsystem

area
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Table 1. Cont.

Criterion Classification
Layer Layer

Indicator Layer

Unit

Criterion
Attribute

Worst
Value

Difference
Value

Pass
Value

Optimal
Value

Optimal
Value

Social
development
subsystem

Natural
population
growth rate

%0

Negative

10

Urbanization rate

%

Positive

37

43.5

50

65

80

population
density

Person/km?

Negative

4000

2300

650

400

148

Proportion of
employees in the
tertiary industry

%

Positive

20

34

48

59

70

Engel’s
coefficient for
urban residents

%

Negative

60

55

50

40

30

Per capita
disposable
income of urban
residents

Yuan

Positive

7700

16,350

25,000

62,500

100,000

Per capita
disposable
income of rural
residents

Yuan

Positive

2500

5650

8800

26,900

45,000

Per capita grain
yields

Kilogram

Positive

14

232

450

1225

2000

Per capita
comprehensive
water
consumption

Negative

800

610

420

290

160

Development
degree of
human system

Economic
development
Subsystem

Per capita GDP

Yuan

Positive

39,000

60,000

81,000

190,500

300,000

Per capita fiscal
revenue

Yuan

Positive

3500

8750

14,000

19,500

25,000

Per capita total
social fixed asset
investment

Yuan

Positive

17,000

68,500

120,000

1,060,000

2,000,000

Proportion of
output value of
tertiary industry
in GDP

%

Positive

20

32.5

45

70

GDP growth rate

%

Positive

35

Growth rate of
output value of
tertiary industry

%

Positive

11

12

13

Science and
technology
development
subsystem

Water
consumption per
CNY 10,000 of
GDP

Negative

450

250

50

30

10

Water
consumption per
CNY 10,000 of
industrial added
output

Negative

65

47

28

17

Irrigation water
per mu of
farmland

Cubic meter

Negative

450

400

350

245

140

Reuse rate of
urban industrial
water

%

Positive

22

55

88

93

98

College students
per 10,000 people

Person

Positive

32

181

330

415

500

Harmony
degree of
human water
system

Water supply
subsystem

Water supply
ratio of
Agriculture

%

Negative

91

77

63

46.5

30

Water supply
ratio of Industry

%

Positive

20

45

Water supply
ratio of Domestic

%

Positive

13

17

Water supply
ratio of Ecology

%

Positive
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During the data processing, most data were obtained by the national statistical year-
books. Some non-uniform data such as water resources per capita, proportion of output
value of tertiary industry in GDP, and college students per 10,000 people were obtained by
the statistical yearbooks of each province in the YRB. Several indicators such as per capita
grain yields, urbanization rate, and irrigation water per mu of farmland were collected from
Chinese economic and social big data research platform. A linear interpolation approach
was also introduced to address the issue of missing data and fill in the continuous data
from 2002 to 2021. All the source data are illustrated in this paper and are available from
http://data.stats.gov.cn, https://data.cnki.net, (accessed on 30 December 2023), or the
corresponding author upon reasonable request.

4. Results
4.1. Result of Weight

Weight is a parameter used to measure the contribution of each indicator to the system.
The accuracy of the weights directly affects the accuracy of the evaluation results. There
are many methods to determine weights, including subjective weight and objective weight.
Subjective weight is determined by the evaluator’s subjective understanding of the index,
which is greatly influenced by the evaluator’s subjective influences. Objective weight is
determined by the objective law between the index data, which is greatly influenced by the
original data of the index. In order to avoid the subjectivity and one-sidedness of a single
method affecting the evaluation results, this paper adopts a comprehensive weight that
uses multiple weights. Its subjective weight uses the analytic hierarchy process, its objective
weight uses the entropy weight, and its comprehensive weight is used to synthesize the two
weights [31]. Table 2 shows the subjective weights, objective weights, and comprehensive
weights of each indicator in the nine provinces studied based on the EW-AHP method.
Overall, the indicators with large subjective weights are the green coverage rate of built-up
area, water resources utilization rate, and the waste water discharge per CNY 10,000 of
industrial added value, which are 0.14, 0.11, and 0.10, respectively. The indicators with
large objective weights are Water resources per capita and the water supply ratio of ecology,
which are 0.18 and 0.07, respectively. According to the comprehensive weight calculation
method which was introduced in 2.1, the comprehensive weights of the water supply ratio
of ecology and the water resources per capita are relatively large: 0.22 and 0.17, respectively.

4.2. Temporal Variation of HWHD

Figure 2 illustrates the temporal trend of the HWHD in the YRB during 2002-2021. Our
analysis reveals that although the HWHD of the nine provinces in the Yellow River basin
has remained in Nearly complete disharmony or Complete disharmony (HWHD < 0.4)
over the past 20 years, there has been an upward trend. By 2021, five provinces had tran-
sitioned from Complete disharmony (0 < HWHD < 0.2) to Nearly complete disharmony
(0.2 < HWHD < 0.4). Notably, provinces such as Shandong, Inner Mongolia, and Shaanxi
exhibit substantial increases in HWHD, with variations of 0.18, 0.17, and 0.17, respectively.
Conversely, upstream basin provinces like Sichuan and Ningxia experience mitigated in-
creases, rising only by 0.10 and 0.12, respectively, from 2002 to 2021 (as shown in Figure 3).
In addition, the HWHD in Ningxia is notably lower than that of other provinces, consistent
with the findings of Shi et al. (2023) [21]. This can be attributed to Ningxia’s lowest water re-
sources per capita among all provinces, which holds the higher weight among all evaluation
indicators. It’s also related to the disparities in economic and technological development,
geographic and climatic factors, as well as pertinent national or local regulations.
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Figure 2. The temporal changes of HWHD across nine provinces in the YRB from 2002 to 2021.
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Figure 3. Spatial distribution of HWHD across nine provinces for the mean of 2002 to 2021.

Table 2. Comprehensive weights of indicators in nine provinces.

Indicator Laver Subjective Objective Comprehensive
y Weight Weight Weight
Water resources per capita 0.0238 0.1859 0.1675
0.1190 0.0037 0.0165

Water resources utilization rate

Waste water discharge per CNY 10,000 of industrial added value 0.1071 0.0073 0.0296
Per capita COD emission 0.0357 0.0135 0.0182
0.1429 0.0109 0.0588

Green coverage rate of built-up area




Water 2024, 16, 916 90f 13

Table 2. Cont.

Indicator Layer Subjective Objective Comprehensive
Weight Weight Weight
Natural population growth rate 0.0039 0.0178 0.0026
Urbanization rate 0.0317 0.0216 0.0259
population density 0.0025 0.0339 0.0033
Proportion of employees in the tertiary industry 0.0051 0.0294 0.0057
Engel’s coefficient for urban residents 0.0204 0.0139 0.0107
Per capita disposable income of urban residents 0.0089 0.0586 0.0197
Per capita disposable income of rural residents 0.0089 0.0634 0.0214
Per capita grain yields 0.0143 0.0550 0.0298
Per capita comprehensive water consumption 0.0470 0.0142 0.0252
Per capita GDP 0.0145 0.0536 0.0294
Per capita fiscal revenue 0.0243 0.0634 0.0584
Per capita total social fixed asset investment 0.0131 0.0674 0.0335
Proportion of output value of tertiary industry in GDP 0.0183 0.0288 0.0199
GDP growth rate 0.0504 0.0206 0.0392
Growth rate of output value of tertiary industry 0.0223 0.0033 0.0028
Water consumption per CNY 10,000 of GDP 0.0251 0.0047 0.0045
Water consumption per CNY 10,000 of industrial added output 0.0381 0.0047 0.0067
Irrigation water per mu of farmland 0.0089 0.0116 0.0039
Reuse rate of urban industrial water 0.0138 0.0135 0.0071
College students per 10,000 people 0.0570 0.0288 0.0621
Water supply ratio of agriculture 0.0168 0.0237 0.0151
Water supply ratio of industry 0.0079 0.0395 0.0117
Water supply ratio of domestic 0.0376 0.0348 0.0496
Water supply ratio of ecology 0.0805 0.0725 0.2209

4.3. Spatial Variation of HWHD

Figure 3 gives the spatial variation of HWHD in 2002, 2006, 2011, 2016, and 2021, along
with the average HWHD over the past two decades. With the exception of 20122015,
HWHD of Ningxia has always been lower than other provinces. However, since 2006,
HWHD of Ningxia has been significantly improved. It mainly due to the influence of
economy, science and technology, and the per capita GDP and per capita financial revenue
have notably improved. The water consumption per CNY 10,000 of GDP and growth rate of
output value of tertiary industry decreased significantly. Over the past two decades, HWHD
has notably improved in most of provinces, particularly in Shandong Province. Thanks to
the increase in available water resources and the decrease in water consumption, the water
resources utilization rate in Shandong province has decreased year by year. Consequently,
its HWHD increased gradually, and the HWHD value reached 0.21 after 2020. In contrast,
given the considerably lower value of the water supply ratio of ecology in Sichuan, which
acts as the direct driving index of HWHD, coupled with its slow growth rate, the overall
HWHD growth rate in the region is relatively sluggish. As a result, by 2020, Sichuan ranks
as the third lowest in HWHD after Ningxia and Gansu. Additionally, we observed that the
HWHD in downstream areas is generally higher than that in upstream areas, but this gap
between upstream and downstream has been diminishing in recent years.

4.4. The Evaluation Results of Three Subsystems

The evaluated results in the three sub-criterion, healthy water systems (HED), sus-
tainable human systems (HAD), and synergy between human and water systems (DED),
are depicted in Figure 4. Overall, the harmony degrees of each subsystem across the nine
provinces improved from 2002 to 2021. Furthermore, the harmony degrees of each subsys-
tem varied among the provinces. For instance, the HED in the nine provinces exhibited
less fluctuation and maintained consistent increments from 2002 to 2021. Among these
provinces, Inner Mongolia demonstrated the highest growth range, rising from 0.10 to
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0.27, with a notable increase observed in 2013. This surge can be attributed to a significant
reduction in Water resources utilization rate in the same year. Meanwhile, the HED of
Sichuan showed a fluctuating upward trend due to changes in the total amount of water
resources- and utilization rate.
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Figure 4. The four dimensions of HWHD across the nine provinces in YRB from 2002 to 2021.

The DED of nine provinces also maintained upward trends from 2002 to 2021. Notably,
these provinces in downstream, such as Inner Mongolia, exhibited the highest incremental
change, reaching 0.15. This change is primarily associated with societal, economic, and
scientific developments. Specifically, Inner Mongolia’s per capita disposable income of
urban residents, Green coverage rate of built—up area, and water consumption per CNY
10,000 of industrial added value increased from 0 (Complete disharmony) to 0.7 (Fair
harmony), 0.8 (Complete harmony), and 0.8 (Complete harmony), respectively. Moreover,
the DED of Inner Mongolia experienced Flat growth during 2002-2021, attributed to a
series of pragmatic and effective policy measures that enhanced the potential of industrial
production and improved market supply —demand relationships.

The HAD of Henan experienced significant growth over the past 20 years, with a
substantial increase observed from 2013 to 2017. This notable rise can be attributed to
the considerable increase in indicators such as domestic water supply and ecological
water supply during this period. Specifically, the supplied water resources increased
by 6.8 x 10® m® and 13.7 x 108 m3, respectively. The harmony degree associated with
water supply ratio of domestic and water supply ratio of ecology increased from 0.6
(Fair harmony) to 1 (Complete harmony) and from 0.3 (Nearly complete disharmony)
to 1 (Complete harmony), respectively. These improvements may result from the “Most
Stringent Water Resource Management System” in 2013 was put into practice, leading to
adjustments in total water utilization and irrigated water.

5. Discussion

Upon quantifying the harmony between humans and water in nine provinces of the
YRB, our findings underscore the decisive role of the government’s active guidance and
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investment in enhancing the living environment. For example, the HWHD value of Qinghai
from 2011 to 2015 was notably lower than its overall change trend, reflecting extreme
incoordination issues between the water system and the human system during this period.
During this period, Qinghai Province actively increased its number of and investment
in agricultural water conservancy projects in large and medium—sized irrigation areas,
while vigorously expanding its area of efficient water—saving irrigation. Consequently, its
proportion of the agricultural water supply decreased from an average of 80% during the
12th Five—Year Plan period (2011-2015) to less than 75.38% in 2016. As a result, the HWHD
increased from an average of 0.09 to more than 0.18 after 2016.

Currently, the YRB faces prominent issues such as ecological fragility, water shortage,
and weak resources carrying capacity. These issues interact with each other, becoming key
restrictions for achieving the national development goals. Thus, it is of great significance to
break the boundaries of single factors and single fields, and build a multi—dimensional,
multi—objective and multi—system collaborative governance from the perspective of whole
basin system. Moreover, water resources are the core factor restricting the protection
and development of the YRB. The rigid constraints of water resources should be further
implemented, especially for increasing the ecological water rationing in the upstream and
adopting the water right replacement in the middle and downstream. Future studies should
insist on using water to determine the city, land, people, and production, and improve the
promote the intensive and economical water resources utilization.

6. Conclusions and Limitations

To learn about the human—water relationship in large river basins, we studied the
changes in the HWHD in the YRB over the past two decades. We mainly considered
29 evaluation indicators, encompassing healthy water systems, sustainable human systems,
and synergy between human and water systems in the YRB to construct an evaluation
framework for human-water harmony. We analyzed the evolution trend of the overall
HWHD and the above three sub—criterion in nine provinces of the YRB during 2002-2021.
The results showed that there was a consistent increase in the HWHD across all provinces
along the YRB in the last 20 years. Particularly noteworthy is the substantial growth
in the HWHD observed in downstream provinces like Shanxi, Henan, and Shandong,
exceeding 0.20 (Nearly complete disharmony) in 2021. In contrast, upstream provinces
such as Ningxia have shown slower growth, at 0.11, resulting in this province having the
lowest HWHD by 2021, at 0.12 (Complete disharmony).

Our results disclosed that the HWHD of the nine provinces showed a consistent
increase during the past two decades; these findings provided valuable strategies for
dealing with the future human-water relationship in the YRB. However, limitations need
to be further considered in the future evaluation works. Due to data limitations, our
analysis focused solely on the harmonious relationship between humans and water of
nine provinces in the YRB, overlooking regional differences within provinces. Future
studies could refine the research to the county scale or even the grid scale with sufficient
survey data. This would enable the exploration of spatial differences and correlations of
human-water harmony from upstream to downstream of large river basins, considering
factors such as nature, climate, geographical conditions, and regional trade.
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