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Abstract

The imbalanced, maladjusted, and uncontrolled phenomenon in the regional water resources system
is caused by the combined disturbances of climate change and human activities. The socio-economic
and ecological systems are restricted, and the combined carrying capacity also changes accordingly.
In order to explore the above changes, based on the influence mechanism of climate change, socio-
economic system and ecosystem on water resources system, this paper systematically reviews the
relevant research progress in water resources carrying capacity (WRCC), from the basic theory of water
resources carrying capacity, the construction of evaluation index system, the classification criteria and
evaluation methods, etc. This review provides basic theoretical and technical support for the study
of generalized water resources carrying capacity considering the interlinked climate-ecology-society
system, which is conducive to the promotion of water resources carrying capacity and the synergistic
development of socio-economic and ecological environment under a changing climate.
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change
Introduction an essential part of the natural environment, are closely
related to socio-economic development and people’s
Water resources carrying capacity is a refined lives. [2, 3]. The subject of water resources carrying
subfield of resource and environmental -carrying capacity is water resource, the object is human beings
capacity based on its components [1]. Water resources, and the socio-economic systems and ecosystems in

which they live. In a narrow sense, the water resources
carrying capacity mostly reflects the following aspects:
(1) Satisfy the demands and pressures of the object
on the subject (2) Defining the water consumption
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thresholds of socio-economic and ecological systems in
the water resources system (3) Determining the impact
of human activities on the water resources system.

The study of water resources carrying capacity
is a key scientific proposition for sustainable
development. In the 1970s, due to the increasing
contradictions in the development of human society and
the rapid spread of resource shortage in many countries
or regions around the world, intergovernmental
international organizations carried out a series of
resource carrying capacity projects [4]. Towards the end
of the 20" century, the evaluation of the regional water
resources carrying capacity was raised as an important
scientific issue in the study of water security strategy
and sustainable development [5, 6]. Scholars such as
Wang G. [7] and Hui Y.H. [8] et al. took the lead in
studying the water resources carrying capacity in
Northwest China, which provides a basis for economic
development decision-making in water deficient areas.
International scholars mostly discussed the definition
and basic criteria of water resources carrying capacity
from the perspective of urban development and water
security [9-12]. Since entering the 2I% century, the
research on water resources carrying capacity has
begun to take shape, and has deepened from the
discussion of concepts and methods to the application
level. In 2006, Xia J. et al. established a WRCC model
for urbanized arcas based on the binary water cycle,
with population as the target function, to provide a basis
for the implementation of their sustainable development
strategy. Later on, researchers have used this as a
technical support to supplement and improve the
physical process, establishing water resources carrying
capacity evaluation models and indicator systems
such as Control Objective Inversion model (COIM)
[13], Pressure-State-Response (PSR) model [14] et al.,
and research has become more systematic, gradually
incorporating ecosystems into the evaluation system
[15]. In 2016, Ait-Aoudia M.N. et al. [16] determined

BWRCC-EFS
OWRCC-Climate Change
BWRCC-Socio-Economic
BWRCC

the maximum population that can be supported by
Algiers’ water resources based on water supply and
demand, using ecological water demand as a threshold.
In the same year, Wang J.H. et al. [17] proposed a water
resources carrying capacity evaluation method based on
dynamic trial and error feedback from the perspective
of water quality and quantity coupling, and applied
this method to the national water resources carrying
capacity monitoring and early warning mechanism
construction work.

It can be seen that from theory to application,
from static analysis to dynamic prediction, after half
a century of exploration and research, the research on
water resources carrying capacity has not only become
one of the important basic tasks of national ecological
civilization construction, but also provided a research
basis for ensuring national water resources security and
promoting comprehensive, coordinated and sustainable
development [18].

Research on the water resources carrying capacity
is increasing due to its dynamicity, extreme limited,
fuzzification, and the diversity of carrying modes
[19]. The Web of Science (WOS) core database and
the China Knowledge Network (CNKI) full-text
database were searched for 2244 publications on “Water
Resources Carrying Capacity” in the past 15 years, and
relevant graphs and charts were drawn up using Excel
and VOSviewer (Figs 1-3) to reveal the general research
direction and trend of water resources carrying capacity.

As can be seen from Fig. 1, research on water
resources carrying capacity (WRCC) has shown a
clear upward trend in recent years, with most research
being linked to socio-economics and less combining
ecological service functions (EFS) and climate change.
Most of the authors and organisations involved on
WRCC research are from China (Fig. 2).

With the implementation of the national sustainable
development strategy, the study of water resources
carrying capacity has become one of the hot research

‘WRCC-Socio-Economic
‘WRCC-Climate Change

‘WRCC-EFS
Average

Fig. 1. Trends in the number of international publications on water resources carrying capacity and their related fields
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Fig. 2. Network of author and organization based on the co-authorship method on WRCC research from 2006 to 2020.
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Fig. 3. Network of keywords based on the co-occurrence method on WRCC research from 2006 to 2020.

areas of resources and environment. Chinese scholars
have conducted a lot of research around the concept,
connotation, characterization indicators and assessment
methods of water resources carrying capacity, and
have put forward many related concepts, connotations
and methods. The international literature is biased
towards the broader conceptual area of water resource
management, of which water resources carrying
capacity is only one aspect, and focuses more on the
impact of external factors such as climate change on
water resource systems and the construction of models
(Fig. 3). At present, the model of water resources
carrying capacity at home and abroad mainly takes
population and economy as the carrying goal, but there
is less research on the ability of water resources to
maintain its own renewal and ecological environment,
which has obvious limitations [20].

Research Progress on Key Issues of Water
Resources Carrying Capacity Evaluation

Basic Theory of Water Resources Carrying
Capacity Evaluation

The theoretical basis of the research on water
resources carrying capacity mainly includes the

theories of water resources, system engineering and
sustainable development [21-23]. In different historical
periods and based on different research purposes, the
definition of water resources carrying capacity has
different emphases. The definition of WRCC in the
existing research can be roughly divided into “water
resources development scale” and “water resources
supporting  sustainable  development  capacity”.
The scale of water resources development theory is
based on the total amount of water resources, to obtain
the maximum capacity of water resources can supply
water for production and domestic use. Xu Y.P. [24],
Gao Y.C. [25], et al. have argued that the surplus and
deficit of water resources supply and demand and the
potential for further exploitation of water resources
represent the carrying capacity of water resources.
The theory of water resources supporting sustainable
development specifically refers to the maximum
supporting capacity of water resources to support
population and socio-economic development. The
former starts from the level of water resources system
and envisages a specific index to characterize the
carrying capacity of water resources. The latter takes
the socio-economic system as the anchor point and
reflects the carrying capacity of local water resources
in terms of population and socio-economic scale, which
is more in line with the current situation of increasing
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water scarcity and constraints on coordinated socio-
economic and ecological development, and has long-
term significance and has been recognized by more
scholars (Table 1).

Water Resources Carrying Capacity Evaluation
Index System

Under the influence of climate change, human
activities affect the regional water resources carrying
capacity through the development and utilization of
water resources through socio-economic development
and ecological protection, so as to change the water
resources carrying capacity. The resulting water
resource overload includes the following four aspects:
The first is the problem of excessive water intake and
consumption. The water intake and consumption
outside the river or groundwater exceeds the upper limit
of water resources utilization, resulting in insufficient
ecological water use in rivers and lakes, overexploitation
of groundwater and other problems [38]. The second is
the problem of over extraction and pollution discharge.
The pollutants entering the river exceed the self-

purification capacity or environmental capacity of the
water body, resulting in the decline of water quality i.e.,
the problem of water environmental pollution [39]. The
third problem is the over exploitation and occupation
of water space leads to the shortage of natural water
ecological space and the degradation of lake ecosystem.
Fourth, the over exploitation of hydropower resources
has caused excessive disturbance of natural hydrological
process or excessive obstruction of natural flow pattern,
resulting in the degradation of water ecosystem [40].

To quantitatively evaluate the water resources
carrying capacity, it is necessary to select the elements
and index factors affecting the water resources carrying
capacity, so as to establish the evaluation index
system and quantitatively evaluate the water resources
carrying capacity through the evaluation model
[41]. Constructing the evaluation index system of
water resources carrying capacity is a basic work of
water resources carrying capacity evaluation. This
paper summarizes the relevant research results on
the construction of evaluation index system of water
resources carrying capacity at home and abroad,
mainly based on the principles of scientific, systematic,

Table 1. Connotation classification and research content of water resources carrying capacity.

Classification

Research Content Reference

Maximum development capacity

On the premise of ensuring life and ecosystem, the regional water resources
can accommodate the largest agricultural, industrial, urban scale and population [7]

capacity.

of water resources

Under certain social conditions, water resources can provide the maximum capacity
of water for industrial and agricultural production, people’s life and ecological
environment protection.

[24, 26]

Maximum capacity of water
resources to support socio-

Under the condition of maintaining a certain living standard and ecological
environment quality, the available water supply of natural water resources can
support the maximum coordinated development of population, environment and

[27-29]

economy.

economic development

On the basis of meeting ecological water use, water resources can maintain the
maximum socio-economic scale of limited development goals.

[1, 12]

Maximum capacity to support

Under the socio-economic and technological conditions of different stages in the
region, on the premise of rational development and utilization of water resources,
the regional natural water resources can maintain and support the population,
economy and environmental scale.

[30, 31]

socio-economic development
within the context of rational use
and optimal allocation of water
resources

According to the foreseeable stage of technological and socio-economic
development, taking sustainable development as the principle and maintaining the
virtuous circle of ecological environment as the condition, after reasonable and [32]
optimal allocation, the water resources in this area play the greatest supporting role
in the local socio-economic development.

When the water management and social economy are optimized, the regional water
ecosystem itself can carry the maximum sustainable development level.

Maximum size of the water

On the premise of maintaining a virtuous ecological cycle and sustainable
development, water resources can support the scale of social and economic activities [34]
and the scale of population with a certain living standard.

system that can support socio-
economic development and the
number of people with a certain
standard of living

The maximum population capacity that can be supported by regional socio-
economic development under the conditions of rational allocation and efficient
utilization of water resources, based on the predictable stage of technological and
socio-economic development, based on the principle of sustainable development
and on the premise of maintaining the benign development of ecological

[35-37]

environment.
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dynamics, quantifiable and reflecting the factors of
human water relationship coordination. According to
the structure of “Target layer - Rule layer - Element
layer - Index layer” (Table 2.), taking water resources
carrying capacity as the target layer, based on social-
economic system, the evaluation index system of water
resources carrying capacity is designed by selecting
some relevant indexes at the criterion level of ecosystem
and water resources system (Fig. 4.).

Evaluation Standard of Water Resources
Carrying Capacity

The development and utilization of water resources
in human society mainly includes taking and consuming

Table 2. Water resources carrying capacity Main evaluation indicators.

water resources, discharging and receiving pollutants,
occupying water space and developing and utilizing
water energy resources. The resource attributes of
development and utilization are water resources, water
environment capacity, water space and water flow state
[61, 62].

The essence of the water resources carrying capacity
evaluation is to judge this capability status from four
elements [10, 62]: water resources, water environment
capacity, water space, and water flow state according to
the indicator measurement standard. Here, water space
refers to spatial information indicators such as water
surface area, aquatic habitat area, etc. And water flow
state refers to Characteristic information indicators such
as water system connectivity, flow velocity, etc.

Target Layer | Rule Layer | Element layer Index Layer Reference
conomie Industrial & agricultural economic density, per GDP, GDP growth
Development . L Do [42-44]
. rate, Cultivated land area, Irrigation area, total grain yield, etc.
Economic Level
System . The proportion of three industries in GDP, the proportion of paddy
Industrial . .
and dry land, the proportion of output value of agriculture, forestry, [43-45]
Structure .
animal husbandry and fishery, etc.
Population status Total population, urbfinization rate, na.tural population growth rate, [43, 44, 46]
population flow, population density, etc.
Scientific and | Enterprise investment in science and technology, water saving level,
technological proportion of output value of high-tech industries, proportion of [47, 48]
level expenditure on science and technology, etc.
Per capita water consumption, Water consumption per 10000-
Social technology | yuan GDP, Average irrigation water consumption per mu, Sewage [49. 50]
Social level discharge, Irrigation water utilization coefficient, Water elasticity ’
System coefficient, Pollutant inflow coefficient, Sewage diameter ratio, etc.
Proportion of ecological water use, Proportion of water used by
Water resource . . .
allocation the three industries, Proportion of water storage and transfer, Flood 49, 51]
capacit regulation and storage capacity, Reservoir regulation capacity index, ’
Water pacity Water shortage ratio, etc.
Resources —
. Policies, . . .
Carrying reoulations and Proportion of water conservancy investment, Proportion of
Capacity rr%ana ement agricultural expenditure, Proportion of irrigation investment, Water [52]
&€ price, Improvement rate of policies and systems, etc.
ability
. Total water resources, Average biomass of aquatic organisms, Water
Supply service .
conservation, etc.
Boosystetn COD discharge, total wastewater disch b treatment
(Ecological | Adjust service ischarge, total wastewater discharge, urban sewage treatmen o 54
Service rate, Water self-purification index, Reduce the amount of dust, etc. [53, 54]
Function) | Culture service Water landscape distribution, water leisure tourism person times.
Support service | Water area ratio, chlorophyll concentration, biodiversity index, etc.
Weather Average annual precipitation, average annual temperature, drought [55.56]
conditions index, evaporation index, etc. ’
Total water resources, water production coefficient, runoff
Water resource . . . . .
. coefficient, variation coefficient of water resources, drainage density, [56, 57]
Climate endowment
etc.
System
Water resources development and utilization rate, water area and
Development and . s
e coastline development and utilization degree, water resources supply
utilization degree . . . [58-60]
of water and demand balance index, runoff regulation and storage capacity,
groundwater overexploitation, etc.
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Fig. 4. Impact of socio-economic and ecosystem evolution on the carrying capacity of water resources in the context of climate change.

Water Resources

The support of water resources to the water
resources carrying capacity is reflected in the elements
related to the total amount of regional water resources
available, the size of the total amount of regional water
resources available determines to a certain extent the
carrying status of regional water resources. When the
amount of water used to maintain human production and
life, ensure socio-economic development and sustain
the ecological environment exceeds the amount of
water available for renewal in the regional water cycle,
it will cause frequent conflicts between human society,
economic development and the ecological environment
and water resources, bringing about problems such as
over-exploitation of ecological water and groundwater,
which are obstacles to These problems are important
factors that hinder human life, constrain regional
economic development and damage the ecological
environment.

Water Environment Capacity

The water environment capacity supports the water
resources carrying capacity by reflecting the elements
related to the pollution carrying capacity of the water
resources system. The process of human production
and economic development will produce a certain
number of pollutants, causing a decline in the quality
of water resources. When the number of pollutants
entering the river exceeds the pollution carrying
capacity of the water body, it will cause the loss of the
function of the water body. The water resources without
guaranteed water quality are then less able to meet the
functions related to human life, economic development,
agricultural irrigation and maintenance of the ecological
environment.

Water Space

The support of water space for the water resources
carrying capacity is reflected in the functions required
by the regional ecological environment to maintain
the habitat of flora and fauna in the region. With the
accelerated urbanisation process and the gradual
transformation of nature by human beings, the constant
demand for water space and the large-scale artificial
disturbance to the physical habitat have caused the
original aquatic habitats to be squeezed and destroyed
to varying degrees, and the greater the degree of
disturbance and destruction, the worse the carrying
capacity of the regional water resources.

Water Flow State

The water flow state supports the water resources
carrying capacity by providing a relatively unobstructed
water flow channel in the basin, which acts as a carrier
of material transport, energy transfer and information
transfer within the water flow system, and is also the
basis for all ecological processes. The connectivity
of the water flow system is not only reflected in the
renewal of water flow in the context of the large-scale
water cycle, but also in the structural characteristics
of the water flow in the deep pool-shallow system at
the river segment scale. As human activity intensifies,
the construction of dykes and over-abstraction of
water sever the hydraulic connections between water
bodies, blocking the three-way connectivity of rivers
and disrupting the original hydrological rhythms. The
higher the degree of temporal and spatial blockage of
water flow channels to meet social services such as
water supply and power generation, the poorer the water
resources carrying capacity.
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Table 3. Key driving indicators of water resources carrying capacity.

Essential Index Classification Key Driving Indicators
Capacity Indicators Precipitation, Total water resources, Storage Capacity of Medium and Large
pacity Reservoirs, Unconventional water consumption, irrigative water use efficiency
Total Water - - — -
Quantity Population density, Urbanization rate, Water consumption per 10000-yuan
Water Load Indicators | GDP, Water consumption of 10000-yuan industrial added value, Development
Resources and utilization rate of water resources
) Capacity Indicators Basic ecological flow, Ecological base flow guarantee rate
Ecological
; . Total water consumption outside the river, eco-environment water
Water Quantity | | a4 Indicators P
consumption, Annual runoff
Water
Environment Load Indicators Total ammonia nitrogen emission, COD emission, urban sewage treatment rate
Capacity
Capacity Indicators Precipitation, Annual runoff, drainage density
Water Space . replenishment of rivers and lakes, Landscape fragmentation, Soil erosion rate,
Load Indicators p P &
Vegetation Coverage, Hydrological connectivity
Water Fl Capacity Indicators Annual runoff, Total water resources, Average velocity of river
ater Flow
State L . Hydropower development and utilization rate, River cut-off length ratio,
oad Indicators
Annual runoff change rate

The supply, use, consumption and discharge of water
resources interact with the ecological environment.
Water resources carrying capacity is to meet the
demand and pressure of socio-economic system and
ecosystem on water resources. It is necessary to define
the thresholds between the two major systems, socio-
economic and ecological, in terms of water quantity,
water quality, water space, and water flow state, and
determine whether the impact of human economic
activities on ecosystem service functions is excessive.

Through relevant research and practice at home and
abroad, a total of 26 key driving indicators were selected
from four elements: water quantity, water quality, water
space and water flow status, after correlation analysis,
principal component analysis (PCA), entropy weighting
method (EWM) and DEMATEL method to analyze the
indicator weights in each element (Table 3).

Table 4. Water resources carrying capacity evaluation criteria.

In addition, with reference to the "Urban Water
System Planning Guidelines" (SL431-2008), "Surface
Water Environmental Quality Standards" (GB3838-
2002) and other national or industry standards and
norms promulgated in the fields of water conservation,
ecology and other related literature [62-67], some index
grading standards were compiled, and the degree of
influence of each index on WRCC was divided into 3
levels (Table 5).

Evaluation Method of Water Resources
Carrying Capacity

The existing evaluation methods of water resources
carrying capacity can be divided into two categories.
The first category is constructing the indicator system
from the phenomenon analysis of the water resources
carrying capacity. Due to the neglect of interrelationships

Carrying Condition Evaluation
Essential Load Capacity Severe - No
Overload Overload Critical State Overload
Water Total regl(?nal water Regional available W12 W <W<12W 0.9W <W<W W=0.9W
Resources consumption on W water W, 0 0 0 0 0 0
Water Number of pollutants Sewage carrying
Environment entering the river in capacity of water P>3 P, 1.2P <P<3P, | 1.21P <P<1.2P | P<I.1P,
Capacity water function area P functional area
Water Space | Actual water area rate S Namralr;/ia:)ter area §<0.95, §,>5>0.9S, 1.218,>8=S, S§>1.28,
Water Flow Total regulation Annual runoff of
capacity of reach . R>0.9R 0.6R <R<0.9R, | 0.4R <R<0.6R R<0.4R
State reservoir R river reach 0 0 0 0 0 0
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Table 5. Water resources carrying capacity of some indicators grading standards.
. No Critical . No Critical
Index Unit Overload State Overload Index Unit Overload State Overload
Surface water |, <20 20-40 | >40 Wetland % >90 | 5090 | <50
utilization rate protection rate
Water quality %% >80 60-30 <60 Ecological % -5 15225 <15
standard rate water use rate
Dissolved COD
oxygen mg/L >5 2-5 <2 . mg/L <20 20-40 >40
: concentration
concentration
Per capita water Percentage
pita w L/per <120 120-180 >180 of primary % <12 12-15 >15
consumption .
industry
Biodiversit Groundwater
Y \ >0.8 0.7-0.8 <0.7 exploitation <0.7 0.7-1.0 >10
Index .
coefficient
Average Water
Lo s . s
1rr1gat10nl water m®/ <300 300-400 ~400 consumptlon m’/ <60 60-80 >80
consumption per | mu per unit of 10000yuan
mu GDP
Table 6. Main evaluation methods of water resources carrying capacity.
Evaluation Method Research Content Advantages Improvements Reference
The upper limit of the total
industrial and agricultural
output value, irrigated area, and Difficult to reflect the
Conventional trend population development scale The method is easy and complex relationship of [7]
method under the condition of meeting intuitive. water resources carrying
the minimum requirements capacity system
of maintaining the ecological
environment.
The ability of water resources Can better solve the .
. . o . . Involving many model
. to sustainably support social quantitative relationship
System dynamics . parameters, large data
systems, as expressed in the value between the factors . . [68-70]
method . . . . ) . requirements, and difficult
of industrial and agricultural influencing the carrying .
. to choose the covariates.
output. capacity of water resources
The capacity of water
resources to supply water for
Fuzzy production, living and ecological A more comprehensive The problem of subjective
comprehensive environmental protection, i.e., picture of the water arbitrariness in the [68, 72, 73]
evaluation method the maximum capacity of water | resources carrying capacity. evaluation.
resources development and
utilization.
Regional water resources allowed
to develop the amount of water Lo L Unclear meaning of
. S . Objective determination of | . . .
Principal component to maintain the population, : . .. single indicator composite
. . . weights to avoid subjective o . [16, 73, 74]
analysis method socio-economic development . of multidimensional
. arbitrariness. L
support capacity, water resources objectives.
development potential.
Quantifying the degree of Highly manipulable, The.re are problems SUCh
. . . Lo . as imperfect theoretical
Ecological footprint sustainable use of natural intuitive calculation .
foundation and no [53]

method

resources by introducing
ecologically productive land

results, reflecting regional
comparability

recognized bearing
capacity index system
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Table 6. Continued.

_ Establishing quantitative links
Prediction- . N
. . between ,,climate change” factors
Simulation- .
N and ,,water resources system
Optimization-Based . D
. factors; calculating predictions of
Control Object .
. future evolution of land surface
fnversion Model water resources systems based on
(PSO-COIM) . Y
climate model outputs

Better reflect the dynamic
carrying capacity of water
resources under climate
change, suitable for the
calculation of dynamic
carrying capacity of water
resources in complex basins

Some processes have

been simplified in the
modeling, so there is still [13]
room for improvement in

calculation accuracy

among various factors, the subjectivity of researchers
is enhanced, and it is mostly used for macroscopic
qualitative judgments. Common methods include
fuzzy comprehensive evaluation (FCE) [63], principal
component analysis (PCA) [64], projection pursuit
(PP) [65], Set pair analysis (SPA) [66] and analytic
hierarchy process (AHP) [67], etc. Secondly, starting
from the interaction relationship between factors in the
water resources carrying capacity system and focus
on the factor linkage between phenomena, such as
conventional trend method [7], multi-objective decision
analysis method [34], etc. (Table 6). How to reasonably
establish the “socio-economic-ecological-climatic”
composite system of water resources carrying capacity
evaluation method is the biggest difficulty in this field,
and there is still a lack of solid basic theoretical support,
which needs to be explored in depth.

Conclusion

At present, certain progress has been made in the
research related to water resources carrying capacity
evaluation, but the basic theoretical results still need
to continue to be studied in depth, and generally for
the formation of a unified caliber of “water resources
carrying capacity” evaluation connotation. The
application of a single evaluation method of water
resources carrying capacity has limitations and is often
limited to each factor in the water resources carrying
capacity system, and is more subjective in the selection
of the index system and evaluation criteria. Future
research will focus on the following two aspects.

First, the study of water resources carrying capacity
involves interdisciplinary research in hydrology,
ecology, economics and system science, and requires
comprehensive consideration of the interaction of
multiple systems such as regional socio-economic,
resources, ecology and climate. Climate change and
human activities interfere with and affect the water
resources system excessively, easily causing an
imbalance in the development and evolution of the
three systems of “water resources - socio-economic
- ecology”, resulting in water resources overload.
Therefore, the basic theoretical research on the
components, connotation and extension, and the bearing
mechanism of the general water resources carrying
capacity (GWRCC) is an important trend of current
research.

Second, wusing “big data” technology, “3S*
technology, artificial intelligence, etc., new methods
are proposed for the study of water resources carrying
capacity. Based on the multi-angle study of the
minimum unit, gradually realize the dynamic balance
of population size and economic development potential
under the water resources carrying capacity of the
entire region, in order to rationally allocate resources,
adjust industrial structure and production layout,
formulate socio-economic development strategies
provide decision-making. At the same time, it also
provides a scientific basis for actively promoting the
monitoring and early warning work on water resources
carrying capacity.

Acknowledgments

This research was supported by the Key Research
and Development Project of Inner Mongolia autonomous
region (2021ZD0015), the National Science Fund Project
(52130907, 51879275) and the Five Major Excellent
Talent Programs of IWHR (WR0199A012021).

Conflict of Interest

The authors declare no conflict of interest.

References

1. XIA J, ZHU Y.Z. Metrics of Water Security: Research
and Challenges of Water Resources Carrying Capacity.
Journal of Natural Resources, 17 (3), 262, 2002.

2. DANG L.J, XU Y. Review of Research Progress in
Carrying Capacity of Water Resources. Soil and Water
Conservation Research, 22 (3), 2015.

3. MOHAMMED S.A., MARTIN FP, ASMA A,
MUSHTAQUE A., TIMOTHY O. Vulnerability
Assessment of Environmental and Climate Change
Impacts on Water Resources in Al Jabal Al Akhdar,
Sultanate of Oman. Water, 6, 3118, 2014.

4. CAO FF, LU Y, DONG S.J., LI X.L. Evaluation of
natural support capacity of water resources using principal
component analysis method: a case study of Fuyang
district, China. Applied Water Science, 10 (8), 192, 2020.

5. JOARDAR S.D. Carrying capacities and standards as
bases towards urban infrastructure planning in India:
A case of urban water supply and sanitation. Urban
Infrastructure Planning in India, 22 (3), 327, 1998.



1984

Li W, etal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

HARRIS J.M, KENNEDY S. Carrying capacity in
agriculture: Globe and regional issue. Ecological
Economics, 29 (3), 443, 1999.

WANG G., XIAO C.L., QI ZW., MENG F.A., LIANG
X.J. Development tendency analysis for the water resource
carrying capacity based on system dynamics model and
the improved fuzzy comprehensive evaluation method in
the Changchun city, China. Ecological Indicators, 122,
107232, 2021.

XUI Y.H. Research on water resources carrying capacity
evaluation index system. Soil and Water Conservation
Bulletin, 12 (2), 85, 2001.

FALKENMARK M., LUNDQVST J. Towards water
security: political determination and human adaptation
crucial. Natural Resources Forum, 21 (1), 37, 1998.
KUSPILIC M., VUKOVIC Z., HALKIJEVIC L
Assessment of water resources carrying capacity for the
Island of Cres. GRADEVINAR, 70 (4), 305, 2018.
VOGEL R.M., SIEBER J., ARCHFIELD S.A., SMITH
M.P., APSE C.D., HUBER-LEE A. Relations among
storage, yield, and instream flow. Water Resources
Research, 43 (5), 909, 2007.

NAIMI-AIT-AOUDIA M., BEREZOWSKA-AZZAG
E. Algiers carrying capacity with respect to per capita
domestic water use. Sustainable Cities and Society, 13, 11,
2014.

ZUO QT., ZHANG X.Y. Dynamic carrying capacity of
water resources under climate change. Journal of Water
Resources, 46 (4), 387, 2015.

SUN C.Z., LI N. Study on Water Resources Carrying
Capacity under the Development Strategy of Liaoning
Coastal Economic Zone. Journal of Safety and
Environment, 10 (5), 127, 2010.

WANG S., YANG F.L., XU L., DU J. Multi-scale analysis
of the water resources carrying capacity of the Liaohe
Basin based on ecological footprints. Journal of Cleaner
Production, 53 (16), 158, 2013.

AIT-AOUDIA M.N., BEREZOWSKA-AZZAG E. Water
resources carrying capacity assessment: The case of
Al- geria's capital city. Habitat International, 58, 51,
2016.

WANG J.H., JIANG D.C., XIAO HW., ZHAO Y., WANG
H., XU H.X. Research on the evaluation method of water
resources carrying capacity based on dynamic trial and
error feedback - taking the Yi River basin (Linyi section)
as an example. Journal of Water Resources, 47 (6), 724,
2016.

DAI D., SUN M.D., LV X.B., LEI K. Evaluating water
resource sustainability from the perspective of water
resource carrying capacity, a case study of the Yongding
River watershed in Beijing-Tianjin-Hebei region, China.
Environmental Science and Pollution Research, 27 (17),
21590, 2020.

KHORSANDI M., HOMAYOUNI S., VAN OEL P.
The edge of the petri dish for a nation: Water resources
carrying capacity assessment for Iran. Science of The
Total Environment, 817, 153038, 2022.

LIRY. SHU CL., LU C.P, SI HY., HU X.Y. Application
and Comparison of Water Resources Carrying Capacity
Evaluation Methods in Jining City. Water Resources
Protection, 34 (6), 65, 2018.

KURIQI A., PINHEIRO A.N.,, SORDO-WARD A.,
GARROTE L. Flow regime aspects in determining
environmental flows and maximising energy production
at run-of-river hydropower plants. Applied Energy, 256,
113980, 2019.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

WANG. H.Q., TIAN Y.N, SUN JW. ZHANG Y.F.
Research on the evaluation of the carrying capacity of
resources and environment in Inner Mongolia Autonomous
Region based on set-pair analysis. Journal of Beijing
Normal University (Natural Science Edition), 49 (2), 292,
2013.

MAGRI A., BEREZOWSKA-AZZAG E. New tool for
assessing urban water carrying capacity (WCC) in the
planning of development programs in the region of Oran,
Algeria. Sustainable Cities and Society, 48, 101316, 2019.
XU Y.P. Comprehensive Evaluation of Water Resources
Carrying Capacity in Arid Regions: A Case Study of
the Hotan River Basin in Xinjiang. Journal of Natural
Resources, 8 (3), 229, 1993.

GAO Y.C., LIU C.M. Threshold study of regional water
resources development and utilization. Journal of Water
Resources, (8), 73, 1997.

BODUNDE O.P, ADIE U.C., IKUMAPAYI O.M.,
AKINYOOLA J.O., ADEROBA, A.A. Architectural
design and performance evaluation of a ZigBee technology
based adaptive sprinkler irrigation robot. Computers and
Electronics in Agriculture, 160, 168, 2019.

REN L., GAO J.C., SONG S.P,, LI Z.M., NI J.J. Evaluation
of Water Resources Carrying Capacity in Guiyang City.
Water, 13 (16), 2155, 2021.

GARZA-DIAZ L.E., DEVINCENTIS A.J., SANDOVAL-
SOLIS S., AZIZIPOUR M., ORTIZ-PARTIDA J.P,
MAHLKNECHT J.,, CAHN M., MEDELLIN-AZUARA
J., ZACCARIA D., KISEKKA, I. Land-Use Optimization
for Sustainable Agricultural Water Management in Pajaro
Valley, California. Journal of Water Resources Planning
and Management, 145 (12), 05019018, 2019.

MOU SYY., YAN J.J., SHA JH., DENG S., GAO ZX.,
KE W.L, LI S.L. A Comprehensive Evaluation Model
of Regional Water Resource Carrying Capacity: Model
Development and a Case Study in Baoding, China. Water,
12 (9), 2637, 2020.

YANG Y., CHEN J. Comprehensive analysis of water
carrying capacity based on wireless sensor network
and image texture of feature extraction. Alexandria
Engineering Journal, 61 (4), 2877, 2022.

XIE G.D.,, ZHOU H.L., ZHEN L., LU C.X., XIAO Y.
Study on the Carrying Capacity of Water Resources for
Development in China. Resource Science, 27 (4), 2, 2005.
REN G.S., LI Y.N., JIANG G.M. Evaluation of Water
Resources Carrying Capacity of Yulin Based on Fuzzy
Comprehensive Judgment Method. YELLOW RIVER, 32
(%), 56, 2010.

WANG Y.T., CHENG H.X., HUANG L. Water resources
carrying capacity evaluation of a dense city group:
a comprehensive water resources carrying capacity
evaluation model of Wuhan urban agglomeration. Urban
Water Journal, 15 (7), 615, 2018.

CHAPAGAIN S.K., ARYAL A., MOHAN G., MALLA
S.S., MISHRA B.K., FUKUSHI K. Analysis of the climate
change impact on water availability and the links between
water pollution and economy for sustainable water
resource management in Kaski District, Nepal. Journal of
Water and Climate Change, 13 (8), 3030, 2022.

WANG H.D., XU Y.H., SULONG R.S., MAH.L., WU L.F.
Comprehensive Evaluation of Water Carrying Capacity in
Hebei Province, China on Principal Component Analysis.
Frontiers In Environmental Science, 9, 761058, 2021.

ZUO QT.,,GUO J.H., MA 1.X,, CUIG.T., YANG R.X., YU
L. Assessment of regional-scale water resources carrying
capacity based on fuzzy multiple attribute decision-



Research Progress on the Evaluation...

1985

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

making and scenario simulation. Ecological Indicators,
130, 108034, 2021.

WU L., SU XL, MA XY, KANG Y. JIANG Y.A.
Integrated modeling framework for evaluating and
predicting the water resources carrying capacity in a
continental river basin of Northwest China. Journal of
Cleaner Production, 204, 366, 2018.

YANG HY., TAN Y.A., SUN X.B.,, CHENG X.W., LIU
G.Q., ZHOU G.. Comprehensive evaluation of water
resources carrying capacity and analysis of obstacle factors
in Weifang City based on hierarchical cluster analysis-
VIKOR method. Environmental Science and Pollution
Research, 28, 50388, 2021.

ZHAO Y., WANG YY., WANG Y. Comprehensive
evaluation and influencing factors of urban agglomeration
water resources carrying capacity. Journal of Cleaner
Production, 288, 125097, 2021.

WU Y., MA ZY. LI X,, SUN L., SUN S.H., JIA R.B.
Assessment of water resources carrying capacity based
on fuzzy comprehensive evaluation - case study of Jinan,
China. Water Supply, 21 (2), 513, 2021.

WANG Q., LI W. Research Progress and Prospects of
Regional Resource and Environmental Carrying Capacity
Evaluation. Journal of Ecology and Environment, 29 (7),
1487, 2020.

WANG J.H., JIANG D.C., XIAO W.H., CHEN Y., HU P.
The theoretical basis of water resources carrying capacity:
definition connotation and scientific problems. Journal of
Hydraulic Engineering, 48 (12), 1399, 2017.

ZHANG N., WANG Z.C., ZHANG L. YANG X.
Assessment of water resources carrying risk and the
coping behaviors of the government and the public. Int. J.
Environ. Res. Public Health, 18, 7693, 2021.

LIU R.Z., BORTHWICK A.G. Measurement and
assessment of carrying capacity of the environment in
Ningbo, China. Journal of Environmental Management, 92
(8), 2047, 2011.

YANG Z.Y., SONG J.X., CHENG D.D., XIA J., LI Q.,
MUHAMMAD 1.A. Comprehensive evaluation and
scenario simulation for the water resources carrying
capacity in Xi’an city, China. Journal of Environmental
Management, 230, 221, 2019.

GU X.H., ZHANG Q., KONG D.D. Evaluation of river
flow regime changes in the Dongjiang River Basin and
their impact on biodiversity based on multiple hydrological
alteration indicators. Journal of Ecology, 36 (19), 6079,
2016.

WANG Y.T., CHENG H.X., HUANG L. Water resources
carrying capacity evaluation of a dense city group:
a comprehensive water resources carrying capacity
evaluation model of Wuhan urban agglomeration, 15 (7),
615, 2018.

ZHANG JT., DONG Z.C. Assessment of coupling
coordination degree and water resources carrying capacity
of Hebei Province (China) based on WRESP2D2P
framework and GTWR approach. Sustainable Cities and
Society, 82, 103862, 2022.

VELDKAMP TIE., WADA Y., AERTS JC.JH,
DOLL P, GOSLING SN., LIU J., MASAKI Y., OKI
T., OSTBERG S., POKHREL Y., SATOH Y., KIM H.,
WARD P.J. Water scarcity hotspots travel downstream due
to human interventions in the 20" and 21* century. Nature
Communications, 8, 15697, 2017.

YANG Z.Y., SONG J.X., CHENG D.D., XIA J., LI Q,,
AHAMAD M.I. Comprehensive evaluation and scenario
simulation for the water resources carrying capacity in

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Xi’an city, China. Journal of Environmental Management,
230 (15), 221, 2019.

ABAHUSSAIN A.A., ABDU A.S., AL-ZUBARI WK,
EL-DEEN N.A., ABDUL-RAHEEM M. Desertification in
the Arab Region: analysis of current status and trends. J.
Arid Environ, 51, 521, 2002.

ZAYED 1.S.A., ELAGIB N.A. Implications of non-
sustainable agricultural water policies for the water-food
nexus in large-scale irrigation systems: a remote sensing
approach. Advances in Water Resources, 110, 408, 2017.
WU Q.Z., SU X.J., LONG L.L. Analysis of sustainable
utilization of water resources in Guizhou Province based
on ecological footprint model. Journal of North China
University of Water Conservancy and Hydroelectric
Power, 37 (3), 36, 2016.

DONG F.G., LI W.Y. Research on the coupling coordination
degree of “upstream-midstream-downstream” of China’s
wind power industry chain. Journal of Cleaner Production,
283, 124633, 2021.

QI P, XIA ZK., ZHANG G.X., ZHANG W.G., CHANG
ZH. Effects of climate change on agricultural water
resource carrying capacity in a high-latitude basin. Journal
of Hydrology, 597, 126328, 2021.

HABTEMARIAM L.T., KASSA G.A., GANDORFER M.
Impact of climate change on farms in smallholder farming
systems: Yield impacts, economic implications and
distributional effects. Agricultural Systems, 152, 58, 2017.
WANG XK., JIN X.L., JIA 1.J.,, XIA X.M., WANG Y.P,
GAO J.H.,, LIU Y.F. Simulation of water surge processes
and analysis of water surge bearing capacity in Boao Bay,
Hainan Island, China. Ocean Eng, 125, 51, 2016.

ZHOU X.Y., ZHENG B.H., KHU S.T. Validation of the
hypothesis on carrying capacity limits using the water
environment carrying capacity. Sci. Total Environ, 665,
774, 2019.

WANG T.Z., JIAN S.Q, WANG JY., YAN D.H.
Dynamic interaction of water-economic-social-ecological
environment complex system under the framework of
water resources carrying capacity. Journal of Cleaner
Production, 368, 133132, 2022.

WOLFRAM J.,, STEHLE S., BUB S., PETSCHICK
L.L., SCHULZ R. Water quality and ecological risks in
European surface waters — Monitoring improves while
water quality decreases. Environ. Int, 152, 106479, 2021.
WANG J.H., JIANG D.C., XIAO HW., CHEN Y., HU
P. Exploration of the theoretical basis of water resources
carrying capacity: definition and scientific issues. Journal
of Water Resources, 48 (12): 1399, 2017.

TIAN Y., ZHENG Y., HAN F., ZHENG C.M,, LI M. A
comprehensive graphical modeling platform designed
for integrated hydrological simulation. Environmental
Modelling & Software, 108, 154, 2018.

WANG F., WANG C.J, YE Y.Y., WEN B. An Improved
Method for Evaluating Regional Resource Carrying
Capacities: A Case Study of the Tarim River Basin in Arid
China. Polish Journal of Environmental Studies, 28 (4),
2415, 2019.

TIAN P, WANG JlY., HUA W., HAO FH., HUANG
JW., GONG Y.W. Temporal-spatial patterns and coupling
coordination degree of water resources carrying capacity
of urban agglomeration in the middle reaches of the
Yangtze River. J. Lake Sci., 1, 2021.

KAI X.L., QIU X.C., WANG Y., ZHANG W.J.,, YIN J.
The Water Environment Carrying Capacity of the Aiyi
River Based on Artificial Neural Networks. Polish Journal
of Environmental Studies, 29 (1), 131, 2020.



1986

Li W, etal

66.

67.

68.

69.

HU Q. L., DONG Z. C,, YANG Y. F, LI B., ZHANG
J.T. The evaluation model of water resources carrying
capacity state based on the number of links. Journal of
Riverhead University (Natural Science Edition), 47 (5),
425, 2019.

YANG H.Y., TAN Y.A., SUN X.B., CHENG X.W., LIU
G.Q., ZHOU G.Y. Comprehensive evaluation of water
resources carrying capacity and analysis of obstacle factors
in Weifang City based on hierarchical cluster analysis-
VIKOR method. Environmental Science and Pollution
Research, 28 (36), 50388, 2021.

Wang G., Xiao C.L., Qi ZW., MENG F.N., LIANG X.J.
Development tendency analysis for the water resource
carrying capacity based on system dynamics model and
the improved fuzzy comprehensive evaluation method in
the Changchun city, China. Ecological Indicators, 120,
2021.

BAO C.B, WU D.S.,, WAN 1J.,, LI JP., CHEN JM.
Comparison of Different Methods to Design Risk Matrices
from the Perspective of Applicability. Procedia Comput.
Sci, 122, 455, 2017.

70.

71.

72.

73.

74.

ZHENG J.L., LI X.P. Evaluation model of regional water
resources carrying capacity based on coordination. Water
Resources Protection, 37 (5), 30, 2021.

WANG X K., JIN X.L., JIA 1.J., XIA X.M., WANG Y.P,,
GAO J.H,, LIU Y.F. Simulation of water surge processes
and analysis of water surge bearing capacity in Boao Bay,
Hainan Island, China. Ocean Eng, 125, 51, 2016.

SONG B., ZHANG FW., YANG H.F,, LIU C.L., MENG
R.F., NAN T. Source-division evaluation and application
on water resources carrying capacity based on ecological
priority: Take Baoding Plain, Hebei Province as an
example. Geol. China, 1, 2021.

TIAN P, WANG JY., HUA W, HAO FH., HUANG
JW., GONG Y.W. Temporal-spatial patterns and coupling
coordination degree of water resources carrying capacity
of urban agglomeration in the middle reaches of the
Yangtze River. J. Lake Sci., 1, 2021.

ZOMORODIAN M., LAI S.H.,, HOMAYOUNFAR M.,
IBRAHIM S., FATEMI S.E., EL-SHAFIE A. The state-
of-the-art system dynamics application in integrated water
resources modeling. J. Environ. Manage, 227, 294, 2018.



