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Water Resources Carrying Capacity is an important indicator of water
sustainable and economic development, yet few studies investigated a
bibliometric analysis of Water Resources Carrying Capacity research. In this
research, we proposed a four-staged bibliometric analysis method for Water
Resources Carrying Capacity studies following the René Descartes'’s Discourse
on the Method guidelines which makes the bibliometric analysis process more
systematic. Our four-staged bibliometric analysis method contains a refined
screening process of the records, which can successfully delete poorly
correlated data from tens of thousands of data within a short period of time
and determined the subject-related data. The screening results shortlisted
271 records from an initial 16,769. We further conducted a complete
bibliometric, statistical and meta-analysis of the 271 records. The results
showed that China is the major country that conducts research on Water
Resources Carrying Capacity. Modeling in various forms and system
dynamics are the mainstream methods of Water Resources Carrying
Capacity research. Water Resources Carrying Capacity is intrinsically linked
to population carrying capacity, groundwater resources, urbanization and water
shortage. Based on a comprehensive analysis of the research of Water
Resources Carrying Capacity, we divided the research progress into five
stages lastly. The method proposed in this research can provide reference
for future bibliometric studies.
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1 Introduction
1.1 Research backgound

Water resources are an important part of the natural
environment and guarantee the development of the human
society and economy. However, the distribution of water
resources in space and time is often uneven. Rapidly
developing and densely populated areas need more water
resources but due to their uneven distribution, water resources
in some areas cannot satisfy the local human population and
economic demand for water (Yu et al., 2017). In this regard, it is
important to pay attention to the relationship between the supply
and consumption of water resources to be able to balance
interaction between the two. Studying the relationship
between water supply and consumption, that is, focusing on
the water resources carrying capacity, is of great significance for
the sustainable use of water resources within a certain region.
Concern on sustainable use of water resources has increased due
to the unprecedented growth and expansion of global economies
within the last 3 decades that has placed an insatiable demand on
water resources (Wu et al.,, 2020; Bian et al., 2022a). Hence, it
important to comprehensively study Water Resources Carrying
Capacity (WRCC) to be able to achieve an efficient water related
sustainable management.

1.2 Literature review and research gap

The concept of carrying capacity began in the study of
physics and refers to the maximum load that an object can
bear before any irreversible deformation occurs (Dhondt, 1988).
Carrying capacity was however introduced from biology where it
was applied in the study of wild animals (Young, 1998; Malthus,
1798). In 1921, Park and Burgess (Park and Burgess, 1921) re-
invented the idea to calculate the maximum population that can
be carried by a specific area from an ecological perspective based
on the supply of objects and the state of natural and social
resources in a specific period. From hence, carrying capacity has
been applied in the field of ecology (Mcnaughton and Wolf, 1970;
Kessler, 1994).

From early 1970, population and economic expansion, which
sustained for 30 years, created a contradiction between social
development and environmental sustainability and this triggered
a worldwide exploration of the issue of Resources and
Environmental Carrying Capacity (RECC). Afterwards, other
concepts such as Land Carrying Capacity (Shi et al, 2013),
Environmental Carrying Capacity (Li et al, 2019), and
Resource Carrying Capacity (Wang et al, 2020) emerged,
peaking research on carrying capacity.

In 1985, the United Nations Educational, Scientific and
Cultural Organization (UNESCO) (UNESCO&FAO, 1985)
proposed the definition of Resources Carrying Capacity.
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Onwards, from then, carrying capacity has become one of the
main contents of the concept of sustainable development (Bolis
et al.,, 2017). In 1995, Arrow, the Nobel laureate in economics,
and other well-known economists and ecologists (Arrow et al.,
1995) published an article “Economic Growth, Carrying Capacity
and Environment” in “Science”, which greatly improved the
sustainable development and cataloged carrying capacity
research in the scientific community.

WRCC is an extension of the concept of carrying capacity in
the field of water resources, and belongs to a research aspect of
Resources Carrying Capacity. WRCC research mainly originated
in China. Though studied in other parts of the world at the time,
scholars elsewhere regarded WRCC as part of the contents of
sustainable development research and described it with terms
such as available water and limits of river development
(Falkemark and Lundqvist, 1998; Jonathan, 1999; Rijisberman
and Frans, 2000; Gleick and Palaniappan, 2010; Zhu et al., 2010).
An official scientific study of WRCC began in the late 1980’s
when the Xinjiang Water Resources Research Group met to
discuss WRCC (XWRSSRG (Xinjiang Water Resources Soft
Science Research Group), 1989). In 1990s, the concept of
WRCC  was forward by Shi
Academician of the Chinese Academy of Sciences (Shi and
Qu, 1992). WRCC is about the relationship between the

«

clearly put Yafeng, an

carrying “subjects” and the ‘objects’ in the “water resources-
ecological environment-social economy” system, and whether
the load generated by the objects exceeds the supporting capacity
of the subjects.

After nearly 30 years of exploration and development, a large
number of scientific research results have been discovered in the
research of WRCC which has increasingly become a hot issue in
regional water resources management. Early researches on
WRCC mostly focused on cities (Yue et al,, 2015; Dai et al,
2019; Yang et al., 2019), provinces (Huang et al., 2014; Yang and
Ding, 2018; Deng et al., 2019; Zhu et al., 2019) and river basins
(Yangetal., 2010; Wu et al., 2018a; Meng et al., 2018; Wang et al.,
2018; Kang et al, 2019). With the continuous deepening of
research on WRCC, especially in recent years, its research
objects have also changed. More and more researches have
begun to focus on the study of WRCC of some typical regions
including arid and semi-arid areas (Wang et al., 2010; Xie et al.,
2014; Li and Zhang, 2016; Qi et al.,, 2016; Xiao et al., 2017),
urbanized regions (Gao, 2017), lake basins (Lei et al., 2013),
water-deficient regions (Wang et al., 2014), karst regions (Bo
et al,, 2016; Yang et al., 20165 Li et al., 2018), mining areas (Chi
et al., 2019), industrial park (Kang and Xu, 2012), islands (Cao
et al,, 2014; Kuspili¢ et al,, 2018) and wetlands (Wang et al,
2017). While other studies have shown interest in WRCC
research for certain specific periods, for example, some studies
concentrate on WRCC of arid rangelands during the droughts
(Accatino et al., 2017).

Calculation methods of WRCC have evolved over the study
period. New methods including back propagation model (Yang
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and Han, 2011), matter element analysis (Gao et al., 2013), grey
clustering (Gao and Sun, 2018), state-space method (Tang et al.,
2016), support vector machines (Zhang et al., 2008), analytic
hierarchy process (Zhang et al., 2014; Chi et al., 2019), set pair
analysis (Fu et al, 2008; Liu et al, 2018), multi-objective
programming model (Wang and Zeng, 2013), metabolic
theory (Ren et al,, 2016), ecological footprint (Zhang and Li,
2012; Wang et al.,, 2017; Li et al., 2018; Dai et al., 2019; Yang et al.,
2019), system dynamic model (Wang et al., 2014; Yang et al,,
2015; Song, 2016; Fang, 2018; Sun and Yang, 2019), catastrophe
theory (Chen et al., 2010; Song et al., 2020), cloud model (Cheng
et al., 2018) and neural network (Lu et al., 2009; Wang, 2015)
have been discovered. Some methods are a combination of two or
three, such as, neural network and projection pursuit (Zhao,
2012); inexact fuzzy and multi-objective programming model
(Wang and Zeng, 2013); analytic hierarchy process and fuzzy
discrimination method (Chi et al., 2019); set pair analysis and
entropy weight method (Cui et al., 2018); maximum entropy and
entropy weight (Li et al., 2019); fuzzy set pair analysis model (Liu
et al,, 2018); combination weights and entropy principles (Zhou
et al,, 2017) and grey neural network model (Zheng et al., 2016).

The development and expansion of WRCC also witnessed
the evolution of another concept of WRCC known as Water
Resources Carrying State (WRCS) (Jiao and Liang, 2006; Ye et al.,
2018). WRCC and WRCS are similar but differ slightly. Although
the research on WRCC and WRCS both focus on the supply and
demand of water resources within a certain area, WRCC tends to
pay more attention on the larger economy and population that
water resources in a certain area can support, making WRCC a
threshold concept, while WRCS focuses on the balance between
water supply and demand in a region.

1.3 The main work and innovations

Although the research on WRCC has increasingly become a
hot topic in regional water resources management, bibliometric
analysis of literature on it are still very limited (Zhang and Wang,
20125 Jin et al., 2019). Bibliometric analysis of the research on
WRCC can clarify the development context and knowledge base,
understand the development process, clarify the research
progress, define research trends
reference of WRCC studies.

To do a philosophical and scientific review of literature, we
adopted René Descartes’s (1596. 3. 31-1650. 2. 11) method of
philosophical thinking expressed in his book, “Discourse on the
Method of Rightly Conducting One’s Reason and of Seeking Truth
in the Sciences” (Discourse on the Method, in French: Discours de

and provide scientific

la méthode pour bien conduire sa raison, et chercher la vérité dans
les sciences) (80). Based on his philosophical concept, René
Descartes proposed a four-staged method of researching a
problem which he categorized into the following: 1) The
doubt stage, 2) The partition of problem stage, 3) Sequencing
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and 4) The
(Wikiquote

of thoughts
comprehensive

and problem-solving stage,

inspection and review stage
contributors, 2020b). These four stages have important
guiding significance for both scientific research and social
practice, and thus have been widely researched and used in
other studies, however, to our knowledge, no study has yet
applied this thinking in bibliometric analysis. The basis of
theoretical analysis is lacking in most bibliometric studies.
While

researchers often have to deal with thousands of records,

conducting studies on bibliometric analysis,
some, not closely related with the topic under study. Some
researchers perform manual screening of records directly (Tao
et al., 2020), which consumes large quantities of time. And some
of the studies even lack the process of screening (Huang et al,
2020; Mallawaarachchi et al., 2020; Secinaro et al., 2020), which
will lead to less credibility of the results. Since finding out the
subject-related records can be very time consuming, an efficient
method that can quickly and precisely sort-out topic-related
records within a short period of time is necessary.
Consequently, we proposed a refined literature screening
process to effectively and efficiently sort out relevant from
irrelevant literature.

This article aims to sort out and summarize the research on
WRCC through bibliometric analysis. The remaining parts of the
article are structured as follows: the second part introduces the
retrieval process, the records screening method and the analysis
process; the third part analyzes and discusses the results of the
bibliometric analysis and statistical analysis of WRCC; the fourth
part summarizes the full text, and prospects for future

development of research on WRCC.

2 A four-staged bibliometric analysis
for WRCC

René Descartes’s Discourse on the Method has been used as a
general guideline, by which we build the framework of this
research. Section 2.1 shows how we applied Descartes’s four-
staged methodology. Due to the macroscopic nature of
Descartes’s methodology, it is difficult to guide the specific
steps (Wikiquote contributors, 2020b). According to the
specific process of bibliometric analysis, and based on
Descartes’s methodology, we also divided the concrete steps of
in this research

bibliometric analysis into four

(Section 2.2).

stages

2.1 René descartes’s Discourse on the
Method and application

In Descartes’s book Discourse on the Method, he proposed

the true method by which to arrive at the knowledge of whatever
lay within the compass of his powers, and he summarized this

frontiersin.org
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Knowledge is only based on what is read.

The existing bibliometric analysis of WRCC has been examined,
and there was initial doubt about the accuracy and rationality.

I'hie sequencing of thoughts and problem solving stage:
For casy understanding, situations arc organized in an
explicit way by starting from the simple to the complex.

For casy understanding, difTiculties are broken down into picces.

From the statistical point of view, our research was further divided °

Our application of
Descartes's Method

We ik the Statistical and BIBIOMERHE ARalySis @ - - - -~ - === === ===~~~

'
! The comprehensive inspection and review stage:
: (‘omprchc.n.slvc inspection, |dcas. and l)?ough(s are
' presented in an orderly and concise review.

Yang et al.
Stage 1
The doubt stage:
Stage 2
I'ne partition of problem stage:
Discours de la méthode pour
bien conduire sa raison, ot
chercher la vérité dans
les soicnees
René Descartes
(1596 ~ 1650) = :
(in Kinglish: Discourse on the Method ) Stage 3
FIGURE 1

Framework and application of René Descartes’'s Discourse on the Method. Source of René Descartes’s portrait: image.baidu.com.

method into four stages (Figure 1). These include: 1) The doubt
stage in which ideas are scattered and uncoordinated, and
knowledge is based only on what is read; 2) The partition of
problem stage, where difficulties are broken down to pieces for
easy understanding; 3) The sequencing of thoughts and
problem solving stage, where by starting from the simple to
the complex, difficult situations are organized in an explicit way

The
where

for easy understanding and problem-solving; 4)

comprehensive inspection and review stage
enumerations are completed while ideas and thoughts are
presented in an orderly and concise review (Wikiquote
contributors, 2020b).

Putting René Descartes’s study into perspective, in the first
stage (Figure 1.) of this study where we examined the existing
bibliometric analysis of WRCC, there was initial doubt about the
rationality and accuracy of existing bibliometric research on
WRCC. We found that the existing bibliometric analysis of
WRCC were not systematic, lacked coherency and were not
comprehensive. This confirmed our earlier assertion that
bibliometric research on WRCC is limited. Only two studies
by Zhang and Wang (2012) and Jin et al. (2019) have done a
bibliometric analysis of WRCC. Zhang and Wang (2012) only
conducted a bibliometric analysis of Chinese literature, and
ignored the bibliometric analysis of English literature. Their
paper is archaic ((Zhang and Wang, 2012), was published
8 years ago), and does not reflect the bibliometric analysis of
current WRCC research. Even though Jin et al. (2019) was
published recently, their work lacks a detailed screening

process of the records (data) and also lacks rationality and
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accuracy of the results. The above two scenarios are part of
the foundations of this research.

In the second stage of applying René Descartes’s philosophy,
we broke the WRCC bibliometric analysis into several units
consisting literature retrieval, records screening and analysis.
From the statistical point of view, our research was further
divided into two parts, statistical analysis and bibliometric
analysis.

In the third stage, though we needed to rank the steps, since
literature retrieval, records screen and records analysis cannot be
re-ranked as literature retrieval should always come first followed
by records screening and then analysis records, we chose rather
to rank the statistical and bibliometric analysis. We found that
statistical analysis was easier compared to bibliometric, so we
finished the statistical analysis and then conducted a bibliometric
analysis.

In the fourth stage, we analyzed the results, checked
whether we met our target and then proceeded to finish the
article.

2.2 Four stages of bibliometric analysis of
WRCC

Because it can be better understood and thus can be widely
used, staged method has attracted more researchers’ attention in
recent years (Wu et al., 2018b2018; Bian et al., 2022b). René
Descartes’s method can be concluded into four stages, therefore,
we divide our research process also into four stages. Since each of

frontiersin.org
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Website: Web of Science Core Collection (SCI-E)
| Advanced research: TS=(water carrying capacity OR water resources carrying capacity

o= ‘OR water resource carrying capacity OR water bearing capacity OR water resources
bearing capacity OR water resource bearing capacity).
Specifying the period: 1989-2019 16769 records

Research Domains: Limit to “Environmental Science”, “Water Resources”, “Engineering
environmental”, “Ecology”, “Green sustainability science technology”, “Multidisciplinary

sciences”, “Environmental studies”, “Computer science interdisciplinary applications”,
Stage 2. Records Screening] | “Mathematics applied”, “Urban studies”, “Management”. 5678 records

Topic Relevance Analysis: On the website of “Web of Science”, sort all the records by
“Relevance”. Find out the last record of which the title or the abstract (or both) contains
“water”, “carrying/bearing”, “capacity” at the same time. And up to this one, all the
records are quite relevant to out topic. 500 records

Stage 3. Analysis

»

Even though all the records have “water”, “carrying/bearing”, “capacity” in their title or
abstract at the same time, there are still many cases that the records are not about water
Stage 3-1. Excel File Export carrying capacity. Therefore, manual scrutinizing is needed. 271 records

Add all these 271 records to “Marked List” on the website, and export all the basic
_ , information (which contains Authors, Article Title, Source, Document Type, Keywords,
' Abstract, Times Cited, Addresses, Publication Year and Date etc.) to an excel file.

1 Count the number of articles published by year, country, periodical, and author, then
 visualization. Find out the top 30 most cited articles. Extract the methods that used from
| the titles to make word-cloud.

[T

g C— S
Step 3-2. WoSfFile Export
and sis Export data (Full records and references) of the 271 records to a plain text file.

VOSviewer adjustments

Create a map based on bibliographic data. Type of analysis: Co-occurrence.
Unite of analysis:All keywords. Counting method: Full counting. And then, exclude
irrelevant terms by considering the relevance scores and occurrences .

Map creation: Network, Overlay, Density Visualizations.
- I

Analysis and interpretation
Further analysis of the results obtained from the bibliometric analysis of WRCC. Check
whether we met our target, which is that whether we have completed a systematic and

comprehensive bibliometric analysis - review of WRCC. Interpret the results and
complete the bibliometric analysis - review of WRCC research lastly.

FIGURE 2
Details of application process of four-stage bibliometric analysis method.

literature retrieval, records screening and records analysis stages analysis of WRCC into four stages. And the details of our four-
are very complicated and contain several steps, we treated them staged bibliometric analysis proposed in this research is shown in
separately. We further divide the concrete steps of bibliometric Figure 2.
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The four stages of bibliometric analysis are elaborated as
follows:

Stage 1: The choice of search terms and search strategies is
very important, and directly determines whether the
search results are comprehensive. Many terms can be
used to express the meaning of WRCC, therefore,
using a single term will not present comprehensive
results. In order to acquire more comprehensive
search results, in the first stage, multiple search
terms should be selected.

Stage 2: In the search process, files with poor relevance to the
topic will inevitably be retrieved. The search results
need to be accurately and carefully screened. In order
to obtain more accurate topic-related results, this
study proposed a refined literature screening
process, which is a three-stepped screening method
(Figure 2. Stage 2: The screening methods are done
through records category, relevance, and manual. By
adopting this three-stepped screening method, we
can extract the topic-related records from even
tens of thousands of records in a short period of time.

Stage 3: We analyzed all the topic-related records by using

both statistical analysis and bibliometric analysis at

the same time.

Stage 4: We analyzed all the results comprehensively, we

checked whether we meet our target and finished

this article.

2.2.1 Literature retrieval

In this study, the Web of Science Core Collection Database
was explored in advanced search page, using Boolean Logic to
search TS = (water carrying capacity OR water resources carrying
capacity OR water bearing capacity OR water resources bearing
capacity OR water resource bearing capacity) in which the
subject contains “water carrying capacity”, “water resources/

» o«

resource carrying capacity”, “water bearing capacity” or “water
resources/resource bearing capacity”. The retrieval year ranges
from 1989 to 2019 (in 1989, WRCC was discussed for the first
time, but the concept of WRCC was not yet proposed). A total of
16769 records were obtained. The retrieval time is August

15, 2020.

2.2.2 Records screening

During the search process, some files irrelevant to the topic
will inevitably be retrieved. Therefore, the search results need to
be accurately and carefully screened. In order to obtain more
accurate search results, this study adopted a three-stepped
screening method. The specific screening steps were applied
as follows: 1) The first screening explored 16769 results through
Web of Science and selected the category that is related and
similar to WRCC, For example, in this research, we click “Result
Analysis” on the search results interface of Web of Science, and
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“Water
“Ecology”,

selected “Environmental Science”, Resources”,

“Engineering environmental”, “Green
sustainability science” in the “Web of Science category on
the result analysis interface technologyv”, “Multidisciplinary
studies”, science
“Mathematics

Management”, 5678 records were obtained.

sciences”, “Environmental “Computer

interdisciplinary  applications”, applied”,

“Urban studies”, «
2) The second step is to screen 5678 search results through the
relevance function of the Web of Science webpage. The
5678 search records obtained after screening were sorted in
order of relevance, and it was found that the top 500 records all
contained “water”, “carrying”, “capacity” or “water”, “bearing”,
“capacity” in their topics. After the first 500, the records no
longer contained, in relevant application, usage of the words

» o« . »

» o«
, capacity or “water’,

» o« .

“water”, “carrying bearing”, “capacity”.
Therefore, we concluded that the content after first 500 files
does not contain relevant literature related to WRCC. 3) The
third step of screening was to manually check the contents of
the first 500 records one after the other. During the search, the

» o« » o« » o«

fact that “water”, “carrying”, “capacity” or “water”, “bearing”,
“capacity”, appears in the title of an article doesn’t necessarily
mean its research content belongs to the research category of
WRCC, therefore the 500 records need to be manually checked,
For example, “tourism water resources carrying capacity”,

» o«

“groundwater carrying capacity”, “water resources and water

. . o» «
environment carrying capacity”, and “agricultural water

»

resources carrying capacity 7 all belong to the research
category of WRCC. However, though “soil water carrying
capacity”, “sediment carrying capacity of river flow”,
“carrying capacity of fishpond”, “stock carrying capacity”,
“recreation carrying capacity”, “mineral resources carrying
all the
“capacity” or “water”, “bearing”, “capacity” in their topics,
they do not belong to the research of WRCC. We can see

that due to the similarity of some research content, in order to

capacity”, include words  “water”, “carrying”,

obtain more accurate data in bibliometric research, it is very
necessary to finely screen results. After the three-stepped
screening process, a total of 271 records were obtained
(Appendix A).

2.2.3 Records analysis

The data export of this study is divided into two parts: 1) In
the first part, we added the 271 records to the Marked List on the
Web of Science website, and then exported important
information such as “title”, “author”, “source publication”,
“cited frequency”, “document type” and “keywords” to an
excel file. 2) In the second part, we directly exported the “full
records and cited references” of 271 records on the Web of
Science website to plain text files.

In processing of excel file data, we first sorted out the
information in the exported excel file starting with the year,
country, journal and number of author’s publications. We then
sorted out the top 30 highly cited articles, extracted the methods
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Number of Publications

Number of Publications

Number of articles published by countries, periodicals, and authors.

used in the articles and finally marked the time these methods
were first used.

In dealing with the plain text files, we first analyzed the
exported text file through the VOSviewer software. The results of
keywords co-occurrence analysis, inter-year changes of keywords
and heat maps were obtained. VOSviewer is a software tool for
constructing and visualizing bibliometric networks, which has
been developed by Nees Jan van Eck and Ludo Waltman at
Leiden University’s Centre for Science and Technology Studies
(CWTS) (http://www.vosviewer.com/).

2.2.4 Comprehensive analysis

In order to have a more comprehensive understanding of the
nature of research progress and current research state of WRCC,
we adopted the comprehensive analysis method to further
analyze the results obtained from the bibliometric analysis of
WRCC in this stage. We also checked whether we met our target,

Frontiers in Earth Science

0 u - | {‘ N B 5
ﬂ' R o° s\" @\C 0L sv‘ ‘\\\ 5\\‘ o“ sd‘v Wt R
o K e
g ‘ﬁt&@;g\ 1\1?\\;,» ql:;(;\) ’0“ X :: o \sﬁ‘,g CO» ,.12“"3 \,3\? ‘\\v ‘frﬁ‘s"‘oo\“; f- o“g«» oq‘,xﬁ“
»
Mete™ @b (et *"*ﬁ@é@*“ ‘x*“‘«&‘iw* 2
C O @®® -
£ -B-B-BR 0000000000 008e------------—-—-————— .
i
3 :-0-0-B - -2-B-0-0-0-1- = o -
2 1 -B-0-B- -2-0-R-0B-B-0-R - -2-0-H-R-0-0 - -
g
z
* ~ &‘ & N > $ S % W
w"v\’*“:v”%‘ M\:o g U"""v““*" M’*’”f‘v”“* o w‘”** I w*"vw‘
FIGURE 3

07

which means that whether we have completed a systematic and
comprehensive bibliometric analysis-review of WRCC in this
stage. The volume of published literature and research progress
have been analyzed, and stages of the development process of
WRCC divided.

3 Results and discussion

In this section, both statistical and bibliometric results have
been fully analyzed and discussed, and a comprehensive analysis
has also been conducted lastly. 3.1 presented the number of
articles published by country, periods and authors, and statistical
analysis of methods; Section 3.2 analyzed the highly cited papers;
3.3 analyzed the keywords co-occurrence and research hotspots
dynamics; and Section 3.4 analyzed WRCC development
comprehensively.
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Support Vector Machines
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Grey Clustering Evaluation
State-space Method
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FIGURE 4
Summary of WRCC methods.
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Matter Element Analysis
Reduction Index Method Osculating Value Method

Principal Component Analysis

Neural Network and Projection Pursuit

Water Resources Balance Sheet

TOPSIS Methods

Set Pair Analysis
Inexact Fuzzy Multi-Objective Programming Model

Metabolic Theory Ecological Footprint

Genetic Algorithm Optimized Wavelet Neural Networks

System Dynamics Model

Multi Level Fuzzy Comprehensive Evaluation

Back Propagation Neutral Network
Variable Sets
Fuzzy Set Pair Analysis Model

Combination Weights and Entropy Principles
Grey Neural Network Model

3.1 Statistical analysis of articles and
methods

Number of articles by country, periods and authors are
shown in Figure 3.

Number of publications by country indicates that China
published the highest number of papers followed by
Indonesia, Germany, Algeria and other (Figure 3A) in that
order. China has the largest number of publications for two
reasons: firstly, WRCC was put forward by the Chinese, and
Chinese scholars have shown more research interest in this area.
Secondly, due to rapid infrastructural and economic expansion
witnessed by China in the last 30 years, demand for water
resources has tripled and placed a huge deficit on water need.
To avert this situation, the Chinese government attached great
importance on WRCC research by setting up a number of
National Natural Science Foundation Projects including
“Innovative Research On Water Resources Carrying Capacity
Based On Water Scarcity Risk Model” (approval number:
40771044), “Research On the Dynamic Mechanism And
Sustainability Of the Evolution Of Water Resources Carrying
Capacity Under the Framework Of Quality-Energy” (approval
number: 41061053), “Risk Analysis Of Economic Development
Planning Based On Water Resources Carrying Capacity Under
Uncertain Conditions” (approval number: 41271536). The
establishment of these National Natural Science Foundation
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Projects directly and vigorously promoted the research and
development of WRCC.

Results of number of papers published by journals indicated
that, the top 30 journals with the most papers on WRCC research
are in the order shown in (Figure 3B). They include ADV
MATER RES, APPL MECH MATER, IOP C SER EARTH
ENV, AER ADV ENG RES, ] CLEAN PROD, WATER-SUI,
WATER RESOUR MANAG, ECOL INDIC, ] GROUNDW SCI
ENG and PROCEDIA ENVIRON SCI. The number of articles
published in the order in which the journals are listed above are:
26,11, 10, 9, 8, 8, 7, 4, 4, and 4 respectively.

From number of articles published by authors perspective,
the top 30 authors with the most articles and the number of
articles published are shown in (Figure 3C). The top 10 authors
with the most articles include Feng, Lihua, Lei, Kun, Meng,
Lihong, Berezowska-Azzag, Ewa, Fu, Qiang, Gao, Yang, Luo,
Gaoyuan, Su, Haimin, Wang, Xin, Wang, Zilong. Among them,
Feng, Lihua, Lei, Kun, Meng, Lihong published 4 articles each
while the remaining 7 authors published 3 articles each.

By analyzing the excel files exported from the Web of Science
website, we discovered 47 methods from 271 articles used in
WRCC calculation and evaluation (Figure 4).

In Figure 4, the methods include TOPSIS, system
dynamics model, support vector machines, state-space, set
pair analysis, neural network, ecological footprint, cloud

model, analytic hierarchy process-fuzzy discrimination,
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TABLE 1 TOP 30 highly cited papers (as of August 14, 2020).

Article title Authors Publication Source title Times
year abbreviation cited

Fuzzy comprehensive evaluation for carrying capacity of Gong, L; Jin, CL 2009 WATER RESOUR 109

regional water resources MANAG

Assessment of water resources carrying capacity in tianjin city ~ Song, XM; Kong, FZ; Zhan, CS 2011 WATER RESOUR 91

of China MANAG

Application of system dynamics in analyzing the carrying Feng, LH; Zhang, XC; Luo, GY 2008 MATH COMPUT 76

capacity of water resources in Yiwu City, China SIMULAT

Development tendency analysis and evaluation of the water ~ Zhang, Z; Lu, WX; Zhao, Y; Song, WB 2014 ECOL MODEL 73

ecological carrying capacity in the Siping area of Jilin Province
in China based on system dynamics and analytic hierarchy

process

A risk assessment model of water shortage based on Feng, LH; Huang, CF 2008 WATER RESOUR 70
information diffusion technology and its application in MANAG

analyzing carrying capacity of water resources

Fuzzy comprehensive evaluation model for water resources Meng, LH; Chen, YN; Li, WH; Zhao, RF 2009 CHINESE GEOGR SCI 61
carrying capacity in Tarim River Basin, Xinjiang, China

Analysis of temporal and spatial differences in eco- Zhu, YH; Drake, S; Lu, HS; Xia, ] 2010 WATER RESOUR 56
environmental carrying capacity related to water in the Haihe MANAG

River Basins, China

Assessment of water ecological carrying capacity under thetwo ~ Wang, S; Xu, L; Yang, FL; Wang, H 2014 SCI TOTAL 49
policies in Tieling City on the basis of the integrated system ENVIRON

dynamics model

Dynamic successive assessment method of water environment ~ Wang, TX; Xu, SG 2015 ECOL INDIC 48
carrying capacity and its application

Multi-scale analysis of the water resources carrying capacity of ~ Wang, S; Yang, FL; Xu, L; Du, J 2013 ] CLEAN PROD 46
the Liaohe Basin based on ecological footprints

An innovative method for water resources carrying capacity Ren, CF; Guo, P; Li, M; Li, RH 2016 JENVIRON MANAGE 43
research-Metabolic theory of regional water resources

Assessment of Water Resources Carrying Capacity for Yang, JF; Lei, K; Khu, S; Meng, W 2015 WATER RESOUR 42
Sustainable Development Based on a System Dynamics Model: MANAG

A Case Study of Tieling City, China

Optimization of industry structure based on water Li, N; Yang, H; Wang, LC; Huang, XJ; Zeng, 2016 ] CLEAN PROD 39

environmental carrying capacity under uncertainty ofthe Huai  CF; Wu, H; Ma, XX; Song, XT; Wei, YN
River Basin within Shandong Province, China

Assessment of water environmental carrying capacity for Yang, JF; Lei, K; Khu, S; Meng, W; Qiao, F 2015 ENVIRON 36
sustainable development using a coupled system dynamics EARTH SCI
approach applied to the Tieling of the Liao River Basin, China

Water resources carrying capacity of wetlands in Beijing: Wang, CH; Hou, YL; Xue, Y] 2017 J CLEAN PROD 34
Analysis of policy optimization for urban wetland water
resources management

Water Resources Carrying Capacity Evaluation and Diagnosis ~ Cui, Y; Feng, P; Jin, JL; Liu, L 2018 ENTROPY-SWITZ 33
Based on Set Pair Analysis and Improved the Entropy Weight

Method

Carrying capacities and standards as bases towards urban Joardar, SD 1998 HABITAT INT 33

infrastructure planning in India: A case of urban water supply
and sanitation

Water ecological carrying capacity of urban lakes in the context ~ Ding, L; Chen, KL; Cheng, SG; Wang, X 2015 PHYS CHEM EARTH 31
of rapid urbanization: A case study of East Lake in Wuhan

Comprehensive evaluation and scenario simulation for the Yang, ZY; Song, JX; Cheng, DD; Xia, J; Li, Q; 2019 JENVIRON MANAGE 26
water resources carrying capacity in Xi'an city, China Ahamad, MI

Evaluating Beijing’s human carrying capacity from the Zhang, YX; Chen, M; Zhou, WH; Zhuang, 2010 J ENVIRON SCI 26
perspective of water resource constraints CW; Ouyang, ZY

Water resources carrying capacity assessment: The case of Ait-Aoudia, MN; Berezowska-Azzag, E 2016 HABITAT INT 25
Algeria’s capital city

Regionalization of water environmental carrying capacity for ~ Jia, ZM; Cai, YP; Chen, Y; Zeng, WH 2018 RESOUR CONSERV 20
supporting the sustainable water resources management and RECY

development in China

(Continued on following page)
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TABLE 1 (Continued) TOP 30 highly cited papers (as of August 14, 2020).

Article title Authors Publication Source title Times
year abbreviation cited

Advances in Study on Water Resources Carrying Capacity in ~ Mei, H; Liuyuan; Duhuan; Yangxiaoyan 2010 PROCEDIA 20

China ENVIRON SCI

Water environment carrying capacity in Bosten Lake basin Wang, YM; Zhou, XD; Engel, B 2018 ] CLEAN PROD 17

Water Environmental Carrying Capacity Assessment of an Kang, P; Xu, LY 2012 PROCEDIA 17

Industrial Park ENVIRON SCI

Algiers carrying capacity with respect to per capita domestic ~ Naimi-Ait-Aoudia, M; Berezowska- 2014 SUSTAIN CITIES SOC 14

water use Azzag, E

Integrated modeling framework for evaluating and predicting ~ Wu, L; Su, XL; Ma, XY; Kang, Y; Jiang, YA 2018 J CLEAN PROD 13

the water resources carrying capacity in a continental river
basin of Northwest China

Comprehensive Evaluation of Water Resources Carrying Du, M; Xu, ZH; Peng, LM; Zhu, YH; Xu, XF 2011 ENRGY PROCED 13
Capacity of Jining City

Research on the Risk of Water Shortages and the Carrying Feng, LHH; Zhang, XC; Luo, GY 2009 HUM ECOL RISK 13
Capacity of Water Resources in Yiwu, China ASSESS

Quantitative evaluation and optimized utilization of water Zhang, J; Zhang, CL; Shi, WL; Fu, YC 2019 J HYDROL 12

resources-water environment carrying capacity based on
nature-based solutions
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FIGURE 5
Keywords co-occurrence.
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inexact fuzzy multi-objective programming model, etc. have
been used in WRCC research.

3.2 Analysis of highly cited papers

In sorting citations of the 271 articles retrieved, we first
checked the title of the article, author, publication year, journal
source, and number of citations of the top 30 articles with the
most citations (as of August 14, 2020) Table 1.

From Table 1, the top 5 documents were all within the
period from 2008 to 2014. This period belongs to the research
and development stage of WRCC study. Two of the five articles
were published in 2008, and one each in 2009, 2011 and 2014.
The number of citations of the 5 articles are in the order 109,
91, 76, 73, 70. Among the 5 articles, 3 are from WATER
RESOUR MANAG, MATH COMPUT SIMULAT and ECOL
MODEL, indicating that the journal WATER RESOUR
MANAG plays an important role in publishing WRCC
papers, and papers published in this journal have a greater
impact. It can be seen intuitively from the titles that three of
the articles are studied in cities in China including Tianjin,
Yiwu, and Siping and the other two articles equally studied in
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China (Feng and Huang, 2008; Gong and Jin, 2009) in
Lanzhou and Jinhua Cities. This confirms results of earlier
analysis that China was the country with the highest number
of research work on WRCC.

3.3 Keywords co-occurrence and
hotspots dynamics analysis

Keywords can reflect the main content of the article, and the
analysis of keywords can understand the general status of the
research field. When using VOSviewer software to analyze the
co-occurrence of keywords, the larger the node means the more
frequently the keyword appeared (Figure 5). The width of the
connection between nodes can reflect the frequency of two
connected keywords. The wider the connection indicates that
the two keywords appear more frequently.

The results shown in Figure 5 indicate that the most
frequently occurring keywords are “water resources carrying

capacity”,  “carrying capacity”, “management”, “water
resources”, “system dynamics”, “model”, and “sustainable
development”, “Sustainability”, “china”, “river-basin” etc.

From the perspective of the width of the connection between

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.970582

Yang et al.

10.3389/feart.2022.970582

FIGURE 7
Connection of key nodes.

nodes, the connection between water resources carrying capacity
and management and sustainable development is wider, and the
connection between China and river-basin is wider. It shows that
these two groups of keywords appear more frequently at the
same time.

From the clustering results, the water resources carrying
capacity node is the largest among all, which is shown in
green. The yellow node emphasizes the methods, the main
two yellow nodes are model and system dynamics. The blue
node focuses on the research objects, and the two main blue
nodes are China and river-basin. The red nodes focus on
management, and the main red nodes are management,
sustainability, sustainable development, carrying capacity and
water resources.

In the analysis of keywords co-occurrence in papers related
to water resources carrying capacity, the most frequently
occurred keyword is “water resources carrying capacity”.
Many nodes are directly connected to “water resources
carrying capacity”, and other nodes are connected to this
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node through intermediate nodes. The nodes that are most
closely connected to the water resources carrying capacity node
are the management node and the sustainable development
node (Figure 6.). The carrying capacity of water resources is an
important means for water resources management and an
important measure for achieving sustainable development of
water resources.

From the results of cluster analysis, the red nodes
emphasize water resources management. The number of
nodes connected to the management node and the
sustainable development node is greater than the number of
nodes connected to the water resources node and the carrying
capacity node (Figures 7A-D). This is because more nodes are
connected to the water resources carrying capacity node, the
number of nodes connected to the water resources node and
the carrying capacity node is relatively reduced. It is worth
noting that the largest node connected to the management
node and the sustainable development node is the water
resources carrying capacity node, and the width of the
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https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.970582

Yang et al.

10.3389/feart.2022.970582

A B
"‘V"l‘m ange .
indi@Rors
rying capacity rying capacity
= comprcheedlp cvatuation 3 wetuativn
< o “ \ ¢
$ 4 SN ater solle@arrying capacity W:}"‘U | '&htﬁ}mn"vv«uniu
e v 0, e W 4 il er !!!Qm‘Mwmcnw . J'l L\
/ # _ : pri \ §
< ¢ camying camacitigh mater reso are=s i.&.m.‘.nu [ p——
ccological r‘n. copacity b wstgnment cish avegsmant
- M
c D
PV 2 S PYAR I S
o cacry o(oloprall‘n(( iy
FIGURE 8

Method and object node analysis.

connection with this node is the widest, indicating that they
have the largest frequency of co-occurrence.

Analysis results of research methods indicates that the
most frequently occurring research methods in the keyword
co-occurrence graph are model and systems dynamics. This
means that building various models and adopting system
dynamics in the research process of WRCC are mainstream.
Many nodes are closely connected to these two nodes (Figures
8A,B). Water resources carrying capacity, carrying capacity,
and management are the nodes that are most closely
connected to the model node and the system dynamics
node. At the same time, the model node and the system
dynamics node are also the most closely connected nodes
to each other. This shows that these nodes appear more
frequently at the same time. In the analysis of keywords co-
occurrence, China is the only country that appeared. River
basin is the only node closely connected to China (Figure 8C).
Furthermore, China is the only node closely connected to the
river-basin node (Figure 8D). It can be seen that the number of
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nodes connected to the China node and the river-basin node is
significantly less than the number of nodes connected to the
model node and the system dynamics node, indicating that
more research on WRCC tends to be methodological
innovation and application, while research on WRCC in
some specific areas is relatively lacking.

From the keywords co-occurrence density map, we can
clearly find research hotspots in the field. The density map of
WRCC keywords co-occurrence in this study is shown in
Figure 9.

In Figure 9, apart from water resources carrying capacity,
there is also carrying capacity, water resources, management,
sustainable development, model, China, system dynamics, and
other hot spots in the field of WRCC research. WRCC is an
important method to realize the sustainable use of water
resources and an important means to realize the effective
management of water resources. Therefore, these three words,
sustainable development, management, and water resources
often appear in the keywords of research papers on WRCC.
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FIGURE 9
Hotspot analysis.

These three words are hot topics in the research of WRCC.
WRCC and land resources carrying capacity belong to the
research category of resources carrying capacity, therefore
carrying capacity is also a hot vocabulary in the research
scope of WRCC. China was the only count name of a country
that appeared in Figure 9, which again confirms the assertion that
China is the main country in the study of WRCC. It can also be
seen from Figure 9 that model and system dynamics are the
commonest vocabularies, meaning that a lot of research is carried
out by building models or using system dynamics methods to
study WRCC.

The time sequence analysis of keywords can reflect the
changes of researchers’ interest in some aspects to a large
extent. Therefore, time sequence analysis of keywords helps
to clarify the development context and knowledge base of the
concept. This study conducted a time series analysis on the
keywords of WRCC. The analysis results are shown in
Figure 10. The darker the color of the node, the longer
the research time in this area. The lighter the color of the
node means that the research in that area is the current
hotspot.

From the perspective of time series analysis of the keywords
of WRCC, WRCC is gradually generated and developed from
scholars’ attention to population carrying capacity, groundwater
resources, urbanization, water shortage, risk assessment, etc,
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(Figure 10 regions A, B). From the perspective of the spatial
scale of WRCC research, the evaluation of WRCC initially
focused on the study of cities and provinces. As the research
continued to deepen, scholars began to pay more attention to the
impact of WRCC on regional water resources. The guiding
significance of the deployment, is that the research scale of
WRCC has begun to gradually shift to the basin scale (regions
C and D in Figure 10).

3.4 Comprehensive analysis of WRCC
development

The overall situation of the number of papers retrieved
in the core database of Web of Science is shown in
Figure 11.

From Figure 11, we can see that although the search period
is set from 1989 to 2019, the search results indicated that the
earliest literature on WRCC from Web of Science Core
Database was published between 1997 and 1998. Within this
period Joardar and other scholars comprehensively considered
natural resources and social resources, established a set of index
system for calculating water supply capacity, and used it for the
calculation of urban carrying capacity to provide help for the
formulation of urban development plans (Joardar, 1998). As
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FIGURE 10
Keyword evolution process.

research advanced, the number of published papers increased
by the year. At the concept proposition stage as well as the early
exploration stage, the number of articles published was
relatively few and almost all were written in Chinese.
Therefore, no articles were retrieved in the Web of Science
Core Database for this time. From 2000 to 2010, the number of
articles published increased. This however decreased slightly in
2011 compared with 2010, and maintained a steady upward
trend from 2011 to 2016. In 2017, both the number of articles
and the number of proceeding papers decreased significantly.
From 2018 to 2019,
significantly and the types of articles became more diverse.

the number of papers increased

Articles on editorial materials and review papers appeared at
this stage. In general, the number of articles published on
WRCC has been increasing meaning that studies on WRCC
has received attention over the past 3 decades. From the WoS
(Web of Science) Categories analysis result shown in
Figure 11, we can see that most of the WRCC research
belong to two categories, Environmental Sciences and
Water Resources.

Results on types of papers published indicates that 41.7%
are articles while editorial materials and reviews account for
1.5%. Conference and other meetings proceedings papers
account for a large proportion of papers published on
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dpsir

2012 2014 2016 2018

WRCC research. The period from 2007 to 2016 recorded the
most numerous proceeding papers published per year,
indicating that a large number of proceeding papers
published have played an important role in the development
of WRCC.

Based on research progress, the volume of published
which
proposed, and our knowledge in WRCC research, this paper

literature, period at calculation methods were
divides the research progress of WRCC into five stages
(Figure 12).

These five stages have been further elaborated as follows:

o The concept formation stage (-1990). Park and Burgess
(1921) took the lead in 1921 and proposed the idea to
calculate the maximum population that a region can carry
based on regional endowments. Later, other scholars and
institutions have successively proposed concepts that are
closely related to the WRCC, such as resources carrying
capacity, environmental carrying capacity. In 1989, the
Xinjiang Water Resources Research Group (XWRSSRG
(Xinjiang Water Resources Soft Science Research Group),
1989) completed the first discussion on the issue of
WRCC which laid a solid foundation for the concept
of WRCC.
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Analysis of publication on WRCC studies.

o The second stage is the qualitative analysis period
(1990s decade). Most of the research in this period
focused on the qualitative description stage, while the
number of papers on quantitative research is relatively
limited. Qualitative research mostly elaborates its
theoretical basis and important significance. In 1992,
Academician Shi Yafeng clearly put forward the
concept of WRCC for the first time (Shi and Qu,
1992). Wang et al. (1999) conducted an in-depth
discussion on the concept and theory of WRCC. Cai
(1994) elaborated on the issues that needed attention
in the study of WRCC in Xinjiang.

o At the methods exploration stage (2000s decade), many
quantitative analysis methods have been proposed and
applied, For example, Qu and Fan (2000) analyzed and
calculated the WRCC in the middle reaches of the Heihe
River Basin based on available water resources as well as
social and economic water requirements. Li et al. (2009)
used an improved fuzzy matter-element model to
evaluate water resources carrying capacity. However,
in the 10-year exploration stage of the method, only
9 of the 47 methods (47 methods extracted in Section
3.1) were proposed and applied at this stage.

o During the method development period (2011-2016), a
large number of research methods have been introduced
into the evaluation and research process of WRCC, For
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example, Zhang et al. (2012) used the ecological
footprint method to study the WRCC of the Shule
River Basin; Xing et al. (2013) used the principal
component method to evaluate ground
WRCC of Xi’an from 7 indicators. At this stage,
which extends 6 years, 20 methods out of 47 methods

analysis

have been proposed and applied. The speed of progress
at this stage was much faster than the method
exploration stage. This study defines this stage as the
method development stage.

The fifth stage is referred as the all-round development
stage (2016-). On one hand theoretical system of WRCC
has been further enriched and improved, For example,
Wang et al. (2017) first constructed an evaluation index
system for WRCC from the four aspects of “quantity,
quality, region and flow”. At the other hand, application
of the methods has also been expanded to a greater
extent. Among the 47 methods, 18 methods have been
proposed and applied at this stage, and the time limit
from this stage to the study of this review is only 3 years.
This explains that more methods were applied at this
stage. At the same time, most of the subtle changes
(Introduction paragraph 6) that occurred in the
evaluation objects of WRCC all occurred at this stage.
Based on this precept, this stage is defined as the all-
round development stage of WRCC.
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Development stages division of WRCC.

4 Conclusions and prospects

In this review, a four-staged bibliometric analysis method was
used based on the René Descartes’s Discourse on the Method. This
makes the bibliometric research process more systematic and
studies.
bibliometric analysis method proposed in this research is

efficient compared to previous The four-staged
equipped with a records screening stage, in which we proposed
a three-stepped screening method, that solved the problem of large
file sorting. Through the three-stepped screening method
proposed in this research, it was possible to finally determine
the document records highly related to the research topic from tens
of thousands of records within a short period of time.

The bibliometric analysis - review results show that a total of
47 methods including system dynamics, cloud model, set pair
analysis, neural network and ecological footprint have been
introduced into the evaluation process of WRCC. Through
keyword co-occurrence analysis, we found that building
various kinds of models and adopting system dynamics
methods are the mainstream methods in the research of
WRCC. We also found that China is the only country that
appears in the keywords co-occurrence analysis chart, which
shows that China is the main country in the study of WRCC.
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According to the published
literature, the research mainly
focuses on two aspects at this

Through time series analysis of keywords, we found that the
research on WRCC originated from scholars’attention to
population  carrying  capacity,  groundwater
urbanization, water shortage and risk assessment. From the

resources,

perspective of research objects, previous studies have focused
more on some provinces and cities. In recent years, more and
more scholars have begun to study the WRCC of some typical
regions, such as arid and semi-arid regions, urbanized areas and
water-deficient regions. Based on the research status, the amount of
published literature over time, the analysis of the time when the
method was first adopted, and our knowledge in this area, this study
divided the development process of WRCC into the concept
formation stage, qualitative analysis stage, method exploration
stage, method development stage and all-round development stage.
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