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Abstract: An important basis to achieve a sustainable balance between water availability and demand
is effectively identifying the factors affecting water resource security and evaluating the effectiveness
of existing water resource management measures. To reasonably evaluate water resource security in
Guizhou Province, this study combined the water resource security features, selected the indicator
system based on the Press—-Status—Effect-Response (PSER) framework, and used Technique for Order
Preference by Similarity to an Ideal Solution (TOPSIS) and grey correlation analysis for the province
from 2001 to 2015. This allowed us to identify the main driving factors affecting water resource
security. The results showed that: (1) Water resource security in Guizhou Province showed an
overall trend of improvement from 2001 to 2015 and reached a maximum index of 0.57 in 2015.
This amelioration in water security was mainly due to the continuous improvement of the response
and effect subgroup as a result of improvements in its existing subgroup factors (policies), such as
water consumption per unit of gross domestic product (GDP), the proportion of water conservancy
investment, and the proportion of the tertiary industry. Increased water stress due to rapid economic
development, such as water supply for the reservoir, and the instability of the status subgroup, were
the main factors negatively affecting water resource security. (2) Reduction of water consumption
per USD of industrial value added, the control force of water and soil erosion being strengthened,
and investment in water resources being increased, are the key factors for achieving water resource
security in Guizhou during this period of rapid social and economic development. This indicates
that the existing water resource management measures have been improving water resource security.
The management measures need to be further improved in the future to protect water resource.

Keywords: water resource security; influence factors; karst area; rapid economic development; sustainable

1. Introduction

Water is a basic resource, essential for the stability of ecological environment and the stable
development of the social economy [1,2]. With the rapid development of human society and the
economy, and the rapid growth of population, water resource security issues, such as rapid increases
in the demand for water resources, and shortages and pollution of water resources, have become
increasingly prominent and a global focus [3]. In the study of water security, water resource security
is the most important theme [4]. The study of water resource security mainly includes: the scope
of water security [5,6], water security measurement [7,8], water resource security assessment [9,10]
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and water resource management [11,12]. Of these, water resource security assessment is the key
content of water resource security research. The water resource system is closely related to the social
and economic systems, and is the foundation of sustainable development of the social and economic
systems. For example, water scarcity often arises from deep-seated socioeconomic issues such as food
security [13]. Water scarcity has triggered a series of socioeconomic problems: approximately 800
million people worldwide lack access to clean, fresh water and two billion people lack safe water [14].
Therefore, water resource security assessment as the foundation of water resource management has
become the focus of over the world research.

At present, the study of water resource security assessment mainly focuses on arid climate areas
in traditional understanding, while there are relatively few achievements in humid climate areas.
The study of water resource security assessment is mainly through the establishment of evaluation
indicators [10,15]. From the perspective of water security assessment, research is mainly focused on
the balance of supply and demand of water resources [16,17], water resource carrying capacity in
regions [18,19], and the water footprint of regional water security assessment [20,21]. The selection
of water resource security evaluation indicators focuses on regional socioeconomic development,
population growth, water resource quality, and other aspects, with a particular emphasis on water
resource security state evaluation. Unfortunately, insufficient attention has been paid to human-related
policy responses in water resource security assessment studies, leading to insufficient direct effects of
relevant research results on improving regional water resource security, and even having a negative
impact on water resource security. Water security in the 21st century needs to better connect science with
policy, innovative, and cross-sectoral initiatives, adaptive management, and multi-central governance
models that involve all stakeholders [3]. Water security issues will shift “beyond infrastructure”
to more effective water management key strategies, including governance and social learning [22].
According to the traditional understanding, water resource security problems are mainly in arid and
semi-arid areas. However, serious and more complicated water resource security problems exist in
karst areas in southwest China, which are in a subtropical humid climate area. Water resource security
is not only directly related to the rapid development of a regional social economy, but also affected by
the special karst hydrogeological environment. At the same time, the geological environment factors
have “amplified response” to unreasonable human behaviors in karst areas in southwest China, such
as water resource pollution. There are significant differences between water resource security and
water resource management in karst areas of southwest China, and arid and semi-arid areas. Therefore,
it is of great significance to clarify the characteristics of water resource management in karst areas of
southwest China as well as other karst areas in the world.

Guizhou is in the core of the karst area in southwest China, which is one of the three major
distributed areas of karst in the world. In recent years, social and economic development has been
rapid, with average annual gross domestic product (GDP) growth of 11.8% from 2001 to 2015, and
water shortages and other problems have emerged. Therefore, this article selects Guizhou Province as
a research case; carries out the study of water resource security evaluation; discusses the evolution
of water resource security, its main influencing factors and its mechanism against the background of
the rapid development of the special hydrogeological environment and social economy in karst in
southwest China; and further evaluates the efficiency of human response measures. It has important
practical value for improving water resource management. It is of great reference value to further
understand water resource security in the karst region of southwest China and other karst regions in
the world.

This paper is organized into six parts. Section 1 comprises the above introduction. Section 2
presents the study area, and Section 3 introduces the materials and methods. Section 4 presents
the results, Section 5 presents the discussion, and finally, the conclusions and recommendations are
provided in Section 6.
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2. Study Area

Guizhou Province is in the hinterland of China’s southwest (24°~30° N, 103°~110° E), and has
a subtropical humid monsoon climate with abundant rainfall. The average annual rainfall from 2001
to 2015 was 1096.69 mm/year and drainage density was 0.563 km/km?. Guizhou is the district where
the degree of relief is large; 61.7% is mountainous land, 30.8% is covered in hills, and 7.5% is covered
by flatlands situated between the mountains. The area of Guizhou Province is 176 thousand square
kilometers, and the total population of the province is 35.28 million. Due to the flat area is small and
scattered, the population density of the actual residence is much larger than the average population
density of Guizhou Province [23]. The proportions of forest land, grassland, water area, agricultural land
and other land were 51.7%, 16.18%, 1.95%, 28.77% and 1.4%, respectively, in 2014 [23]. Moreover, the
exploitation and utilization of water resources is difficult because the development of karst landforms is
extensive (61.9%), and the forest coverage rate is low. At the same time, the strong karstification has
formed a large number of above-ground karst landforms, such as dissolved furrows and dissolved gaps,
and underground karst landforms, such as karst caves. Above-ground and underground karst landforms
form a double-layer water storage structure, which leads to rapid ground water and surface water
exchange, and in which the water culvert capacity is weak. However, due to insufficient investment in
water conservancy, which leads to a small number of water conservancy facilities such as reservoirs,
abundant precipitation cannot be effectively stored and used, resulting in “engineering” water shortage.
Study area location in China and the existing water sources can be seen in Figure 1.

The average annual GDP growth rate was 12.5% from 2011 to 2015, and the GDP reached USD
168.615 billion (USD/CNY exchange rate 2015) in 2015. There are new opportunities for economic
development in Guizhou Province due to the advancement of urbanization, industrialization, and
agricultural modernization; the development of cultural tourism; and integration into the “Belt and
Road” initiative and the Yangtze River Economic Belt. The amount of water required has increased
substantially with the continuous growth of the economy. It is estimated that the demand for water in
the province will reach 15.94 billion m? in 2020, while the water supply capacity of the province’s water
conservancy projects was expected to be only 11 billion m? in 2015, with a per capita water supply
of 264 m3 (only 58% of the national average). In addition, the engineering water shortage remains
serious [24].
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Figure 1. Study area location in China.
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3. Materials and Methods

3.1. Materials

The data were obtained mainly from the following sources: The Guizhou Statistical Yearbook
(2002—2016) published by the Guizhou Province Statistics Bureau [25]; the Water Resources
Bulletin of Guizhou Province (2001-2015) published by the Guizhou Water Resource Bureau [26];
the Environmental Statistics Bulletin of Guizhou Province (2001-2015) published by the Guizhou
Environmental Protection Bureau [27]; and the Statistical Communique of Guizhou’s National Economic
and Social Development (2001-2015) published by the Guizhou Province Statistics Bureau [28].

3.2. Methods

The water resource system is an open multi-factor comprehensive system with many aspects,
including resources, ecology, and the social economy. Itis a grey system because the information for each
factor is uncertain and incomplete [29,30]. Water resource security should select appropriate research
methods based on regional resources, the ecology, socioeconomic data, and other characteristics.
The PSER model was used because it includes four subgroups—pressure, status, effect, and
response—f{rom which the corresponding index system which can cover regional resources, the
ecology, socioeconomic data, and other characteristics is constructed. This was combined with the
Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) [31] and the grey relational
comprehensive model to evaluate water resource security changes in Guizhou Province from 2001 to
2015 and to clarify the main influencing factors.

3.2.1. Construction of PSER Theoretical Framework

The press-status-response (PSR) model was jointly proposed by the United Nations Environment
Program (UNEP) and Organization for Economic Co-operation and Development (OECD) [32]. It has
been widely used in the field of environmental issues [33,34]. In the assessment of water resource
security, the PSR model fairly reflects the interaction between human beings and the environment, but
poorly portrays the effect of human responses to environmental pressure [35]. A special double-layer
water storage structure exists in the southwest karst area, which leads to rapid ground water and
surface water exchange. The karst water resource system is highly sensitive and vulnerable because
of its special hydrological environment [36]. Thus, karst water systems vary significantly because of
factors such as stress and human response activities. Therefore, it is of great value to clarify the effect
of human response activities and other factors on water resource systems for timely adjustment of
water resource management measures in karst areas.

The water resource system is a dynamic balance system. The regional natural environment is
the foundation of the water resource system. Against a background in which external interference is
minimal or absent, the status of the water resource system basically reflects the natural status of the
water resource system. When the water resource system is subject to strong external interference, such
as human activities, the status of the water resource system will change and show a certain response to
the external interference. For example, river water pollution caused by discharge of pollutants affects
human welfare, so humans will respond to river water pollution to improve the environment. In the
process of increasing influence of human activities, the dynamic equilibrium status of water resources
continues to change. When the influence exceeds the resilience threshold of the water resource system,
the dynamic equilibrium will be broken, and a new equilibrium status will be formed in the system [37].
This framework provides an analysis tool to eliminate the adverse impact of human activities on water
resources and improve water resource management measures because it better describes the water
system in a process of dynamic change affected by human activities; specifically, it clearly considers
what has happened (pressure), what has changed (status), what is the effect (effect), and the logic of
human response (response) (Figure 2).
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Thus, we expanded the PSR model to the PSER model to incorporate the effects of human activities
on water resources, and divided the water resource system into four subgroups: pressure, status, effect,
and response. PSER is widely used in research such as environmental assessment [38]. The pressure
indicators characterize the load caused by human activities on the water resource system, such as
wastewater discharge, population density, and amount of fertilizer used on arable land. The status
indicators characterize the condition of water resource systems in terms of water supply quality,
quantity and capacity, and include the rocky desertification rate of land, water supply for engineering,
and ecological water consumption. The effect indicators characterize the implementation effects of
management policies and measures at the present stage, such as forest coverage rate, supply for
underground water, and per capita water resource possession. The response indicators characterize
active regulation of human pressure, status and management of the water resource system, and include
the treatment rate of domestic sewage, investment in water conservancy, and soil erosion treatment.

More influential factors that can reflect the contradiction between supply and demand of water
resources, the quality of the water environment, and socioeconomic influences were determined after
full consideration of the impact of natural, social, economic, and policy factors on water resource
security in Guizhou. For reference, research has been studied of water resource security assessment
in southwest karst areas [24,39,40]. According to the PSER framework, a multi-level water resource
security evaluation indicator system is then established by further refining the four pressure, status,
effect, and response subgroups and selecting the appropriate indicators (Table 3). In the selection
of indicators, based on the limited availability of data, we focused on the indicators that can reflect
the contradiction between water supply and demand, the quality of the water environment, and the
degree of social and economic factors that have a great impact on the water resource system and can
represent human response.

E Urbanization level i
2 Annual GDP growth e ReTeeRi GO L Development and utilization of
£ | Waste water discharge Per capita water resource X .
=2 P . water resource Reality of
possession . Treatment rate of domestic =
Qualification rate of water quality — 2 water
Precipitation in main river section . Investment in water conservancy fi S resources
B Amount of water consumption per ; . 2 .
g Surface water resource unit industry Soil erosion treatment ES security
=1 Rocky desertification +— |...... [ e
@« |rate of land
"""" Effect ——

Figure 2. PSER theoretical framework.
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Table 1. Evaluation indicator system of water resource security in Guizhou Province.

60f 17

Optimal Worst
Target Subgroup Indicators Weights Meaning Reference  Reference
Set Set
Py - Urbanization level/% 00204 ~ Lhepressure on water resource due to 24 60
increasing urbanization and development
The pressure of water resource demand on the
Pr- Population density/p/km? 0.0267  water resource system due to population 197.2 222.37
density changes
Second output value accounts for The pressure on water resource due to increased
Ps the proportion of GDP/% 0.0230 water demand due to industrial development 37.74 41.63
Py- Wastewater discharge/billion m? 0.0311 The pressure of containing wastewater on 2.08 3.08
Pressure water resource
Ps— Economic density/10*RMB/km? 00179  [he pressure of water resource demand due to 64.33 596.17
economic density changes
pi Aot el manble gy Teclis ol beamoutof el isedn gy g
Evaluation of y d y
water resource P,- Annual GDP growth rate/% 00229  [hepressure on water resource due to 8.8 15
security economic development
Py— Per capita income/RMB 0.0183 The impact of improving living standards on 3000 29,847
water resource demand
Si1+ Precipitation/billion m3 0.0154  Plump degree of water resource 22431 144.56
S,— Seasonal_ V_aru_ablhy’rfy of 0.0170 The effect of uneven precipitation on the 0.62 0.87
precipitation/ occurrence of water resource
S3+ Surface water resource/billion m3 0.0155  Efficient use of water resource 121.31 62.64
Status Sy+ Groundwater resources/billion m? 0.0171  Potential availability of water resource 29.44 21.67
Water supply for Artificial enhancement of regional water
S5+ . Supby 3 0.0185  resource by man-made water conservancy 0.25 0.1
engineering/billion m e
facilities
Som Water consumption %f 0.0201 Demand for water resource from agricultural 441 585

agriculture/billion m

development
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Table 2. Cont.
Optimal Worst
Target Subgroup Indicators Weights Meaning Reference  Reference
Set Set
S,— Public water consumption ;n cities ) 1045 Dem_a_nd for water resource from public 0.06 0.58
and towns/billion m facilities
Ecological water Demand for water resource from ecological
S consumption/billion m3 0.0300 rehabilitation and construction 0.04 0.07
Sg— Rocky desertification rate of land/%  0.0867 Influence of water resource circulation rate on 0 18.79
the water resource system
Sy— Surface runoff coefficient/* 0.0198 Influence of the water resource circulation rate 0.54 043
on the water resource system
Water storage capacity of large and . .
Sq1+ medium-sized reservoirs per 0.0372 Water storage capacity and the benefit of water 867.13 68.99
. 3 conservancy projects
capita/m
Ei1+ Forest coverage rate/% 0.0291 The ?b.lhty for the forest to conserve 30.83 50
precipitation
Byt Per capita wgter regource 0.0229 Wat(?r resource support f(_)r the survival and 3458 1806
possession/m livelihood of the population
Eat Water suppl‘y for su;face 0.0216 Sup_port capacity of surface water resource for 9.38 750
water/billion m regional development
Ey+ Undergrounc! water gupply 0.0438 Support capacity of groundwater resource for 1.89 011
water/billion m regional development
Effect Quality rate of water quality in Qualified water reflects the ability of available
Es+ . S 0.0233 . 100 50
main river section/% water to support regional development
_ Amount of water consumption per The impact of existing industrial production
Ee USD industry/m3/U SA$ 0.0205 levels on the water resource system >13 3296
E— Indust.rlal water , 0.0170 Impact of existing industrial development on 0.96 1.54
consumption/billion m the water resource system
Water consumption for The impact of the amount of water required for
Eg— P 3 0.0143  the existing standard of living on water 2.01 4.01

residents/billion m

resource
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Table 3. Cont.
Optimal Worst
Target Subgroup Indicators Weights Meaning Reference  Reference
Set Set
Ri+ Development and %se of water 0.0363 Water resource redundancy in the current 15.18 7 36
resource/% context of social and economic development
Pollutant emission-reduction rate Responsiveness to reducing the amount of
Ro+ . o 0.0325  water resource needed to accommodate 36.6 1.47
per unit of GDP/% .
economic development
Ryt Treatment rate o£ domestic 0.0444 Responsiveness to reducing the amount of 100 24
sewage/% water needed to accommodate domestic sewage
Ry— Water consumptlor; per unit of 0.0225 The response of the progress in production 103 769
GDP/m technology to water resource stress
Water consumption of per unit The response of water resource stress in
Response Rs farmland irrigation/m3/km? 0.0229 agricultural production 376 626
Rg— Water cons.umptlon of per 0.009% The response of domestic use to water resource 67.4 1212
capita/L/p-d stress
Ry+ The proportion of :c)he tertiary 0.0254 ?ndustrlal structure adjustment under the 80 3753
industry/% influence of water resource
Investment in water
Rg+ conservancy/billion RMB 0.0668  Human management of water resource 0.93 22.0
Rg+ Soil erosion treatment/km? 0.05g9  Conservation of surface water resource and 2706.09 768.2

improvement of water storage

Note: +/— indicates the indicator is positive/negative, * indicates the indicator is dimensionless.
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3.2.2. Date Standardization

The evaluation data include the water resource security status of Guizhou Province, including m
evaluation indicators over n years. The raw data matrix is as follows:

X11 X12 X
X21 X2 vt X

X=1| . . ) 1)
Xml Xm2 °° Xmn

The influence of the different dimensions between the indicators was eliminated and the original
matrix was standardized yielding the matrix Y: Y; = (Yij)an.

The positive indicator (the higher the indicator value, the more positive the impact on water
resource security) standardized formula is:

Y; = (xjj — minx;) / (maxx; — minx;) 2)

The negative indicator (the lower the indicator value, the more negative the impact on water
resource security) standardized formula is:

Y; = (maxx]' — xl»]»)/(maxxj - minxj) 3)

where Xj; is the survey original value, minx; is the survey minimum value, and maxx; is the survey
maximum value, and i, j represent the value of the ith indicator in the jth year.

3.2.3. Determination of the Value Weight

The entropy weight method was used to determine the value weight according to the data, while
avoiding the possible influence of subjective factors [30,39]. The accuracy was relatively high, and the
evaluation results were relatively stable, allowing for a better explanation of the results.

The entropy value of the jth value is e;:

n n
6]' = -k 'ZlHij. ll‘lHl']', Hij = ]/1]/ ‘Zl yi]', k=1/Inn (when H,‘j =0,
1= 1=

4)
Hij o lnHi]- = 0)
The weight of the j value is wj:
m
wj = (1-¢;)/ Y (1-¢;), (w; € [0,1], T yw; =1) )
=1

3.2.4. Calculation of Grey Relational Index

Grey relational analysis accurately reflects the index of association and order for the index of a
subgroup, and the evaluation process is relatively stable [41,42]. The TOPSIS model calculates the
distance between the evaluation object and the optimal decision-making scheme to analyze the index
of connection between water resource security and the optimal status [43,44]. This algorithm includes
the following steps:

(1) Determination of the best and worst data vectors as the reference sequence. In addition to the
worst values of P1 and the optimal values of R7 being decided by the National Eco-city Construction
Standard, the optimal values of S9 were decided by Environmental Protection Regulations in Guizhou
province, and the optimal values of E5 and R3 were decided by the Opinions on the Implementation of
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the Most Stringent Water Resources Management System in Guizhou province. The remaining best
and worst values of the indexes depend on the real-life context of Guizhou Province.

The determination of fuzziness indicators was based on the standard value range, referring to the
optimal and worst values for the evaluation period (Table 3). The matrix composed of the optimal
and worst-case vectors and matrix Y was standardized again using the range method to obtain matrix
Yi. After standardization, it was transformed into a positive indicator. The optimal and worst-case
reference sets are as follows:

The optimal reference set:

G = {max(l <j<n) ylfj’i = 1,2,...,n} ={g1,.82...,8n} (6)
The worst reference set:

G ={min(1<j<n)y;

i=1,2...,n={818%....8%) @)

(2) Calculation of the grey correlation coefficient.
The grey correlation coefficients with optimal and worst reference sets are as follows:
Grey correlation coefficient with optimal reference set:

[min minjy;; = &"il-+p max maxiy;; - &'

oi(k)" = 8

: Iy}; = &"il+p max maxly}; — ¢°i

Grey correlation coefficient with worst reference set:
[min miny; — g°|+p max max|y;; — g%
! ] ! ]

§i(k)° = — ; ©)

[ly;; = 8%il+p max m?XIyi]- - g°ll
where min min yl’j - g*,-' and max max yl’.j — g"i| are respectively the two-level minimum differences

! ] ! ]

and two-level maximum differences between the evaluation object and the optimal reference set;

miin min yl’,j - gol| and max m]ax y;]. — g%| are respectively the two-level minimum differences and
two-level maximum differences for the evaluation object and the worst reference set; and p is the
resolution coefficient, and is an independent constant depending on the value the researcher needs
to determine the value. The value is uncertain, such that 0 < p < 1. The smaller the value of p, the
stronger the resolution of the calculation result, and generally p = 0.5 [45]. Therefore, the value of p in
the article is 0.5.

(3) Calculation of relatedness. The comprehensive grey correlations of water resource security

with optimal and worst-case reference sets are as follows:

n

R/ = Z R/ (10)
i=1
n

RO = Z R/’ (11)
i=1

In the above formulae, R;" and R;° denote the index of grey correlation between each index and
the optimal and worst reference sets; R;* = w;6;(k)", R;® = w;d;(k)".
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3.2.5. Calculation of Water Resource Security

The relative closeness of the grey relation between water resource security and the optimal
reference set of the evaluation time series is T. A larger T shows that it is closer to the optimal reference
set, and thus indicates that the situation is better. In this paper, the T value is used to indicate the water
resource security.

R

Ty= ——
'R R

(12)

4. Results

Results indicate a strong interannual variability in water security, but overall (from 2001 to 2015)
the water security index presented an increased trend (Figure 3a) in Guizhou. Within the studied
period, the water security index decreased from 2001 to 2005 and water resource security continuously
improved from 2006 to 2015 (Figure 3). From the perspective of the various subgroups of water
resource security, the effect and response subgroups of water resource security continued to improve,
while the pressure subgroup continued to increase and the status subgroup was also in a status of
fluctuation and instability from 2001 to 2015. Other results are as follows:

(1) Water resource pressure subgroup. From 2001 to 2015, the security of the water pressure
subgroup showed a fluctuating decline (Figure 3b), indicating that the pressure on water resource
security continued to increase. From the highest index of 0.72 in 2001 to the minimum index of 0.4 in
2014, a decrease of 44.17%, the downward trend is striking.

(2) Water resource status subgroup. The status of water resources from 2001 to 2015 showed a
clearly fluctuating trend (Figure 3b). From 2001 to 2006, the volatility declined from 0.43 to a minimum
of 0.36; from 2006 to 2008, it rose to 0.53; from 2008 to 2011, it decreased to 0.37; and from 2011 to 2015,
it rose to 0.54 again. Thus, a fluctuating trend was apparent.

(3) Water resource effect subgroup. From 2001 to 2015, the overall effect of the subgroup on water
security increased in volatility (Figure 3b). From 2001 to 2011, increased within a little scale. From 2011
to 2015, the value of index jumped, rising from 0.3899 to 0.6193.

(4) Water resource response subgroup. In the 2001-2015 period, the security value of the response
subgroup showed a trend of increasing volatility (Figure 3b). From 2001 to 2012, the fluctuation trend
increased from its lowest value of 0.2715 in 2002 to a maximum value of 0.69 in 2012, an increase of
154.92%. A trend of weak growth was observed between 2012 and 2015.
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Figure 3. Water resource security index and grey correlation index in Guizhou from 2001-2015.
Note: (a,b) is the numbering of Figure 3.
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5. Discussion

5.1. Analysis of Changes in Water Resource Pressure Subgroup

The pressure on water resource security in Guizhou Province increased from 2001 to 2015. According
to the pressure subgroup indicators (Figure 4a), the indicators that increased include wastewater discharge
(P4), economic density (P5), annual average GDP growth rate (P7), fertilizer used on arable land (P6), and
per capita income (P8). Economic density increased from 64.3 thousand/km? to 59.62 million/km? between
2001 and 2015, an increase of nine times. Moreover, the average annual GDP growth rate increased
from 8.8% to 10.7% during the same period, reaching its highest point at 15% in 2011, and between 2003
and 2015 it was maintained at more than 10%. Economic development increases the demand for water
resources, impacts water quality and poses marked pressure on resource security [7,46]. The pollution of
water resources caused by a continuous increase in farmland fertilizer use and wastewater emissions
constitutes the main environmental pressure on water resource security (Figure 4a) [47]. In the 20012015
period, the amount of fertilizer used in cultivated land rose from 39.71 kg/hm?-year to 58.86 kg/hm?-year,
an increase of 48.22%. The increase in consumption levels and changes in consumption type caused by
socioeconomic development has led to the continuously increasing impact of domestic sewage and other
factors on water resources [37]. In general, the sustained increase in economic development and pressures
of social living standards in the pressure subgroup increased the pressure on water resource security.

5.2. Analysis of the Changes in the Water Resource Status Subgroup

The status of water resources from 2001 to 2015 showed a clear fluctuating trend (Figure 3b).
According to the pressure status indicators (Figure 4b), except for the continuous improvement of the
rocky land desertification indicators, other indicators have shown significant fluctuations, which has
led to fluctuations in the status subgroup. The continuous improvement of rocky land desertification
is mainly due to the sustained promotion of ecological restoration [48]. Precipitation fluctuation and
land cover change have a conclusive effect on land surface runoff and the regional water resource [49].
The fluctuations in surface water resource (53), groundwater resource (54), and surface runoff coefficient
(S10) are affected by precipitation fluctuations and surface cover changes. Findings in relation to water
supply and use are as follows.
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Figure 4. The optimal correlation of subgroup indicators in Guizhou from 2001-2015. Note: (a—d) is
the numbering of Figure 4.
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(1) Water supply. The water storage capacity of large and medium-sized reservoirs per capita
(S11) showed continuous improvement, with S11 rising from 68.99 m3/person to 867.13 m*/person,
an increase of 12 times, from 2001 to 2015. The construction and improvement of large and medium
water conservancy infrastructure facilities of the water conservancy project in central Guizhou increased
the water supply.

(2) Water use. The optimal correlation index of agricultural water (56) fluctuated, and the
optimal correlation index of urban public (S7) and ecological environment (S8) consumption of
water decreased, indicating that water consumption by agriculture was decreasing, while ecological
restoration and urban public demand for water recourses was increasing. With the development of the
economy, the scale of traditional industries such as agriculture has reduced, and the efficiency of water
resource use has increased [50,51], but together with a sharp increase in industrial water demand.
The implementation of the Guizhou ecological province strategy also caused a distinct increase in
ecological water consumption [52].

In general, the status subgroup showed volatility, which was a result of the precipitation
fluctuations and the special “bivariate” hydrogeological environment of the surface and underground
areas, and was mainly affected by precipitation.

5.3. Analysis of Changes in the Water Resource Effect Subgroup

The improvement of the effect subgroup was unstable from 2001 to 2015. The change in the
optimal relevance value of the effect subgroup index (Figure 4c) shows that the forest coverage rate (E1)
continued to improve with an increase of 19.17% from 2001 to 2015. The increase of forest coverage
effectively reduced soil erosion and improved water conservation in the region [53,54]. The continuous
reduction per added value of industry (E6) dropped by 68.78% from 2001 to 2015, a significant decrease,
and the efficiency of water resource use continued to increase.

The marked increase in the use efficiency of industrial water resources also offsets the increase in
demand for water resources caused by industrial growth [55]. The total amount of industrial water
consumption in the 2011-2015 period showed a slow decline. The water quality (R5) of the main river
section from 2001 to 2015 showed a staggered fluctuation; the qualified rate rose from 69% to 92.3%
from 2001 to 2006, decreased to 50% from 2006 to 2011, and presented an upward trend from 2011
to 2015, reaching 81.4% in 2015. The changes in water quality for major river sections were mainly
affected by economic development and surveillance of the water environment; that is to say, water
quality was influenced by regional development [56]. From 2006 to 2011, after the implementation of
the Guizhou industrial development strategy, pollution increased. As a result, green development
was encouraged in the 2011-2015 period and by the development of ecological civilization. “Big data”
and other low-pollution industries were emphasized. More attention was given to sewage treatment,
supervision of environmental water quality, and urban living wastewater treatment, which resulted in
improved water quality.

As a whole, the improvement of the effect subgroup was mainly due to factors such as the
increased rate in forest coverage, the reduction in water consumption per added value of industry, and
the transformation of the industrial structure.

5.4. Analysis of Changes in the Water Resource Response Subgroup

The water resource security response subgroup has been successful in improving the water
resource security. From the perspective of the response subgroup indicators (Figure 4d):

(1) Water conservancy investment (R8) and soil erosion management (R9) contributed significantly to
water resource security (the rising trend in optimal correlation index is apparent): the investment
in water conservancy construction and soil erosion control increased; the investment in water
conservancy infrastructure construction was USD 3.08 billion in 2015; and, the total area of water
and soil erosion in the 2001-2015 period covered 11,700 km?, accounting for 6.64% of the total
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land area of the province. Previous studies have shown that continuous investment in resources
significantly improved the water resource security [37].

(2) The improvement of industrial production technology and basic water conservancy facilities
significantly improved the use efficiency of water resources [57]. The water consumption per
unit of GDP (R4) and the water consumption for irrigation per unit farmland (R5) significantly
decreased, indicating that the use efficiency of water resource increased significantly. The tertiary
industry has a relatively low consumption of water resources [58]. The significant increase in the
proportion of the tertiary industry (R7) has further reduced water consumption per unit of GDP.

(3) Regarding sewage treatment, the domestic sewage treatment rate (R3) increased significantly,
reaching 90% in 2015; the per unit of GDP pollutant reduction rate (R2) did not change much
from 2001 to 2013 and continued to increase from 2013 to 2015.

Guizhou Province has advocated green development, and continued to strengthen
emission-reduction measures, eliminate obsolete production capacity, and improve production
processes, which have all significantly increased the emission-reduction rate per unit of GDP from
pollutants [56,59].

The response subgroup has significantly improved water resource security. There is still much
room for improvement in such influential factors as investment in water conservancy, area control of
soil erosion, sewage treatment rate, and pollutant reduction rate per unit of GDP. It is necessary to
strengthen guidance in policy and further increase the effectiveness of response measures to achieve
and maintain a high standard of water security [7].

6. Conclusions

This study based on the PSER conceptual model, applied the entropy weight and TOPSIS-grey
correlation model to evaluate water resource security in Guizhou Province from 2001 to 2015.
The following main conclusions were drawn:

(1) Inthe 20012015 period, the security of the water resource in Guizhou improved. The sustainable
improvements in the effect and the response subgroups were the main influencing factors for
water resource security improvement. Specifically, the most significant factors included the forest
coverage rate, the water consumption per USD of industrial added value, the proportion of the
tertiary industry, the investment in water conservancy, and the management of water and soil
erosion. The increased pressure on water resource security and the instability of water resource
security are the main factors negatively impacting water resource security, which has been largely
due to the use of chemical fertilizers, economic density, annual average GDP growth rate, waste
water discharge, and surface runoff.

(2) The water resource subgroup indicators show that the reduction in waste water discharge,
the use of chemical fertilizers, the improvement of domestic sewage treatment, the reduction
in pollutants per unit of GDP, and the water quality of the main river will greatly improve
water resource security, and thus they need to be further strengthened. Within the scope of the
water resource carrying capacity, an increase in the underground water supply, a reduction in
water consumption per unit industrial added value, strengthened soil erosion management, and
improved desertification treatment and higher forest coverage rates have greatly contributed to
improved water security. In addition, industrial restructuring, investment in water conservancy,
construction of large and medium-sized reservoirs, and other water conservancy facilities have
contributed to promoting the security of water resources.

Opverall, the water resource security assessment based on the PSER model can objectively reflect the
source of pressure on the water resource security system, the efficiency of existing response measures
in decreasing water resource system stress, and the effect of natural factors such as precipitation
on water resource security. It has important scientific reference value for the government to perfect
water resource management with the most economical and effective measures under the constraint of
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limited resources. However, the assessment of water resource security presented in this article did not
consider the cyclical process of water resource in the natural-social binary system, i.e., natural water-use
facilities—actual economic and social ecological environment and other actual water departments—actual
consumption or infiltration and emissions return to nature. In the future, the cyclical process of water
resource in nature—society systems need to be further considered to provide support for developing
better water resource management measures.
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