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Abstract: The water resources carrying capacity (WRCC) strongly determines the agricultural de-
velopment in arid areas. Evaluation of WRCC is important in balancing the availability of water
resources with society’s economic and environmental demands. Given the demand for sustainable
utilization of agricultural water resources, we combine the water stress index and comprehensive
index of WRCC and use multi-source data to evaluate agricultural WRCC and its influencing factors
at the township scale. It makes up for the deficiencies of current research, such as the existence of
single-index evaluation systems, limited calibration data, and a lack of a sub-watershed (i.e., town-
ship) scale. By applying multi-source data, this study expands the spatial scale of WRCC assessment
and establishes a multidimensional evaluation framework for the water resources in dryland agricul-
ture. The results indicate water stress index ranges from 0.52 to 1.67, and the comprehensive index of
WRCC ranges from 0.25 to 0.70, which are significantly different in different types of irrigation areas
and townships. Water quantity and water management are key factors influencing WRCC, the water
ecosystem is an area requiring improvement, and the water environment is not a current constraint.
Different irrigation areas and different types of townships should implement targeted measures to
improve WRCC.

Keywords: agriculture in arid regions; water resources carrying capacity; township scale; water
stress index

1. Introduction

The term water resources carrying capacity (WRCC) refers to the maximum popula-
tion and the socioeconomic development scale that can be maintained by regional water
resources at a certain level of social and economic development [1]. It is also a measure
of water resources at a given spatial and temporal scale [2]. The purpose of research into
WRCC is to identify a social and economic development model that matches the available
water resources. It is crucial to plan the future social and economic development scale and
mode according to the supply and demand of regional water resources [3]. The evaluation
of WRCC has been widely used to study the water supply and demand balance and ecosys-
tem protection required by the economic development of industry, agriculture, and cities in
a certain region, especially in water-scarce regions [4–6]. This is of great significance for
strengthening the scientific management of regional water resources, maintaining regional
ecological security, and ensuring sustainable development.

In a broader sense, the evaluation of natural resource carrying capacity includes the
measurement of the current resources and environment’s bearing status on economic and
social development, as well as the quantification of the scale of the carrying object, but
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there are few studies on the combination of the two. Common evaluation methods include
ecological footprint, the state-space method, index evaluation method, system dynamics,
energy analysis method, and multi-objective decision making [7–9]. The evaluation focus
and applicable objects vary among each of these methods. In terms of research scale,
most studies have been conducted at larger scales, such as in provinces, prefecture-level
cities, counties, regions, and river basins [10–13]. Some researchers have tried to establish
unique frameworks for small-scale study areas like an irrigation district, such as a hydro-
economic or water accounting oriented system [14–16]. However, because of the difficulty in
obtaining data at the small study scale, there remains a lack of research at the township scale.

For the study of WRCC, international scholars have mainly focused on water secu-
rity [17–19], whereas Chinese scholars have focused on the concept and connotation of
WRCC [20–22]. Scholars generally believe that WRCC covers the water resources system,
the economic and social system, and the ecological system [18–23]. The WRCC is defined
by four dimensions: water quantity, water quality, water area, and water flow [24–26]. The
evaluation methods of WRCC include the empirical formula method, the comprehensive
evaluation method, the system analysis method, and quota water consumption [21–25].
The calculation of WRCC mainly involves quantitatively measuring the levels of economic
and population development that regional water resources can support [27,28].

Many studies have also considered the factors influencing WRCC. WRCC is a complex
system composed of the water resources environment and social and economic systems.
There are many factors that affect the carrying capacity of water resources. Water resources
factors include the quantity and quality of water sources, the development and utilization of
water resources, and the self-purification capacity of water bodies [8,29]. Economic factors
include the level of economic development, productivity, and economic structure [18,30].
Social factors include population size and growth rate, labor force quality, urbanization
rate, and the level and mode of social consumption [31,32]. The environmental factors
include the quantity and quality of environmental elements [10,33]. There is a complex
network of relationships among the variables, and they interact to form the region-specific
WRCC. The load status of WRCC changes with the transformation of the above factors.
Therefore, it is necessary to select scientific index systems and methods to identify the main
factors affecting the WRCC so as to improve the water resources carrying capacity level.

According to the existing literature, there remain certain limitations in the study
of WRCC, which can be summarized as follows. First, many studies have evaluated
single element carrying capacity of water resources systems, such as water resources
carrying capacity, water environment carrying capacity, and water ecological carrying
capacity [34–36]. However, there is still a lack of research on the comprehensive carrying
capacity of the integration of water resources, water ecology, and the water environment.
Second, there are few studies combining the evaluation of water resources carrying state
with the quantitative calculation of carrying capacity. Finally, a township is a composite
ecosystem integrating natural resources, the ecological environment, and economic and
social elements. It frequently exchanges materials and energy with the outside world,
causing difficulties in evaluating it through scale changes [37]. Moreover, it is difficult
to obtain data on water use and economic and social development at the township scale;
correspondingly, there are relatively few studies considering WRCC at the township scale.

In the context of global warming and the rapid progress of urbanization and indus-
trialization, the problems of water shortage, pollution of the water environment, water
ecological imbalance, and the threat of drought and flood disasters in arid and semi-arid
regions are becoming increasingly prominent. The regional water resources development
and utilization intensity approaches or even exceeds the carrying capacity limit [38–41].
The WRCC has become a major shortcoming restricting the sustainable development of
agriculture in arid and semi-arid regions. The evaluation of agricultural WRCC in arid
and semi-arid regions is crucial for increasing food production, improving water resources
utilization efficiency, and promoting economic development.
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As a typical irrigation area in the arid region of Northwest China, the Heihe River Basin
accounts for 90% of the total water consumption. The carrying capacity of water resources
is a restrictive factor for the sustainable development of agriculture in the region. In this
study, we considered villages and towns in the middle reaches of the Heihe River in the
arid region of Northwest China and systematically analyzed the current research progress
of WRCC evaluation indicators. An open and scalable water resource comprehensive
carrying capacity evaluation framework was established based on the realistic demand for
sustainable utilization of agricultural water resources in arid areas. Then we carried out
a comprehensive evaluation of WRCC at the town scale together with an analysis of key
influencing factors by using multi-source data.

The contributions of this paper are as follows: (1) From the perspective of multiple
factors, based on control indicators and comprehensive indexes, we established a set of
evaluation indicators and application framework for the comprehensive carrying capacity
of agricultural water resources at the township scale in inland river basins in arid regions.
This expands the spatial scale of the WRCC assessment. (2) Through the combination of
multi-source data such as simulation data, remote sensing data, monitoring data, statistical
data, and questionnaire survey data, the feasibility of applying multi-source data to carry
out the evaluation of agricultural WRCC at the township scale was examined. (3) The key
factors affecting the WRCC of townships were explored for different water use types and
different development types in the study area. This will provide useful support for the
subsequent formulation of regulatory policies and measures for the carrying capacity of
agricultural water resources in the same type of river basin.

The remainder of the paper is structured as follows. The materials and methods
section introduces the research method and the construction of the evaluation index system.
The results section analyzes the evaluation results of the comprehensive carrying capacity
of agricultural water resources in townships and villages from different perspectives and
further explores the influencing factors of WRCC. The discussion section provides in-depth
analysis of the observed results. The conclusion section, combined with the evaluation
results, puts forward suggestions for improving agricultural WRCC in townships and
further discusses the limitations of this paper and future research directions.

2. Materials and Methods
2.1. Study Area

The Heihe River Basin is the second-largest inland river basin in China. The Ganzhou
District of Zhangye City is located in the middle reaches of the Heihe River. It has a
typical temperate continental climate with low annual precipitation and high evaporation.
The Zhangye Oasis Basin is the most concentrated irrigated agricultural area in the entire
basin. The Heihe River Basin is a resource-based water shortage area. The average per
capita water resources occupation in Zhangye City for many years is 1190 m3 per person,
which is far lower than the national and world per capita water resources [42]. The stable
supply of water resources in the region guarantees the carrying capacity of water resources.
The annual average natural runoff in Ganzhou District is 1.651 billion m3, and the water
mainly comes from the main stream of the Heihe River. The available water volume
in Ganzhou, Linze, and Gaotai counties in the middle reaches of the Heihe River has
averaged only 630 million m3 for many years, while the average annual water consumption
in Ganzhou District alone reached 750 million m3 from 2015 to 2019. Water demand
exceeds water supply too much, so the supply and demand situation of water resources is
severely imbalanced [43]. Ganzhou District governs 18 townships, which are distributed
in eight irrigation districts of three types: Heihe Irrigation Area, Spring Irrigation Area,
and Mountain Irrigation Area. Considering the differences in the mode of water use and
economic development in agricultural production in townships, we examined a township in
each irrigation area. Correspondingly, eight towns (Huazhai Township, Anyang Township,
Daman Town, Ganjun Town, Liangjiadun Town, Longqu Township, Shajing Town, and
Wujiang Town) were selected (Figure 1).
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Figure 1. Overview of the study area and the locations of the eight townships.

Ganzhou District is the main producing area of national agricultural products, and the
whole area belongs to the provincial key development zone. The mountain area belongs
to the Qilian Mountains National Nature Reserve. Moreover, it is also an important area
for windbreak and sand fixation in the middle reaches of the Heihe River and water
source conservation in the Qilian Mountains. The towns were categorized according to
the different irrigation areas (Mountain Irrigation Area, Heihe Irrigation Area, and Spring
Irrigation Area) and the main function in the region (agricultural product supply, industrial
agglomeration, and ecological). The descriptions of each township are shown in Table 1.

Table 1. Description of the eight studied townships.

Irrigation District
Type Township Name Irrigation District Irrigation Method Township Type

Mountain Irrigation
Area

Anyang Township Anyang Irrigation District Surface resources Agricultural product
supply

Huazhai Township Huazhai Irrigation District Surface resources Ecological

Heihe Irrigation
Area

Daman Town Daman Irrigation District
Mixed irrigation with

groundwater resources
and surface resources

Ecological

Ganjun Town Ganjun Irrigation District Surface resources Ecological

Liangjiadun Town Yingke Irrigation District
Mixed irrigation with

groundwater resources
and surface resources

Industrial
agglomeration

Longqu Township Shangsan Irrigation
District Surface resources Industrial

agglomeration

Shajing Town Xigan Irrigation District
Mixed irrigation with

groundwater resources
and surface resources

Agricultural product
supply

Spring Irrigation
Area Wujiang Town Wujiang Irrigation District Surface resources Agricultural product

supply



Agriculture 2022, 12, 700 5 of 24

2.2. Evaluation Index System for Water Resources Carrying Capacity in Townships

From the perspective of the realistic demand for sustainable utilization of water
resources in agriculture in arid areas, this study combined control indicators and compre-
hensive indexes. The relationship between water supply and demand was the main focus,
and the towns and villages in the Heihe irrigation areas were the research objects. This
research focused on the support status and scale of the township water resources system
(carrier) to the economy and society (carrying object). The comprehensive WRCC was
analyzed and characterized from the four dimensions of water quantity, water environ-
ment, water ecology, and water management (Figure 2). The evaluation of water resources
carrying status was combined with the quantitative calculation of carrying capacity, and
multi-source data were applied to carry out a comprehensive evaluation of the WRCC at
the township scale and to analyze the key influencing factors of the WRCC.
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To address the problem of a single data source of the WRCC evaluation index in
previous studies, we integrated data from various sources, absorbed the characteristics of
different data sources, and then extracted a higher amount of information compared with
the single data source. This increased the accuracy and completeness of the evaluation index
system of the WRCC. Based on the analysis of the basic connotation, main dimensions, and
water resources system of the agricultural WRCC of the towns in the middle reaches of the
Heihe River, we included data from multiple sources, including simulations, remote sensing,
monitoring, statistical, and questionnaire surveys. The carrying capacity of township water
resources was taken as the target layer, and four system layers were constructed (water
quantity, water environment, water ecology, and water management) together with a
carrying capacity evaluation index system including 20 evaluation indicators (Table A1).

The water quantity is the total amount of water resources that sustain human survival,
living and production. This paper selects the following indicators to measure the water
resources that people use for agricultural production and economic activities: water re-
sources available per capita, collectively owned storage ponds and dams, water production
quantity, ratio of the total amount of water consumption, ratio of industrial to agricultural
income, rate of change in cultivated land area, groundwater exploitation potential, and
water stress index. The water environment is the space where water is formed, distributed,
and transformed in nature. It is a water body directly or indirectly affecting human life



Agriculture 2022, 12, 700 6 of 24

and development. The following indicators reflect various natural and social factors re-
lated to water environments: pesticide usage of arable land, fertilizer applied of arable
land, centralized sewage disposal capacity, domestic waste innocuous disposal capacity,
and water quality compliance rate of centralized drinking water sources. Water ecology
refers to the interaction and mutual restriction between biological communities and water
environments. Through material circulation and energy flow, they together constitute a
dynamic balance system with a certain structure and function. In this paper, the water-
wading ecosystem area ratio and the ratio of forest and grass area are selected to measure
water ecology. Water management refers to the management of the planning, development,
distribution, and efficient use of water sources under hydrological policies and laws. We
select indicators to measure water management status from the following aspects: water
rights trading, intactness of channel works, the proportion of high-standard farmland area,
water-saving awareness of farmers, and farmers’ water resources satisfaction. The index
system and calculation methods of each index are shown in Table 2.

Table 2. Evaluation index system for the comprehensive carrying capacity of agricultural water
resources in townships.

System Layer Index Layer Index Calculation

B1 Water
Quantity

C1 Water resources available per
capita Initial water rights per capita.

C2 Collectively owned storage ponds
and dams

Capacity of collectively owned reservoirs and ponds in each
township

C3 Water production quantity Self-produced water volume in each township area

C4 Water consumption per 10,000
yuan of total economic income

Ratio of the total amount of water consumption in the township to
the total economic income of 10,000 yuan (the water consumption

includes domestic, aquaculture, irrigation, and industrial water, and
the water use quota for each part is calculated based on the relevant

data of production and living)

C5 Ratio of industrial to agricultural
income

Ratio of total industrial income to total agricultural production
income in each township

C6 Rate of change in cultivated land
area

Rate of change of cultivated land area in each township from 2010 to
2020 (the cultivated land area data comes from land use data, with a

spatial resolution of 100 m, and the data source is
http://www.resdc.cn, accessed on 1 December 2021)

C7 Groundwater exploitation
potential

Ratio of the allowable extraction of groundwater to the actual
extraction of groundwater in each irrigation district

C8 Water stress index Ratio of township water consumption to available water resources
(initial water rights)

B2 Water
Environment

C9 Pesticide usage per unit of arable
land

Household-scale data from each township obtained through a
questionnaire survey

C10 Amount of fertilizer applied per
unit of arable land

Household-scale data from each township obtained through a
questionnaire survey

C11 Centralized sewage disposal
capacity per capita

Daily centralized sewage treatment volume per person in each
township sewage treatment facility

C12 Per capita domestic waste
innocuous disposal capacity

Annual per capita harmless disposal of domestic waste in each
township

C13 Water quality compliance rate of
centralized drinking water sources

Proportion of the monitoring results of centralized drinking water
source water quality above the class III standard in each township

http://www.resdc.cn
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Table 2. Cont.

System Layer Index Layer Index Calculation

B3 Water Ecology

C14 Water-wading ecosystem area
ratio

Area ratio of water-related ecosystems (e.g., canals, wetlands,
reservoirs, ponds, tidal flats) in each township (calculated based on

2020 land use data)

C15 Ratio of forest and grass area Ratio of forest and grassland area to regional land area in each
township (calculated based on 2020 land use data)

B4 Water
Management

C16 Water rights trading volume
Average number of acres of cultivated land transferred by farmers in

each township
(obtained through surveys of rural households in villages and towns)

C17 Intactness ratio of channel works Ratio of the intact channel length to the total length of channels in
each irrigation area

C18 Proportion of high-standard
farmland area

Ratio of high-standard farmland construction area to total farmland
area in each township

C19 Water saving awareness
Water-saving awareness of farmer in each township based on two

perspectives: the willingness to adjust the planting structure and the
willingness to use water-saving technologies

C20 Water resources satisfaction

Water resources satisfaction for each township farmer was
determined by a survey based on three perspectives: water quantity

satisfaction, water quality satisfaction, and water environment
satisfaction

2.3. Research Methods

Firstly, this study evaluates the WRCC status of representative townships by calcu-
lating the water stress index, which assesses water resources bearing status. Secondly,
we construct an index system to measure agricultural WRCC, standardize indicators and
calculate the weight of each index, and obtain the comprehensive index of WRCC of
each township. Finally, combined with the questionnaire survey data, this paper uses
importance-performance analysis (IPA) to analyze the influencing factors of agricultural
WRCC. The flow chart of the methodology is shown in Figure 3.

2.3.1. The Control Index and the Comprehensive Index

A control index and a comprehensive index were applied to reflect the state of agricul-
tural WRCC in townships. The control index refers to the indicators related to the control
and management of the WRCC [44]. The comprehensive index refers to the analysis of
comprehensive indicators and statistical data. Moreover, it is able to comprehensively and
objectively reflect the basic situation of the WRCC in a region [45].

The water stress index, which reflects the relationship between water supply [46]
(available water resources) and water consumption [47,48], was used as the control in-
dex. The water supply reflects the support of the water resources system, and the water
consumption reflects pressures on the water resources system [49,50]. If this index ex-
ceeds a certain threshold (Table 3), the current state of the WRCC is determined to be
overloaded [51]. The overload state indicates that the WRCC in this region is insufficient,
which could lead to problems in the continued utilization of water resources [52,53].
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Table 3. Evaluation criteria for control index of water resources carrying capacity in townships.

Water Resource
Carrying Status Overload Critical Overload No Overload

Water stress index R > 1 R = 1 R < 1

For all conditions in which the control index is not overloaded, the comprehensive
index is calculated to reflect the comprehensive state of the agricultural WRCC of each
township. With consideration of the regional water resources system and economic and
social development, the comprehensive index can be divided into four bearing states:
extremely fragile, fragile, generally acceptable, and acceptable (Table 4).

The comprehensive index of the WRCC was obtained by using the standardized
numerical weighting of each index, determined as follows:

WRCC =
20

∑
i=1

(X∗ ×W)

WRCC is the comprehensive index of the water resources carrying capacity, X∗ is the stan-
dardized value of each index, and W is the combined weight of each index corresponding
to the target layer, as calculated by the analytic hierarchy process (AHP) defined below.



Agriculture 2022, 12, 700 9 of 24

Table 4. Evaluation standard of comprehensive index of water resources carrying capacity.

Comprehensive Index of Water
Resources Carrying Capacity

Water Resource Carrying
Status Status Explanation

(0, 0.25) Extremely fragile
The water system is not working well. Its economic and
social carrying capacity is in a critical state, and there are

obvious weaknesses in various fields

(0.25, 0.50) Fragile
The operation of water resources system is manageable;
however, its economic and societal carrying capacity is

weak, and there are clear restrictive factors

(0.50, 0.75) Generally acceptable
The water resources system is operating well. It adapts to

the current economic and social scale, but there are
constraints in some areas

(0.75, 1) Acceptable

The water resources system is in a state of sustainable
utilization. It has strong carrying capacity for the status of

the economy and society, and there are no obvious
restrictive factors

2.3.2. Standardization of Indicators

The extreme value standardization method was used to standardize each index to
complete the linear transformation of the original data [54]. According to the role of each
index in the overall objective of evaluating the WRCC of townships, each index was divided
into positive and negative indicators. The standardization method was as follows:

For positive indicators:

X∗ =
Xi −minXi

maxXi −minXi

For negative indicators:

X∗ =
maxXi − Xi

maxXi −minXi

where Xi is the original index data of the evaluation year; X∗ is the standardized data of
each index; and maxXi and minXi are the maximum and minimum values of the indexes,
respectively. The extreme value mainly refers to the index values of the 18 townships in
Ganzhou District, and it also considers the relevant policy goals.

2.3.3. Analytic Hierarchy Process (AHP)

AHP is a simple, flexible, and practical multi-criteria decision-making method for
quantitative analysis of qualitative problems. Its characteristic is to organize various
factors in complex problems by dividing them into orderly levels of interrelatedness [55].
According to the subjective judgment structure of a certain objective reality (mainly a
pairwise comparison), AHP directly and effectively combines the expert opinion [56], and
the objective judgment result of the analyst and quantitatively describes the importance
of the pairwise comparison at the same level. Then, mathematical methods are used to
calculate the weights reflecting the relative importance order of the elements of each level,
and the relative weights of all elements are calculated and sorted through the total ordering
among all levels [57]. AHP has the following advantages [58]: (1) AHP establishes the
hierarchy of all elements (including non-quantification and quantification) and clearly
presents the relationship between each layer, each criterion, and each element. (2) The
evaluation procedure is simplified, and the calculation process is simple and easy to
understand. (3) If there are omissions or deficiencies in the research data, the importance of
each element can still be obtained. (4) The AHP method can better integrate stakeholders
such as local governments, local residents, and researchers to participate in decision making.
Based on the above reasons, this paper selects AHP to obtain the weights of different target
importances.
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The AHP is a decision-making method that decomposes decision-related elements into
levels, such as goals, criteria, and plans, and then is used to conduct qualitative and quanti-
tative analysis [55]. The use of AHP to calculate the weight of indicators involves judging
the importance of each indicator and quantifying qualitative judgments. The relative impor-
tance of low-level factors to high-level factors is judged and measured through experience
and expert scoring (Table A2), and the weights are ranked according to the degree of
importance (Table A3), which can then be quantitatively analyzed and compared. Based
on the importance of each indicator, the importance comparison of different indicators is
carried out around the system-level objectives of the indicator system [59]. Then, based on
the evaluation index system, a hierarchical structure model of WRCC evaluation is built
(Figure A1). Finally, the judgment matrix (Tables A4–A8) is constructed, its consistency is
checked, and the index weight results can be obtained after passing the test.

The basic intention of the AHP is to hierarchize the problem to be analyzed. The
problem is then decomposed into different components according to the nature of the
problem and the overall goal to be achieved. According to the related influence of these
factors and their subordinate relationship, the factors are aggregated and combined at
different levels to form a multi-level analysis structure model. The problems are compared
with reference to their advantages and disadvantages and finally ranked. In this paper, the
analytic hierarchy process software yaahp is used to calculate the index weight and check
the consistency.

2.3.4. Importance-Performance Analysis (IPA)

IPA was originally proposed by Martilla and James in the field of marketing in 1977,
including importance (I) and performance (P) [60]. The core idea is that users attach
importance to various attributes of the products and evaluate the performance of the
products. At present, the IPA model has been widely used to analyze the importance and
performance differences of evaluation indicators. Importance (I) refers to the value of the
impact factors to the research object, and performance (P) refers to the actual performance
of the impact factors. The IPA analysis method compares the importance and performance
of the measurement indicators and reflects the relative importance and performance of
each indicator. It takes the performance value of the measurement index as the X-axis
and the importance value of the measurement index as the Y-axis to construct a two-
dimensional coordinate system. Although the IPA evaluation index is very simple, it
has high practicability and is suitable for providing more visualized data for decision
makers. In general, the IPA method has four characteristics of low cost, easy operation,
accurate analysis, and intuitive conclusion, which is beneficial to translate the evaluation
results directly into actions. The method is based on an objective and professional analysis
system and incorporates an open process of public participation, as well as direct feedback
guidance for optimal decision making. Based on these, this paper selects IPA to analyze the
key influencing factors of the agricultural WRCC of the townships in Ganzhou District.

Firstly, a questionnaire survey is adopted to allow farmers to evaluate the influencing
factors of WRCC by using a five-point Likert scale. Secondly, calculate the average of the
scores of all the influencing factors, and obtain the overall average importance and average
performance. Finally, take the actual performance level of each factor as the horizontal axis,
its importance level as the vertical axis, and the median or overall mean of the two factors
as the origin of the coordinate, where the coordinate system is divided into four quadrants
(Figure 4). In addition, fill in the influencing factors into the corresponding quadrants
according to the evaluation value [61].
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Figure 4. Schematic of the importance-performance analysis.

The evaluation performance and importance of each factor in Quadrant I are higher
than the average, and these factors are the key factors that should be maintained to ensure a
good WRCC. The factors in Quadrant II are low-performance but high-importance factors,
representing factors that need to be improved. Factors in Quadrant III are low-performance
and low-importance factors, which are secondary consideration factors. Factors in Quad-
rant IV are high-performance and low-importance factors, representing factors on which
efforts should be reduced.

3. Results
3.1. Evaluation of Water Resources Carrying Capacity
3.1.1. Evaluation Index Weight

The weight results for the system layer and the index layer based on AHP are shown in
Tables 5 and A9. At the system level, the current water quantity (B1) and water management
system (B4) were identified as the most important for the carrying capacity of agricultural
water resources in townships in Ganzhou District, with a weight of 0.29. This was followed
by the water environment system (B2) with a weight of 0.24 and the water ecosystem (B3)
with a relatively small weight of 0.18. The water ecosystem area ratio (C14) and the forest
and grass area ratio (C15) have the largest weights, indicating that these two indicators are
important influences on the agricultural WRCC of townships in Ganzhou District. On the
whole, the importance of the indicators was similar in each system layer, and the weights
were relatively balanced except for B3. This indicates that each index is almost equally
important to the evaluation of the agricultural WRCC of townships under the current level
of water resources utilization and economic and social development.

Table 5. Evaluation index weights for township WRCC.

System Layer
System Layer

Corresponding
Target Layer Weight

Index Layer Attribute of the
Indicator

Index Layer
Corresponding to

System Layer Weight

Index Layer
Corresponding to

Target Layer
Combination Weight

B1 0.29

C1 positive 0.14 0.04
C2 positive 0.11 0.03
C3 positive 0.14 0.04
C4 positive 0.11 0.03
C5 positive 0.14 0.04
C6 negative 0.09 0.03
C7 positive 0.11 0.03
C8 negative 0.14 0.04
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Table 5. Cont.

System Layer
System Layer

Corresponding
Target Layer Weight

Index Layer Attribute of the
Indicator

Index Layer
Corresponding to

System Layer Weight

Index Layer
Corresponding to

Target Layer
Combination Weight

B2 0.24

C9 negative 0.20 0.05
C10 negative 0.20 0.05
C11 positive 0.20 0.05
C12 positive 0.15 0.04
C13 positive 0.25 0.06

B3 0.18
C14 positive 0.57 0.10
C15 positive 0.43 0.08

B4 0.29

C16 positive 0.16 0.05
C17 positive 0.21 0.06
C18 positive 0.21 0.06
C19 positive 0.21 0.06
C20 positive 0.21 0.06

3.1.2. Evaluation of Controlling Index

The water stress index reveals the relationship between the annual agricultural water
demand of each township and the total water consumption control target (initial water
right amount). Among the eight representative townships, the water stress index values
exceed 1 for Wujiang Town, Anyang Township, and Shajing Town, which are 1.67, 1.28,
and 1.25, respectively. Under the total water consumption control target, the pressure
of the water resources system represented by water consumption exceeds the support
capacity represented by the water supply in these three towns. This means that the water
systems of these townships are under enormous pressure. The water resources systems of
Liangjiadun Town, Longqu Township, Huazhai Township, Daman Town, and Ganjun Town
still have some supporting capacity, with water stress indices of 0.88, 0.72, 0.68, 0.53, and
0.52, respectively (Figure 5 and Table 6). Among these, the water stress index of Wujiang
Town is the largest, at 1.67. Field investigation found that Wujiang Town, as a major crop
production area, faces huge water demand. However, the water conservancy engineering
facilities are few and old, and the lack of water-saving facilities leads to backward irrigation
methods, so the water stress index is the largest. Owing to the introduction of dryland
crops and the popularization of water-saving concepts, the supply and demand of water
resources in Ganjun Town are relatively balanced, and the water stress index is the smallest
at 0.52.

3.1.3. Comprehensive Index Evaluation of Water Resources Carrying Capacity

A comprehensive index of WRCC was constructed based on four dimensions: water
quantity, water environment, water ecology, and water management. We then selected
the key indicators closely related to the water resources system of the towns in Ganzhou
District to comprehensively evaluate the current status of the agricultural WRCC of the
towns. Moreover, the main control points of WRCC were determined for each township by
analyzing the key restrictive factors. Table 6 shows the evaluation results of agricultural
WRCC of representative townships in Ganzhou District. The WRCC of three townships
(Wujiang Town, Anyang Township, and Shajing Town) was in a state of overload. The
WRCC of the remaining five townships (Huazhai Township, Daman Town, Ganjun Town,
Liangjiadun Town, and Longqu Township) was not overloaded. The available water
volume of these five townships was maintained in surplus under the strictest water resource
management policies, which can support the sustainable development of the population
and economy in the future.
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Table 6. Evaluation results of WRCC of typical townships in Ganzhou District in 2021.

Irrigation
District

Type
Township Type Township

Name

Control Index
Water Resources Carrying

Capacity
Comprehensive Index Comprehensive

Evaluation
Water Stress

Index
Bearing

State
Comprehensive

Index
Bearing

State

Mountain
Irrigation Area

Agricultural
product supply

Anyang
Township 1.28 Overload 0.54 Overload

Ecological Huazhai
Township 0.68 No

overload 0.70 Generally
acceptable

Generally
acceptable

Heihe Irrigation
Area

Ecological Daman Town 0.53 No
overload 0.44 Fragile Fragile

Ecological Ganjun Town 0.52 No
overload 0.48 Fragile Fragile

Industrial
agglomeration

Liangjiadun
Town 0.88 No

overload 0.41 Fragile Fragile

Industrial
agglomeration

Longqu
Township 0.72 No

overload 0.39 Fragile Fragile

Agricultural
product supply Shajing Town 1.25 Overload 0.25 Overload

Spring Irrigation
Area

Agricultural
product supply Wujiang Town 1.67 Overload 0.48 Overload

3.2. Factors Influencing Water Resources Carrying Capacity

In this paper, the index performance level (normalized index value) and the importance
level (index weight) of agricultural WRCC were used as the coordinate axes, and the average
value of the two was used as the coordinate origin to construct an IPA analysis chart. The
importance and performance analysis of factors affecting WRCC are shown in Figure 6.
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4. Discussion
4.1. Analysis of Comprehensive Agricultural Water Resources Carrying Capacity

Under the strictest water resource management policies and total water use control
targets, the evaluation results of the control index (water stress index) show that the water
stress index in Mountain Irrigation Area and Spring Irrigation Area was large (>1), and the
water resources system was under great pressure. The township water stress index in Heihe
Irrigation Area was small (<1), and the water resources system retained some supporting
capacity. The water stress index of agricultural product supply towns was relatively large
(>1), that of the industrial agglomeration townships was close to the critical overload state
(close to 1), and the water stress index of ecological townships was relatively small (<1).
Different irrigation areas and different types of townships should implement targeted
measures to improve the carrying capacity of agricultural water resources in key areas.

The comprehensive index of WRCC identified Anyang Township, Wujiang Town, and
Shajing Town as being in an overloaded state due to an overloaded water stress index.
Moreover, the comprehensive index of Shajing Town was relatively small (0.25), indicating
that Shajing Town retains some shortcomings in related key areas, which are the key focus
of improving the carrying capacity of agricultural water resources in the region. Huazhai
Township, which belongs to the mountain irrigation area, comprises a large area of arable
land. However, as a result of the low availability of agricultural water resources and
more sloping land, the irrigation area is not large, and some cultivated land along the
mountainous area remains unirrigated. The township mainly grows cereal crops with
low water consumption, so the water demand for agricultural production is relatively
small. Therefore, the comprehensive index has a maximum of 0.70, which is within the
“generally acceptable” state. Daman Town, Ganjun Town, Liangjiadun Town, and Longqu
Township in Heihe Irrigation District were mainly in the cultivation of grain and vegetables,
thus in a “fragile” state. This shows that the agricultural water resources system is weak
in supporting future economic and social development, and the key indicators of the
water resources system perform poorly. Of these, Longqu Township had the smallest
comprehensive index at 0.39, and it is thus necessary to implement targeted measures to
improve the carrying capacity of agricultural water resources.
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4.2. Analysis of Influencing Factors of Comprehensive Water Resources Carrying Capacity

Overall, the indicators of the agricultural water resources system were mainly dis-
tributed in Quadrants III and IV, indicating that the importance of the water resources
system is less than the average. These are secondary consideration factors and should
receive less effort and focus in the future. The study results reflect that the focus of agri-
cultural WRCC in Ganzhou District has shifted from traditional water quantity to water
management and water ecology. This is related to the relatively stable availability of
agricultural water resources in the middle reaches of the Heihe River.

Agricultural water ecosystem indicators are distributed in Quadrant II, indicating
factors that need to be improved. This suggests that local farmers are currently paying
more attention to improving the regional water ecological conditions and that the local
water ecological environment is relatively fragile. The water environment indicators are
secondary considerations and factors to avoid excessive consideration, which indicates
that the current water environment problem is not the focus of agricultural WRCC. As
for water management indicators, the importance level is higher than the average, but
the performance level of related factors is not high at present, which is the key area of
agricultural WRCC improvement.

The four index factors of water-related ecosystem area ratio (C14), forest and grass
area ratio (C15), high-standard farmland area ratio (C18), and water-saving awareness
(C19) were positioned in Quadrant II. The importance level of these factors was higher than
average, but the actual evaluation performance level was lower than average, indicating
that these are factors that need to be improved. The area of water-related ecosystems
and forests and grasslands in townships is small and has a weak effect on regional water
conservation, soil and water conservation, and water purification. Therefore, improvements
to these areas are not conducive to improving the carrying capacity of agricultural water
resources. It is necessary to promote the construction of high-standard farmland further
and, at the same time, improve the water-saving awareness of farmers in the region.

In addition, the ratio of industrial to agricultural income (C5), water rights transaction
volume (C16), per capita sewage centralized disposal capacity (C11), per capita domestic
waste harmless disposal capacity (C12), and other indicators were positioned in Quadrant
III. These influencing factors are secondary considerations, their evaluation performance
levels are considerably lower, and their importance is close to average. Improving such
factors may further enhance the carrying capacity of rural agricultural water resources.

5. Conclusions

This paper took the townships in the middle reaches of the Heihe River, a typical
irrigation area in the arid region of Northwest China, as the research object. In this study,
simulation data, remote sensing data, monitoring data, statistical data, and questionnaire
survey data were combined to carry out a comprehensive analysis of agricultural WRCC
and its influencing factors based on the control and comprehensive indexes of the repre-
sentative townships of Ganzhou District. It was found that the water stress index and the
comprehensive index of WRCC were significantly different among different types of irriga-
tion areas and different types of townships. Furthermore, targeted measures to improve
the WRCC of agriculture should be implemented in key areas. The IPA of agricultural
WRCC indicators showed that water resources and water management are key aspects
of the WRCC of townships, the water ecosystem is an area requiring improvement, and
the water environment is not currently a constraint. The use of pesticides and fertilizers,
domestic waste, and sewage discharge are potential factors affecting the agricultural WRCC
of townships. Policy makers need to implement proper regulation to maintain strengths,
focus on key improvement factors, and save energy on factors that need secondary consid-
erations. This study constructed a set of evaluation indicators and application framework
for the comprehensive agricultural WRCC at the township scale in arid regions, which
complements the research content and expands the spatial scale of WRCC assessment.



Agriculture 2022, 12, 700 16 of 24

Moreover, the research results of this paper will provide a theoretical basis and decision
support for improving the agricultural WRCC in arid regions.

The evaluation framework of the comprehensive carrying capacity of agricultural
water resources was analyzed from the perspectives of water quantity, water environment,
water ecology, and water management. The results can be applied in general guidance
and developing practical approaches for improving the carrying capacity of agricultural
water resources. Different regions have different constraints on the WRCC. For example,
water quantity and water quality are the key attributes affecting water resources; water
quality restricts the water environment capacity and affects the WRCC. However, the
main problem in inland river basins is insufficient water quantity, and water quality is
not a limiting factor. Therefore, this index system does not include relevant indicators
that directly reflect water quality, such as chemical oxygen demand concentration and
ammonia nitrogen concentration [62,63]. For areas with serious water quality problems, the
evaluation of WRCC needs to be supplemented with the corresponding indicators, such
as total oxygen demand index, total organic carbon index, biochemical oxygen demand
index, total bacteria index, etc. [64,65]. The approach described in this paper is an open and
extensible WRCC evaluation framework, and localized specific indicators can be added to
different regions to reveal regional key issues better.

The relationship between water supply and demand is critical in the evaluation of
WRCC. The balance of water supply and demand depends on certain temporal and spatial
scales and is largely affected by climatic factors and human activities [66,67]. Climate
change is expected to affect the water supply and the water demand (especially agricultural
demand) under economic and social development in a region [68,69]. The limitation of
this paper is that climate change factors are not included in the research framework of
agricultural WRCC. Global climate change has exacerbated the severity of the mismatch
between water supply and demand, increasing the uncertainty and risk of future water re-
sources utilization. Therefore, future research on WRCC should include the comprehensive
influences of climate change, human activities, and economic and social development. The
study on the carrying capacity of water resources still needs in-depth research from the
following aspects: (1) Although there are many types of research methods on WRCC, the
main methods have been established for many years, and new methods and new technolo-
gies are currently lacking. (2) The current main research methods are still insufficient in the
aspects of the index system, scientific evaluation standard, and comprehensive evaluation
dimension. These aspects need to be further improved in future research. (3) The dynamic
research of WRCC needs to be further strengthened. At the same time, researchers should
pay attention to the combination of theory and practice, try to establish a monitoring and
early warning system, and select some areas for demonstration so as to meet the needs of
water resources management in the new era.
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Appendix A

Appendix A.1. Index System Construction

Based on the construction ideas, construction goals and principles of the evaluation
index system, this paper focuses on four dimensions of Water Quantity, Water Environment,
Water Ecology and Water Management. Referring to the various water resource evaluation
indicators involved in related researches, we selected 25 alternative evaluation indicators
through multiple discussions with the research team. After comprehensively considering
the importance of each index and the availability of data, 20 indicators were finally selected
to construct the evaluation index system of township WRCC, as shown in Table A1.

Table A1. Selection of evaluation indexes of WRCC for towns in Ganzhou district.

Indicators Attribute of the Indicator Indicator Selection

Water Quantity Indicators

Water resources available per capita Positive
√

Collectively owned storage ponds and dams Positive
√

Water production quantity Positive
√

Water consumption per 10,000 yuan of total economic income Negative
√

Proportion of water use in the tertiary industry Positive
Ratio of industrial to agricultural income Positive

√

Rate of change in cultivated land area Negative
√

Groundwater exploitation potential Positive
√

Water stress index Negative
√

Water quota compliance rate of key water industries Positive

Water Environment Indicators

Pesticide usage per unit of arable land Negative
√

Amount of fertilizer applied per unit of arable land Negative
√

Livestock and poultry breeding volume per unit area Negative
Centralized sewage disposal capacity per capita Positive

√

Per capita domestic waste innocuous disposal capacity Positive
√

Water quality compliance rate of centralized drinking water sources Positive
√

Water Ecology Indicators

Water-wading ecosystem area ratio Positive
√

Ecological base flow guarantee rate Positive
Ratio of forest and grass area Positive

√

Water Management Indicators

Water rights trading volume Positive
√

Intactness ratio of channel works Positive
√

Proportion of high-standard farmland area Positive
√

Water user association performance Positive
Water saving awareness Positive

√

Water resources satisfaction Positive
√

Appendix A.2. Experts Scoring Method

The expert scoring method refers to the method of consulting the opinions of experts in
relevant fields of the research content, conducting statistical analysis on the expert opinions,
and comprehensively evaluating the opinions of multiple experts. This method is intuitive
and simple to calculate, and can distinguish the importance of each index. Expert scoring-
AHP has the characteristics of simplicity, flexibility and practicality. It combines qualitative
and quantitative analysis together, and is more suitable for the evaluation process with
many evaluation factors lacking of quantitative relationship. The specific scoring method
and basic steps are as follows:

(1) Select expert members with research experience and project experience related to
WRCC, and explain in detail the concept, sequence and the method of scoring.
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(2) The weight range of all importance evaluation indicators is given, which is expressed
by scoring method.

(3) Send each expert a list, check and fill in according to steps 4 to 9, until there is no
change in the expert’s score.

(4) Each expert member marks and scores the importance of each type of indicator, and
obtains the weight score of each evaluation indicator.

(5) All experts compare the marked columns item by item, and discuss whether the scores
evaluated by all experts represent their opinions. If there is anything inappropriateness
or cannot reflect their opinions, they will need to re-score until they are satisfied.

(6) Experts add up the score values of each evaluation index to obtain the total number
of all indicators.

(7) Each expert member divides the score of each index with the total number obtained
in step 6, that is, the weight of each evaluation index is obtained.

(8) Collect all scoring tables, and obtain the average weight of various evaluation indica-
tors, which is the group average weight.

(9) List the averages of each evaluation index, and compare the averages of each group
with the weights obtained in step 7.

(10) After the comparison in step 9, if the expert wants to change the previous scoring, he
needs to go back to step 4 and repeat the entire scoring process from steps 4 to 9. If
there is no objection, the expert scoring ends, and the average weight of the group is
the final weight of each evaluation index.

This study conducted a questionnaire survey among experts in the water resources
management sector and researchers in the field of water resources. We invited experts from
Zhangye Water Affairs Bureau, Ganzhou District Water Affairs Bureau, Qilian Mountain
Water Conservation Forest Research Institute of Gansu Province, Lanzhou University,
Northwest Normal University, Hubei University, Nanjing Institute of Lakes of Chinese
Academy of Sciences, Northwest University of Political Science and Law and other units to
participate in the survey. Among them, there are 4 management decision-making experts
and 9 scholars in related fields. The importance and suitability of the indicators are scored
and judged by the Delphi method, which is an important reference for the selection of
indicators in the construction of the indicator system, and is also an important support
for determining the weight of each indicator by the AHP. A total of 13 expert scoring
questionnaires were obtained, and the average expert scores of the four dimensions are
shown in Table A2.

Table A2. Average scoring results of experts in water quantity, water environment, water ecology,
and water management.

Management
Decision Expert Research Scholar Composite Average

Score

B1 Water Quantity 5.00 4.88 4.92
B2 Water Environment 4.50 4.33 4.38

B3 Water Ecology 4.00 3.89 3.92
B4 Water Management 4.75 4.56 4.61

It can be seen from Table A2 that the water quantity has the highest score in the current
agricultural WRCC evaluation of inland river basins. This suggests that water quantity is a
priority area for WRCC for water-scarce inland river basins. Water management scored
second and had the second highest importance. This shows that under the circumstance
that the amount of water resources cannot be changed in the short term, it is important
for WRCC to improve water use efficiency by optimizing water resources management.
Although management decision-makers and researchers have different average scores for
the four dimensions, both of them believe that at the current development stage, water
quantity and water management are the two most important aspects of WRCC.
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Appendix A.3. AHP Measures Index Weights

Appendix A.3.1. Judging the Importance of Indicators

This paper uses AHP to carry out the weight calculation of the WRCC evaluation
index. The key to using AHP to calculate the index weight is to judge the importance
of each evaluation index and quantify the qualitative judgment. Based on the scores
of evaluation indicators by experts in water resources management departments and
researchers in the field of water resources, the average score of each indicator is used as the
basis for quantifying the importance of each indicator (Table A3). In order to distinguish
the importance of the average score of each index, we assign the average score at [4.5, 5.0]
to 5, [4.0, 4.5) to 4, [3.0, 4.0) to 3, (2.0, 3.0] to 2, and (0, 2.0] to 1. The scores correspond
to very important, important, general, unimportant, and very unimportant, respectively.
Based on the evaluation of the importance of each indicator, the importance comparison of
the two indicators is carried out around the system-level objectives of the indicator system.

Table A3. Quantitative criteria for the importance of indicators.

Indicator Scoring Importance Level

Importance Suitability Very Unimportant Unimportant General Important Very Important

Quantitative
scoring Yes/No 1 2 3 4 5

Appendix A.3.2. Establishing a Hierarchical Model

Based on the above evaluation index system, and according to the hierarchical rela-
tionship of each index, a hierarchical structure model of WRCC evaluation in townships in
Ganzhou District is constructed (Figure A1). The hierarchical structure model is divided
into three layers. Layer A is the target layer (the carrying capacity of water resources in
towns in Ganzhou District), layer B is the system layer (water quantity, water environment,
water ecology and water management), and layer C is the index layer (including 20 specific
indicators).
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Appendix A.3.3. Constructing the Judgment Matrix

Constructing the judgment matrix is a key step in the quantification of hierarchical
model. The judgment matrix represents the relative importance of an element at the
previous level as the criterion for the relevant elements at this level. Comparing the
elements of this level in pairs and according to the hierarchical structure, we build a
judgment matrix layer by layer from top to bottom, and each level element is based on
the adjacent elements of the previous level. This paper adopts the method of assigning
importance of each indicator to compare the indicators in each level, and constructs all
judgment matrices in each level, as shown in Tables A4–A8.

Table A4. A-B judgment matrix.

A1 B1 B2 B3 B4

B1 1 5/4 5/3 1/1
B2 4/5 1 4/3 4/5
B3 3/5 3/4 1 3/5
B4 1 5/4 5/3 1

Table A5. B1-C judgment matrix.

B1 C1 C2 C3 C4 C5 C6 C7 C8

C1 1 5/4 1 5/4 1/1 5/3 5/4 1/1
C2 4/5 1 4/5 1/1 4/5 4/3 1 4/5
C3 1 5/4 1 5/4 1/1 5/3 5/4 1
C4 4/5 1 4/5 1 4/5 4/3 1/1 4/5
C5 1 5/4 1 5/4 1 5/3 5/4 1/1
C6 3/5 3/4 3/5 3/4 3/5 1 3/4 3/5
C7 4/5 1 4/5 1 4/5 4/3 1 4/5
C8 1 5/4 1 5/4 1/1 5/3 5/4 1/1

Table A6. B2-C judgment matrix.

B2 C9 C10 C11 C12 C13

C9 1 1/1 1 4/3 4/5
C10 1 1 1/1 4/3 4/5
C11 1 1 1 4/3 4/5
C12 3/4 3/4 3/4 1 3/5
C13 5/4 5/4 5/4 5/3 1

Table A7. B3-C judgment matrix.

B3 C14 C15

C15 3/4 1

Table A8. B4-C judgment matrix.

B4 C16 C17 C18 C19 C20

C16 1 3/4 3/4 3/4 3/4
C17 4/3 1 1/1 1/1 1/1
C18 4/3 1 1 1/1 1
C19 4/3 1 1 1 1/1
C20 4/3 1/1 1/1 1/1 1
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Appendix A.3.4. Hierarchical Single Ordering

The purpose of single-level ordering is to express the relative importance weight
of an element of this level corresponding to an element of an upper level. This process
can be summed up as finding the maximum eigenroot of the judgment matrix and the
corresponding eigenvectors. This feature vector represents the importance weight of
the element of this layer corresponding to the upper-level criterion element, and after
normalization, it is the weight of the element corresponding to the upper-level criterion
element. That is to solve the W in the following formula:

BW = λmaxW

B is the judgment matrix, λmax is the largest eigenroot of B, W is the corresponding
normalized eigenvector of λmax, and the component of W is the weight of the single
ordering of the corresponding elements of this level.

Appendix A.3.5. Consistency Test

The relative importance of the elements of a certain level can be considered reasonable
only if the judgment matrix passes the consistency test. This paper uses the following
consistency indicators to test the consistency of the judgment matrix:

CI =
λmax − n

n− 1

CR =
CI
RI

CI is the consistency index, CR is the random consistency ratio, and RI is the average
random consistency index. For the 1–9 order matrix, RI can be obtained by checking the
average random consistency index table.

It is generally believed that when CR < 0.1, the judgment matrix has satisfactory
consistency, otherwise the judgment matrix needs to be adjusted. When the λmax of the
judgment matrix is close to n, that is, the closer the value of CI is to 0, the better the
consistency is. When CI = 0, the matrix has complete consistency. All judgment matrices
in this paper satisfy CR < 0.1, pass the consistency test and have satisfactory consistency.

Appendix A.3.6. Index Weight Results

The weights of the system layer and the index layer are calculated according to the
expert scoring-AHP method (Table A9). On the whole, the importance of the indicators
in each system layer is not much different, and the weights are relatively balanced. It
shows that each index is almost equally important to the evaluation target of the WRCC of
the townships.
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Table A9. Evaluation index weights for WRCC of townships.

System Layer
System Layer

Corresponding Target
Layer Weight

Index Layer
Index Layer

Corresponding to
System Layer Weight

Index Layer Corresponding to
Target Layer Combination Weight

B1 0.29

C1 0.14 0.04
C2 0.11 0.03
C3 0.14 0.04
C4 0.11 0.03
C5 0.14 0.04
C6 0.09 0.03
C7 0.11 0.03
C8 0.14 0.04

B2 0.24

C9 0.20 0.05
C10 0.20 0.05
C11 0.20 0.05
C12 0.15 0.04
C13 0.25 0.06

B3 0.18
C14 0.57 0.10
C15 0.43 0.08

B4 0.29

C16 0.16 0.05
C17 0.21 0.06
C18 0.21 0.06
C19 0.21 0.06
C20 0.21 0.06
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