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Abstract

Improving the utilization efficiency of agricultural water resources (AWRUE) in major
grain-producing areas (MGPA) is an effective means to ensure grain production. Using a DEA model
and ESDA, this study explored the temporal and spatial characteristics of AWRUE in the main
grain-producing areas of the middle reaches of the Yangtze River (MRYR) from 2006 to 2020
and analyzed the influencing factors via the Tobit model. The results indicate that (1) from 2006
to 2020, the comprehensive efficiency of AWRUE was 0.733, which was at a high level but not
as effective as that of DEA; (2) AWRUE showed a characteristic of “high in the northwest and low
in the southeast”; and (3) the added value of the primary industry positively impacted AWRUE.
The effective irrigated area, per capita disposable income of rural residents, and per capita water
resources had a negative impact on AWRUE. In the future, the following suggestions should be proposed
to guide the effective utilization of regional water resources: improving water-saving technology,
strengthening publicity and education, conducting regional cooperation and assigning water-saving
strategies. Moreover, scientific references are provided for promoting AWRUE.
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Introduction

In recent years, due to dramatic global climate
change and human disturbance, the ecosystem has
been damaged and water resources have been severely
unbalanced, exacerbating the frequency and severity
of drought [1]. Only 3% of the global water resources
are fresh water [2]. Given the rapid urbanization and
industrialization, the freshwater rivers and lakes that
can be directly used for irrigation are exposed to severe
chemical pollution and heavy metal pollution [3]. China
is a large agricultural country, and large quantities of
ecological water have been consumed by agricultural
production; furthermore, this process has been
accompanied by a series of problems such as cultivated
land pollution, impoverishment, and ,,counterecological”
effects. The middle reaches of the Yangtze River
(MRYR) are important main food-producing areas
in China and they do not only undertake the mission
of protecting national food security but also provide
habitat, water and soil retention, and other ecological
safety functions. Despite the abundance of overall water
resources used in agriculture, only a small portion
of those resources are used per person and per mu of
cultivated land. Along with the problems of rough use of
agricultural water resources and uneven allocation, the
efficiency of agricultural water resources use (AWRUE)
is facing a severe situation [4]. Therefore, improving
AWRUE has become the key to promoting sustainable
agricultural development in the main grain-producing
areas (MGPA) of the MRYR.

Academic research on AWRUE started relatively
early, and a series of research results have been attained
in the fields of measurement methods, spatial and
temporal variation, influencing factors, etc. In research
themes, the focus has been mainly on industrial water
use efficiency, AWRUE, and total factor water use
efficiency [5-6]. Based on previous studies, this paper
defines AWRUE as the ratio between the optimal use
of agricultural water resources and the actual use and
it focuses on the ratio between input costs related to
agricultural water resources and agricultural output
outcomes [7].

In terms of measurement methods, stochastic
frontier analysis (SFA) [8], principal component analysis
(PCA) [9] and data envelopment analysis (DEA) have
been widely used [10]. Among these methods, the data
envelopment analysis adopts a nonsubjective assignment
method, avoiding the influence of subjective factors
and can achieve multiple input and multiple output
measurements; moreover, it adequately overcomes the
shortcomings of the stochastic frontier method [11] and
replaces it as the typical AWRUE methodology [12-13].

In the field of spatiotemporal differentiation studies,
scholars have explored different methods. Maity et
al. [14-15] used multivariate statistics such as factor
analysis, cluster analysis and discriminate analysis to
demonstrate the alteration of Damodar River water
quality on a temporal and spatial scale. Zhang et al. [16]

used the Mora Index and impulse response function
to analyze the spatial interaction of WRUE by sector
in China. Sun et al. [17] established a spatial weight
matrix to discuss the spatial autocorrelation of WRUE.
Many academics have turned to exploratory spatial
data analysis (ESDA) techniques to study the spatial
affiliations related to geographical position [18].

Numerous academics have performed in-depth
studies on the elements that influence it. Collating
the relevant literature, we discovered that the Tobit
model can simultaneously examine many independent
variables while simultaneously evaluating a single
independent variable’s hypotheses. This tool was used
by Alireza et al. [19] and Tong et al. [20] to examine
the influencing factors of WRUE, such as resource
endowment, economic level, water-saving technology,
etc.

In summary, research has achieved a wealth of
research results, and thus has established a strong
theoretical framework for this study, but there is still an
opportunity for growth in terms of research level and
research depth. At present, the research on AWRUE in
the main grain-producing areas is in its initial stage.
In addition, the combination of static and dynamic
processes is conducive to the analysis and evaluation
of the evolution process of regional AWRUE. Based
on this, this paper attempts to introduce the theme of
AWRUE, using the static data envelopment method and
dynamic Malmquist index to estimate the AWRUE of
the MGPA in the MRYR during 2006-2020 and using
ESDA to reveal the spatial change properties. Finally,
to provide fundamental solutions for AWRUE in the
MGPA and to provide case support for additional study
locations with comparable characteristics, the Tobit
model was utilized to examine the region’s influencing
components.

Materials and Methods
Study Area

The MGPA of the MRYR is situated in the south-
central region of China (108°21°-118°28’E, 20°09’-
33°20°N). The region has 31 cities (including 3
provincial-administered county-level cities), including
Wuhan City Circle, Chang-Zhu-tan area, and Poyang
Lake Ecological Economic Zone. The overall area is
564,700 km?, approximately 5.9% of China’s territory.
With development strategies such as the “Rise of the
Central Region” and the “Yangtze River Economic
Belt”, this arca has gradually evolved into a crucial
connecting area for the integrated growth of the upper-
middle-lower reaches of the Yangtze River as well as a
transmission area for the development of the East and
the West. The MRYR, which produced up to 9.0% of
the whole country’s grain output in 2020, plays a critical
part in ensuring the nation’s food security. However,
farmers in the MGPA of the MRYR put heavy use
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on agricultural land and apply a great amount of
chemical fertilizers and pesticides, resulting in
increasing environmental pressure on  regional
water resources. Agriculture use of water shows an
obvious growth trend and is especially affected by
population expansion and the size of the food industry.
Additionally, the area’s agricultural productivity and
food security are strongly impacted by the unequal
geographical and temporal distribution of water
resources and the extensive patterns of agricultural
water usage [21]. Therefore, it is urgent to conduct
in-depth research on the temporal and geographical
variations as well as the contributing variables that
affect AWRUE in this area.

Research Methods
Data Envelopment Analysis (DEA)

The technique of linked processing of numerous
comparable indicators and effective queuing of
decision-making units (DMUs) is known as DEA [22].
In this paper, the input-oriented BCC model is used for
analysis. In the presence of variable payoffs to scale,
the BCC model is presumed to have a variety of DMUs,
which are applied for evaluating both technical and scale
efficiency. The expression is:
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Fig. 1. Geographical location of the MGPA of the MRYR.
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where k is the number of DMUs; in addition, there are
m input variables and » output variables for each DMU.
x,, is the n™ input index value of the /* DMU. y - is the
n™ output index value of the /* DMU. X  is the n"
input index value of the j,” DMU. Y, is the n™ output
index value of the j,” DMU. ij is the weight of the input
and output indicators; @ is the efficiency evaluation
index; S, and S; are the relaxation variables of the
input and output indexes; and ¢ is the non-Archimedes
infinities.

Malmquist Index Method

Malmquist, a Swedish economist, first introduced
the Malmquist index in 1953. The Malmquist index,
which is frequently used to quantify the change in total
factor production level from period t to period t+1, was
transformed to an empirical index by Fare et al. [23]
Since the single BCC method can measure only the
AWRUE in the study area from a static perspective,
the combination of the Malmquist index method can
dynamically describe the changes in WRUE in different
periods, thus compensating for the defects of the BCC
model [24]. Its expression is:
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Tfpch = Techch* Effch
Effch = Pech* Sech )

where Tfpch stands for the total factor productivity
change index, Techch for the technology change index,
and Effch for the technical efficiency change index.
Effch can be further divided into Pech and Sech, where
Pech represents the change in pure technical efficiency
and Sech represents the change in scale efficiency.
When Tfpch>1, compared with the previous period,
this indicates that the total factor productivity level has
increased; otherwise, it has decreased.

Exploratory Spatial Data Analysis

ESDA refers to a group of data analysis methods and
procedures that are now widely used in spatial statistics
research to reveal the visual phenomenon of spatial
dependence and spatial heterogeneity of data [25].
There are two primary forms of spatial autocorrelation
coefficients used in this study: one measures whether
an item of study has spatial correlation from an
overall perspective and is called the global spatial
autocorrelation index (Global Moran’s I); the other is the
Local spatial autocorrelation index (Local Moran’s 1),
primarily assessing the spatial correlation of the study
item from a local perspective and gauging the similarity
between sample values from the local area and nearby
areas. The specific formula is:
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where § "Z‘ X x’ X ";x, X and X, represent the
water resource utilization efficiency of region i and
region j, respectively. W, represents the adjacency space

Table 1. Input and output indexes of AWRUE.

weight matrix; Z and Z are the normalizations of
observed values over region i and region j. Global
Moran’s I has a value range of [-1, 1]. A negative value
means a negative correlation, and a positive value means
a positive correlation. The local Moran’s I is similar.

Tobit Regression Analysis Model

The AWRUE is calculated by the DEA model with
varying returns to scale, and the efficiency ranges
within [0-1], which has the feature of truncation as the
explained variable. Direct use of ordinary least squares
regression analysis will result in inconsistent and
erroneous parameter estimation, and thus will impact
the accuracy and science of the findings [26]. Therefore,
the Tobit model, an interception regression model, was
selected, and the comprehensive AWRUE was taken
as the explained variable AWRUE, to investigate the
influences of various factors on the AWRUE in the
MGPA of the MRYR. The model is:

AWRUE, =B+ B,inf, + 1, )
where AWRUE, is the comprehensive AWRUE in year
t of region i and infﬂ.’ and ﬂj are the estimated values
of each influencing factor index and its corresponding
parameters, respectively. 8, is the model constant term,
and g, is the random disturbance term.

Index System Construction
Index Selection of AWRUE

In light of the meaning of AWRUE and the difficulty
in currently using agricultural water resources in
the research region, and by referring to the existing
achievements in academia [27-28], the input indexes
were agricultural labor population, the conversion
amount of fertilizer application, the total power of
agricultural machinery, the area of arable land and the
total amount of agricultural water use, and the major
industry’s entire output value serves as the output index
(Table 1).

Type of index Name of index Interpretation of index
Agricultural labor population Reflecting the labor input factors of AWRUE
The conversion amou ntof fertilizer Reflecting the capital input factors of AWRUE
application
Input The total power of agricultural machinery Reflecting the technical input factors of AWRUE
The area of arable land Reflecting the land input factors of AWRUE
The total amount of agricultural water use Reflecting the water resource input factors of AWRUE
. . Reflecting the benefits generated when agricultural water
Output The total output value of the primary industry resources are effectively utilized.
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Influencing Factors of AWRUE

AWRUE is not only related to the labor force,
capital, land, and other factors but is also affected by
multiple factors. For example, these factors are natural
resource endowment [29], water resource management
level [30], irrigation technology level [31] and general
agricultural input. This paper examined the influencing
elements of AWRUE from five perspectives, considering
the data that were available and the reality in the MGPA
of the MRYR: water resource endowment, water
resource management level, agricultural water intensity,
agricultural planting structure, and agricultural
economic level.

(1) In terms of water resource endowment, water
resources per capita (CW) are chosen. Water resource
endowment is a “double-edged sword”. On the one hand,
sufficient water resources provide great convenience
for agricultural irrigation, and this is conducive to
promoting agricultural production increases and
improving the AWRUE. However, sufficient water
supplies cause farmers to have weak water awareness,
making it simple for them to misuse and even waste
water resources, lowering utilization efficiency. Thus,
the expected role of water resource endowment is
uncertain.

(2) In terms of the water resources management
level, the effective irrigation rate (EI) was selected
as the explanatory variable. EI refers to the percentage
of effective irrigated area to the total cultivated land
areca. The waste of irrigation water resources can be
decreased by increasing EI. As a result, it is anticipated
that agricultural water resource usage will be more
effective with more water resources being effectively
managed.

(3) In terms of agricultural water intensity, the
proportion of total water allotted to agricultural water
consumption (AWC) represents agricultural water
intensity. In general, traditional agricultural production
methods consume greater amounts of water. Therefore,
agricultural water intensity is expected to be negatively
correlated with AWRUE.

(4) In terms of planting structure, the planting area
of the main cash crops (MCA) was selected. Compared
with food crops, cash crops consume more water in the
whole growth process, but the output value per unit of
water resources is higher. Therefore, the expected effect
of planting structure is uncertain.

(5) In terms of agricultural economic level,
disposable income per rural resident (DI) and primary
industry’s added value (PI) are chosen. Farmers and
governments will have more financial resources to invest
in the management and conservation of agricultural
water resources as the level of agricultural economic
growth rises, and this will help increase the AWRUE. As
a result, a positive impact on the agricultural economic
level is anticipated.

Data Sources

The data were obtained from the water resources
bulletin, statistical yearbook, socioeconomic
development bulletins of Jiangxi Province, Hubei
Province, and Hunan Province, statistical yearbook of
prefecture-level cities in the MGPA of the MRYR and
EPS data statistical platform, covering the period from
2006 to 2020.

Results and Discussion

Spatial-Temporal Differences of AWRUE
in the MGPA of the MRYR

Static Analysis of AWRUE

DEAP2.1 was used to calculate the comprehensive
efficiency (crste), technical efficiency (vrste), and scale
efficiency (scale) of AWRUE in the MGPA of the MRYR
during 2006-2020. The efficiency results are shown in
Table 2.

(1) crste analysis. The average crste of AWRUE in
the MGPA of the MRYR was 0.732, demonstrating the
need for increased AWRUE throughout the research
area. The crste was higher than average in 45.16%
of these regions, among which the comprehensive
efficiency of Wuhan, Yichang, and Ezhou was 1.000.
The crste in Jiujiang is 0.518, indicating that it is in
urgent need of improvement. It is evident that there
are vital distinctions in the AWRUE between 2006 and
2020, with a maximum difference of 0.482, which is
possibly due to the variations in resource endowment
and the unequal distribution of water resources over
time and space in the MGPA of the MRYR.

(2) vrste analysis. The average vrste in the MGPS
of the MRYR was 0.835, indicating high efficiency but
not effective utilization. Among these values, the vrste
in Xinyu, Yingtan, Wuhan, and the other 8 regions is
1.000, hence it is highest value. However, it is 0.548 in
Jivjiang, indicating that the vrste is obviously very low.
Therefore, there is an urgent need for water technology
innovation to improve the machinery for and technical
level of agricultural irrigation.

(3) scale analysis. The average scale is 0.884, and
thus it is relatively high but not fully effective and needs
to be further raised. Except for Wuhan, Yichang, and
Ezhou, the rest of the regions did not reach the effective
state of DEA, 38.71% of the regions were below the
average, and even Yingtan was 0.691. Therefore, these
regions should reasonably deploy production factors
such as land, capital, and water resources and adjust the
input scale to have a higher scale.

Dynamic Analysis of AWRUE

To further investigate the dynamic changes in
AWRUE in the MGPA of the MRYR, the Malmquist
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Table 2. AWRUE in MGPA of the MRYR from 2006 to 2020.

City Crste Vrste Scale City Crste Vrste Scale
Nanchang 0.613 0.639 0.955 Yiyang 0.606 0.631 0.957
Jingdezhen 0.672 0.947 0.714 Loudi 0.771 0.825 0.927
Pingxiang 0.710 0.982 0.726 Wuhan 1.000 1.000 1.000

Jiujiang 0.518 0.548 0.946 Huangshi 0.823 1.000 0.823
Xinyu 0.808 1.000 0.808 Yichang 1.000 1.000 1.000
Yingtan 0.691 1.000 0.691 Xiangyang 0.778 1.000 0.778
Ji’an 0.587 0.617 0.950 Ezhou 1.000 1.000 1.000
Yichun 0.578 0.601 0.962 Jingmen 0.865 0.902 0.956
Fuzhou 0.559 0.578 0.965 Xiaogan 0.856 0.865 0.989
Shangrao 0.671 0.715 0.940 Jingzhou 0.653 0.911 0.719
Changsha 0.821 0.859 0.959 Huanggang 0.814 0.894 0.908
Zhuzhou 0.655 0.695 0.937 Xianning 0.796 0.831 0.955
Xiangtan 0.667 0.721 0.913 Xiantao 0.667 0.916 0.724
Hengyang 0.754 0.891 0.849 Qianjiang 0.826 1.000 0.826
Yueyang 0.687 0.723 0.949 Tianmen 0.653 0.889 0.734
Changde 0.593 0.710 0.855 Mean 0.732 0.835 0.884

index method was used, and its decomposition results
are shown in Table 3. Then, the state of AWRUE in each
region over time was studied.

(1) In terms of Effch, the average value is 0.976,
with fluctuations in efficiency in different years and
a slight overall decrease, indicating that Effch has not
been improved. Disaggregate the Effch into Pech and
Sech. The mean value of Pech is 0.985, with slight small
fluctuations, and hence it is similar to that of Effch.

1.400

Effch wgy== Techch

1.300 |
1.200 |
1.100 |
1.000 |

0.900 -

Efficiency

0.800 -

0.700

0.600 -
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Over the period of 16 years, there were 2 years in which
the trend of Pech differed from the trend of Effch and
5 years in which the trend of Sech differed from
the trend of Effch, indicating that Pech had a greater
impact on Effch.

(2) Techch and Tfpch are both greater than 1 except
in 2017, and the average annual growth rates of both
are 10.3% and 8.3%, respectively, indicating that the
overall AWRUE in the MGPA of the MRYR shows an

= Sech =@ Tfpch

0.500 1 1 1 1 1 1
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Fig. 2. Total Factor Productivity Index of AWRUE (2006-2020).
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Table 3. Total factor productivity index and decomposition of AWRUE (2006-2020).

City Effch Techch Pech Sech Tfpch
Nanchang 0.980 1.115 0.983 0.998 1.093
Jingdezhen 0.973 1.119 0.996 0.977 1.089
Pingxiang 0.971 1.109 1.000 0.971 1.077

Jiujiang 0.989 1.104 0.995 0.994 1.092
Xinyu 0.999 1.099 1.000 0.999 1.099
Yingtan 0.983 1.112 1.000 0.983 1.092
Ji’an 0.979 1.103 0.983 0.996 1.080
Yichun 1.002 1.118 1.004 0.998 1.120
Fuzhou 0.986 1.092 0.991 0.994 1.076
Shangrao 0.987 1.109 0.990 0.996 1.095
Changsha 0.989 1.089 1.000 0.989 1.077
Zhuzhou 0.983 1.107 0.995 0.988 1.088
Xiangtan 0.948 1.091 0.965 0.983 1.034
Hengyang 0.927 1.092 0.935 0.992 1.012
Yueyang 0.957 1.104 0.954 1.004 1.056
Changde 0.937 1.017 0.940 0.996 0.953
Yiyang 0.953 1.104 0.959 0.994 1.053
Loudi 0.938 1.119 0.947 0.991 1.050
Wuhan 1.000 1.116 1.000 1.000 1.116
Huangshi 0.975 1.113 1.000 0.975 1.085
Yichang 1.000 1.109 1.000 1.000 1.109
Xiangyang 0.997 1.121 1.000 0.997 1.118
Ezhou 1.000 1.094 1.000 1.000 1.094
Jingmen 0.982 1.124 0.986 0.996 1.104
Xiaogan 0.985 1.085 0.986 1.000 1.069
Jingzhou 0.971 1.086 0.985 0.986 1.055
Huanggang 0.973 1.084 0.984 0.988 1.055
Xianning 0.983 1.106 0.987 0.996 1.088
Xiantao 0.959 1.122 0.972 0.986 1.075
Qianjiang 0.975 1.123 1.000 0.975 1.095
Tianmen 0.979 1.125 0.991 0.987 1.101
Mean 0.976 1.103 0.985 0.991 1.077

increasing trend. The directions of Tfpch and Techch
remain largely consistent. This is due to Techch being
the main factor affecting Tfpch.

The Tfpch of AWRUE in all regions, except
Changde, was greater than 1 from 2006 to 2020, with
an average value of 1.077 and an average annual growth
of 7.7%, showing that the AWRUE in all regions has
been improving gradually. The region with the highest
Tfpch is Yichun, with an annual growth rate of 12.0%.

The lowest region is Changde, with an index value of
0.953, reflecting a decrease in the AWRUE. Moreover,
the AWRUE in the research area still has large spatial
variances, as evidenced by the fact that the gap in
growth rates between the provinces with the most and
least growth rates was 16.7%. The Effch, Techch, Pech,
and Sech in Wuhan, Yichang and Ezhou are all greater
than 1, indicating that the factor inputs have brought
about agricultural progress and good development
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of agricultural production. The trend of Tfpch is
basically the same as the change in Techch, indicating
that Tfpch is the key to improving AWRUE.

Overall Analysis of AWRUE by Region

In this respect, ArcGIS 10.5 was used to reveal the
spatial distribution characteristics of AWRUE, and the
results are as follows.

(1) From an overall perspective, the AWRUE in the
study area is characterized by “high in the northwest
and low in the southeast”, with the AWRUE decreasing
from the northwest to the southeast. From 2006 to
2020, the AWRUE in the region experienced a trend
of “improvement, decline, and rebound”. The overall
efficiency improved more obviously from 2006 to 2010,
and improved somewhat after 2015, but Yueyang and
Changde still performed poorly.

(2) From a regional perspective, Hubei has the
highest AWRUE at 0.826, followed by Hunan at 0.694,
while Jiangxi Province has the lowest at 0.641 (according
to Table 2). All three provinces showed a decreasing
trend in AWRUE overtime, while Hunan and Jiangxi

Efficiency
0.000 - 0.500

0.501 - 0.600

Fig. 3. Spatial distribution of AWRUE in the MGPA of MRYR.

have declined significantly, so these two provinces still
need to explore effective strategies to further strengthen
AWRUE.

(3) From the cities’ perspective, agricultural water
in Wuhan, Yichang, and Ezhou has always been used
efficiently. The AWRUE in Jiujiang has been at an
extremely low level, and in Ji’an and Yichun it is not
high, while in Huangshi, Jingmen, and Changde it has
been on a decreasing trend.

Local Analysis of AWRUE in the MGPA
of the MRYR

The global correlation and spatial differences of
AWRUE were studied based on the Global Moran’s |
and Local Moran’s I (LISA aggregation map) (Table 5).
The global Moran’s I varied from 0.158 to 0.284, and it
satisfied the significance exams, showing that there was
an aggregation phenomenon of AWRUE.

Since the Global Moran’s I cannot indicate the
spatial leap between different regions, this paper marked
the LISA aggregation maps of AWRUE in the MGPA of
the MRYR in 2006, 2010, 2015 and 2020 (Fig. 4).

Jiujiang
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Table 4. Global Moran’s I of AWRUE in MGPA of the MRYR.

Year 2006 2010 2015 2020
Moran’l 0.284 0.158 0.283 0.263
P-value 0.008 0.068 0.008 0.014

Z-value 2.7175 1.6237 2.8070 2.606

(I) The high-high aggregation area is mainly
distributed in Xiangyang, Ezhou, Huangshi, Wuhan, and
Huanggang in the northwestern part of the study area,
belonging to Hubei Province, coinciding with the results
of the AWRUE measurement and this area is considered
a high-value aggregation area. These areas have high
AWRUE, sufficient agricultural water resources, and
mature agricultural water conservation technology and
have a good diffusion effect.

(2) The Ilow-low aggregation area is mainly
distributed in Nanchang and Shangrao in the southeast
from 2006 to 2010 and Yueyang and Yiyang in the
southwest from 2015 to 2020, belonging to Jiangxi
Province and Hunan Province. Jiangxi and Hunan have

Legend

B High-Low
I Low-High
- Low-Low
I High-High

| Not significant

Fig. 4. LISA aggregation map of the AWRUE in MGPA of the MRYR.

a lower level of economic development, unsophisticated
water conservation techniques, and agricultural water
conservancy facilities. Jiangxi is a traditional grain-
producing province, and production of food consumes
a large amount of water, but the economic output is low,
so the AWRUE is low.

(3) The two low-high aggregation areas appearing
are Jingzhou in 2006 and Tianmen in 2010. These
two areas are adjacent to Wuhan and Ezhou high-high
aggregation areas, improving the AWRUE through their
positive spillover effects. The high-low aggregation
arcas are Yueyang and Changsha. Due to the adjacent
low-low aggregation area, affected by its negative
spatial and temporal spillover effect, Yueyang falls as a
low value area in 2020.

Discussion
Hidden Causes of AWRUE
Based on Eviewsl0.0 software, Tobit regression

analysis was performed (Table 6). All six factors
satisfied the significance tests, among which the CW, EI,

N

400 Kilometer
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AWC, MCA, and DI had significant negative effects, and
the PI showed a positive effect.

(I) CW’s estimated coefficient value is -0.0000378,
indicating a relative relationship with AWRUE. This
tendency might be caused by the rise in CW, that has
facilitated relatively easy access to water, and decreased
farmers’ understanding of water conservation, resulting
in the misuse of agricultural water.

(2) The estimated coefficient of EI is -0.135,
demonstrating a negative correlation between the
effective irrigation rate and AWRUE, contrary to the
expected effect, and this is perhaps related to the rough
irrigation practices in the region. Agricultural irrigation
in major grain producing areas is one of the most water-
consuming activities in the region, accounting for up to
70% of the water consumption, there inevitably wasting
water resources [32]. Therefore, an important way to
improve AWRUE at present is to modify the water-
saving irrigation technology and improve the water-
saving irrigation level.

(3) The estimated coefficient value of AWC is -0.475,
and hence it significantly prevents the improvement of
AWRUE. The greater the agricultural water intensity is,
the higher the agricultural water consumption, reflecting
unsophisticated agricultural production methods, poor
agricultural water management, and inefficient water
utilization.

(4) With an impact coefficient value of -0.000169, the
MCA significantly hinders the improvement of AWRUE.
As cash crops require an abundance of water to flourish,
their AWRUE is low.

(5) The estimated coefficient of DI is -0.0000167,
which, albeit being very low in value, indicates that this
variable plays a hindering role with its very low level of
AWRUE. The MGPA of MRYR are traditional Chinese
grain-producing areas and the increase in farmers’
disposable income will prompt farmers to prioritize
increases in water sources for irrigation, and these
farmers will not invest funds in water conservation, thus
failing to raise AWRUE.

(6) The coefficient of the PI is 0.000282, and hence it
resembles the expected effect. Increased PI indicates that
higher output is obtained with certain resource inputs,
and the agricultural production field has more sources
of funding to invest in agricultural water conservation
technology and improve the AWRUE.

Table 5. Tobit results of influencing factors of AWRUE.

Research Comparison

In terms of the choice of research regions, studies
at the national level [17, 33], watershed or economic belt
[4, 27], and provincial scales [34] have been fruitful.
This paper conducts a study on the MGPA of the MRYR,
complementing the lack of previous regional studies
at the mesoscopic scale. Geographically speaking,
the paper has major locational benefits focusing on
the hinterland of the Yangtze River Economic Belt
that occupies an indispensable part in the upstream
and downstream linkages as well as the east-west
transmission of the Yangtze River.

In the choice of time span, this paper studied the
time change in AWRUE in 16 years with years as
the basic unit. Ekrem Mutlu and Asli Kurnaz [35]
selected the months as the data collection unit to
evaluated the seasonal changes in the heavy metals
and physicochemical parameters of Sakiz Pond, and
drew valuable conclusions, thus prociding important
implications for this article. Agricultural production
is also a seasonal activity, which may aggravate the
seasonal imbalance of agricultural water resources
utilization. The use of monthly data to study the
seasonal change in AWRUE is more accurate and helps
to make more targeted suggestions.

According to the results, the AWRUE of the three
provinces in the MGPA of the MRYR ranked Hubei,
Hunan, and Jiangxi, according to the economic degree
of the three provinces. This conclusion was further
supported by Tong et al., [4] who found that the lower
Yangtze River region had a much greater AWRUE than
the upper and middle reaches. Agricultural water use
and management technology is continually innovating
because of the advanced economy, and farmers have a
strong concept of water conservation awareness, causing
AWRUE to continuously advance. The frequent floods
and droughts in Jiangxi Province have caused a serious
mismatch between water supply and demand, resulting
in low WRUE.

Regarding the influencing factors, water endowment
is one of the primary variables determining WRUE, and
many scholars characterize it using CW. Luo et al. [36]
argued that CW has a favorable effect on AWRUE, and
higher crop water demand can be met with abundant
water. Sun et al. [17] argue that the growth in CW

Variable Co-efficient Std.Error Z-Statistic Prob.
cw -3.78E-05 4.88E-06 -7.745441 0.0000
El -0.135221 0.042247 -3.200742 0.0014
AWC -0.474613 0.049208 -9.645055 0.0000
MCA -0.000169 8.49E-05 -1.985632 0.0471
DI -1.67E-05 1.42E-06 -11.80491 0.0000
PI 0.000282 0.000105 2.689935 0.0071
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is not helpful for WRUE and that when water resources
are abundant and easily available, wasting resources
becomes easy. This study concluded that CW, in this
case, are considered an obstacle to increasing the
AWRUE, and farmers’ knowledge of water conservation
declines as a result of ample water supplies, leading to
waste of agricultural water and lower AWRUE.

Policy Implications

(1) Promote water-saving irrigation techniques and
instruments and improve the degree of water-efficient
agricultural output. Effch and Techch are the main
reasons for the differences in AWRUE. Jiujiang, Fuzhou,
and other places with low agricultural water utilization
technology efficiency should comprehensively promote
the renovation of agricultural water conservation
facilities as well as the innovation of agricultural
water conservation technology and vigorously promote
efficient water conservation technologies such as
undermembrane drip irrigation and rainwater harvesting
and irrigation to establish a strong base of facilities and
technical assistance for enhancing AWRUE.

(2) Strengthen agricultural water conservation
education and publicity and increase knowledge of
water-saving production among farmers. Every region
in the area should actively carry out studies on the
use of water conservation equipment and training on
water conservation techniques to promote and guide

Table 6. Comparison of the AWRUE.

farmers’ water use behavior. Knowledge of agricultural
water conservation should be effectively popularized,
and farmers should be guided to use irrigation water
rationally and reduce water abuse and waste to improve
the AWRUE.

(3) Eliminate the compartmentalized administrative
system and achieve regional cooperation in water
conservation technology. In the context of the “Rise
of Central China” strategy and the “Yangtze River
Economic Belt” development strategy, administrative
barriers should be broken down among the three
provinces in the MGPA of the MRYR, and cooperation
in terms of the efficient utilization and conservation
of agricultural water resources should be developed
to realize the basin-wide sharing of advanced water
conservation technologies.

(4) Develop appropriate and effective water
conservation strategies and guide the effective use of
regional water sources. The improvement of AWRUE
relies on the guidance of policies. Local governments
should widely learn from the beneficial experiences of
Wuhan, Yichang, and Ezhou and formulate appropriate
policies in the context of local realities to maintain
the current level in areas of efficient utilization and
shift to efficient utilization in areas of inefficient
utilization, thus realizing effective AWRUE in the
whole region. Strengthen regional water resources
legislation, improve the system of laws and regulations,
strengthen departmental supervision, and promote

Economic Belt

Authors :;:;: Study area Efficiency comparison Influencing factors Main conclusions
Per capita water
resources, annual
> B
Tonz% TtS al, Year L?i;:tglagstiz: Upstrejnl;l/[i d]S)troe\er;stream precipitation, rice The AWRUE was on the rise.
planting proportion and
et al.
Per capita water
Luo et al. 2020 | Vear TheRSi{‘all;gtze Not mentioned resources, water use The AWRUE showed a gradient

structure, planting increase.

structure and et al.

31 provinces

Sun et al., 2009 | Year in China

areas

Developed areas >
moderately developed
areas > less developed

The WRUE has improved, but

Not mentioned . .
there are significant differences.

31 provinces

Sun et al., 2014 | Year in China

Hubei Province > Hunan
Province > Jiangxi

GDP per laborer,
per capita water
consumption, foreign

There are significant global and
local spatial autocorrelations in the
green efficiency of water resources

2021

Province direct investment and . .
in China.
et al.
Significant higher WRUE were
. Groundwater
Manjunatha et . Water buyers > water . found among water sellers and
Year markets in Not mentioned
al., 2011 India sellers > the control group water buyers compared to the

control group.

Ekrem Mutlu, . . .
Asli Kurnaz., | Season | Sakiz Pond Not mentioned Not mentioned Sakiz Pond water is suitable for

using for drinking water purposes.
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the implementation of effective

implementation.

regulations and

Conclusions

This paper analyzes the spatial and temporal
differences in AWRUE and its influencing factors in
the MGPS of the MRYR based on the DEA, ESDA, and
Tobit model and draws the following conclusions.

(1) The average crste, vrste and scale of AWRUE in
the MGPA of the MRYR are all less than 1, indicating
that they are not DEA effective, further showing
that the AWRUE still needs to be increased and
needs to be improved in terms of agricultural water
saving technology and scale of capital investment.
By decomposing the Malmquist index, it is concluded
that technological progress is the key to improving
AWRUE.

(2) The spatial pattern of the AWRUE in the MGPA
of the MRYR is generally ,,high in the northwest and
low in the southeast”. In the interprovincial comparison,
the AWRUE is Hubei > Hunan > Jiangxi, and the cities
with efficient water utilization play a better spatial
driving role.

(3) The PI positively affects the AWRUE in the
research area, while the EI, DI, and CW negatively
affect it.

(4) To improve the AWRUE, it is beneficial to
advocate water-saving irrigation technology and
equipment to raise agricultural water-saving production;
strengthen agricultural water-saving publicity and
education to raise farmers’ awareness of water-
saving production; eliminate the compartmentalized
administrative system to achieve regional cooperation
in water-saving technology; and establish appropriate
water-saving strategies to guide the effective use of
regional water sources.

This paper selects only the AWRUE of 31 regions
in the MGPA of the MRYR as the object, but as
a synergistic development economy of the Yangtze
River Economic Belt, the coordinated linkage with the
upper, middle, and lower reaches is not included in
the index system, and the implementation of different
national strategies for AWRUE has not been identified,
and these could be directions for further exploration in
future research.
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