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Abstract: To promote the high-quality development of the Yellow River Basin, the total amount and
intensity of agricultural water must be controlled. Further speaking, an urbanization development
system should be established that is compatible with water resources and the water environment.
We adopted the stochastic frontier analysis model to measure the agricultural water utilization
efficiency of the Yellow River Basin from 2007 to 2017. We also adopted the dynamic panel difference
generalized method of moments (GMM) and system GMM models to verify the driving factors, in
which population urbanization, economic urbanization, and equilibrium urbanization levels were
selected as the key variables. The results show that the overall efficiency of agricultural water
utilization maintained a steady upward trend during the research period. The spatial differentiation
was generally characterized by higher efficiency levels in the eastern region and lower levels in
the western region. The variation coefficient of water utilization efficiency showed a downward
trend in general, which indicates a space spillover effect. Agricultural water utilization efficiency
continued to converge from 2007 to 2017, and the upper reaches area converged relatively more
quickly. Regarding the influencing factors, the population urbanization, economic urbanization,
balanced urbanization, crop planting ratio, and rice planting ratio had negative effects on agricultural
water utilization efficiency. Urbanization did not positively affect agricultural water use efficiency
as the related theories, so urbanization quality and urban–rural integration should be paid more
attention. However, technology innovation was significantly positive in agricultural water utilization
efficiency. The influencing factors of per capita water availability and annual precipitation did not
pass the significance test. Therefore, the government should vigorously promote the development
of high-quality new-type urbanization, scientifically formulate the scale and speed of urbanization,
strengthen the urban, rural, and industrial integration, and promote the adjustment of planting
structures and agricultural deep processing.

Keywords: water utilization efficiency; high-quality urbanization; double control action; the Yellow
River Basin

1. Introduction

As an important ecological barrier and economic belt in China, the Yellow River Basin faces
ceilings for water resources and the ecological environment in promoting high-quality development.
Promoting the sustainable utilization of agricultural water resources is essential for high-quality
development in the Yellow River Basin. As can been seen in Figure 1, the provinces of the Yellow
River Basin can be divided into three regions, including the eastern, central, and western region.
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The total population of the nine provinces of the Yellow River Basin is 420 million, with a watershed
area reaching 795,000 km2. In 2018, the average precipitation in the Yellow River Basin was 551.6 mm.
The measured runoffs of its mainstream Lanzhou, Huayuankou, and Lijin Stations were 44.176, 44.78,
and 33.38 billion m3. In this study, we selected provinces as the research objects to obtain better data
and enable horizontal comparisons. The total agricultural output value was only 1.95 trillion yuan in
the same period, supporting 30.3% of the country’s population, and producing 35% of the country’s
food in 2018 [1]. The proportion of agricultural water utilization in the major provinces of the Yellow
River Basin was 30–91% in 2017, but only 60% of the entire river basin reached the water quality target.
According to national standards for surface water, there are five types of water quality. The higher the
category, the worse the water quality. Class III is mainly applicable to fishery waters and swimming
areas. A water quality below Class III is poor and cannot be used as a source of drinking water. Class V
water is mainly suitable for agricultural water areas and waters with general landscape requirements.
Inferior Class V water is more polluted than Class V surface water, indicating that water use functions
have basically been lost [2].

Figure 1. The geographical map of the Yellow River Basin in China.

The length of the entire Yellow River Basin evaluated for water quality was 22,891.9 km, of which
29.1% was inferior to Class III water. Among the 137 water quality sections of the Yellow River in 2018,
the proportion of water categorized as worse than Class V was 12.4%, which was much higher than the
national average level of 6.7% [3]. Many prominent problems are being faced in the Yellow River Basin.
First, the ecological environment of the river basin is fragile, and the water conservation capacity has
seriously decreased. Second, the Yellow River Basin suffers various kinds of pollution from industrial,
urban life, and agricultural non-point sources. The total water resources of the Yellow River are less
than 7% of the Yangtze River, and the per capita share is only 27% of the national average. Water
resources are used extensively, and agricultural water utilization efficiency is low. The development
and utilization rate of water resources is as high as 80%, which is far beyond the ecological warning line
of 40% for general river basins. In the context of prioritizing the development of green ecology, China
strongly emphasizes the coordinated development of urbanization and agricultural modernization.
The urbanization development of the Yellow River Basin has increased from 26.29% to 56.23% in the past
20 years. Figure 2 shows that the differences in water consumption and wastewater discharge among
provinces are significant with different levels of economic and society development. The wastewater
discharge increased from 124.95 billion tons in 2007 to 180.06 billion tons in 2017. The annual growth
rate was 3.78%, which was higher than the national average level (Liu, 2020) [4]. Xi (2016) proposed
a double control action of the total amount and intensity of water consumption, which has become
the biggest constraint on high-quality development, especially for the Yellow River Basin. Xi stated
in 2019 that we must promote the sustainable and effective use of water resources. We must persist
in regulating the city by water, land by water, people by water, and production by water to take
water resources as the most important and rigid constraint and rationally plan population, urban,
and industrial development [5]. In this study, we mainly explored the internal mechanism of the
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supportive effects of urbanization development on agricultural water utilization efficiency in the Yellow
River Basin, which also has important practical significance for promoting the scientific allocation of
agricultural water resources and high-quality urbanization in the Yellow River Basin.

Figure 2. The histogram of water consumption and wastewater discharge of interprovincials in 2017.

The existing domestic and foreign literature on water resource utilization efficiency research mainly
focuses on single-factor and total-factor water utilization efficiency. Single-factor water efficiency has
some shortcomings and is rarely used. Generally, research methods include principal component
analysis, data envelopment analysis (DEA), and stochastic frontier analysis (SFA) [6–8]. Earlier scholars
regarded Gross Domestic Product (GDP) as the only output, and some scholars later included the
non-desirable output of water resource utilization and effective decision-making on green development
concepts into their research studies [9–11]. Agricultural production is the basis for maintaining human
survival. As the demand for agricultural water increases, the inefficient agricultural use of water
worsens the water shortage problem. Some researchers have begun to focus on agricultural or irrigation
water efficiency to replace the simple water consumption per 10,000 yuan of GDP. Compared with the
overall efficiency of regional water utilization, the total power of agricultural machinery is generally
used as an indicator of fixed assets investment in the agricultural production field. The total planting
ratio is also used as an additional input indicator in combination with the natural characteristics of
agricultural production [12]. In the analysis of the potential for improvement in agricultural water
efficiency, research was mostly conducted from the macro-areas and micro-farmers’ perspectives;
empirical tests were mostly conducted from macro-factors, such as natural conditions, industrial
structure, water resources’ endowment structure, and education per capita [13]. In terms of the
micro-farm household level, research was mainly conducted on field adjustments to analyze the effects
of farmer planting operations, farmer characteristics, water-saving consciousness, irrigation technology,
and co-irrigation methods [14–17].

Urbanization reflects the transition process from the rural system to the urban system, manifested
in the spatial agglomeration of the population, the conversion of land use, and the structural change of
the industry. Urbanization has an important impact on agricultural structure, agricultural production
efficiency, and technological level [18–20]. The new-type urbanization construction takes urban–rural
coordinated development, agricultural interaction, intensive economy, and ecological livability as the
basic requirements, for the coordination of urban and new-type rural communities [21,22]. The research
on urban–rural interaction mainly focused on the coupling of urbanization and rural development,
the development path of urban–rural interaction, and the evaluation of urban–rural integration.
Many studies also focused on urbanization and agricultural water conservation, urbanization and
water resource use and distribution, urbanization development, and agricultural modernization [23–25].
To coordinate the amount of water available, the amount of savable water, and the capacity of the water
function area to accept pollution, Feng (2018) built a threshold calculation model for urbanization
levels under the constraints of “three red lines” in water resource management [26]. Jin (2018) studied
the impact of urbanization on water consumption from the perspective of population structure change.
The ageing population has a large elastic coefficient on water consumption, especially in the eastern
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region [27]. To date, domestic and foreign researchers have studied the problem of water resource
constraints in the process of urbanization in great depth, but some experts have now begun to pay
attention to the evolution of agricultural water use, ecological constraints, and urban–rural water use
linkage models in the process of urbanization or industrialization [28]. Wang and Yan interpreted
the theoretical connotation and practical cases of double control actions in detail, and proposed
that the system feedback mechanisms of water resources, the economic society, and ecological
environment should be fully considered [29,30]. However, studies are lacking in the supportive effects
of new-type urbanization on agricultural water utilization efficiency, and in investigations of the
regional differentiation and dynamic evolution of agricultural water efficiency from the perspective of
urbanization quality. Few studies have examined wastewater discharge or non-point source pollution in
agricultural production. As such, we examined the supportive effects on agricultural water utilization
from the perspective of new-type urbanization, and provide policy references for agricultural water
consumption control and green development.

2. Model Construction

2.1. Stochastic Frontier Analysis Model (SFA)

The stochastic frontier analysis (SFA) model is a parameters research method of the stochastic
frontier model with a random disturbance term. The model sets the output as a function of non-negative
random error as technical inefficiency, and systematic random error as noise, which was first proposed
by Aigner et al. [31]. SFA uses maximum likelihood estimation (MLE) to determine the frontier
boundary. The technical efficiency can be measured by only one estimation, and SFA can be used
to analyze the distribution mean of technical efficiency as a function of the influencing factors of
efficiency. Thus, the indistinguishable defects of the influencing factors on the output of the uncertainty
method are avoided, and the method is suitable for panel data analysis. The limitations of the DEA
method include the following: First, the method assumes that all efficiency factors are covered by the
model, and that there are no non-investment factors (also known as environmental factors). Second,
the method is a mathematical planning method. The suitability of the calculation model cannot be
tested. Third, although the method has the advantage of a computable multi-output model, in terms of
economic significance, multiple outputs must be uncorrelated. Fourth, the rank correlation test needs
to be performed on the calculated data first. For the SFA method, this is not as convenient as in the
DEA method when dealing with the situation of multiple inputs and multiple outputs. In addition,
the sample size needs to be large enough. Compared with DEA, SFA incorporates the classic white
noise term, while describing the process of the production accurately. The influence of random factors
on the frontier is avoided to some extent, which is more in line with the essential characteristics of
agricultural production. SFA can be used to study traditional hypothesis testing. In formula (1), Y is
agricultural output and X is various agricultural input factors, f (xit, β) is the deterministic frontier
output part of the stochastic frontier function, t is the time trend and reflects the technological changes,
and β is the parameter to be estimated. vit is a random disturbance term, assuming that it follows an
independent and identically distributed normal distribution: vit ∼ N

(
0, σ2

v

)
, and uit is a non-negative

random variable, which reflects the loss of production allocation efficiency, and represents the distance
from the actual production point to the production front. Also the formula assumes that it follows the
truncated normal distribution:uit ∼ N

(
0, σ2

u

)
, and independent of vit; vit − uit is the optimal technical

deviation. According to the research of Meeusen and Van Den Broeck (1977), and Kumbhakar and
Lovell (2000) [32,33], the panel data form of SFA is shown in formula (2). Lei (2015) and Wang (2010)
adopted the SFA method to measure the efficiency of industrial and agricultural water use separately.
However, some experts have suggested that the data results obtained by the SFA and DEA methods
have significant correlation and good consistency [34,35].

Yit = f (xit, β)exp(vit − uit), TEitexp(−uit), uit = uiexp(−η(t− T)) (1)
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ln Yit = ln f (xit, β) + vit − uit, i = 1, 2, · · · , N; t = 1, 2, · · · , T vit ∼ N
(
0, σ2

v

)
, uit ∼ N

(
0, σ2

u

)
(2)

2.2. Dynamic Panel Data Model

The dynamic panel data model reflects the dynamic nature of economic behavior development and
helps solve the problem of endogenous and missing variables, so can better reflect the changing trend
of efficiency. It has the advantages of controlling heterogeneity, reducing multiple collinearity, reducing
data bias, and standardizing asymptotic distribution [36]. The data in this paper are the balanced
panel data composed of time series data from nine provinces in the Yellow River Basin from 2007–2017;
therefore, the models related to panel data are suitable for quantitative analysis. Agricultural water
utilization efficiency is characterized by continuous dynamics, and water utilization efficiency in each
year directly affects water utilization efficiency in the next year. Therefore, it was more reasonable to
adopt a dynamic panel data model to conduct our research. yit is the explained variable in formula
(3), yi,t−1 is the lag term of the explained variable, x′it is the explanatory variable, and ε is the random
disturbance term. The more general dynamic panel model in formula (4), multi-order lag terms of the
explained variables, can be included in the explanatory variables. The effects of lag terms, such as yi,t−2

or yi,t−p on the explained variables are also considered in the dynamic panel regression model [37]. In
the dynamic panel data model estimation process, generalized method of moments (GMM) estimation
methods can be used. The difference GMM method proposed by Arellano and Bond (1991) and the
system GMM method proposed by Blundell and Bond (1998) is based on the difference GMM method.
Both can be used to solve the problem of reverse endogeny of the explained variables and improve the
accuracy of the estimated variables [38–40]. As for the advantages of the system GMM, it can improve
the estimation efficiency and estimate the coefficient of the variable zi that does not change with time.
In terms of the disadvantages, the lag term must be assumed to be independent of the individual
effect, ui. The system GMM cannot be used if this condition cannot be met [41–43]. Song (2019) used
difference GMM and system GMM regression models to analyze the urbanization development in
China [44]. Ma (2018) took a two-stage system GMM to analyze the impact of economic aggregation
on water consumption, in order to fully test the variable endogeneity [45].

yit = α+ ρyi,t−1 + x′itβ+ z′iδ+ ui + εit; (t = 2, 3 . . . . . .T) (3)

yit = α+ ρ1yi,t−1 + ρ2yi,t−2 + · · · . . .+ ρpyi,t−p + x′itβ+ z′iδ+ ui + εit (4)

3. Empirical Estimation

3.1. Efficiency Estimation of Agricultural Water Utilization

We selected the data of the nine provinces in the Yellow River Basin from 2007 to 2017. To yield the
economic returns, water resources need to utilize other production factors in agricultural production
activities. Water consumption cannot be directly linked to regional economic growth. Therefore, we
used the agricultural added value of each province in each year as an output variable. Water resources,
labor, and capital were integrated into the input, and the input factors were selected, including labor,
fixed assets, crop planting ratio, agricultural water, and agricultural fertilizer. First, the number of
employees in the primary industry in each province were selected as the labor index to represent
labor input. However, this refers to the total labor force of agriculture, forestry, animal husbandry,
and fisheries, excluding the labor force engaged in industries and services in rural areas. Second,
the total power of agricultural machinery was selected as the fixed asset input index. The large-scale use
of advanced production materials, such as agricultural machinery, has markedly increased agricultural
production and could release a lot of surplus labor. Third, we learned from studies, such as Cao et al.
(2013) and Wu (2016) that land input is expressed in terms of the total sown area of farm crops [46,47].
Due to differences in natural environments and irrigation conditions, large differences also exist in
the planting structure of various regions. The adjustment of crop planting structure should be one
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important method used to optimize water resource allocation [48]. However, this was not within the
scope of this study. In terms of input–output indicators, total indicators were still selected. Fourth,
agricultural water utilization is expressed as the total agricultural water of each province. With the
improvement in agricultural irrigation methods and technologies, the total agricultural water use
has an important impact on the improvement in agricultural water use efficiency (Zhu, 2016) [49].
Moreover, the water consumption in agricultural production did not show a significant decrease from
277.2 to 273.2 billion m3 in the last 10 years, so the water efficiency also depends on other input–output
indicators. Fifth, agricultural chemical fertilizers are expressed as the amount of agricultural chemical
fertilizers, as the most important means to increase agricultural production in China. Considering the
pollution discharge, pesticides are no longer used as input indicators here.

The relevant data were derived from the China Statistical Yearbook of 2007–2017, the statistical
yearbooks of various provinces, and relevant statistical bulletins. The water utilization efficiency in the
Yellow River Basin was estimated by using Frontier 4.1 software with the stochastic frontier analysis
model (SFA). Firstly, the software uses the least squares method to make corresponding efficiency
estimates for the model. If technical inefficiency occurs, the program further iterates with the grid
search method based on the parameter values estimated by the least squares. Then, the likelihood
value is used to estimate the final value. The analysis results are provided in Table 1, and depicted in
Figure 3 in some key years.

Table 1. Measurements of agricultural water utilization efficiency in the Yellow River Basin.

Province 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Shanxi 0.08 0.16 0.23 0.30 0.36 0.41 0.46 0.51 0.55 0.59 0.62
Inner

Mongolia 0.13 0.21 0.27 0.34 0.39 0.44 0.49 0.53 0.57 0.61 0.64

Shandong 0.63 0.66 0.69 0.72 0.74 0.76 0.78 0.80 0.82 0.83 0.85
Henan 0.50 0.54 0.58 0.62 0.65 0.68 0.71 0.73 0.75 0.77 0.79

Sichuan 0.97 0.98 0.98 0.98 0.98 0.98 0.99 0.99 0.99 0.99 0.99
Shaanxi 0.74 0.76 0.78 0.80 0.82 0.83 0.85 0.86 0.87 0.88 0.89
Gansu 0.21 0.28 0.34 0.39 0.44 0.49 0.54 0.57 0.61 0.64 0.67

Qinghai 0.14 0.21 0.28 0.34 0.39 0.45 0.49 0.54 0.58 0.61 0.64
Ningxia 0.01 0.02 0.07 0.15 0.22 0.29 0.35 0.40 0.45 0.50 0.54

mean
value 0.37 0.42 0.47 0.51 0.56 0.59 0.63 0.66 0.69 0.71 0.74

CV 0.98 0.79 0.64 0.53 0.46 0.39 0.34 0.30 0.26 0.23 0.20

Figure 3. The graduated color figures of agricultural water efficiency in 2007, 2012, and 2017.
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3.2. Estimation Results of the Dynamic Panel Model

The driving factors for high-quality urbanization development to improve the efficiency of
agricultural water utilization are mainly considered from the aspects of population urbanization,
economic urbanization, and balanced urbanization as the index of urbanization level. We also selected
technology innovation, per capita water availability, annual precipitation, the crop planting ratio,
and rice planting ratio as control variables. Dhake (2016) and Zuo (2019) selected indicators such as the
age of the head of the household, the educational level of the household, and the characteristics of the
land, which were based on the micro-data of the farmers’ producers to study water use efficiency [50,51].
However, we focused on the input and output of water efficiency at the macro-provincial level with
double-control action. Thus, micro-level indicators were not considered. Many experts have also
selected many individual variables from the perspective of micro-farmers to examine the difference in
irrigation water efficiency, which is different from the research theme of this study.

We selected some key variables from the different aspects of urbanization development. First,
the proportion of urban residents in each province was used to represent the standard of population
urbanization, which represented the concentration of the population in urban areas. The indicators
were selected from the level of the resident population for accurate measurement to reflect the transfer
of the rural surplus labor force [52]. Second, the proportion of the tertiary industry in GDP was selected
as the economic urbanization, which can better reflect the development and evolution of the industrial
structure than the secondary industry [53]. In the process of economic development, agriculture was
transformed into industries, and then industry was transformed into services. The higher the ratio,
the more reasonable it became. Third, the urban primary ratio, that is, the ratio of the first city to the
second city in terms of urban population as the balanced urbanization, represents the balance of the
level of urbanization development in the region [54]. The urban primary ratio played different roles
in different stages of urbanization. Many experts have proposed the concepts of social urbanization,
urban–rural integration, green urbanization, and so forth. However, we only selected some key
variables that would affect the agricultural water efficiency from a theoretical perspective.

To ensure the accuracy of model estimation results, we selected some key control variables. First,
the number of three kinds of patents granted per 10,000 people was adopted to represent the level
of technological innovation. The improvement in agricultural water efficiency also depends on the
continuous improvement of water-saving and emission-reduction technologies. The indexes of R&D
investment and high-tech industries were also adopted in some other papers [55], but we argue that
patent invention better explains the products of technical innovation. Second, the ratio of the total
water resources of each province to the total population of each province, taking the natural logarithm,
was used to indicate per capita water availability, which measures the abundance of water resources in
each region. This index can verify the curse of resources. Third, the annual precipitation of each region,
taking the natural logarithm, was used to measure the abundance of water resources, which also
implies some other natural conditions. Fourth, the ratio of crop planting area to the total planting area
was used as the crop ratio. Generally, cash crops produce greater economic profits. Finally, the ratio
of regional rice planting area to the total planting area was selected to measure the demand of water
resources in each region. Rice production requires more water compared to dryland crops. The most
relevant data were obtained from the Statistical Yearbooks of China and the Statistical Yearbooks of
the provinces, as well as from the Water Resources Yearbooks of China in the period of 2007–2017.
The driving factors were estimated by Stata 15.1 software, and the results are shown in Table 2.
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Table 2. Dynamic panel model estimation of agricultural water utilization efficiency in the Yellow
River Basin.

Variables Regression
Coefficient SD Z

Statistics P Value Regression
Coefficient SD Z

Statistics P Value

Estimation Type Difference GMM System GMM

Water utilization 0.9206 0.0104 88.69 0.000 0.9197 0.0073 126.46 0.000

Population urbanization −0.0665 * 0.0356 −1.87 0.062 −0.0566
** 0.0262 −2.16 0.031

Economic urbanization −0.0236
*** 0.0085 −2.77 0.006 −0.0191

** 0.0091 −2.08 0.037

Balanced urbanization −0.0021 * 0.0012 −1.74 0.083 −0.0007 0.0011 −0.65 0.517
Technology innovation 0.0010 *** 0.0003 3.71 0.000 0.0010 ** 0.0003 3.41 0.001

Per capita water availability 0.0022 0.0041 0.53 0.595 0.0035 0.0039 0.90 0.366
Precipitation 0.0057 0.0086 0.66 0.509 0.0041 0.0081 0.51 0.611

Crop planting ratio −0.0315
*** 0.0043 −7.40 0.000 −0.0349

*** 0.0043 −8.21 0.000

Rice planting ratio −0.4635
** 0.1801 −2.57 0.010 −0.1595 0.1100 −1.45 0.147

Constant 0.1163 0.0370 3.14 0.002 0.0974 0.0401 2.43 0.015

Note: * significant at 10%; ** significant at 5%; *** significant at 1%.

4. Results and Discussion

4.1. Law of Agricultural Water Utilization Efficiency

The agricultural water utilization efficiency values of each province in the Yellow River Basin from
2007 to 2017 are shown in Table 1. From the perspective of the overall dynamic development trend,
the agricultural water utilization efficiency steadily increased, and the agricultural water utilization
efficiency of each province maintained an upward trend year by year. The average agricultural water
efficiency increased from 0.37 in 2007 to 0.74 in 2017, indicating increasing attention paid by the local
government to the protection of the natural environment, energy saving, and emission reduction by
the local government. The discharge of agricultural wastewater pollution was in control, which is
required for the further development of industry and agriculture [56]. In particular, the rate of increase
in agricultural water utilization efficiency during 2007–2011 was relatively obvious, but the rate slowed
between 2015 and 2016. In addition, the Ningxia and Shanxi provinces had the fastest average annual
growth rates, which are inseparable from the local government’s water resources management system
policies and industrial development [57,58]. However, Li (2018) pointed out that the comprehensive
water efficiency in China still has great water-saving potential, on the basis of the investigation of pure
technical efficiency and scale efficiency of agricultural water [59]. In general, the Yellow River Basin
has low water utilization efficiency with the characteristics of less water and more sand, which needs
to be the focus of additional efforts to improve agricultural water use efficiency [60].

From the perspective of spatial disparity, the agricultural water utilization efficiency in Sichuan,
Shaanxi, and Shandong was relatively high from 2007 to 2017, higher than the average agricultural
water utilization efficiency. The agricultural water use efficiency in Qinghai and Inner Mongolia was
lower than the average value of the whole basin, and were almost the same as each other. Basically,
the agricultural water use efficiency in the eastern part of the Yellow River Basin was higher, whereas the
western part was lower, except for Sichuan province, during the whole period. Since most of Sichuan
belongs to the Yangtze River Basin and is located in the southern region of China, the crop planting
ratio differs from other regions, enabling more efficient agricultural water utilization. The agricultural
water efficiency of Ningxia was relatively low and the highest value was only 0.54 in 2017. This shows
that the large amount of available water resources was not used reasonably or to its full potential in
agricultural production activities; thus, the water-savings potential is large. The reason is related to
the level of regional economic development and agricultural irrigation technology. The relative lack
of water resources in the region, the ecological environment, and the harsh climate also reduce the
agricultural water use efficiency to some extent [61–63]. In addition, the large-scale flood irrigation as
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an irrigation method formed in the history of Ningxia resulted in a large amount of water resources
being lost during evaporation and leakage. Coupled with serious channel leakage and incomplete
management, as well as various other factors, serious waste of freshwater resources and ecological
environment damage are huge problems [64]. To meet the requirements of agriculture and other
sectors of the national economy, excessive groundwater extraction is also one of the main reasons [65].
The exploitation and utilization of groundwater resources in the northern plains of China have mostly
approached or exceeded their limits, and the amount of groundwater exploitation in the plains of the
Yellow River Basin has already reached 92%.

From the perspective of inter-regional convergence, the variation coefficient is the ratio of the
standard deviation to the average value, which is used to measure the degree of dispersion and
spatial difference of inter-regional efficiency values. The variation coefficient of agricultural water
utilization in the Yellow River Basin showed an overall downward trend from 0.98 in 2007 to 0.20 in
2017. Agricultural water utilization has converged during the past 11 years. The provinces showed
a synchronous change trend, the differences between regions shrank, and the internal differences
converged. Moreover, the high-quality coordinated development of regions will further promote the
convergence effect. In particular, the convergence rate was comparatively more rapid in the four years
from 2007 to 2010, which is consistent with the environmental Kuznets curve, indicating that economic
development is the ultimate solution to resource and environmental problems [66,67]. Ding (2019)
found a convergence trend when studying the overall water use and industrial water use efficiency
of the Yangtze River Economic Belt. He opined that this convergence is due to innovation spillovers
in water-saving technologies and the spatial flow of related talents [68,69]. The upper reaches of the
Yellow River Basin also converged relatively quickly, but this was related to the large-scale development
of the northwestern region and the strategy for the economic rise of the central region. The water
utilization efficiency of agriculture in the upper reaches of the Yellow River Basin was comparatively
lower, and the problems of extreme water shortage and groundwater depletion in the lower reaches
still need to be resolved.

4.2. Factors Driving Agricultural Water Utilization Efficiency

The estimated results of the dynamic panel regression model for agricultural water utilization
efficiency in the Yellow River Basin can be seen in Table 2. The results revealed that the factors of
population urbanization, economic urbanization, technology innovation, crop planting ratio, and rice
planting ratio significantly affected agricultural water utilization efficiency. The results in the two
models were basically the same. The per capita water availability and precipitation did not pass the
significance test in the difference GMM and system GMM estimates, and the balanced urbanization
failed to pass the system GMM significance test. According to the estimation results, the estimation of
the difference-GMM is more accurate and more consistent with the expected results, so the results of
the difference-GMM were selected for the following interpretation (Zhang, 2017) [70].

The population urbanization factor was significantly negatively related to agricultural water
utilization efficiency. From 2007 to 2017, the urbanized population in the Yellow River Basin increased
from 15.054 million to 22.874 million, and the population urbanization rate of most cities increased
by more than 13%. With the decline in the proportion of the agricultural population, agricultural
water utilization also declined. We found a negative correlation between the urbanization rate of the
population and the proportion of agricultural water utilization. The development of urbanization has
caused a change in the population structure. The rural labor force has gradually moved to the city
and from agricultural industry to the secondary and tertiary industries. As income from urban job
opportunities is much higher than that from food production, that means farmers’ enthusiasm for
production decreases, the agricultural irrigation rate decreases, and part of the farmland is deserted [71].
Li (2017) and Zhang (2020) reported that most of the transfer of labor was relatively young and
high-quality rural labor. This kind of transfer affects the use of agricultural production technology,
which is not conducive to improvements in agricultural water efficiency [72,73]. The increase in



Sustainability 2020, 12, 2869 10 of 16

urban populations and the expansion of the secondary and tertiary industries led to an increase in the
proportion of urban domestic water. Simultaneously, the demand for secondary and tertiary water also
increased, which led to a decline in the proportion of agricultural water in total water utilization [74].
More studies suggested that the transfer of labor is caused by the large amount of labor released by
the advancement of agricultural technology. The substitution effect will increase agricultural labor
productivity, while promoting agricultural modernization (Zhang et al., 2017; Lu, 2019) [75,76].

From the perspective of economic urbanization, a negative correlation was identified between
economic urbanization and agricultural water utilization efficiency at the 1% level. We chose the
proportion of the output value of the tertiary industry as a measurement index, which can better
reflect the conditions of industrial development. With the development of production activities,
the non-agricultural industry is continually changing. New-type urbanization is accompanied by
economic growth, also including the accumulation of production factors in cities caused by industrial
structure upgrades, and the concentration of non-agricultural investment, technology, and production
capacity [77]. The development of productive services has scarcely provided substantial positive
assistance to agricultural development, has crowded out the space for agricultural development, and has
even caused the pollution of water resources, as well as considerable damage to the environment, which
inevitably leads to the slow development of agriculture and a lack of attention to the development
of the agricultural industry. In theory, the development of the secondary industry can directly
nurture agriculture, providing material equipment and technical support for agricultural ecological
transformation and water-saving irrigation (Jiang, 2017) [78]. However, Hao (2019) stated that the
overall efficiency is low, and related technologies that directly serve green agriculture and water-saving
agriculture are lacking [79]. Yang (2019) verified that, for resource-based cities in China, the increase
in industrial productivity has more of a siphon effect on agriculture [80]. However, Liu (2017) found
that the impact of the industrial sector on the agricultural sector has changed from siphoning to
nurturing [81].

From the perspective of balanced urbanization, the urban primary index is significantly negatively
related to agricultural water utilization efficiency. The development of a disequilibrium in urbanization
is not conducive to the overall improvement of regional agricultural water utilization efficiency.
The average urban primary index in the Yellow River Basin dropped from 2.37 to 2.22 from 2007
to 2017, and the decline in Qinghai province was the most obvious, from 4.93 to 2.7. Although the
index scores of most of the provinces consistently exceeded 2.5, the index score of Sichuan province
always exceeded 4.2. The unbalanced urbanization structure of “one city dominates” affects the
economic impacts of cities. In addition, the emergence of megacities will crowd out resources as
technological innovation and environmental governance in other cities to some extent, which is
not beneficial to the improvement of overall agricultural water efficiency. The expansion of central
cities and the accumulation of the population in central cities negatively affects the development of
water-saving technologies and green economies [82–84]. Thus, too scattered or overly concentrated
urban populations will lead to loss of efficiency and slow economic growth [85]. Chen (2017) proved
that no clear distinction exists between good and bad for the urban primary ratio, but it needs to
be consistent with the stage of economic development and has to have a reasonable upper limit.
The positive effect is more significant in less developed regions [86]. Jin (2017) proposed that too high
a concentration inhibits the development of the surrounding urban and rural areas. For primary urban
development, the simple expansion of the urban population should be changed, and efficient use of
resources and cutting-edge technological innovation should be pursued [87].

From the perspective of other control variables of agricultural water utilization efficiency, the level
of technological innovation had a significantly positive effect on the agricultural water utilization
efficiency at the 1% level in the difference-GMM model. Scientific and technological innovation
plays an important role in the use of water resources, especially in areas with high agricultural water
consumption, such as Shandong and Henan. In provinces such as Qinghai, which are dominated
by animal husbandry, advances in agricultural technology have had a significant impact on the
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improvement of agricultural water utilization efficiency. The innovation of agricultural production
technology and the improvement of policies related to the use of agricultural water resources will benefit
the overall agricultural and irrigation output rates. The estimation results of the Diff-GMM model
revealed that the crop planting structure and agricultural water utilization efficiency are significantly
negatively correlated at the 1% level. Basically, the higher the proportion of crops planted, the greater
the amount of water used; thus, agricultural water utilization efficiency will decrease [88–90]. In terms
of rice, as a water-intensive crop with large water consumption but low output [91], the negative
effect of the rice planting ratio on agricultural water use efficiency is much larger than that of the
crop planting ratio. Annual precipitation and per capita water availability, as the two indicators of
water resources endowment, did not pass the significance test. The impact of annual precipitation
on agricultural water use efficiency is more complicated. In areas with sufficient rainfall, farmers’
awareness of water saving is weak. Thus, the wasteful use of water resources will reduce agricultural
water use efficiency. The agricultural water resources are abundant in areas with sufficient rainfall,
which is beneficial to the growth of crops, thus improving agricultural incomes.

5. Conclusions

Exploring the influence of urbanization development characteristics on agricultural water
utilization efficiency has practical significance for promoting high-quality development and agricultural
water use efficiency. In the study, we used a stochastic frontier analysis model to scientifically measure
agricultural water utilization efficiency in the provinces of the Yellow River Basin from 2007 to 2017.
The results indicated that the overall efficiency of agricultural water utilization maintained a steady
upward trend over the 10-year period. During the research period, water use efficiency was higher in
the eastern region and lower in the western region. Particularly from 2007 to 2011, each province had a
high annual growth rate, and the growth rate then flattened over the next five years. The estimation
results showed that the developed provinces generally had higher water use efficiency; thus, economic
development is a fundamental method to solve the problem of water resource efficiency and water
pollution. The variation coefficient of water utilization efficiency in the Yellow River Basin experienced
an overall downward trend, indicating a significant spatial spillover of water utilization efficiency.
Agricultural water use efficiency has continued to converge during the study period, especially for the
upper reaches of the basin. The provinces showed a synchronous change trend, the differences between
regions shrunk, and the internal differences converged. In addition, the high-quality coordinated
development of provinces proposed by the central government will further promote this convergence
effect in future years.

We then used the dynamic panel difference GMM model and system GMM models to estimate the
drivers of agricultural water efficiency. Population urbanization, economic urbanization, and balanced
urbanization were selected as the core variables. We also selected technological innovation, natural
resources, planting structure, and some other variables as control variables. The results demonstrated
that the population urbanization negatively affected agricultural water utilization efficiency. In the
process of urbanization, large numbers of skilled youth leave the countryside, whereas the old and
weak remain. The imbalanced development of urbanization has had a negative impact on agricultural
water use efficiency. The emergence of megacities will, to some extent, squeeze more resources from
small cities and rural areas, such as technological innovation and environmental governance, reducing
those available to agricultural areas, which is not conducive to improving water efficiency. Economic
urbanization is significantly negatively related to agricultural water use efficiency. Not only does
the development of productive services not provide substantial positive assistance to agricultural
development, it also occupies the space for agricultural development, resulting in slow agricultural
development. Technological innovation plays a positive role in the use of agricultural water resources.
The higher the proportion of crops planted, the higher the amount of water used, and the lower the
efficiency of agricultural water utilization.
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Based on the research results above, to further improve the efficiency of agricultural water
utilization in the Yellow River Basin and to promote high-quality urbanization, the following
suggestions are proposed. First, the quality of urbanization should be comprehensively improved,
and agricultural technical talents should be cultivated, reasonably guiding the transfer of surplus
labor. Second, the government should strengthen the deep integration of the service and agricultural
industries. Production technology, market consulting, and services should be provided for agricultural
development. Third, the government should focus on promoting the industrialization of nearby cities,
as well as that of small- and medium-sized towns to retain more talent in the countryside. Fourth,
the government should apply effective measures to accelerate the popularization and innovation of
water-saving technologies and the promotion of water resource recycling. Fifth, the government
should strictly supervise water resource utilization, as well as advocate the concepts and modes of
water conservation. Efforts should be made to strengthen the dual role of economic leverage and
administrative means. Sixth, the agricultural planting structure should be optimized, and dry farming
should be actively developed. The local government should promote the development of agricultural
deep processing and enhance agricultural added value.
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