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Abstract: Exploring the coordination of agricultural water resources (W), cultivated land (L), and
the ecoenvironment (E) system is crucial for sustainable agriculture in the North China Plain (NCP).
However, the synergistic effects of this composite system remain unclear. Coupling coordination
degrees (CCDs) of 53 cities in the NCP for the years 2011, 2015, and 2020 were evaluated using the
TOPSIS model, and the coupling coordination model, combined with the analytic hierarchy process
and entropy weight method. The evaluation results were further analyzed to identify obstacle factors.
The findings reveal the following: (1) The comprehensive development level showed a fluctuating
upward trend, with closeness values ranging from 0.418 to 0.574 in 2020, indicating an improvement
of 14.6-52.3% compared to 2011. The coefficient of variation (CV) for each province rose from 12.65%
in 2011 to 13.64% and subsequently declined to 9.12% by 2020. (2) Between 2011 and 2020, CCDs of
the W-L-E composite system exhibited a consistent upward trend. In 2020, regions with intermediate
or better coordination accounted for 34.0%, and were primarily located in Jiangsu Province, the
southern part of Anhui Province, the northwestern part of Shandong Province, and the municipalities
of Beijing and Tianjin. (3) In 2011 and 2015, significant obstacle factors included the water quality
compliance rate and the per capita disposable income of rural residents, although these were not
primary obstacles in 2020. The water supply modulus and multiple cropping index were major
obstacle factors in 2011, 2015, and 2020. Developing water-appropriate cropping patterns based
on regional water resource endowment is the essential path for the sustainable and coordinated
development of water, land, and ecology in the NCP.

Keywords: water resources; cultivated land; ecoenvironment; North China Plain; coupling coordination
degree; obstacle factors

1. Introduction

Water and land resources are essential materials and natural resources for human
survival [1], directly relating to food security and the sustainable development of agricul-
ture [2]. The North China Plain constitutes 20.4% of the nation’s cultivated land, yet it is
responsible for over 35% of the national grain yield, despite relying on a mere 6% of the
country’s water resources [3]. Due to the mismatch of water and land resources, coupled
with the extensive use of pesticides and chemical fertilizers, negative impacts have been im-
posed on the ecological environment, such as soil contamination, ecological regression, and
water pollution [4-6]. Simultaneously, the excessive extraction of groundwater has resulted
in the formation of the world'’s largest groundwater cone of depression area [7]. With the
rapid development of China’s economy and the ongoing promotion of urbanization, water
and land resources are increasingly diverted to nonagricultural industries, leading to an
annual average irrigation water shortage exceeding 3 x 10'° m3. Irrigation agriculture in
the NCP faces severe challenges [8]. Therefore, scientifically assessing the coupling and
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coordination of the three subsystems—agricultural water resources, cultivated land, and
ecological environment—and exploring potential obstacle factors are directly related to
regional ecological balance and food security.

Many scholars have engaged in research to explore the interactions between water,
land, and ecoenvironment, including the pairwise relationships between water and land,
water and ecoenvironment, and land and ecoenvironment [9]. The Coupling Coordination
Degree Model (CCDM) is a principal evolutionary framework employed for assessing
interactions and the degree of coordination among subsystems and is widely utilized in
various research fields [10-12]. Within the CCDM, the Coupling Coordination Degree
(CCD) acts as a metric for gauging the evolution of a composite system toward a higher
level of organization, indicative of sustainable development progress [13]. The coupling
of water and land resources mainly focuses on balance or coupling coordination rela-
tionships [14,15], the optimal allocation of agricultural water and land [16,17], resource
carrying capacity [18,19], and sustainable utilization [20]. Lv et al. [14] utilized the “Driving
Force-Pressure-State-Impact-Response” (DPSIR) model to assess the interaction between
water and land resources. Xie et al. [21] utilized the coupling coordination degree model to
evaluate the coupling coordination relationship between land space development and the
ecological environment of Henan Province. He and Wang [22] put forward a framework
to assess trends in the water—land resource carrying capacity from the perspectives of
the water—-land resource supporting force and pressure, employing a decoupling model
integrated with the ecological footprint concept and an index system.

As research deepens, studies on the integration of water and land resources with
third systems—such as urbanization [23], rural settlement [24], food security [25], eco-
nomic development [26], energy [27], and the ecological environment [28]—are increasing.
Cheng et al. [28] analyzed the coupling coordination relationships of regional water and
land resources and ecoenvironment systems with a focus on speed characteristics. Zhu
et al. [29] utilized the Gini coefficient and a water-land congruence metric to examine the
interrelationships within the water-land—food nexus across the principal grain-producing
regions of the North China Plain over the period from 2000 to 2020. Research methods
often include coupling coordination degree [28], matching coefficients [30], and linear and
nonlinear programming [16,17,31], and encompass various scales such as administrative
units [28], irrigation areas [32], river basins [15,33], and grid-based analyses [34].

In general, there are certain shortcomings in the existing studies on the CCD of the
W-L-E system. Most previous studies have focused on the coordination of either water
and land resources individually or two of the W-L-E systems. There is a scarcity of studies
examining the coupling coordination relationship and obstacle factors of all three systems
using microindicators. In addition, the current studies lack a coordinated analysis of the
W-L-E system at the municipal level in the NCP. Accordingly, this paper constructs an
integrated assessment framework named agricultural water resource carrying capacity,
cultivated land use efficiency, and eco-environmental pressure. It examines the coupling
and coordination characteristics in 53 cities across the years 2011, 2015, and 2020, and
identifies the key obstacle factors. The findings are expected to provide valuable references
and suggestions to optimize the use of agricultural water and cultivated land resources,
and to promote the sustainable development of modern agriculture.

2. Materials and Methods
2.1. Study Area

The NCP, situated in the eastern region of China, spans latitudes 32°08'-40°24' N and
longitudes 112°50'-122°40’ E [35] (Figure 1). The total area is approximately 30 x 10* km?,
including most or all of Beijing, Tianjin, Henan, Hebei, Shandong, Anhui, and Jiangsu
provinces [36], with an average annual temperature of 14-15 °C and annual precipitation
of 500-1000 mm [37]. Because it has sufficient light and heat and fertile land, it has become
the most important agricultural, animal husbandry, and commodity grain base in China, as
well as an important industrial manufacturing center and urban agglomeration center. The
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region includes 53 cities and has a population of over 250 million, with 67.79% of residents
dependent on agriculture for their livelihoods [38].
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Figure 1. Location of the North China Plain within China.

2.2. Data Sources

Taking 2011, 2015, and 2020 as the evaluation years, 23 representative indicators were
selected to evaluate the coupling coordination degree of the W-L-E system and subsystems
in the NCP. The basic data for 53 cities came from the China Statistical Yearbook, China
Statistical Yearbook on Environment, Statistical Bulletins of various provinces and cities,
Agricultural Statistical Bulletins, Statistical Bulletins on National Economic and Social
Development, and Water Resources Bulletins. Table 1 presents the sources of data utilized
in this study. Individual missing values were supplemented by interpolation or the average
method to ensure the accuracy and scientific nature of the data.

Table 1. An overview of the data used in this study.

Data Name Year Resolution/Data Level Acquisition Source
https:/ /www.gscloud.cn/
DEM 2020 20m accessed on 10 April 2022
. L. https:/ /www.stats.gov.cn/
China Statistical 2011, 2015, 2020 Provincial level sj/ndsj/ accessed on
Yearbook
17 June 2022
China Statistical https:/ /www.mee.gov.cn/
Yearbook on 2011, 2015, 2020 Provincial level ps: W -BOV-
. accessed on 19 May 2023
Environment
http:/ /szy.mwr.gov.cn/
Water Res.ources 2011, 2015, 2020 Provincial level gbsj/index.html accessed on
Bulletins
24 June 2023

Statistical Bulletins on
National Economic and 2011, 2015, 2020

Provincial and municipal

Provincial and statistical departments

municipal levels

Social Development accessed on 13 July 2023
Provincial and municipal
Statistical Bulletins 2011, 2015, 2020 Provincial and statistical departments
municipal levels accessed on
21 September 2023
2.3. Methods

A proposed methodology for assessing the coupling coordination relationship of the
W-L-E system includes the following procedures (Figure 2): (1) Screening and establish-
ment of the system evaluation framework. (2) Determination of composite weights using
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the Analytic Hierarchy Process (AHP) and the Entropy Weight Method (EWM). (3) Appli-
cation of the TOPSIS method (technique for order preference by similarity to ideal solution)
to evaluate the development level of the W-L-E composite system and subsystems. (4) As-
sessment of the coupling coordination degree of the system with the coupling coordination
model. (5) Diagnosis of the key obstacle factors to the composite system using the obstacle
degree model. Data processing, analysis, and visualization were performed using Microsoft
Excel 2019 (Microsoft Corp., Redmond, WA, USA), ArcGIS 10.2 (Environmental Systems
Research Institute, Redlands, CA, USA), and Origin 2021 (OriginLab Corp., Northampton,
MA, USA).

[ Water resource ][ Cultivated land ][ Eco-environment ]

v

W-L-E index system (3 levels of 23 indicators)
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[ AHP Method ]-l-[ EW Method ]
: ;i :
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: [ TOPSIS Model H Coupling Coordination Model H Obstacle Degree Model ]
{ Development level ]—b[ Coupling coordination degree ]—{ Obstacle Factors ]

Figure 2. The flowchart of the study methodology.

2.3.1. Index System Construction

The assessment and analysis of water and land resources, along with eco-environmental
resources, are generally conducted through the establishment of evaluation index systems at
various levels. Based on the structure of the composite system, it can be divided into three
subsystems: the agricultural water resource carrying capacity subsystem (A1), the cultivated
land use efficiency subsystem (A2), and the ecological environment pressure subsystem
(A3). Here, Al highlights the reliability of agricultural water resources, and A2 concentrates
on the productivity of cultivated land. Indicators at the criterion and indicator layers were
determined following the principles of scientific rigor, systematic approach, comparability,
and accessibility, and with reference to numerous relevant studies [9,14,19,21,28,32,39-41].
As shown in Table 2, a total of 23 different indicators were selected. Among these, indi-
cators C1-C9 pertain to the supply, consumption, and conservation of agricultural water
resources, with a particular emphasis on the proportion of groundwater in the water supply.
Indicators C10—C18 cover the economic and social benefits derived from cultivated land
use, highlighting the role of cultivated land in fostering agricultural and rural development.
Indicators C19-C23 address cultivated land pressure, energy pressure, and water environ-
ment pressure, emphasizing the impact of agricultural water and soil resource utilization on
the ecological environment.
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Table 2. Comprehensive evaluation index system.
Subsystem Criterion Indicator Unit Formula Property
proportion of i
Water saving (B1) water-saving % Water saving irrigation Positive
.. area/cultivated land area
irrigation (C1)
P'roliortlon of o Agricultural water use/total .
agricultural water Jo Negative
use (C2) water use
Irrigation water use 3 Irrigation water use/effective .
per area (C3) m’/ha irrigation area Negative
Water use (B2)
Cultivated land o Effective irrigation Positive
irrigation rate (C4) ¢ area/cultivated land area
Water consumption Agricultural water
Aericultural water per agricultural m3/10* CNY consumption /agricultural Negative
& - output value (C5) output value
resource carrying
capacity (A1) Proportion of
groundwater supply % Groundwater supply/total Negative
to total water supply water supply
(C6)
Proportion of
groundwater supply o Groundwater .
Water supply (B3) to groundwater e supply/groundwater volume Negative
resources (C7)
nvygntiei:lilsll?gg m3/m? Total water supply/total area Positive
Precipitation 3,0 . o
modulus (C9) m’/m Total precipitation/total area Positive
Grain %/éell(c)l)per ha kg/ha Grain }1,:;13 /a (;E;tlvated Positive
Output value per .
cultivated land area 10* CNY/ha Agrlcul.tural output Positive
(11) value/cultivated land area
Economic benefits Algncultural‘outg;l; 10* CNY/capita ! Agr1§ult1ural 10 utp Utl . Positive
(B5) value per Caplté} (C12) value/agricultural population
Dggree o Total agricultural machinery .
agricultural kw/ha ower/cultivated land area Positive
mechanization (C13) P
Cultivated land use i?botr (fiolr Cﬁcllael; le/h Agricultural Positi
efficiency (A2) cuttiva (eCl 4a) area peopie/ha population/cultivated land area ostve
Food safety o - . .
coefficient (C15) Yo Grain yield per capita/400 kg Positive
Disposable income of
Social benefits (B6) rural residents per 10* CNY Statistical data Positive
capita (C16)
Cultivated land area ha/capita Cultivated land area/total Positive
per capita (C17) population
Grain ylzzéc} g)er capita ke/capita Grain y;eé;d) 1/1 I;)ttia(} rfeglonal Positive
Muilggéi c(lg)lpg)nng % Sown areal(;il nges ;{ cultivated Negative
Ecological Land (B7) Fertﬂ;if; (uCtIZIZJZ)ahOn kg/ha appliAe?/o S:Jr{:i?/i’fsilnlgizrarea Negative
environment Pesticide utilization ke /ha Amount of pesticide Negative
pressure (A3) rate (C21) & applied/cultivated land area &
Energy consumption ) 4 Rural electricity .
Energy (B8) rate (C22) kw-h/107 CNY use/agricultural output value Negative
Water (B9) Water quality % Statistical data Positive

compliance rate (C23)

2.3.2. AHP Method

The AHP is a Multicriteria Decision-Making (MCDM) method that integrates both
qualitative and quantitative approaches to determine the weights of objectives. It assists
decision-makers in addressing complex problems with multiple, inter-related subjective
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criteria and is widely applied in the fields of management and decision-making [42]. The
main computational process is divided into four steps:

(a) Construct a judgment matrix A = (a;;) 1xry Where a;; represents the quantified degree
of importance of criterion i relative to criterion j, using a scale of numbers from 1 to 9
and their reciprocals.

(b) By employing the formula Aw = AW, derive the maximum eigenvalue A,y and
its corresponding eigenvector w of the judgment matrix A. Calculate the consistency
ratio Cg. If Cr < 0.1, the consistency of the judgment matrix is deemed acceptable;
otherwise, necessary adjustments should be made to the judgment matrix.

(¢) Perform normalization on the eigenvector w to obtain the final weight vector
w]-’ = (w'y, W'y, ...,w’n)T, where w'y, W'y, ..., w'y represent the weights of the re-
spective evaluation criteria.

2.3.3. Entropy Weight Method

The entropy weight method determines the weight values of indicators based on
the amount of information reflected by the variability of the measurement indicator data,
reducing the interference of subjective human factors in assigning weights. The main
calculation process is divided into four steps [43]:

(a) Tomitigate the discrepancies in the order of magnitude and dimensionality across vari-
ous indicators, the range normalization method is utilized to standardize each indicator:

Lﬂ(x”), Xij is a positive indicator
Yi]’ _ max(Xi(j))(f)sz(Xij) (1)
max ij ) —<ij . . . .
iz (X)) —min (X))’ Xij is a negative indicator

In this context, i represents the province, j represents the evaluation indicator, and X;;
and Y;; represent the initial and standardized values of the indicator, respectively. max (X;;)
and min (X;;) represent the maximum and minimum values of Xj;.

(b) Calculate the information entropy E; for each evaluation indicator Yij:

1 n n n
i3 i=1 i—1
(c) Compute the weight W;" for each indicator Yj;:
m
Wi = (1-E)/) (1-E) (3)
j=1

(d) Integrate the Analytic Hierarchy Process (AHP) with the entropy weight method to
derive a composite weight W; that accounts for both subjective and objective factors.

Wi=aW/+(1-a)W 0<a<1 (4)

Synthesizing the discussion results from the literature [44] and considering the actual
situation of the indicator system in this paper, the comprehensive weight is calculated with
a=0.5.

2.3.4. TOPSIS Method

The TOPSIS method, or “Technique for Order Preference by Similarity to Ideal Solu-
tion”, is a commonly used decision-making technique for multiple-criteria decision analysis
with a finite number of alternatives [45]. This method does not impose strict requirements
on sample size and data distribution, and it can reflect the level of the current situation by
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measuring the distance between the best and worst solutions, making it well-suited for the
research subjects of this paper [46]. The steps are as follows [47]:

(@) Normalize the data set comprising m samples and 7 indicators to ensure the uni-
formity of trends (consistent with the method in Section 2.3.2), and then apply a
dimensionless treatment according to the following formula to obtain a dimensionless

decision matrix Z = (z;) et

xi]-
zjj = ——— (5)
m
\/ X Xij
i=1
(b) Determine the optimal solution z]-Jr and the worst solution z;~ for each indicator:
i p— . . .
{z] = qu{zlj ,22js -+ Zmj} ©)
zim = min{zj,zoj, ... Zyj

(c) Establish the weighted Euclidean distances of each evaluation object from the optimal
and the worst solutions D; " and D; :

D = \/jil [y (2= 2+))°

_ 7)
_ 2
D™ = \/,Zl [wj(zij —27)]
/:
In the formula, w; represents the composite weight of the indicator j.
(d) Determine the closeness degree C;:
D;~
- _ 8
! D;* +D;~ ®)

The closer the value of C; is to 1, the closer the object is to the ideal solution, indicating
that the object becomes more optimal.

2.3.5. Coupling Coordination Degree Model

(@) The TOPSIS method is applied to calculate the closeness degree U, Uy, and Us of
the agricultural water resource carrying capacity, cultivated land use efficiency, and
ecological and environmental pressure subsystems to the ideal solution.

(b) Construct the coupling coordination degree model [9]:

D=3x th-Up-Us . 9)

(Uy + Uy + Us)
T=pg1U+ B+ B3Us Br+P2+B3=1 (10)
B=vVDxT (11)

In the formula, D and T represent the coupling degree and coordination index of the
three subsystems, respectively; B1, B2, and B3 represent the weights, and because the three
subsystems are equally important, each value is 1/3; the coupling degree and coordination
index of the three subsystems, respectively; U;, Uy, and U; represent the evaluation
indices for agricultural water resource carrying capacity, cultivated land use efficiency,
and ecological and environmental pressure, respectively; and B denotes the coupling
coordination degree of the three subsystems, B€|0, 1]; referring to related research [3,9,48],
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the coupling coordination relationship within the W-L-E system can be categorized into
the following ten types based on their magnitude (Table 3).

Table 3. Coupling coordination degree classification standard.

CCD [0.0~0.1) [0.1~0.2) [0.2~0.3) [0.3~0.4) [0.4~0.5)
Interval
C Cogplu:g Extreme Severe Moderate Mild Near-
oordnation disorder disorder disorder disorder disorder
Level
CCD Interval [0.5~0.6) [0.6~0.7) [0.7~0.8) [0.8~0.9) [0.9~1.0]
Coup lmg Barely Primary Intermediate Virtuous Quality
Coordination . . .. .. .
Level coordinated coordination  coordination  coordination  coordination

Note: In mathematical notation, parentheses denote that the boundary values are excluded, whereas square
brackets indicate that the boundary values are included.

2.3.6. Obstacle Factor Diagnostic Model

The obstacle degree model can be used to diagnose the primary factors influencing
the coupling coordination degrees of the W-L-E system across various provinces and
municipalities. Three metrics—factor contribution degree, indicator deviation degree,
and obstacle degree—are employed for analytical diagnosis [49]. (a) Factor contribution
degree refers to the extent to which an individual factor contributes to the overall objective,
denoted by the weight W; of the factor. (b) The indicator deviation degree I;; represents
the discrepancy between the single-factor indicator and the system’s developmental target,
where I;; = 1 — x;j. (c) The obstacle degree O;; is a measure of the impact that a single
indicator or criterion-level factor has on the coupling and coordination relationship among
the three systems. The calculation formula is as follows:

0 = % (12)

3. Results
3.1. Composite Weight Results

Utilizing the AHP and the EWM, both subjective and objective weights, as well as
composite weights for the three subsystem layers and nine criterion layers, encompassing
a total of twenty-three evaluation indicators, were calculated. The results are presented
in Figure 3. Generally, the absolute differences in weights derived from both methods
were below 2% for indicators C4, C5, C9, C10, C13, C15, C19, C22, and C23. For the
remaining indicators, however, the differences exceeded 2%. This disparity highlights the
consistency and complementarity of the two methodologies in determining the indicator
weights. When examining the subsystem layers, the weight assigned to agricultural water
resource carrying capacity exceeded that of cultivated land utilization efficiency, which in
turn surpassed the weight of ecological and environmental stress.
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Figure 3. The weights of the evaluation indicators.

3.2. The Development Level of the W-L-E System

Based on the composite weights, the TOPSIS method was utilized to calculate the
closeness of the W-L-E subsystems and the composite system to the ideal solution for
the years 2011, 2015, and 2020, as shown in Figure 4. In 2011, the average index for
agricultural water resource carrying capacity across seven provinces and cities was within
the range of [0.351, 0.476], indicating generally weak capacity. By 2015, the index was
varying slightly within [0.342, 0.501], reflecting growing regional disparities. By 2020,
the index improved to [0.402, 0.585], signifying enhanced water resource capacity. The
indices for cultivated land efficiency and the ecological environment exhibited a stable
upward trend from 2011 to 2020. The comprehensive index for the W-L-E composite
system increased significantly from [0.354, 0.405] in 2011 to [0.418, 0.574] in 2020 across
the seven provinces and municipalities. The overall coefficient of variation (CV) increased
from 12.65% in 2011 to 13.64% in 2015, before declining to 9.12% in 2020. This indicates
a significant enhancement in the concentration of the evaluation index across the cities
within each province.

3.3. Coupling Coordination Degree of the W-L—E System

The coupling coordination degrees (CCDs) of the W-L-E system in the NCP for the
years 2011, 2015, and 2020 are depicted in Figure 5. Over the decade from 2011 to 2020, the
average coupling coordination levels ranked as follows: Beijing, Jiangsu, Anhui, Tianjin,
Shandong, Henan, and Hebei (all seven provinces and municipalities showed improve-
ments in their coordination indices). Specifically, Anhui, Hebei, and Henan progressed
from a state of near disorder to primary coordination; Jiangsu advanced from primary
to intermediate coordination; Shandong improved from a barely coordinated state to pri-
mary coordination; Beijing moved from a barely coordinated state of quality coordination
(CV =37.93%); and Tianjin significantly improved from mild disorder to intermediate coor-
dination (CV = 42.30%). In 2020, regions with a moderate level of coordination or higher
were predominantly found in Jiangsu Province, the southern part of Anhui Province, the
northwestern part of Shandong Province, and the municipalities of Beijing and Tianjin.
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3.4. Coupling Coordination Degree Obstacle Factors of the W-L—E System

The obstacle degree indicators of the seven provinces and municipalities were calcu-
lated for 2011, 2015, and 2020. The top 11 indicators with the highest obstacle degrees were
selected as the primary obstacle factors, as shown in Table 4 and Figure 6. In 2011, the
primary obstacle factors included the water quality compliance rate (C23), the multiple
cropping index (C19), the per capita disposable income of rural residents (C16), the water
supply modulus (C8), and the per capita agricultural output value (C12). Of these, one ob-
stacle factor relates to the water resource dimension, two to the cultivated land dimension,
and two to the ecological environment dimension. In 2015, the main obstacle factors were
the water supply modulus (C8), the multiple cropping index (C19), the precipitation mod-
ulus (C9), the water quality compliance rate (C23), and the per capita disposable income
of rural residents (C16). Here, two factors are attributed to the water resource dimension,
one to the cultivated land dimension, and two to the ecological environment dimension.
In 2020, the primary obstacle factors were the water supply modulus (C8), the multiple
cropping index (C19), the food security coefficient (C15), the precipitation modulus (C9),
and the per capita agricultural output value (C12), all of which exhibited relatively high
overall obstacle degrees. Among these, two factors belong to the water resource dimension,
two to the arable land utilization benefit dimension, and one to the ecological environment
dimension. During 2011 and 2015, the water quality compliance rate (C23) and per capita
disposable income of rural residents (C16) were significant impeding factors within the
system; however, their impact had diminished by 2020. Additionally, the water supply
modulus (C8) and multiple cropping index (C19) consistently emerged as predominant
constraints in 2011, 2015, and 2020.

Table 4. The primary obstacle factors for provinces and municipalities in 2011, 2015, and 2020.

Index Year Anhui Jiangsu Tianjin Hebei Henan Beijing Shandong Average
2011 5.82 6.11 2.86 5.40 6.98 4.26 6.52 5.42%
C1 2015 9.97 4.94 4.96 4.73 7.62 0.75 6.69 5.67%
2020 9.02 5.34 3.32 4.04 7.50 0.02 5.97 5.03%
2011 6.58 5.76 7.90 8.18 7.85 7.52 8.74 7.51%
C8 2015 9.61 7.11 7.67 9.31 8.50 8.62 9.56 8.63%
2020 9.92 8.38 9.59 10.87 9.94 1291 11.17 10.40%
2011 6.03 5.70 7.66 7.83 6.66 6.65 6.57 6.73%
9 2015 6.73 5.63 8.38 8.21 7.66 9.06 8.57 7.75%
2020 491 491 10.70 9.85 7.58 8.14 7.48 7.65%
2011 7.79 6.21 6.58 6.17 6.35 4.56 6.07 6.25%
Cl1 2015 3.02 522 5.50 5.31 6.04 5.36 524 5.10%
2020 7.84 7.53 6.70 6.27 481 2.01 5.83 5.86%
2011 7.57 6.95 6.70 6.24 6.58 6.88 6.68 6.80%
C12 2015 3.59 5.20 6.29 5.75 5.93 8.25 5.62 5.80%
2020 7.00 5.99 7.36 6.29 597 13.58 5.92 7.45%
2011 3.69 4.81 4.93 4.66 4.61 3.73 4.64 4.44%
C14 2015 6.56 6.27 5.03 491 5.30 4.02 5.57 5.38%
2020 6.61 7.46 6.68 6.29 6.18 0.04 6.77 5.71%
2011 478 4.65 8.68 5.49 4.63 9.01 5.40 6.09%
C15 2015 4.33 4.58 8.96 7.73 4.35 10.80 6.29 6.72%
2020 4.30 4.60 11.00 711 5.18 17.06 7.22 8.07%
2011 8.96 8.95 7.46 8.96 9.00 6.65 8.49 8.35%
Cl6 2015 10.22 7.95 4.90 7.70 8.08 4.53 7.45 7.26%
2020 7.42 5.23 2.38 6.65 6.62 0.05 5.65 4.85%
2011 3.77 3.68 6.87 4.33 3.66 7.12 427 4.81%
C18 2015 3.43 3.62 7.08 6.11 3.44 8.54 4.98 5.31%
2020 3.40 3.63 8.70 5.62 4.09 13.47 5.71 6.38%
2011 13.04 10.73 222 7.15 10.10 6.67 8.70 8.37%
C19 2015 11.08 12.08 3.34 7.32 11.33 2.77 7.96 7.98%
2020 10.61 13.58 5.16 9.33 14.57 0.06 9.64 8.99%
2011 7.78 6.68 12.55 10.38 10.00 6.03 9.60 9.00%
C23 2015 6.17 7.92 14.49 5.43 7.10 6.66 3.57 7.34%

2020 414 1.72 0.98 1.00 0.67 0.00 1.09 1.37%




Agriculture 2024, 14, 1636

12 of 16

2011

2015 2020

Auhuif 4141

€15 fho4
—
Jiangsi | 39,64

@3 | F13¢ Henan

[— ]
. ———
ot

—-—

1] 8

21| s

Henanl | 39.36

Shandorlg| 3483 €8 (4038

CléISkN

Hebeil (3749
€16 b0

= .

Beijing | 3338

manI 3936

Figure 6. Coupling coordination degree obstacle factors in 2011, 2015, and 2020.

19 | 5588 Fiangis

¢
—
P o
g 3 I
—_— e e [ S
7 N :
1
\
s

) ——

4. Discussion

Based on the original data of the study area, composite weights were calculated using
the AHP in conjunction with the entropy weight method. The TOPSIS model, the coupling
coordination degree model, and the obstacle degree diagnostic model (Equations (5)—(12))
were then used to evaluate the development level, coupling coordination degree, and the
key obstacle factors for each subsystem and the composite system, respectively.

4.1. Characteristics and Differences in the Closeness of the W—L-E System

The closeness to the ideal solution reflects the development levels of the subsystems
and the composite system. From 2011 to 2020, the closeness value of the W-L-E composite
system exhibited a fluctuating upward trend. Taking Anhui Province as an example, the
closeness value was 0.362 in 2011, increased to 0.435 by 2015, but experienced a slight
decline to 0.423 by 2020. In general, the closeness value in 2011 was comparatively low,
indicating an overall weaker level of development. In 2015, the average closeness value
increased by 9.46% compared to 2011, yet the disparities among different provinces and
cities have grown. In 2020, the average closeness value further increased by 11.28% com-
pared to 2015. This trend aligns with the research findings of Luo et al. [9]. The overall
coefficient of variation (CV) for each province increased from 12.65% in 2011 to 13.64% in
2015, before declining to 9.12% in 2020. This indicates a significant enhancement in the
concentration of the evaluation index across the cities within the province, reflecting a
transition from asynchronous to synchronous development among various cities within
each province, consistent with the research patterns reported by Lv et al. [14]. For example,
in Hebei Province, the coefficient of variation (CV) was 14.06% in 2011, rising to 18.03% in
2015 and then falling to 10.43% in 2020. Over the period from 2011 to 2020, the average
closeness value for the three W-L-E subsystems increased by 14.35%, 29.2%, and 34.97%,
respectively, reflecting a positive trend in the development of agricultural water resource
carrying capacity, cultivated land use efficiency, and ecological environment conditions in
the NCP.

4.2. Coupling Coordination Condition of the W-L-E System

Due to differences in factors, such as natural endowment, location conditions, develop-
ment foundations, industrial structures, and local policies, the coupling coordination of the
NCP’s W-L-E system exhibits significant variation. The coupling coordination condition
of the W-L-E system showed an upward trend from 2011 to 2020, increasing from 0.50 to
0.687, representing a 35.77% improvement. Over the same period, the average coupling
coordination level was ranked as follows: Beijing > Jiangsu > Anhui > Tianjin > Shandong >
Henan > Hebei. There was a noticeable enhancement in the average coupling coordination
index for different provinces and cities. In 2020, areas with a moderate level of coordination
and above accounted for 34.0%, and were mainly distributed in Jiangsu Province, the
southern part of Anhui Province, the northwestern part of Shandong Province, and the
municipalities of Beijing and Tianjin, reflecting distinct spatial distribution characteristics.

From 2011 to 2020, the coupling coordination degree of the three subsystems exhibited
a steady growth trend, indicating a mutually reinforcing effect among the subsystems.
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However, there is still considerable room for improvement. This progress can be attributed
to the implementation of policies such as the “National Agricultural Sustainable Develop-
ment Plan (2015-2030)” and the continuous advancement of modernization projects for
large and medium-sized irrigation areas following the “13th Five-Year Plan.” These efforts
have led to a steady enhancement in the level of agricultural resource utilization and an
increase in the coupling coordination degree values. Nevertheless, insufficient resource
endowment in some regions and the extensive mode of utilization are not aligned with the
pace of agricultural economic development and ecological improvements, resulting in the
majority of provinces and cities being unable to achieve a highly coordinated state [50].

4.3. Diagnosis of Obstacle Factors to the W-L—E System

From a comprehensive perspective, the water quality compliance rate was a primary
obstacle factor in 2011 and 2015 (ranking first and fourth, respectively), but was not a main
obstacle in 2020. This shift indicates that since the “Twelfth Five-Year Plan”, ecological and
environmental governance measures—including the “National Environmental Protection
Plan for the Twelfth Five-Year Plan”, the “Key River Basin Water Pollution Prevention
and Control Plan (2011-2015)”, the “Ecological and Environmental Protection Plan for
the Thirteenth Five-Year Plan”, and the ecological protection and high-quality develop-
ment strategy for the Yellow River Basin—have been effectively implemented, leading to
significant improvements in the water environment conditions of the NCP. Similarly, the
per capita disposable income of rural residents was a primary obstacle factor in 2011 and
2015 (ranking third and fifth, respectively), but this obstacle had significantly decreased by
2020. This improvement is closely related to policies such as “poverty alleviation and rural
revitalization” [51]. The water supply modulus and multiple cropping index remained
the primary obstacle factors in 2011, 2015, and 2020. On the one hand, this is due to
the constraints of natural water resource endowments, with nonagricultural industries
continuously encroaching on the water supply for agriculture. On the other hand, the
continuous expansion of crop sowing and irrigation areas has increased agricultural water
consumption, exacerbating the scarcity of water resources [3].

5. Conclusions

The development level of the W-L-E system in the seven provinces and municipalities
of the NCP exhibits a fluctuating upward trend. In 2020, it ranged from 0.418 to 0.574,
representing an increase of 14.6-52.3% compared to 2011. The concentration of development
levels among various provinces and cities has significantly improved, with the coefficient
of variation (CV) rising from 12.65% in 2011 to 13.64% and subsequently declining to 9.12%
in 2020, indicating a transition from a “disordered” to an “ordered” state. Between 2011
and 2020, development levels for the W-L-E subsystems increased by 14.35%, 29.2%, and
34.97%, respectively. The coupling coordination degree of the W-L-E composite system
has shown a steady growth trend from 2011 to 2020, indicating mutual promotion among
the subsystems; however, there remains considerable room for improvement. In 2020,
cities with an intermediate or higher degree of coordination accounted for 34.0% and were
predominantly located in the southern part of Jiangsu Province, the northwestern part of
Anhui Province, the northwestern part of Shandong Province, and the municipalities of
Beijing and Tianjin, highlighting a distinct spatial distribution.

For the W-L-E composite system of the NCP, the obstacle factors in coupling coordi-
nation exhibited significant spatial and temporal variations. In 2011 and 2015, the water
quality compliance rate and per capita disposable income of rural residents were significant
obstacle factors; however, they were not primary obstacles in 2020. Additionally, the water
supply modulus and multiple cropping index were the primary obstacle factors in 2011,
2015, and 2020. Furthermore, it should be noted that the subjectivity in the construction
of the indicator system may introduce a degree of uncertainty to the model’s coupling
results. Future research should include comparative analyses between different indicator
systems and models. Meanwhile, based on the coupling coordination relationship of the
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W-L-E system, the optimization of the agricultural planting layout in the North China
region to align with the endowment of water and soil resources should be a key focus for
future studies.

6. Recommendations

Drawing on the identification results of impediments within the W-L-E system, the
following policy recommendations are proposed to enhance the system’s coupling and
coordination, and to foster the high-quality and harmonious development of agricultural
water resources, cultivated land use, and ecological environment in the NCP:

(a) Treat water resources as a stringent constraint, especially in regions, such as Hebei, Henan,
and Shandong provinces where water supply is insufficient. Enhance the safe and efficient
utilization of nonconventional water sources, including rainwater, seawater, and marginal-
quality water. Advocate for localized adoption of water-saving irrigation technologies,
such as integrated water-fertilizer systems, to bolster farm water supply security and
irrigation efficiency through source expansion and conservation.

(b) In accordance with the water resource carrying capacity, strictly control the total
volume and intensity of agricultural water consumption across different regions.
Develop water-adapted agricultural planting models, determine crop selection and
production limits based on water availability.

() Moderately promote the scale of agricultural operations to improve agricultural
production efficiency, thereby increasing the benefits of cultivated land use and the
income of agricultural workers.

(d) Although water quality was not a primary obstacle in 2020, vigilance is necessary against
the potential ecological deterioration risks associated with the expansion of crop sowing
and irrigation areas, as well as the excessive use of pesticides and fertilizers.
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