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Abstract: An increased land use intensity due to rapid urbanization and socio-economic development
would alter the structure and function of regional ecosystems and cause prominent environmental
problems. Revealing the impact of land use intensity on ecosystem services (ES) would provide
guidance for more informed decision making to promote the sustainable development of human and
natural systems. In this study, we selected the Hanjiang River Basin (HRB) in Hubei Province (China)
as our study area, explored the correlation between land use intensity and ecosystem Services” Value
(ESV), and investigated impacts of natural and socio-economic factors on ESV variations based on the
Geographical Detector Model (GDM) and Geographically Weighted Regression (GWR). The results
show that (1) from 2000 to 2020, land use intensity in HRB generally showed an upward trend, with
a high spatial agglomeration in the southeast and low in the northwest; (2) the total ESV increased
from 295.56 billion CNY in 2000 to 296.93 billion CNY in 2010, and then decreased to 295.63 CNY
in 2020, exhibiting an inverted U-shaped trend, with regulation services contributing the most to
ESV; (3) land use intensity and ESV had a strong negative spatial correlation, with LH (low land use
intensity vs. high ESV) aggregations mainly distributed in the northwest, whereas HL (high land
use intensity vs. low ESV) aggregations were located in the southeast; (4) natural factors, including
annual mean temperature, the percentage of forest land, and slope were positively associated with
ESV, while socio-economic factors, including GDP and population density, were negatively associated
with ESV. To achieve the coordinated development of the socio-economy and the environment, ES
should be incorporated into spatial planning and socio-economic development policies.

Keywords: ecosystem services’ value (ESV); land use intensity; spatiotemporal characteristics; spatial
correlations; driving factors; Hanjiang River Basin (HRB)

1. Introduction

Land provides space for human activities and supports terrestrial ecosystem services
(ES) that are essential for human survival and development. ES are the goods (e.g., food,
water, etc.) and services (e.g., air purification, waste treatment, etc.) that ecosystems
provide to human society, which can be broadly classified into four categories, i.e., supply
services, regulation services, support services, and cultural services [1,2]. During the
process of rapid urbanization and industrialization, humans have drastically transformed
the landscape from natural surfaces (such as forest land and water areas) to surfaces
employed for artificial uses (such as cultivated land and built-up areas), and the land
use intensity has substantially increased, which greatly weakens the provision of vital ES
by ecosystems [3,4]. In light of this, promoting the coordination between humans and
ecosystems has become a hot topic for both governments and academia. For example, the
United Nations identified Goal 7: Ensure environmental sustainability as an indicator of
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the Millennium Development Goals and suggested that it be incorporated into country
policies and programs to reverse the loss of ES. Faced with prominent environmental issues,
the 18th National Congress of the Communist Party of China (CPC) in 2012 proposed the
ecological civilization construction strategy, which emphasized harmony between human
and nature [5].

Research on ES has begun to flourish since Costanza et al. (1997) published the fa-
mous paper, “The Value of the World’s Ecosystem Services and Natural Capital”, which
classified the global ES into 17 types and estimated their economic values [1]. Xie et al.
(2003 and 2008) [6,7] built upon Costanza et al. (1997) and proposed an evaluation method
suitable for assessing the economic value of terrestrial ES in China based on surveys of over
200 Chinese ecologists [8]. Much of the literature on ES has focused on the evaluation of ES
value (ESV) [9-11], the driving mechanism of ES variation [12-14], the integration of ES in
landscape planning and decision making [15,16], and analysis of ES synergies and trade-
offs [17,18]. Recent research has begun to investigate the coupling coordinative relationship
between ES and socio-economic development, such as sustainable development [19,20],
human activities” intensity [21], urbanization [22], etc.

From the perspective of land use, Xi, et al. [23] analyzed the spatiotemporal character-
istics of the ESV of island cities based on land use/cover and predicted future ESV. Rahman
and Szabo [24] analyzed the impact of land use/cover change (LUCC) on the value of
urban ES in Dhaka, Bangladesh, and found that water areas contributed the most to ESV.
However, less attention has been drawn to the relationship between land use intensity and
ESV. Land use intensity reflects the extent to which land has been developed and utilized
by human activities. Some studies take it as an indicator of land use efficiency [25], while
others use it to measure the development of regional land parcels [26]. This study uses it
to measure the degree to which different land uses are developed by human beings. The
existing research on land use intensity has been widely studied in the literature, including
the intensity of cultivated land use [27], the response of land use intensity to urbaniza-
tion [26], and the relationship between land use intensity, the ecological environment [28],
and biodiversity [29]. In this study, we aim to explore spatial correlations between land use
intensity and ESV.

According to previous studies on the driving mechanism of ES change, the evolution
of regional ES is affected by a combination of natural and human factors [30]. Natural
factors include precipitation, temperature, and vegetation coverage [31]. The anthropogenic
aspect comprises the effects of human-induced climate change and LUCC, as well as the
effects of economic development and human activities [32,33]. The selected anthropogenic
factors primarily consist of population, urbanization rate, GDP, etc. The impacts of these
factors vary widely due to regional differences [34,35]. Understanding the influencing
factors and driving mechanisms of regional ES in different locations is essential for targeted
plans and measures to achieve environmental protection and sustainable development [36].

As the largest tributary of the Yangtze River, the socio-economic position of the
Hanjiang River Basin (HRB) is crucial for the Yangtze River Basin. With the development
of the Yangtze River Economic Belt, especially the opening of the middle route of the
South-to-North Water Diversion Project, the ecosystem of the Hanjiang River is under great
threat [37]. The reduction in the water volume and the destruction of vegetation in the upper
reaches of the Hanjiang River directly affect the water quality and hydrological conditions in
the middle and lower reaches, i.e., the HRB in Hubei Province. The Danjiangkou Reservoir
in Hubei Province is the core water source of the middle route of the South-to-North Water
Diversion Project [38], and the water transfer has a great impact on the production and
ecology of the middle and lower reaches of the Hanjiang River. Furthermore, the HRB in
Hubei Province plays a very important role in the development of the province, with more
than 50% of its population and GDP being distributed in the HRB. Hence, decision makers
attach great importance to the development and implementation of policy in Hubei Section
of HRB. Over the past two decades, rapid urbanization and over-reclamation of cultivated
land have resulted in an imbalance of land use structure in the HRB of Hubei Province.
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This imbalance is primarily manifested by the continuous expansion of built-up land at the
expense of high-quality cultivated land, forest land, and water area, resulting in resource
depletion and environmental pollution [39]. Due to increased human activities, the ability
of ecosystems in HRB to self-regulate has degraded.

Some scholars have investigated the ES of the HRB. For example, Li, et al. [40] took
the upper Hanjiang River as their study area and examined the changes of water-related
ES, such as soil conservation and flood control services, as a result of climate change.
Qi et al. [41] explored the role of forest restoration in ES in the HRB and found a positive
impact. Yu, et al. [42] explored the evolution of the social-ecological system in the Hubei
Section of the HRB and found that resources and the economy were important driving
forces of the change in social-ecological systems, and that human activity played a leading
role in its evolution. Existing studies in the HRB have focused on a single type of ES from
a micro perspective, and the majority of the study areas are located in the upper reaches.
Few studies have examined the overall ES in the basin and the correlation between land
use intensity and ES, as well as the driving force of ES, particularly in the middle and
lower HRB reaches. Additionally, as one of the most representative human activities, the
South-to-North Water Diversion Project has put great pressure on the environment and
society in the middle and lower reaches of the Hanjiang River. Our study period ranged
from 2000 to 2020, which allowed us to examine changes in the regional environmental
conditions before and after the implementation of the South-to-North Water Diversion
Project in 2014. It is of great value to investigate the relationship between land use intensity
and ES in this region for the sustainable development of human and the environment.
Thus, in this study, we selected the HRB in Hubei Province as our study area to investigate
the responses of ESV to changes in land use intensity. This study has four specific research
objectives: (1) to identify the spatiotemporal changes of land use intensity, (2) to assess the
spatiotemporal evolution of ESV, (3) to analyze the spatial correlations between land use
intensity and ESV, and (4) to reveal the driving factors affecting ESV changes in the Hubei
section of the HRB from 2000 to 2020.

2. Materials and Methods
2.1. Study Area

The Hanjiang River originates in the Qinling Mountains; flows primarily through
Shaanxi, Henan, and Hubei provinces, and has a total length of 1567 km and a total
area of 15.9 x 10* km?. It joins the Yangtze River from west to east and is the largest
tributary of the Yangtze River. The landform of the HRB descends a total of 1964 m from
mountains to plains [43]. Located in the subtropical monsoon climate zone, the HRB has an
annual average precipitation of 700-1800 mm, an annual average temperature of 14 °C, and
a relatively high vegetation coverage rate [44]. After passing through Baihe County, the
Hanjiang River enters Hubei Province from Yunxi County, turns southeast at Danjiangkou,
and passes through Xiangyang, Yicheng, Zhongxiang, and other counties on its way to
Wuhan City, where it joins the Yangtze River. The HRB in Hubei Province, encompassing
nearly the middle and lower reaches of the Hanjiang River, was selected as our study
area (Figure 1).

2.2. Data Sources

The land use raster dataset with a 100 m resolution for the years 2000, 2010, and 2020
was downloaded from the Data Center for Resources and Environmental Sciences, at the
Chinese Academy of Sciences (RESDC) (http://www.resdc.cn, accessed on 5 May 2022).
Annual mean temperature, annual mean precipitation, slope, GDP, and population density
were also obtained from RESDC. The distances to the county center, water system, and
road system were calculated using the Euclidean distance tool in ArcGIS 10.3 software
(ESRI, Environmental Systems Research Institute, Redlands, CA, USA). ArcGIS 10.3 was
also used to calculate the area of different land use types in each county. All datasets were
converted into the same coordinate system and the same pixel size (100 m x 100 m).
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Figure 1. Location of the study area.

2.3. Methods
2.3.1. Calculation of Land Use Intensity

Land is the material basis for the survival and development of human society. Land
use intensity reflects the extent to which land resources are developed and utilized by
human beings [45]. Referring to the method of land use intensity proposed by Zhuang
et al. [46] and the graded assignments of land use type (Table 1), the land use intensity can
be calculated with the following formula:

n
L =100 x }_R; x Aj/A )
i=1

where L is the land use intensity, n is the number of land use types, R; is the grade factor of
the i-th land use type, A; is the area of the i-th land use type, and At is the total area of all
land use types.

Table 1. Graded assignments of land use intensity.

Types and Unused Forest, Grassland, Asricultural Land Urban Settlement
Grades Land and Water Land 8 Land
Cultivated land, Towns, residential

Forest land, areas, industrial

Land use Unused land Grassland, Water Garde.n . and mining,
types Land, Artificial :
area transportation
grassland land
Grade factor 1 2 3 4

2.3.2. Assessment of Ecosystem Services’ Value

The evaluation method proposed by Costanza et al. [1] and adapted by Xie et al. [6,7]
for China’s ecosystems has been widely adopted due to its high operability and convenient
method of data acquisition [8]. In general, ES is classified into four categories, i.e., supply
services, regulation services, support services, and cultural services, which can be further
divided into nine subtypes (Table 2). Based on the equivalent value per-unit area of ES pro-
posed by Xie et al. in 2008, we adjusted the economic value of a standard equivalent factor
and calculated the ESV of the study area. According to the functions and characteristics
of land use types, we matched forest land with forest in Xie et al.’s classification system,
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cultivated land with farmland, water area with rivers/lakes, unused land with desert, and
assigned built-up land an ESV of zero [47]. It should be noted that the economic value of
a standard equivalent factor equals 1/7 of the average market value of grain production.
Considering the grain yield per-unit area of the study area and the average grain prices in
2000, 2010, and 2020, the equivalent factor value was calculated as 1881.45 CNY/ hm?. The
formula for estimating the total ESV in the study area is as follows:

ESV =) k-E; x A @

where k is the equivalent factor value of ES; E; is the ESV per-unit area of the i-th land use
type; A is the area of the i-th land use type.

Table 2. Equivalent value per-unit area of ES by land use type in the HRB of Hubei Province (Unit:
CNY/hm?).

Categories Cultivated Unused Built-Up

of ES Subtypes Land Forest Land  Grassland Water Area Land Land

Supply Food production 1881.45 620.88 809.02 997.17 37.63 0.00

services Raw material 733.77 5606.72 677.32 658.51 75.26 0.00
production

Gas regulation 1354.64 8127.87 2822.18 959.54 112.89 0.00

Regulation  Climate regulation 1825.01 7657.51 2935.06 3875.79 24459 0.00

services Hydrological 1448.72 7695.14 2859.81 35314.84 131.70 0.00
regulation

Waste disposal 2615.22 3236.10 2483.52 27,939.55 489.18 0.00

Support Soil conservation 2765.73 7563.43 4214.45 771.39 319.85 0.00

services Biodiversity 1919.08 8485.34 3518.31 6453.38 752.58 0.00

Cultural Aesthetic 319.85 3913.42 1636.86 8353.64 45155 0.00
services landscape

2.3.3. Hot Spot Analysis

Getis—Ord Gi* is an index of local spatial autocorrelation used to explore the spatial
clustering of high values (hot spots) or low values (cold spots) of spatial variables [48].
The output can be represented with Z-score, p-value, and confidence level. We used the
Getis-Ord Gi* tool in ArcGIS 10.3 software to analyze the hot spots and cold spots of ESV
in the study area. See Appendix A.1.1 for more detailed description of the hot spot analysis
method.

2.3.4. Bivariate Spatial Autocorrelation Model

Spatial autocorrelation refers to the statistical correlation of a certain attribute value of
geographic objects with spatial location differences. Generally, the closer the two values
are, the greater the correlation. Spatial autocorrelation analysis is an important indicator
to measure the aggregation or discrete distribution of spatial elements, and is generally
described by global Moran’s I and local Moran’s I [49]. The global autocorrelation tests the
spatial vergence pattern of the spatial variables over the entire research range, while the
local spatial autocorrelation captures the correlation of the variables in different regional
units [50]. In this study, the bivariate spatial autocorrelation model was used to investigate
the spatial correlation between land use intensity and ESV using GeoDa 1.18 software.
Moran scatter plots and LISA cluster maps were adopted to analyze local spatial correlation
and reflect the significance level of spatial correlation. See Appendix A for a more detailed
description of the spatial autocorrelation model (Appendix A.1.2).

2.3.5. Analysis of the Driving Mechanism

It is well-established in the literature that changes in ES are driven by both natural
and human factors. The natural dimension includes climate factors (e.g., temperature and
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precipitation), topography (e.g., slope), and vegetation (e.g., the proportion of forest land),
which are found to directly affect ES supply and demand [51]. Human activities can be
represented by socio-economic factors, including GDP, population density, and percentage
of built-up land [35], which are often used to measure regional economic development and
urbanization level. In general, the higher the GDP, population density, and percentage of
built-up land, the higher the degree of human interference with the ecosystem. In addition,
geographic locations, such as distance to the county center, road, and water system, also
have impacts on ES, mainly affecting the spatial patterns of ESV [52].

Based on the above analyses, ten driving factors were selected as potential drivers
of ESV change (Table 3). Then, Geographical detector model (GDM) and Geographically
Weighted Regression (GWR) were used to detect and analyze the driving forces that affect
the ESV. GDM can detect not only the influence of driving factors but also their interactions.
The GWR model can be used to explore the directions and spatial distributions of the
impacts of each driving factor.

Table 3. Details of the driving factors.

Factors Type Indicator Description Calculation Reference
Temperature (X1) Annual mean temperature (°C) ArcGIS raster statistics
Precipitation (X2) Annual mean precipitation (mm) ArcGIS raster statistics
Slope (X3) Slope (°) ArcGIS raster statistics [51]
Natural Percentage of forest o Forest land area/total
Jand (X4) The percentage of forest land (%) land area
Distance to water . ArcGIS raster statistics
system (X5) Distance to the water system (m) and Euclidean Distance 52]
GDP (X6) GDP per unit area (10* CNY /km?) ArcGIS raster statistics [51]
Population density Number of people per sq;lare kilometer ArcGIS raster statistics
X7) (person/km~)
Socio-economic Distance to the county Distance to the county center (m) ArcGIS r.aster ste?tlstlcs
center (X8) and Euclidean Distance
Distance to road (X9) Distance to road (m) ArcGIS raster statistics [52]
stance toroa stance toro and Euclidean Distance
Percentage of built-up The percentage of built-up land (%) Built-up land area/total [35]

land (X10)

land area

Geographical Detector Model

GDM is comprised of risk detection, factor detection, ecological detection, and in-
teractive detection, which can be used to detect spatial variation and identify potential
influencing factors [53]. The GDM has been widely used in many fields, including social-
economy and the ecological environment [51,54]. See Appendix A.1.3 for a more detailed
description of the GDM.

Geographically Weighted Regression

GWR is an extension of the traditional regression analysis method that can estimate
data with spatial autocorrelation and reflect the spatial heterogeneity of parameters [55].
The GWR can reveal the direction and magnitude of influence of each factor in different
locations [56]. See Appendix A.1.3 for more detailed description of the GWR model.

The flow chart of the study is illustrated in Figure 2.



Int. ]. Environ. Res. Public Health 2022, 19, 10950

/
/
/

4
/ 2000 year
/ Land use

raster database

V 4 7 /
/ /2010 year /2020 year /

/' / Land use /' / Land use /

'/ raster database / / raster database

-

<

Land use intensity Ecosystem service values(ESV) » Temporal change
—>| > Spatial distribution
L=100 x 32, R X Ai/A’ ESV= Y k-E; X A; > Hot spot analysis
1 [

X X temperature, precipitation, slope,
Spatial correlations between land use Identifvi percentage of forest land,
intensity and ESV entifying distance to the water system
» Moran’s I driving force e Socio-economic factors:
> LISA cluster maps affecting ESV GDP, population density,
distance to the county center,

{} @ Natural factors:

<L 4L built-up land

distance to road, percentage of

pay more attention to the ecological environment

adopt locally differentiated regulation measures ] Policy implications

incorporate ES into socio-economic development policies

Figure 2. The framework of this study.

3. Results
3.1. Spatiotemporal Characteristics of Land Use Intensity

Figure 3 depicts the land use intensity for each county in the HRB in Hubei Province
from 2000 to 2020. High-value areas of land use intensity were primarily concentrated in the
southeast, where economic development was relatively advanced, whereas low-value areas
were primarily distributed in the northwest, where the ecological environment was superior
and development was relatively lagging. This result indicates that land use intensity has
a spatial pattern of “centralized distribution”. A high-value central area was formed by
Jianghan, Hanyang, and Qiaokou districts of Wuhan City. Other counties close to the high-
value area also had higher levels of land use intensity. The land use intensity decreased
gradually from the county center to the county periphery as the distance increased.

Overall, land use intensity showed a slight upward trend from 2000 to 2020. The
counties with the most notable increases were located in the southeast of the study area.
For example, the land use intensity of Caidian District changed from weak to medium, and
Hanyang District and Qiaokou District changed from strong to strongest. In addition, the
disparity in land use intensity between counties was narrowing, and land use intensity in
the whole study area remained relatively stable.

3.2. Spatiotemporal Characteristics of ESV
3.2.1. Temporal Change of ESV

Forest land and cultivated land in the study area constituted the largest share of
the landscape, accounting for 48.88% and 38.71% of the total area in 2020, respectively,
followed by water area and grassland (Table 4). From 2000 to 2020, the area of cultivated
land and forest land decreased the most, by 1119.04 km? and 245.83 km?, respectively. The
total ESV of the HRB in Hubei Province was 2955.62 x 10® CNY, 2969.34 x 10° CNY, and
2956.30 x 108 CNY in 2000, 2010, and 2020, respectively (1 CNY = 0.1450 US dollar in 2020),
with an inverted U-shaped trend of first increasing and then decreasing. Overall, the total
ESV increased by 68 million CNY, representing a change rate of 0.02%. Table 4 shows that
the ESV of forest land accounted for the largest proportion, greater than 70% throughout
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the study period, followed by cultivated land and water area, with the highest proportions
in 2000 and 2020, respectively, being 16.24% and 12.14%.

a.2000 i w b.2010

N

A

0 2550  100km
S E—

Land use intensity

. [2.03,2.16] Weakest
| (2.16, 2.29] Weak

[ (2.29, 2.74] Medium

I (2.74, 3.04] Strong

B (3.04, 3.76] Strongest

Figure 3. The spatial pattern of land use intensity in the HRB of Hubei Province for (a) 2000; (b) 2010;
(c) 2020.

Table 4. ESV of different land use types in the HRB of Hubei Province from 2000 to 2020.

Cultivated Forest Water Unused Built-Up
Land Use Types Land Land Grassland Area Land Land Total
2000 Areas (km?) 32,289.44 39,609.20 2364.14 3843.85 87.14 2336.39 80,530.16
ESV (10® CNY) 479.93 2095.58 51.91 327.97 0.23 0.00 2955.62
2010 Areas (km?) 31,786.21 39,546.33 2357.83 4132.90 86.27 2620.62 80,530.16
ESV (108 CNY) 472.45 2092.25 5177 352.63 0.23 0.00 2969.34
2020 Areas (km?) 31,170.40 39,363.37 2334.04 4207.03 84.04 3371.28 80,530.16
ESV (108 CNY) 463.30 2082.57 51.25 358.96 0.22 0.00 2956.30
2000-2010 Areas (km?) —503.23 —62.87 —6.31 289.05 —0.87 284.23 0.00
a ESV (10® CNY) —7.48 —3.33 —0.14 24.66 0.00 0.00 13.72
20102020 Areas (km?) —615.81 —182.96 —23.79 74.13 —2.23 750.66 0.00
- ESV (10® CNY) —9.15 —9.68 —0.52 6.33 —0.01 0.00 —13.04
2000-2020 Areas (km?) —1119.04 —245.83 —30.10 363.18 —3.10 1034.89 0.00
- ESV (108 CNY) —16.63 —13.01 —0.66 30.99 —0.01 0.00 0.68

Figure 4 exhibits the changes in the ESV of different categories of ES in the study
area from 2000 to 2020. These changes were minor, and the structure of the ESV re-
mained relatively stable. The regulation services provided the largest value, reaching up to
1589.89 x 108 CNY in 2020. The ESV of cultural services was the lowest, at only 203.02
x 108 CNY in the same year. Among the nine subtypes of ES, the value of hydrological
regulation services was the largest, at 503.32 x 108 CNY in 2020, followed by biodiversity,
soil conservation, and climate regulation services, with values of 429.25 x 108 CNY, 397.04
x 108 CNY, and 381.49 x 108 CNY, respectively. During the study period, the hydrological
regulation and waste disposal services increased by 9.23 x 103 CNY and 6.35 x 10% CNY,
respectively, whereas all other types of ES showed a slight decline.
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Figure 4. ESV of different ecosystem service types from 2000 to 2020.

3.2.2. Spatial Distribution Characteristics of ESV

We used the ArcGIS 10.3 software to spatially visualize ESV and then classified
it into five grades using the natural breaks method. As shown in Figure 5, the ESV
exhibited clear spatial differentiation. From 2000 to 2020, the high-value areas of ESV
were mainly distributed in the west and northwest of the study area, especially in Maojian,
Fangxian, Baokang, and Shennongjia. The higher value of ESV was the result of the presence
of water bodies, forests, and vegetation in these counties. The low-value areas were
mainly distributed in the southeastern areas, where cultivated land and the economically
developed areas were concentrated. Overall, the spatial distribution of ESV was high in
the northwest and low in the southeast. Figure 5d depicts the spatial distribution of ESV
change rates from 2000 to 2020, indicating that the ESV decreases in the majority of counties
within the study area, with change rates ranging from —3.18% to 0.80%. The Qiaokou,
Jianghan, and Hanyang districts experienced the largest declines in ESV, with respective
change rates of —17.92%, —14.53%, and —12.75%; Xiantao witnessed the largest growth in
ESV, which was up to 14.23%. The spatial distribution of the ESV change rates was closely
related to the land use structures and regulation policies of different counties.

Based on a hot spot analysis, we further revealed the spatial agglomeration character-
istics and evolution of ESV in the HRB of Hubei from 2000 to 2020 (Figure 6). The spatial
agglomeration of ESV was insignificant in nearly two-thirds of the study area, and the
significant regions were mainly distributed in the northwest and southeast. The high-value
(hot spot) agglomeration areas of ESV were mainly distributed in the northwest, whereas
the low-value (cold spot) agglomeration areas were mainly distributed in the southeast,
forming the spatial pattern of high in the northwest and low in the southeast. From 2000
to 2020, the range of hot spot and cold spot agglomerations remained stable, with the
confidence level of hot spots for several counties reducing from 99% to 95%, while the
strength of the significance weakened.
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Figure 5. Spatial distribution of ESV (a-c) and the change rates (d) in the HRB of Hubei Province for
2000, 2010, and 2020.

3.3. Spatial Correlations between Land Use Intensity and ESV

The results from the global bivariate Moran’s I revealed significant negative spatial cor-
relations between land use intensity and ESV, regardless of the ES type
(all Moran’s I values < 0) (Figure 7). The global bivariate Moran’s I in 2000, 2010, and 2020
was —0.63, —0.65, and —0.66 respectively; the majority of the values are in the second and
fourth quadrants. The absolute values of Moran'’s I from 2020 to 2020 also indicated that the
negative correlation was becoming increasingly stronger. This strongly demonstrates that
the deepening of land use intensity will lead to the decrease in ESV in the HRB. Figure 8
presents the bivariate local spatial autocorrelation LISA aggregation maps between land
use intensity and ESV at the county level for the years 2000, 2010, and 2020. The clustering
pattern of the correlation between land use intensity and ESV was obvious, and there
were only two types of spatial correlations between the two, namely, LH (low land use
intensity vs. high ESV) and HL (high land use intensity vs. low ESV). The LH areas were
mainly concentrated in the northwest of the study area, and the HL areas were in the
southeast. During the study period, the spatial correction between land use intensity and
ESV exhibited a slight shift in its clustering pattern. From 2000 to 2010, both Qianjiang
and Xiantao cities changed from HL to insignificant, and the changes in Shayang County
and Qiaokou District exhibited the opposite change pattern (Figure 8a,b). Tianmen City
changed from HL to not-significant land use during 2010-2020 (Figure 8c).
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Figure 6. Spatial agglomeration characteristics of ESV in the HRB of Hubei Province for (a) 2000,
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Figure 7. Moran scatter plots of land use intensity with ESV in the HRB of Hubei Province for
(a) 2000, (b) 2010, and (c) 2020.

11



Int. ]. Environ. Res. Public Health 2022, 19, 10950

0 2550 100 km
[ I

’: Not significiant
B High-High
- Low-Low
- Low-High
- High-Low

Figure 8. LISA cluster maps between land use intensity and ESV in the HRB of Hubei Province for
(a) 2000, (b) 2010, and (c) 2020.

3.4. Spatial Variability of Driving Factors on ESV Changes
3.4.1. Results of GDM

The factor detection module of the GDM was used to quantify the impacts of natural
and socio-economic factors on ESV (Table 5). Among the natural factors, the percentages
of forest land (X4) and slope (X3) had the greatest explanatory power (with q values of
0.87 and 0.81, respectively) for ESV spatial variation. Regarding the socio-economic factors,
the explanatory power of the percentage of built-up land (X10) and GDP (X6) on ESV
variations was 0.74 and 0.65, respectively, and both were significant at the 1% level. Only
the precipitation (X2) and distance to the water system (X5) did not have significant effects
on ESV.

Table 5. Factor detection results of driving factors of ESV.

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10
q statistic 0.75 0.19 0.81 0.87 0.27 0.65 0.55 0.41 0.50 0.74
p value 0.00 *** 0.37 0.00 *** 0.00 *** 0.13 0.00 *** 0.00 *** 0.03 ** 0.00 *** 0.00 ***
rank 3 10 2 1 9 5 6 8 7 4

Note: *** and ** represent that p is significant at the 0.01 and 0.05 levels, respectively.

According to the results of the interaction detector (Table 6), there was no mutual
weakening in the 45 pairs of interaction combinations, indicating that the impact of multiple
driving factors on ESV is greater than that of a single factor. Except for the interaction
results of the precipitation (X2) and the distance to a water system (X5), which are of the
nonlinear enhancement type, the interaction results of the other bivariate combinations
were enhanced. For example, the interaction between the percentage of forest land (X4) and
the distance to a road (X9) explained the ESV changes with the greatest explanatory power
(q value = 0.94), followed by the interaction between the percentage of forest land (X4) and
the distance to a water system (X5), as well as the percentage of forest land (X4) and GDP
(X6), with a q value of 0.92. The results of the interactive detection further verify that the
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percentage of forest land played a leading role in the spatial distribution of regional ESV
changes.

Table 6. Interaction detection results of driving factors of ESV.

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10
X1 0.75
X2 0.84 0.19
X3 0.83 0.84 0.81
X4 0.83 0.60 0.89 0.87
X5 0.87 0.75* 0.87 0.92 0.27
X6 0.86 0.80 0.89 0.92 0.81 0.65
X7 0.88 0.69 0.89 0.90 0.61 0.82 0.55
X8 0.83 0.64 0.85 0.90 0.65 0.83 0.66 0.41
X9 0.78 0.69 0.85 0.94 0.80 0.82 0.76 0.71 0.50
X10 0.86 0.79 0.90 0.90 0.85 0.85 0.75 0.83 0.80 0.74

Note: # denotes nonlinear enhancement of any two factor; without * denotes enhancement of any two factor.

3.4.2. Results of GWR

Table 7 depicts the performance parameters of the GWR and the ordinary least squares
regression (OLS) model, which suggest that the GWR model has a better predictive ability
than the OLS, as it had higher R? and adjusted R? values, and a lower AICc value.

Table 7. Statistic coefficients for GWR and OLS.

R? Adjusted R? AICc
GWR 0.93 0.90 49.52
OLS 0.88 0.84 248.48

Since the GDM found that precipitation (X2) and the distance to a water system (X5)
have no significant impact on ESV, we removed these two factors and only explored the
spatial distribution of regression coefficients for the remaining eight factors. As illustrated
in Figure 9, each driving factor had an obvious spatial heterogeneity, indicating that the
same factor had different impacts on the ESV at different spatial locations, and there
was a significant spatial non-stationarity. Among the natural factors, ESV had a signifi-
cant positive correlation with temperature, slope, and the percentage of forest land, with
a higher correlation coefficient in the southeast and a lower correlation coefficient in the
northwest (Figure 9a—c). This indicates that the enhancement of these factors contributes
to the improvement of ESV. In terms of socio-economic factors, the regression coefficients
of GDP and population density were both negative, demonstrating that an increase in
these factors will weaken the ESV. The distance to the county center and the distance to
a road had negative correlations with ESV in most regions, and only a few counties in
the southeast had a positive correlation. The absolute values of the influence of GDP and
percentage of built-up land were consistent, with high values in the southeast and low
values in the northwest, which were spatially similar to the driving forces of natural factors.
The effects of population density, distance to county center, and distance to a road on ESV
were not only consistent in their correlation but were also similar in distribution, showing
values of high in the northwest and low in the southeast (Figure 9d-h). In conclusion,
the order for the size of the impacts of the eight driving factors on ESV was as follows:
percentage of forest land > population density > percentage of built-up land > slope >
temperature > GDP > distance to a road > distance to the county center (Figure 9).
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4. Discussion
4.1. Spatial Relationship between Land Use Intensity and ESV

From 2000 to 2010, ESV experienced an inverted U-shaped trend. The changes in ESV
were mainly due to unreasonable land use planning and low land utilization rate, which
led to the rapid growth of built-up land at the expense of forest land, cultivated land, and
grassland. Land use intensity has a significant negative relationship with ESV [57]. Socio-
economic development led to dramatic changes in land use structure, and the increase in
land use intensity was the direct cause of ESV degradation [58,59]. To further explore the
characteristics of the spatial correlation between land use intensity and ESV, we used the
bivariate spatial autocorrelation method to study the spatial relationship between the two.
During the study period, the Moran’s I was entirely negative, and its absolute value showed
a trend of increasing (Figure 7). This indicated that the negative correlation between land
use intensity and ESV in the study area had become more pronounced over time, which
was in line with prior studies on the relationship between LUCC and ESV [60,61]. The
intensification of land use was mainly manifested in the increasing expansion of built-up
land; the continuous occupation of cultivated land, forest land, and grassland; the extensive
land utilization; and the low land utilization. Consequently, the ES provided by ecosystems
was deteriorating. The LISA cluster maps revealed a significant spatial correlation between
land use intensity and ESV (Figure 8). The LH areas were mainly distributed in the hilly
and mountainous areas with higher terrain and steeper slopes in the northwest of the study
area (such as the Shennongjia Mountain, Wudang Mountain, etc.), while HL areas were
mainly distributed in the middle and lower reaches of the Yangtze River with flat terrain
and dense lakes in the southeastern part of the study area, particularly in Wuhan—which
is known as the “city of a thousand lakes”—and the surrounding cities. This was due to
the mountainous and hilly terrain in the northwest region, which made land development
difficult and costly. In addition, the area of forest land in this region is large, which provides
human society with crucial ES such as biodiversity maintenance, climate regulation, and
ecological conservation; thus, the ESV was high. The situation in the southeast was the
opposite of that in the northwest. The unique natural environment created the conditions
for high-density population agglomeration and high-intensity land development, resulting
in the disorderly spread of built-up land and the occupation of ecological lands, especially
water bodies and cultivated land; thus, the ESV in this region was at a low level.

For the ecosystem in the HRB of Hubei Province, the middle route of the
South-to-North Water Diversion Project is undoubtedly one of the most representative
human activities. The opening of the project had a great impact on the aquatic ecological
environment, climate conditions, and people’s production and life in this area. Due to the
reduction in the water volume in the basin, there are problems such as the decline in the
water purification capacity, the reduction of aquatic organisms, the decrease in aquatic
environmental carrying capacity, and the deterioration of the aquatic ecological environ-
ment. At the same time, the industrial and agricultural sectors—with a great demand
for water—are facing a water shortage, and the industrial structure is changing, which
will affect the production and lifestyles of people in the region [62]. The construction of
the project also brought about the problem of immigration. The change from farmland
to settlement and the establishment of new residential areas for immigrants are among
the reasons for the expansion of built-up land and the reduction of cultivated land and
forest land [63].

4.2. Identifying Driving Factors Affecting ESV

According to the Geographical Detector Model (GDM) (Tables 5 and 6), the percentage
of forest land had the largest positive effect on ESV, which was consistent with previous
studies where regions with a large forest area provided greater regulation and support
services and had higher ESV [64,65]. Thus, strengthening the protection of forest land and
increasing the forest coverage rate of each county is of great significance for promoting
regional climatic improvement and alleviating the greenhouse and heat island effect. The
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results of the Geographically Weighted Regression (GWR) analysis further revealed the
dominant role of natural factors with respect to ESV and the growing trend of socio-
economic factors (Figure 9). Natural factors had positive impacts on ESV and the regions
with more favorable natural conditions had larger ESVs. However, the areas with high
driving coefficients of natural factors were concentrated in the economically developed
counties in the southeast. This was because better economic conditions in many regions
come at the expense of environmental degradation. Therefore, if the protection of the
natural environment of counties in this region is enhanced, based on the same input
conditions, the increase in ESV must be much higher than those of the regions with
relatively poor socio-economic conditions but a superior ecological environment. This
can also explain the “high in the northwest and low in the southeast” distribution of
socio-economic factors such as GDP. Nevertheless, not all socio-economic factors had the
same distribution of driving forces as GDP. For example, the distribution of the driving
coefficients of population density, the distance to the county center, and the distance
to a road was “low in the northwest and high in the southeast”. This indicated that
the improvement of socio-economic conditions had less of an effect on the ESV of the
undeveloped counties in the northwest. For these regions, the improvement in socio-
economic conditions would not result in a substantial decrease in ESV. However, for the
more economically developed and densely populated southeastern regions, the lack of
environmental protection would increase regional environmental pressure and lead to
a rapid decline in ESV [66]. The influence of the distance to the county center and the
distance to a road on ESV was predominantly negative, except for a few northwest counties.

In conclusion, ESV was influenced by both natural and socio-economic factors in
an interactive way [67]. Although multiple types of ES are provided by natural systems
to maintain human welfare, human activities have altered the structure and function of
ecosystems, which further affect the provision of vital ES by ecosystems [68]. Therefore,
it is important to protect and restore the crucial ecosystems through landscape planning,
regulative policies, and environmental programs.

4.3. Policy Implications

The increased land use intensity during rapid urbanization and social-economic de-
velopment has inevitably degraded the ecological environment [69,70], as evidenced by the
reduction of forest land and cultivated land, air pollution, severe climate change, waste
of land resources, etc. The existing land use planning and policies have not adequately
recognized the negative impact of land use intensification on ESV [71]. With a greater
emphasis on the sustainable development of humans and the environment in the future,
the protection of ecosystems will inevitably become the core of social and economic devel-
opment. Therefore, we should adhere to the developmental idea of “ecological priority”
and attach importance to the rational use of land to enhance ESV. This study proposes
the following practical policy recommendations for the Hanjiang River Basin in Hubei
Province. First, since the study area is a river basin, its regulation and support services are
particularly prominent. Therefore, the sustainability of the river basin should be based on
the protection of forest land and water areas [72,73]. Decision makers should increase the
vegetation coverage of river basins through forest restoration and reforestation programs,
increase the supervision of the aquatic environment, and moderately restore farmland to
forests and grasslands. Second, due to the imbalanced regional development, counties
with varying levels of socio-economic development should adopt locally differentiated
regulation policies and regulation measures. For mountain counties, ecological compen-
sation policies should be implemented to improve local economic and social conditions,
while for plain counties, it is necessary to strictly control the expansion of built-up land
and strengthen the protection of ecological land. It is possible to establish a long-term
cross-regional ecological compensation and monitoring mechanism between mountain
and plain counties. Third, to achieve the coordinated development of the socio-economy
and the environment, future decision-making should incorporate ES into spatial-planning
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and socio-economic development policies. The ESV should be evaluated before projects
progress to construction to mitigate the negative effects of human activities on ecosystems.

4.4. Limitations and Future Work

This study has several limitations. First, due to the opening of the middle route of the
South-to-North Water Diversion Project, the natural and socio-economic environment of
the HRB has been greatly affected by the change in water resources. However, the impacts
of the project on local ecosystems could not be fully revealed in this study. The ESV in this
study was estimated based on land use/cover data and their equivalent values proposed
by Xie et al. (2003 and 2008). The change in land use/cover area cannot fully reflect the
impact of the South-to-North Water Diversion Project on the ecosystem. Second, this study
mainly evaluated the ecosystem as a whole, without considering the in-depth analysis of
the primary and secondary services of the ecosystem. Furthermore, driving factors were
selected at the macro level, such as the annual mean temperature, slope, and GDP, without
considering the interactions with micro factors such as soil, the sediment concentration,
microelements, etc. Our future research will improve the assessment method of ESV and
evaluate ESV at the township level or grid scale [74], and the land types will be subdivided
to obtain a more accurate estimation of ESV.

5. Conclusions

The change in ESV is the result of the joint action of natural and human forces.
Exploring the temporal and spatial variation of ESV and revealing its driving factors
is crucial for promoting the harmonious coexistence between human and nature. Our study
analyzed how ESV changed over time due to the change in land use intensity. From 2000 to
2020, the area of built-up land increased from 2336.39 km? to 3371.28 km?, while the area
of cultivated land, grassland, and forest land decreased. The ESV of the Han River Basin
in Hubei Province experienced an inverted U-shaped trend, with an increase followed by
a decrease, and had the spatial distribution characteristics of high in the northwest and low
in the southeast. The counties with larger forest land and water areas tended to have higher
ESVs. Additionally, there was a significant negative correlation between land use intensity
and ESV, which was most prominent in the northwest (LH type) and southeast (HL type)
of the study area. From the analysis of the driving forces, it was found that the interaction
between driving factors had a greater impact on the spatial variability of ESV than that
of single factors. The spatial regression results indicated that natural factors, such as the
percentage of forest land, temperature, and slope, have positive impacts on ESV, and their
influence gradually increased from northwest to southeast. There was a significant spatial
differentiation between socio-economic factors, i.e., both positive and negative relationships
existed, and the spatial distributions of the influence coefficients were opposite to those of
natural factors. In general, the influence of natural factors on ESV was greater and more
significant than that of socio-economic factors, while the impact and spatial heterogeneity
of socio-economic factors on ESV tended to increase. The findings in this study could
provide implications for spatial planning towards promoting the sustainable development
of ecosystems.
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Appendix A.
The detailed description of the methods used in this study can be found in Appendix A.

Appendix A.1. Methods
Appendix A.1.1. Hot Spot Analysis

Getis—Ord Gi* is an index of local spatial autocorrelation used to explore the spatial
clustering of high values (hot spots) or low values (cold spots) of spatial variables [48]. The
output can be represented with the Z-score, p-value, and confidence level. We used the
Getis—Ord Gi* tool in the ArcGIS 10.3 software to analyze the hot spots and cold spots of
ESV in the study area. The expression is as follows [75]:
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where G* is the Z-score; 1 is the number of units; X; and Xj represent the observations of

X; (A2)

variable X in i and j space units, respectively; Wj; is a spatial weight matrix; and X and
s are the average value and standard deviation, respectively. The higher the Z-score, the
denser the high-values (hot spots) are, which means the higher the attribute value around
the unit, and vice versa.

Appendix A.1.2. Bivariate Spatial Autocorrelation Model

Spatial autocorrelation refers to the statistical correlation of a certain attribute value of
a geographic object with spatial location differences. Generally, the closer the two values
are, the greater the correlation. Spatial autocorrelation analysis is an important indicator
to measure the aggregation or discrete distribution of spatial elements, and is generally
described by global Moran’s I and local Moran’s I [49]. The Moran’s I value is expressed as

follows: _ _
n i X Wi (Xi = X)- (X = X)

2
( ;‘1:1 ):;"1:1 Wz‘j) ;‘1:1 (Xi - X)

where 7 is the number of the geographic unit (i.e., 39 counties in this study); X; and X;

Moran’s [ = (A4)

denote the actual attribute values in the sampling plots i and j, respectively; X is the average
value of X; and Wj; is a spatial weight matrix. When Moran’s I <0, it indicates a negative
correlation; when Moran’s [ = 0, it indicates no correlation; and when Moran’s I > 0, it
indicates a positive correlation. The greater the value, the larger the correlation between
the observed values in the spatial distribution and the stronger the aggregation.

The global autocorrelation tests the spatial vergence pattern of the spatial variables
over the entire research range, while the local spatial autocorrelation captures the correlation
of the variables in different regional units [50]. The formula is as follows:

. . n .
=Y Wi (45)
j=1
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Xi-X j_ Xi-X.
e 71T i il

value of attribute / of samphng plot j; Xj and X; is the average values of attributes k and /,

respectively; and e, and e; are the variances of attributes k and /, respectively.

where Zk =

; X1 is the value of attribute k of sampling plot i; X{ is the

Appendix A.1.3. Analysis of the Driving Mechanism
Geographical Detector Model

The GDM comprises risk detection, factor detection, ecological detection, and in-
teractive detection, which can be used to detect spatial variation and identify potential
influencing factors [53]. The GDM has been widely used in many fields, including social
economy and ecological environments [51,54]. The expression of the GDM is as follows:

1 L
=1 g N (A6)

where g represents the explanatory ability of the independent variable (including natural
and socio-economic factors) towards the dependent variable (ESV), and g € [0, 1]; N is the
total sample size in the study area; 02 is the variance; and j represents partition (j = 1,2,
, L). When g is closer to 1, it indicates that the driving factor has a greater impact on the
independent variable and that the spatial heterogeneity is stronger, and vice versa.

Geographically Weighted Regression

The GWR is an extension of the traditional regression analysis method that can es-
timate data with spatial autocorrelation and reflect the spatial heterogeneity of parame-
ters [55]. The GWR can reveal the direction and magnitude of influence of each factor in
different locations [56]. The expression is as follows:

Yk = Bo(uk, o) + Yy Bitt, v)xpi + ck (A7)

where vy is the weighted regression value of k-th sample; By is the intercept; (1, vy ) is the
geographic center coordinate of the k-th sample; B (i, vy) is the constant term; B; (i, vk)
is the coefficient of the k-th independent variable of i-th driving factor; xy; is the i-th
independent variable of the k-th sample; and c is the error term. In this study, ESV is the
dependent variable, and natural and socio-economic factors are the independent variables.
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Abstract: The extent to which landscape spatial patterns can impact the dynamics and distribu-
tion of biodiversity is a key geography and ecology issue. However, few previous studies have
quantitatively analyzed the spatial relationship between the landscape pattern and habitat quality
from a simulation perspective. In this study, the landscape pattern in 2031 was simulated using a
patch-generating simulation (PLUS) model for the Yellow River Basin. Then, the landscape pattern
index and habitat quality from 2005 to 2031 were evaluated using the Fragstats 4.2 and the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) model. Furthermore, we analyzed the spatial
distribution characteristics and spatial spillover effects of habitat quality using spatial autocorrelation
analysis. Finally, the spatial association between the landscape pattern index and habitat quality was
quantitatively revealed based on a spatial lag model. The simulation results showed that: (1) from
2005 to 2031, the landscape of the Yellow River Basin would be dominated by grassland and unused
land, and the areas of construction land and water body will increase significantly, while the area of
grassland will decrease; (2) patch density (PD) and Shannon’s diversity index (SHDI) show significant
increases, while edge density (ED), landscape shape index (LSI), mean patch area (AREA_MN), and
contagion index (CONTAG) decrease; (3) from 2005 to 2031, habitat quality would decrease. The
high-value areas of habitat quality are mainly distributed in the upper reaches of the Yellow River
Basin, and the low-value areas are distributed in the lower reaches. Meanwhile, both habitat quality
and its change rate present positive spatial autocorrelation; and (4) the spatial relationships of habitat
quality with PD and COHESION are negative, while ED and LSI have positive impacts on habitat
quality. Specifically, landscape fragmentation caused by high PD has a dominant negative influence
on habitat quality. Therefore, this study can help decision makers manage future landscape patterns
and develop ecological conservation policy in the Yellow River Basin.

Keywords: land-use simulation; landscape pattern; habitat quality; spatial autocorrelation; spatial
regression; Yellow River Basin

1. Introduction

Land-use/cover change (LUCC) resulting from the interaction between human activ-
ities and the natural environment on temporal-spatial scales is directly expressed in the
form of changes in surface landscape patterns [1]. Landscape patterns are defined as the
spatial composition and configuration of land use. However, the rapid growth of industrial-
ization and urbanization has intensified changes in land use and ecological issues, such as
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landscape fragmentation, occupation of natural habitat, environmental pollution, and loss
of biodiversity [2], leading to a drastic reduction in habitat quality [3]. Habitat quality refers
to the ability of the environment to provide conditions for human sustainable development
and is an important support for species diversity and reproduction [4,5]. Numerous studies
have shown that landscape pattern changes have a strong effect on habitat quality [6-9].
For example, landscape continuity, which is important for species to exchange materials,
information, and energy flows, can lead to an increase in habitat quality. The increase in
patches leads to landscape fragmentation, which is detrimental to animal migration and
plant pollen dispersal and leads to a decrease in habitat quality. Most studies have utilized
only the traditional linear equation approach to examine the influences of landscape pattern
changes on regional habitat quality [10], ignoring the spatial autocorrelation and spatial
spillover properties of habitat quality. However, spatial regression models are able to solve
this problem, which can quantitatively analyze the spatial relationship between habitat
quality and landscape pattern by considering spatial autocorrelation. The Yellow River
Basin, an important ecological barrier in China’s ecological security strategy pattern, plays
an important role in biodiversity conservation and healthy ecosystem maintenance. How-
ever, rapid socioeconomic development has led to the expansion of construction land and
the loss of natural habitats in the Yellow River Basin. Therefore, it is necessary to simulate
landscape patterns and analyze the spatiotemporal characteristics of habitat quality. More
importantly, quantitative analysis of the spatial relationship between habitat quality and
landscape patterns is of great importance for maintaining biodiversity and promoting
sustainable development.

In recent years, many assessment methods have been applied to evaluate habitat
quality, such Social Values for Ecosystem Services (SolVES), ARtificial Intelligence for
Ecosystem Services (ARIES), Multi-scale Integrated Models of Ecosystem Services (MIMES),
and Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) [11-15]. Among
these models, the InVEST model is becoming a popular tool because it is more mature and
easier to operate [16]. For example, Moreira et al. [17] adopted the INVEST model to assess
the conservation status of Azorean natural habitats. Nematollahi et al. [18] evaluated the
roads’ effects on the natural habitats of wild sheep based on the InVEST habitat quality
module. Hack et al. [19] used the InVEST model to evaluate the impacts of built-up areas,
roads, and water pollution on habitat quality. To conclude, the INVEST model can be
applied to evaluate habitat quality in combination with habitat suitability and human
activities and provides more detailed information about biodiversity [13,20]. Thus, the
InVEST model is used in this study to evaluate the habitat quality of the Yellow River Basin.

Meanwhile, landscape patterns and biodiversity conservation have become one of
the most popular issues in landscape ecology. The correlation of land use, landscape pat-
terns, and ecosystems has drawn the attention of international scholars [21]. For example,
Zhu et al. [22] used gray correlation analysis to explore the correlation between habitat
quality and landscape pattern indexes in the eastern Qinghai-Tibet Plateau. Wu et al. [23]
used Pearson’s correlation analysis methods to investigate the influential factors of habitat
quality and showed that vegetation cover, intensity of human activity, and land-use change
can cause a decline in habitat quality. Yushanjiang et al. [24] found that landscape pattern
indexes were positively and negatively correlated with the ecosystem value in the Ebinur
Lake Basin by using multiple linear regression models. However, most studies have ignored
the spatial spillover effects of ecosystems, which are influenced not only by their own unit
but also by the habitat quality of neighboring units. This will reduce the validity of conclu-
sions. Noteworthy to mention is that most recent studies have begun to explore the spatial
association between landscape patterns and ecosystems [1]. For instance, Zhu et al. [25]
explored the effects of urbanization and landscape pattern changes on habitat quality in
Hangzhou by using ordinary least squares (OLS) and geographically weighted regression
(GWR) models. Chen et al. [26] used a multiscale spatial panel regression analysis approach
to explore the impact of landscape patterns on ecosystem services. Thus, research on the
mechanism of landscape pattern influence on habitat quality is gradually shifting from
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traditional linear correlation analysis or regressions to spatial econometric models. Quanti-
tative analyses of the spatial association between landscape pattern and habitat quality can
help to better understand the impact of changes in landscape pattern on habitat quality.

The abovementioned studies are very important guidelines for advancing habitat
quality research, but they are all from the perspective of the past to analyze the spatiotem-
poral characteristics of habitat quality in the region. There is a growing need to explore the
evolution of habitat quality from a simulation perspective, which can provide insights for
ecological conservation planning and sustainable development. Cellular automata (CA) is
the basis of many land-use simulation models. Researchers have proposed constrained CA,
CA-Markov, the Conversion of Land Use and its Effects at Small regional extent (CLUE-S),
and Future Land-Use Simulation (FLUS) models by improving the algorithms and tech-
niques of CA and used these methods to predict habitat quality in the future. For example,
Ding et al. [27] used the FLUS model to assess habitat quality changes in Dongying city in
2030 under multiple scenarios. Gomes et al. [28] simulated land use and habitat quality
by using CA in Lithuania. Tang et al. [29] combined the CA-Markov and CLUE-S models
to predict the evolution of habitat quality in Changli city. Li et al. [30] simulated urban
growth and integrated habitat quality by using the SLEUTH model. However, most of the
models were simulated based on each meta-cell scale and lacked the ability to simulate
the evolution of patches with multiple land-use types. In this study, a patch-generating
simulation (PLUS) model developed by Liang et al. [31] is adopted to simulate landscape
pattern change. Compared with other CA-based models, PLUS has higher simulation
accuracy and more realistic indicators of landscape patterns, which could provide more
accurate quantitative assessment of the impact of landscape pattern on habitat quality.

The Yellow River Basin has been an important part of achieving balanced east-west
and north-south development in China and plays an irreplaceable role in overall ecosystem
health and biodiversity conservation in China. In the context of ecological protection
and high-quality development, the evolution characteristics and spatial relationships of
the landscape pattern and habitat quality in Yellow River Basin deserve unprecedented
attention. Therefore, taking the Yellow River Basin as an example, this study quantitatively
analyzes the spatial relationship between landscape pattern and habitat quality using a
simulation approach to (1) simulate the future land use of Yellow River Basin based on
the PLUS model and analyze the dynamic changes of the landscape pattern; (2) assess the
spatiotemporal characteristics of habitat quality in Yellow River Basin using the InVEST
model; (3) identify the spatial clusters of habitat quality and its rate of change from 2005 to
2031 based on univariate spatial autocorrelation; and (4) quantitatively evaluate the effect
of the landscape pattern index on habitat quality based on the spatial lag model.

2. Materials and Methods
2.1. Study Area

The Yellow River flows through nine provinces (i.e., Qinghai, Sichuan, Ningxia, Gansu,
Shaanxi, Shanxi, Inner Mongolia, Henan, and Shandong). Eight of them are included in the
boundary of the Yellow River Basin in this study (Figure 1), with Sichuan being excluded.
Sichuan is often considered a part of the Yangtze River Economic Belt [32,33]. Generally,
the Yellow River Basin has a high topography in the west and a low one in the east, with
an average annual precipitation of 200-650 mm. The average altitude of the western
headwaters region is above 4000 m, and the altitude of the central region is between
1000-2000 m. The Yellow River Basin is an important population catchment area and
ecological security barrier in China. With abundant mineral and energy resources, the
Yellow River Basin is one of the key areas of China’s socioeconomic development. It also
serves as an ecological corridor that connects the Qinghai-Tibet Plateau, Loess Plateau, and
North China Plain. Wetland resources are abundant, and species diversity is rich. There
are also 12 national key ecological function areas in the region. Exploring the influences of
landscape patterns on habitat quality is crucial for protecting biodiversity and improving
the high-quality development level in Yellow River Basin.
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Figure 1. Location of the study area.

2.2. Data Source

The basic data of this study include land-use maps, population density, Gross Domestic
Product (GDP), nighttime lights, Digital Elevation Model (DEM), slope, aspect, distance
from railway, distance from highway, distance from county center, distance from provincial
government, precipitation, temperature, soil type, and Normalized Difference Vegetation
Index (NDVI) (Table 1). The land-use data were obtained from the Chinese Academy of
Sciences Data Center for Resources and Environmental Sciences (http://www.resdc.cn/,
accessed on 12 May 2022), which were generated through remote sensing interpretation
and manual visual interpretation from Landsat remote sensing images with an accuracy of
30 m. The landscape was classified into six land-use types, including cultivated land, forest,
grassland, water body, construction land, and unused land. The DEM was obtained from
the Geospatial Data Cloud platform (http://www.gscloud.cn/, accessed on 12 May 2022)
and further used to derive the slope and aspect using the 3D Analyst tool in ArcGIS 10.2.
Other data were obtained from the China Statistical Yearbook and the Resource and Chinese
Academy of Sciences Data Center for Resources and Environmental Sciences, and all data
were extracted as a 1000 x 1000 m raster dataset by using ArcGIS 10.2.

2.3. Methods
2.3.1. Future LUCC Simulation Based on the PLUS Model

The PLUS model is a cutting-edge land-use simulation tool developed by Liang et al. in
2020 that includes two modules: the transformed rule mining framework (LEAS) based on a
land expansion analysis strategy and the CA model (CARS) based on a multitype stochastic
patch seeding mechanism [31]. It adopts the artificial neural network (ANN) algorithm to
integrate natural and socioeconomic driving factors and simulate the suitability probability
of each land-use type by combining the base period land-use data. Then, it uses the
adaptive inertia competition mechanism based on roulette selection to solve the uncertainty
and complexity of the interconversion of each type under the synergistic effects of natural
and socioeconomic factors. The land-use demand, neighborhood factor, and conversion
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cost are set to simulate the land use at a future time point. The LUCC simulation based on
the PLUS model involved five major steps.

Table 1. Data information and sources.

Data Type

Data Name Data Source and Preprocessing

Land-use data

Basic land-use data at 30 m (2005)
Basic land-use data at 30 m (2018)

Driving factors Of LUCC

Spatial distribution of population density

Spatial distribution of GDP Chinese Academy of Sciences Data Center for
Nighttime light Resources and Environmental Sciences
Rainfall (http:/ /www.resdc.cn, accessed on 12 May 2022)
Temperature
Soil type
NDVI

Geospatial Data Cloud (http://www.gscloud.cn/,

PDEM accessed on 12 May 2022)
Slope -
Aspect Extract from DEM by Using ArcGIS 10.2

Distance to railway
Distance to highway
Distance to provincial governments
Distance to prefectural governments

Extract by using ArcGIS Euclidean distance function

Selection of driving factors for LUCC. The landscape pattern of the Yellow River
Basin is affected not only by natural factors but also by socioeconomic and spatial
location factors [34-36]. Considering the availability, diversity, and representativeness
of the data, 14 driving factors were finally selected in this study, including rainfall,
temperature, elevation, slope, aspect, population density, GDP density, nighttime light,
soil type, NDVI, and distances to provincial governments, prefectural governments,
railways, and highways.

Cost matrix and setting of restricted expansion areas. The cost matrix can be used
to represent the cost of conversion between different land-use types (see Table S1 in
Supplementary Materials). A value of 0 indicates that this land-use conversion is
not allowed, while 1 means it is allowed [37]. In this study, the cost matrix and the
restricted expansion area were set based on previous studies and realistic conditions.
In reality, construction land is rarely converted to other land-use types. Therefore, this
study assumes that the conversion of construction land to other land-use types is not
allowed. To ensure food security, this study prohibits the conversion of cultivated land
to unused land. To promote ecological protection, the 1000 m buffer zone along the
main stream of the Yellow River was set as a restricted expansion area, and conversion
of landscape types in this area was prohibited.

Setting of neighborhood weight parameters. The neighborhood weight parameter
indicates the expansion intensity of each land-use type. The parameter ranges from
0 to 1, where values closer to 1 have stronger expansion abilities. In this study, the
expansion intensity of each land-use type was determined based on the experience
of existing studies and the characteristics of landscape evolution in the Yellow River
Basin (see Table S2 in Supplementary Materials).

Land-use demand prediction. This study used Markov models to predict the land-use
structure in 2031 based on the probability matrix of land-use changes from 2005-2018
and the current land-use development patterns in the Yellow River Basin.

Model validation. Based on the land-use data in 2005, we simulated the land use of the
Yellow River Basin in 2018 using the model parameters specified above and compared
it with the classified land-use map in 2018 from Landsat remote sensing images.
The kappa coefficient and figure of merit (FoM) were used to verify the simulation
accuracy. The validation results showed that the kappa coefficient and FOM were 0.84
and 0.28, respectively. The simulation accuracy achieved a high level, which indicated
that the PLUS model is reliable for future land-use simulations in 2031.
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2.3.2. Landscape Pattern Indexes Analysis

The landscape pattern index is an important tool to analyze the spatiotemporal char-
acteristics of landscape patterns by reflecting the composition and spatial configuration of
the landscape structure and the evolution of landscape patterns. The study selects land-
scape pattern indexes based on the diversity, aggregation, and complexity of the landscape
space. The selected landscape pattern indexes are patch density (PD), mean patch area
(AREA_MN), edge density (ED), landscape shape index (LSI), Shannon’s diversity index
(SHDI), patch cohesion index (COHESION), and contagion index (CONTAG) [38]. The
specific calculation was performed by using Fragstats 4.2 software.

2.3.3. Habitat Quality Evaluation

Stable habitat quality is a crucial basis for sustaining ecosystem biodiversity. In
this study, the habitat quality module of the InNVEST model was adopted to evaluate
habitat quality [39,40]. As the researchers have established, higher levels of land use
and socioeconomic activity pose greater threat to habitat conservation and are correlated
with lower-quality habitat and vice versa [41]. The model combines the sensitivity of
different land-use types to threat factors and with intensity of external threats. Specifically,
cultivated land, construction land, and unused land are identified as the threat factors
of habitat quality in this study. The model parameters, including the maximum stress
distance, weight, type of spatial recession, and sensitivity of LUCC to habitat threat factors,
are specified according to the model’s manual and expert experience (Table 2) [42,43].

Table 2. Input data used for InVEST model.

Maximum Duress

Land-Use Types

Threat Factors Dist (km) Weights
istance {m, Cultivated Land Forest  Grassland Water Body Construction Land ~ Unused Land
Habitat suitability
0.3 1 1 0.7 0.3 0.6
Threat factors
Cultivated land 4 0.6 0 0.6 0.8 0.5 0 0.6
Construction land 8 0.4 0.8 0.4 0.6 04 0 0.4
Unused land 6 0.5 0.4 0.2 0.6 0.2 0.1 0

The change rate in habitat quality is measured by the percentage change in regional
habitat quality at the beginning and the end of a time period, expressed as follows:

V = (Py —Py) /Py x 100% )

In Equation (1), V is the change rate of habitat quality, with a negative value indicating
decreasing habitat quality and vice versa; Py and Py are the initial and final values of
habitat quality in the t-th year, respectively.

2.3.4. Spatial Autocorrelation Analysis

A spatial autocorrelation approach was used to verify the spatial dependence and
spatial spillover effects of habitat quality [44]. Univariate spatial autocorrelation analysis
includes global and local autocorrelation analysis [45]. Moran’s I has been widely used for
representing global autocorrelation, i.e., the overall clustering pattern. The value of Moran’s
I'ranges from —1 to 1. A higher Moran'’s I value suggests a more significant positive spatial
autocorrelation of habitat quality. To explore the local spatial association and type of spatial
clusters of habitat quality in different prefecture-level cities, we used the local indicator
of spatial association (LISA) [46]. In addition, the spatial clusters of habitat quality in
this study were classified into four types, i.e., high-high (H-H), low-low (L-L), high-low
(H-L), and low-high (L-H). Specifically, the H-H clusters mean that the prefecture-level city
and its neighbors all had a high habitat quality that was higher than the average In the
Yellow River Basin. The L-L clusters indicate that the prefecture-level city and its neighbors
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had a low habitat quality that was lower than the average. The H-L clusters indicate that
the prefecture-level city and its neighbors had negative spatial autocorrelation of habitat
quality. That is, the prefecture-level cities with high habitat quality were surrounded by the
prefecture-level cities with low habitat quality and vice versa for the L-H clusters. Thus,
the H-H clusters and L-L clusters indicated that the habitat quality of the area was similar
to that of its neighbors. The formulas for global Moran’s I and local Moran’s I are shown
as follows:

I— 2115:1 Z{;:l Whg (YP B ?) (Yq B Y)

)
2 212:1 ):5:1 Whg
Y,—-Y & _
_ Y
b= g X W) &)
o

In Equations (2) and (3), I is the global Moran’s I for the whole area, and its value
ranges from —1 to 1; I, is the local Moran's I for prefecture-level city p; Y, and Y, are the
habitat quality of prefecture-level cities p and g; S? is the discrete variance of Yy; Y is the
average value of habitat quality; k is the number of prefecture-level cities; Wy, is the spatial
weight matrix, representing that prefecture-level city p is adjacent to prefecture-level city g,
and the value of Wy, is 1 if they are adjacent and otherwise 0.

2.3.5. Spatial Regression Analysis

The spatial lag model (SLM) and spatial error model (SEM) are usually used for spatial
regression analysis [47,48]. To determine whether SLM or SEM is more appropriate in this
study, we used a Lagrange multiplier (LM) test and a robust Lagrange multiplier (RLM)
test to verify by using OLS [45]. We found that both LM (lag) and its RLM (lag) are more
significant than LM (error) and its RLM (error). Thus, we selected SLM to quantitatively
analyze the influence of the landscape pattern indexes on habitat quality in this study. The
OLS can be defined as follows:

Qpt = PBLt +¢ “4)

The SLM can be defined as follows:
Qpt = p@1Qpt + BLt + ¢ (©)

The SEM can be defined as follows:
Qpt = pLi + @y + ¢ (6)

In Equations (4)—(6), Qp: is the habitat quality in prefecture-level city p in the t-th
year; o, y is the spatial lag parameter and spatial error parameter; @1, @ is the spatial
weight matrix of the lag terms and error terms, respectively; B is the parameter revealing
the correlations between habitat quality and landscape pattern indexes; L; is the landscape
pattern index in the ¢-th year; and ¢ is a constant.

3. Results
3.1. Spatiotemporal Characteristics of Landscape Patterns from 2005 to 2031
3.1.1. Predicted Land-Use Changes

The simulated land-use pattern of the Yellow River Basin in 2031 using the PLUS
model is shown in Figure 2. Landscape change in the Yellow River Basin slows down from
2018 to 2031 compared to 2005-2018 (Table 3). The main landscape types in the Yellow
River Basin were grassland and unused land, while construction land and water bodies
accounted for the smallest proportion. From 2005 to 2031, landscape changes are mainly
characterized by the transformation of cultivated land and grassland into construction
land and forest. Specifically, from 2005 to 2018, the areas of cultivated land and grassland
decreased, and the highest reduction by 3.10% was observed in grassland. Construction
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land, forest, water bodies, and unused land were all expanding, with construction land
increasing by 37.48%. The predicted trend of landscape change from 2018 to 2031 is similar
to that in 2005-2018, with the area of cultivated land and grassland showing a decreasing
trend and the area of construction land, forest, water body, and unused land showing an

increasing trend.
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Figure 2. The land-use simulation map of the Yellow River Basin. (a). 2005 represents the land use of
the Yellow River Basin in 2005; (b). 2018 represents the land use of the Yellow River Basin in 2018;
(c). 2018 simulation represents the simulated land use of the Yellow River Basin in 2018; (d). 2031
represents the simulated land use of the Yellow River Basin in 2031.

Table 3. Landscape type structure of the Yellow River Basin from 2005 to 2031 (unit: 10* km?).

Time Cultivated Land Forest Grassland Water Body Construction Land ~ Unused Land
2005 54.46 36.17 120.79 5.84 6.43 75.50
2018 53.88 37.29 117.05 6.42 8.84 75.71
2031 53.75 38.17 113.89 6.94 10.64 75.79
2005-2018 —0.58 1.12 —3.74 0.58 241 0.21
2005-2018 —1.07% 3.10% —3.10% 9.93% 37.48% 0.28%
2018-2031 —0.13 0.88 -3.16 0.53 1.80 0.08
2018-2031 —0.24% 2.36% —2.70% 8.26% 20.36% 0.11%

3.1.2. Landscape Pattern Metrics

The landscape pattern indexes in the Yellow River Basin show different change trends
from 2005 to 2031 (Table 4). In particular, the PD and SHDI increase continuously by 3.23%
and 3.76%, respectively, from 2005 to 2031, indicating that the landscape in the Yellow
River Basin would become more fragmented. In contrast, the AREA_MN and CONTAG
decrease by 3.17% and 6.94%, respectively, which also demonstrates that the landscape
would be more heterogenous. According to AREA_MN, the average size of patches within
the landscape becomes smaller, indicating increasing fragmentation. The CONTAG index
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is used to describe the degree of clustering or extension trend of different patch types
within the landscape. The reduction of CONTAG indicates that the number of patches
with a certain dominant type of connectivity in the landscape is decreasing, and thus, the
fragmentation of the landscape is growing. Meanwhile, the ED and LSI indexes slightly
decrease by 0.55% and 0.48%, respectively, from 2005 to 2031. The decrease of ED and LSI
indicates patches within the landscape are becoming more spatially aggregated. However,
the ED and LSI increase from 2018 to 2031, reflecting the trend towards fragmentation and
complexity of the landscape pattern change. In addition, the COHESION remains basically
unchanged from 2005 to 2031.

Table 4. Landscape pattern indexes of Yellow River Basin.

Landscape Pattern Indexes 2005 2018 2031 2005-2018 2018-2031 2005-2031
PD 0.0526 0.0535 0.0543 1.71% 1.50% 3.23%
ED 5.8669 5.7729 5.8346 —1.60% 1.07% —0.55%
LSI 257.6114 253.6939 256.3796 —1.52% 1.06% —0.48%
AREA_MN 1902.8027 1869.4666 1842.4869 —1.75% —1.44% —3.17%
CONTAG 34.7186 33.3331 32.3093 —3.99% —3.07% —6.94%
COHESION 99.6430 99.6361 99.6225 —0.01% —0.01% —0.02%
SHDI 1.4385 1.4696 1.4926 2.16% 1.57% 3.76%

From the perspective of landscape types (see Table S3 in Supplementary Materials),
the LSI and PD of construction land, water bodies, unused land, and cultivated land show
increasing trends, while the LSI and PD of grassland and forest generally decrease. There
were no significant changes in the ED of cultivated land and forestland. The ED of water
bodies, construction land, and unused land significantly increases, and the ED of grassland
decreases. The AREA_MN and COHESION of water bodies, construction land, and forest
increase significantly, and that of grassland and unused land does not change significantly.

3.2. Spatiotemporal Characteristics of Habitat Quality from 2005 to 2031
3.2.1. Temporal Changes of Habitat Quality

Results indicate that the habitat quality in the Yellow River Basin displays a declining
tendency from 2005 to 2031. The average habitat quality in the Yellow River Basin decreases
by 0.98% and 1.05% from 2005 to 2018 and 2018 to 2031, respectively. From the perspective
of landscape types (Table 5), the average habitat quality of forest and construction land
remains stable, the average habitat quality of water body and grassland increased, and
grassland has the largest increase, with a specific increase of 0.05%. The average habitat
quality is highest in forests and grasslands, followed by water bodies and unused lands,
and lowest in cultivated land and construction land, which is mainly because of the high
habitat suitability of forests, grasslands, and water bodies, which are far from threat sources.
Therefore, natural vegetation (i.e., forest, grassland, etc.) plays a vital role in maintaining
the habitat quality of the Yellow River Basin.

Table 5. Average habitat quality of landscape types in the Yellow River Basin from 2005-2031.

Landscape Types 2005 2018 2031 Average
Cultivated land 0.2998 0.2997 0.2997 0.2997
Forest 0.9960 0.9960 0.9960 0.9960
Grassland 0.9881 0.9887 0.9886 0.9885
Water body 0.6943 0.6944 0.6947 0.6945
Construction land 0.0000 0.0000 0.0000 0.0000
Unused land 0.5997 0.5996 0.5996 0.5996
Yellow River Basin 0.7388 0.7315 0.7253 0.7319
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3.2.2. Spatial Evolution of Habitat Quality

From 2005 to 2031, the spatial distribution pattern of habitat quality in the Yellow River
Basin remains stable (Figure 3), and the overall habitat quality is high. In this study, habitat
quality is classified as highest (0.8-1.0), high (0.6-0.8), medium (0.4-0.6), low (0.2-0.4), and
lowest (0-0.2). Specifically, the highest-level and high-level habitat quality areas are mainly
distributed in areas with high vegetation cover, such as the Qinghai-Tibet Plateau and
northeastern Inner Mongolia. These areas are important ecological sources for maintaining
regional ecological security, and urban expansion should be strictly limited. Medium-
level habitat quality areas are concentrated in the Loess Plateau region represented by
Ningxia, Gansu, and Shaanxi. Low-level and lowest-level habitat quality areas are mainly
distributed in Henan, Shandong, and other provinces downstream of the Yellow River Basin
and present a clustered pattern. These areas are the main distribution areas of cultivated
land and towns and are also the areas with the highest intensity of human activities in the
Yellow River Basin. The contradiction between socioeconomic development and ecological
protection is prominent here, and urban development has already produced a strong duress
on the surrounding habitats. Therefore, excessive growth of urban space in the future
should be limited, especially excessive occupation of ecological land.
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Figure 3. Distribution of habitat quality. (a). 2005 represents the habitat quality of the Yellow River
Basin in 2005; (b). 2018 represents the habitat quality of the Yellow River Basin in 2018; (c). 2031
represents the habitat quality of the Yellow River Basin in 2031.

3.3. Spatial Clustering Characteristics and Spatial Relationships
3.3.1. Univariate Spatial Autocorrelation Analysis

O]

Spatial autocorrelation of habitat quality

To analyze the spatial distribution characteristics and spatial spillover effects of habitat
quality in the Yellow River Basin, spatial autocorrelation analysis was performed for the
habitat quality by using prefecture-level cities as units of analysis. The global Moran’s
I values of each city in 2005, 2018, and 2031 are greater than 0.82 (0.8217, 0.8322, and
0.8248, respectively), and the p-values are less than or equal to 0.001, indicating that the
spatial distribution of habitat quality in the Yellow River Basin exhibits significant positive
spatial autocorrelations. In addition, according to the results of local spatial autocorrelation
(Figure 4), habitat quality shows a clear bipolar clustering feature in space (i.e., high-high
clusters and low-low clusters). The spatial clustering characteristics of habitat quality are
similar in 2005, 2018, and 2031. The high-high clusters of habitat quality in the Yellow
River Basin are concentrated in the Qinghai-Tibet Plateau, the southern Loess Plateau,
and western and eastern Inner Mongolia. The low-low clusters of habitat quality are
concentrated in Henan and Shandong in the lower reaches of the Yellow River Basin.
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Figure 4. LISA cluster map of habitat quality in the Yellow River Basin. (a). 2005 represents the LISA
cluster map of habitat quality of the Yellow River Basin in 2005; (b). 2018 represents the LISA cluster
map of habitat quality of the Yellow River Basin in 2018; (c). 2031 represents the LISA cluster map of
habitat quality of the Yellow River Basin in 2031.

(2)  Spatial autocorrelation of the rate of change in habitat quality

According to the global spatial autocorrelation analysis of the rate of change in habitat
quality, the global Moran’s I values are 0.4280 and 0.3764 from 2005 to 2018 and 2018 to
2031, respectively. The results show that the spatial distribution of the rate of change in
habitat quality in Yellow River Basin presents significant positive spatial autocorrelations
from 2018 to 2031 (Figure 5). The H-H clusters of the rate of change in habitat quality in the
Yellow River Basin are mainly concentrated in the plateau areas from 2005 to 2031. This
result indicates that there is a significant improvement in habitat quality in the plateau
region during this period. From 2005-2018, the H-H agglomeration areas of the rate of
change in habitat quality are mainly distributed in most areas of Qinghai province and
parts of Gansu and Shaanxi provinces. The L-L agglomeration areas of the rate of change
in habitat quality are distributed in Shandong and parts of Henan, and there are no areas
of H-L clusters. From 2018 to 2031, the H-H agglomeration areas of the rate of change in
habitat quality are mainly distributed in most areas of Qinghai, the eastern part of Inner
Mongolia, and parts of Gansu and Shaanxi provinces. The L-L agglomeration areas of
the rate of change in habitat quality are distributed in Shandong and parts of Henan. The
L-H agglomeration areas of the rate of change in habitat quality are distributed in the
western part of Inner Mongolia. The H-L agglomeration areas of the rate of change in
habitat quality are distributed in the eastern part of Inner Mongolia. From 2005 to 2018,
the spatial aggregation characteristics of high or low values of the rate of change in habitat
quality in the Yellow River Basin are closely related to human activities, land-use policies,
and ecosystem protection engineering projects. From 2018 to 2031, the spatial aggregation
characteristics of habitat quality change rates are also influenced by the specification of cost
matrix and restricted areas in the land-use simulation. The results can provide data support
for biodiversity conservation and ecological priority area setting in the Yellow River Basin.

3.3.2. Spatial Regression Analysis

The above analysis confirmed the spatial autocorrelation of habitat quality. Therefore,
we can further explore the spatial spillover effect of habitat quality and its influential factors
by using a spatial regression model. In this study, the habitat quality of 95 prefecture-level
cities in the Yellow River Basin was included in the model as the dependent variable, while
the independent variables in the model were the landscape pattern indexes. In addition,
multicollinearity diagnosis of landscape pattern indexes was used to eliminate the presence
of multicollinearity in multiple landscape pattern indexes by using IBM SPSS Statistics.
Four factors with VIF < 8 were selected as independent variables of the model: PD, ED, LSI,
and COHESION.
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Figure 5. LISA cluster map of the rate of habitat quality change in the Yellow River Basin.
(a). 2005-2018 represents the LISA cluster map of the rate of habitat quality change in the Yellow
River Basin in 2005-2018; (b). 2018-2031 represents the LISA cluster map of the rate of habitat quality
change in the Yellow River Basin in 2018-2031.

As can be seen, the log likelihood of the spatial lag model is larger than that of the
OLS model (AIC and SC values are smaller than those of the OLS model) (see Table S4 in
Supplementary Materials), which indicates that the fitting degree of the spatial lag model
is better than that of the OLS model. Almost all the independent variables in the spatial
lag model (Table 6) are significant (p < 0.05) from 2005 to 2031. The spatial lag regression
results demonstrate that the spatial relationships between habitat quality and PD as well
as COHESION are negative, while ED and LSI had a positive impact on habitat quality.
Meanwhile, a 1% increase in PD led to decreases of 4.622%, 3.926%, and 4.041% in habitat
quality in 2005, 2018, and 2031, respectively. The impact of ED is positive, but its effect
size decays over time, as a 1% increase in ED can lead to increases of 0.031%, 0.036%, and
0.002% in habitat quality in 2005, 2018, and 2031, respectively. The impact of LSI fluctuates
over time and increases substantially from 2018 to 2031, e.g., a 1% increase in LSI can
lead to increases of 0.005%, 0.003%, and 0.038% in habitat quality in 2005, 2018, and 2031,
respectively. In addition, the impact of COHESION on habitat quality is negative and
decreases over time. The results show that PD is the dominant driving factor of the decrease
in habitat quality with the largest magnitude of effect. As displayed in Table 6, the PD
increases during the study period, demonstrating that the landscape in the Yellow River
Basin would become more fragmented. Specifically, the PD of water bodies and cultivated
land increases. Therefore, landscape fragmentation due to higher PD has a strong influence
on ecosystem structure, ecological processes, and biodiversity and causes degradation of
habitat quality.

Table 6. Regression results of SLM.

Variable

2005 2018 2031

Habitat Quality 4 Habitat Quality P Habitat Quality 14

PD
ED
LSI
COHESION
CONSTANT
Spatial lag term
Measures of fit
Log likelihood
AIC
sC
R2

—4.6219 *** 0.0000 —3.9258 *** 0.0000 —4.0412 *** 0.0000
0.0313 *** 0.0002 0.0362 ** 0.0018 0.0024 * 0.0471
0.0046 *** 0.0000 0.0026 * 0.0335 0.0381 ** 0.0014

—0.0381 *** 0.0000 —0.0184 0.0233 —0.0170 * 0.0366
4.1951 *** 0.0000 2.1218 ** 0.0100 1.9812* 0.0170
0.2734 *** 0.0000 0.4368 *** 0.0000 0.4349 *** 0.0000

91.1599 63.5760 61.8309
—170.3200 —115.1520 —111.6620
—154.9970 —99.8288 —96.3386

0.7814 0.6449 0.6328

Note: *** p < 0.001, ** p < 0.01, and * p < 0.05. AIC, Akaike information criterion; SC, Schwartz’s.
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4. Discussion
4.1. Spatiotemporal Characteristics of Habitat Quality and Landscape Pattern

In this study, we examined spatiotemporal evolution characteristics of landscape
pattern and its impact on regional habitat quality and then combined the PLUS and InVEST
models to predict future habitat quality levels in the Yellow River Basin. The evaluation of
current habitat quality and projection of future habitat quality in the Yellow River Basin are
of great significance for ecological protection and high-quality development in the Yellow
River Basin.

In general, the landscape of the Yellow River Basin was dominated by grassland and
unused land. The area of construction land in the east was significantly larger than that in
the west. From 2005 to 2018, the area of arable land and grassland decreased, while the
area of construction land, forest, water body, and unused land increased. Meanwhile, PD
and SHDI increased significantly in the Yellow River Basin, while ED, LSI, AREA_MN, and
CONTAG decreased, and COHESION remained basically unchanged. The predicted trend
of landscape pattern changes from 2018 to 2031 is basically the same as it was from 2005
to 2018. Although the proportion of built-up land area in the total landscape area of the
Yellow River Basin is low, the expansion of built-up land in recent decades has caused the
destruction of forest, grassland, water, and other habitat landscapes. This phenomenon is
more obvious in the population and economic agglomeration areas in the lower reaches
of the Yellow River Basin (e.g., Henan and Shandong, etc.). This is because areas with
more intensified human activities and massive land-use changes have rapid population
and economic growth and great demands for housing, transportation, and public facilities,
leading to the occupation of many natural resources such as grasslands, water bodies, and
forests and increasing the degree of landscape diversity and fragmentation.

In addition, we assessed habitat quality in the Yellow River Basin. It was found that
the habitat quality of the western and northern Yellow River Basin along the Qinghai-
Tibet-Inner Mongolia was relatively high. The main reason is that the region has good
natural endowment and less construction occupation. It has also gradually established a
nature reserve management system with national parks as the main body, nature reserves
as the basis, and various nature parks as supplements. More importantly, due to the
intervention of afforestation, water conservation, and other ecological protection measures,
the number of forests and water bodies with high habitat quality in this area continues to
increase. However, habitat quality was at a low level in the middle and lower reaches of
the Yellow River Basin. The population and economic agglomeration effect is more obvious
in this region. The urban expansion continues to occupy natural resources, leading to the
degradation of habitat quality. The influence of the continuous expansion of construction
land on the degradation of habitat quality is mainly the reduction of cultivated land, forest,
and other landscape land area [49]. At the same time, severe landscape fragmentation
reduces landscape connectivity and affects the overall regional habitat, which is particularly
critical to the quality of regional habitat.

4.2. Impact of Landscape Pattern Change on Habitat Quality

The results showed that the influence of landscape pattern change on regional habitat
quality could not be ignored, and its impact direction and magnitude vary largely in
different regions. Therefore, it is of great significance to analyze the effect of landscape
pattern on habitat quality for regional landscape planning and ecological sustainable
development. Spatial regression was used to quantitatively analyze the correlation between
landscape pattern index and habitat quality in the Yellow River Basin. The results showed
that the change of landscape pattern had an important effect on habitat quality in the Yellow
River Basin. Landscape pattern indices (PD, ED, LSI, and cohesion) had significant effects on
habitat quality. The regression coefficients for LSI and ED were both positive, indicating that
increased LSI and ED improved habitat quality, while the regression coefficients for PD and
cohesion were negative, indicating that increased PD and cohesion resulted in decreased
habitat quality. Despite the positive contribution of LSI and ED to habitat quality, both LSI
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and ED values fluctuated during the study period. There was the greatest negative impact
of PD on habitat quality, and the PD value increased over time, which was a major factor
in the decline of habitat quality in the Yellow River Basin. In general, the effect of PD on
habitat quality reduction was greater than that of LSI and ED enhancement, and the increase
of PD implied that the landscape was more fragmented, and the landscape connectivity
was weakened, which was related to the decrease of biodiversity and habitat quality. Some
relevant studies support our findings. For example, Hu et al. used Geographically and
Temporally Weighted Regression (GTWR) and Multiscale Geographic Weighted Regression
(MGWR) methods to analyze the driving mechanisms of landscape patterns on habitat
quality and found that an increase in landscape connectivity in the urban center of Nanjing
significantly improved habitat quality, while an increase in fragmentation in high habitat
areas reduced habitat quality [50].

As part of spatial planning and land-use construction in the Yellow River Basin, it is
necessary to coordinate the relationship between development and protection to improve
regional habitat quality. It is important for the government to maintain the landscape
integrity of natural habitats (such as forests, rivers, and wetlands) as much as possible,
arrange agricultural landscapes reasonably, and improve the landscape diversity of urban
construction areas [25]. Specific measures can be adopted, including delineating ecological
protection red lines and delimiting permanent primary farmland, managing high- and low-
quality areas of ecological space [51], and establishing pocket parks and green corridors.

4.3. Strengths and Limitations

In this study, the PLUS model was used to simulate the LUCC of the Yellow River Basin
in 2031, with 2018 as the base period. Numerous studies adopting the CA-based model
have focused mainly on improving technical modeling procedures rather than simulating
the detailed patches of multiple land-use types that evolve over time. The PLUS model
developed by Liang et al. [31] has a powerful ability to simulate the evolution of land-use
types at patch scale. It has been confirmed that the PLUS model has higher simulation
accuracy and landscape pattern indicators that were closer to the real landscape than the
other CA-based models. This is essential for accurate quantitative assessment of the impact
of future landscape patterns on habitat quality and thus the development of policies to
manage future land use and landscape patterns in the Yellow River.

At the same time, spatial autocorrelation models and spatial regression models are
used to analyze the spatiotemporal characteristics of habitat quality and its response to
landscape pattern changes. Various ecological processes often lead to nonrandom spatial
distributions of land use, landscape, and biodiversity and show some dependence on
spatial patterns. Thus, spatial autocorrelation analysis is crucial for understanding how
ecological variables are related and vary in time and space, which can then be used to
understand and predict ecological processes and functions. In addition to traditional
factors, spatial autocorrelation is also an important factor that influences habitat quality
and landscape pattern, but this factor is often overlooked. In previous studies, linear
models are often used to analyze the relationship between landscape pattern and habitat
quality, which cannot capture the spatial dependence and spillover effects due to spatial
autocorrelation. Spatial regression models and spatial autocorrelation models are used to
overcome this shortcoming in this study.

However, there are several limitations in this study. First, the In'VEST model was used
to evaluate the habitat quality of the Yellow River Basin by accumulating the effects of
threat factors. Despite this, INVEST does not take into account the interaction between the
threat factors, as their cumulative impact on habitat quality is not the same as their simple
accumulation [29]. Second, this study only analyzed the impact of seven landscape pattern
indexes that were recognized as significant, while other related landscape pattern indexes
were not comprehensively considered.
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5. Conclusions

This study analyzes the spatiotemporal characteristics of landscape patterns and
habitat quality, explores the spatial association between the landscape pattern indexes and
habitat quality, and proposes reasonable suggestions to protect and improve habitat quality
from the perspective of landscape pattern protection.

Firstly, the results showed that the landscape of the Yellow River Basin is dominated
by grassland and unused land, and the area of construction land in the east is significantly
greater than that in the west. From 2005 to 2031, the areas of cultivated land and grassland
decreased, while the areas of construction land, forest, water bodies, and unused land
increased. Then, it was found that a significant increase in PD and SHDI will occur in
the Yellow River Basin, while ED, LSI, AREA_MN, and CONTAG will decrease, and
COHESION remains almost unchanged. In general, landscape heterogeneity increases, and
landscape connectivity decreases. In addition, the habitat quality in the Yellow River Basin
shows a continuous decrease trend during the study period, but the change is not drastic.
This is because the landscape pattern evolution has both enhanced and diminished effects
on habitat quality, which offset each other to a certain extent. Forests, grasslands, and
water bodies have the highest habitat quality among landscape types, while construction
lands have the lowest. Finally, a spatial lag regression model was further applied to
quantitatively assessed the effects of the landscape pattern on habitat quality. The results
show that PD and COHESION have significant negative impacts on habitat quality, whereas
ED and LSI have significant positive impacts. Landscape fragmentation due to high PD
exerts the most significant negative effect on habitat quality. Therefore, we should consider
enhancing the connectivity of habitats in landscape planning and limiting the fragmentation
of ecological land caused by the uncontrolled expansion of construction land in order to
achieve biodiversity conservation and ecological sustainability.
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Abstract: Land factors are natural resources with fundamental and strategic significance in the
achievement of China’s 2035 modernization goals. Dilemmas caused by market-oriented or planning-
oriented allocation of land factors urgently call for new theoretical guidance and mode. After
conducting a systematic review of the literature, this paper built a new framework from the per-
spective of production-living—ecological spaces to facilitate a better understanding of China’s land
factors allocation looking forward to 2035. Inductive and deductive methods were both used to
interpret the applications of planning and market in land factors allocation. Our results show that:
(1) The allocation of land factors for production space is truth-oriented and needs the guidance of
market efficiency. The essential feature of “production” as the driving force in production space
requires that the allocation of land factors in production space must “respect rules, give play to the
agglomeration effect, and rationally carry out regional economic layout”. (2) For the allocation of
land factors for living space, it is necessary to pursue a kindness-oriented approach and establish a
reasonable housing supply system based on people. Among them, the ordinary commercial housing
and improving housing should rely on market forces to achieve multi-subject supply, while affordable
housing should be ensured through government intervention in a multi-channel way. (3) For the
allocation of land factors in ecological space, aesthetic-oriented planning should follow the rule
of territorial differentiation and realize the transformation of ecological function into ecological
value through market mechanisms. Top-down planning and bottom-up market represents the logic
of overall and individual rationality, respectively. The effective allocation of land factors requires
the utilization of both planning and market forces. However, the intersection needs be guided by
boundary selection theory. This research indicates that “middle-around” theory could be a possible
theoretical solution for future study.

Keywords: territorial space planning; land market; factors allocation; production-living—ecological

spaces; modernization

1. Introduction

Modernizing China’s governance system for territorial space and capacity is an im-
portant part of China’s efforts to achieve the strategic goal of socialist modernization by
2035 [1]. Looking backward, China’s rapid development in the past 40 years was mainly
driven by the factors represented by land. In particular, the successful reform of land
factors from total planning allocation to market allocation supported the rise of China’s
industrial manufacturing industry, the improvement of people’s living conditions, the
large-scale construction of urban infrastructure, and the accumulation of social wealth [2].
However, since Rittle and Webber introduced the concept of planning as a thorny problem
in the 1970s, today, in the 21st century, scholars are still baffled by the problem of planning
for complex urban environments [3]. The core of the complexity of planning comes from
human behavior, whether it is the behavior of supply producers or consumers, which will
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often form feedback loops. Good planning is, first of all, rational and should conform to
the balance of market supply and demand [4].

As a traditional agricultural country, China is trying to embrace industrial civilization
in the process of becoming a modern country. However, facing the basic national conditions
of more people with less land, China’s modernization process must achieve high-quality
development of production, satisfy people’s demand for a better life and at the same time
protect the fragile ecological environment to ensure the sustainability of modern develop-
ment, which requires China’s modern development to be guided by ecological civilization.
In this regard, China’s central government has put forward the overall requirements for
land and space development of “intensive and efficient production space, livable and mod-
erate living space, and beautiful ecological space”. However, China’s relatively lagging
territorial space governance system and reform capacity do not adapt to the huge changes
surrounding land factors. In the process of rapid urbanization and industrialization in
China, many contradictions have arisen due to the uncoordinated planning and market
means in the allocation of land factors. Disordered competition and interest conflicts among
local governments and departments have led to extensive land use. The existence of the
dual structure of urban and rural land has led to the dilemma that the urbanized agricul-
tural population is facing insufficient urban housing security and difficulties in realizing
rural land property rights. The regional division of development strategy lacks the support
of a flexible planning mechanism for the allocation of land factors, resulting in a lack of
necessary incentives and funds for ecological and environmental protection, which makes
it difficult to truly achieve the goal of ecological civilization construction.

In 2019, China announced the establishment of a new spatial planning system, which
integrates the traditional functional zoning planning, land use planning, and urban and
rural planning [5]. This new system provides basic principles for various development and
protection activities and provides a sustainable spatial development guide for realizing
the strategic goal of national modernization by 2035. However, the realization of these
grand development strategies requires the removal of the contradictions accumulated in the
previous development stage. Central to this problem is to straighten out the relationship
between planning and market in the allocation of land factors [6]. Existing theoretical
research either focuses on the guiding role of government planning [7,8], or focuses on
the regulating role of market allocation [9], or emphasizes that both are indispensable [10],
which does not reveal enough about the boundary selection theory between the two.
Therefore, this paper aims to address the achievement of effective allocation of land factors
looking toward 2035 by exploring a new framework and theoretical guidance.

2. Literature Review
2.1. The Allocation of Land Factors as Quasi-Public Goods

Public goods refer to the products and services consumed by the whole society, such
as national defense, public transportation, urban disaster prevention facilities, etc. Public
goods are characterized by high input, low return, and social necessities [11,12]. According
to the different degree of competition and exclusivity, public goods can be divided into pure
public goods and quasi-public goods. Generally, it is the responsibility of governments to
provide purely public goods such as defense and security. Quasi-public goods, however,
can be provided in a more flexible and diversified way according to their different degrees of
publicity [13]. Land resources have typical characteristics of quasi-public goods, which need
market and planning allocation in the real world. On the one hand, land is an important
factor of production, and market mechanism is a panacea to achieve the sustainability of
land supply [14]. Gebre and Demsis [15] surveyed public-private partnerships in Ethiopia’s
road sector, citing the lack of government funding, the inability of the public sector to
shoulder all project risks, social pressures on people due to poor road infrastructure, the
need for private sector skills and experience, and the need to improve service levels as the
main reasons for their cooperation. The results of the study provide solutions to problems
related to the delivery of road infrastructure [15]. On the other hand, land resources are
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quasi-public goods, whose allocation needs government intervention. This is because
weak competition environment (Cournot competition) can bring more public benefits
than strong competition environment (Bertrand competition) [16]. For instance, Rohman
evaluated the role of the government in the public-private partnership toll road project in
Indonesia [17]. In the consideration of land public goods, some governments gradually
attract the private sector to provide infrastructure through public-private partnership.
In addition, land use has externalities. For the negative externalities of environmental
pollution, Li Sufeng et al. [18] built a dynamic game model and analyzed the evolution and
development law of carbon emission reduction between governments and enterprises. It is
believed that carbon trading, as one of the effective market tools combining planning and
market, can promote the smooth implementation of the “dual carbon” goal [18].

2.2. Planning Allocation of Land Factors

Keynesianism believes that due to market failure, the government must actively in-
tervene to correct the defects of the market mechanism, and planning is one of the most
important and effective ways for the government to intervene in the allocation of land
resources [19]. Although many countries began to carry out territorial planning in succes-
sion from the early 20th century, most western countries did not begin to take effective
steps to regulate and intervene in regional development until after the Second World War.
Since the 1960s, due to the rapid industrial development and accelerated urbanization in
Western countries, the problems of population, resources and environment have become
prominent, especially the imbalance of regional development has become increasingly seri-
ous. Among them, the development problem of backward areas is very prominent, while
some prosperous core areas, such as Paris in France, the United Kingdom and the southeast
area centered around London, appear the problem of excessive concentration. in order
to overcome the phenomenon of “over-density” (over-concentration) and “over-sparse”
(low level of development) of the national industry in the region and realize the balanced
development of national economy, France [20], Britain [21] and other developed countries
have respectively adopted relevant policies to strengthen the planning and guidance of
regional development. Even in the United States, which has the most developed market
economy, planning as a public policy plays an important role in resource allocation [22].

From the general experience of developed countries in the world, space planning, as
an important public policy, is an important means for the government to conduct space
governance. The International Habitat Conference II has set “adequate housing for all”
as the core goal of the Habitat Agenda [23], and the right to housing is listed as a part
of the “right to a minimum standard of living” in the Universal Declaration of Human
Rights [24]. Therefore, planning should first meet peoples” housing needs. Later, the New
Urban Agenda of Habitat III re-established the core status of cities in the world human
settlement environment, and pointed out that the planning should focus on the whole
urban system rather than a single urban element, that is to say, not only the planning
of a single element such as the road network structure, but also the solution of many
complex problems [25]. These complex issues include resilient cities, housing issues, food
issues, etc. For example, Sadegh Sabouri et al. explored the national practice of linking
and coordinating transportation and land use planning in the United States. The ultimate
goals of these projects were found to be similar throughout the case studies, namely to
reduce suburban sprawl and the associated need for road construction, and to create more
livable, sustainable, walkable, cyclable and passable communities within the region [26].
When it comes to China, in the deep development period of urbanization from “extension
type” to “concursive type”, spatial planning focuses on solving urban life problems such
as dislocation of employment and housing, traffic congestion, environmental pollution,
insufficient supporting public facilities and unbalanced development with surrounding
areas [27]. In addition, government planning and allocation of land is a multi-objective
public management activity, which can be in line with the 2030 Sustainable Development
Goals (SDGs). In the 2030 Development Agenda, 17 Sustainable Development Goals and
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v

169 targets are divided into three dimensions, namely “economic development”, “environ-
mental well-being”, and “social inclusion”. Domestic and foreign scholars have studied the
integration strategies of urban planning and resource management from the perspectives
of social stability and development as well as ecological environmental protection [28-33].

2.3. Market Allocation of Land Factors

The neoliberalism represented by Hayek criticized the government failure of Key-
nesian intervention. Hayek believed that the “invisible hand” of the market was highly
capable of self-regulation and risk prevention in complex market economic activities [34].
Since the late 20th century, the global society has been influenced by the neoliberal theory,
which has also penetrated the land factors allocation. The marketization mechanism of land
resource allocation is to follow the rule of value, the law of competition, the law of supply
and demand and other market laws to spontaneously reach the optimal allocation state.
Under the condition of market mechanism, land rights holders will utilize land resources
in accordance with the principle of profit maximization and promote intensive land use.
Whether any land is developed for commercial, residential or public services, market needs,
and development interests will usually give the best choice [35]. In developed capitalist
economies, it can be seen that there is a “market” model represented by the United States, in
which the allocation of housing resources largely depends on the incentive of information
channels and price mechanisms [36]. Deegen and Halbritter [37] analyzed the problem of
pure land allocation under certain market conditions when land use changes have different
impacts on commodity prices and production factor prices, and proposed three different
models: a completely open economy, a closed economy and an economy in which selection
prices are determined externally [37]. China, with its socialist market economy system,
is no exception. The transformation of urban land from planned allocation to market-
oriented allocation is an important part of China’s market-oriented economic reform, and
the marketization of land transfer can significantly promote economic growth in the long
run [38].

3. Allocation of Land Factors in China: Modes and Dilemmas
3.1. Planning-Oriented Allocation Mode and Its Performance

Planning is future-oriented, statutory, and holistic. As a government action, it can
make up for the failure and absence of market allocation and correct the disadvantages
of market allocation such as external diseconomy and information asymmetry. As a
resource in the planning system, the allocation of land factors is regarded as a part of
China’s macro-control, and it is also regarded as a policy tool of state governance. In the
allocation of land factors, planning mainly plays a leading and controlling role. Since
China’s reform and opening-up in 1978, the central government has given full play to
the leading and controlling role of planning in the allocation of land factors through the
preparation of land use planning. The law guarantees the effective implementation of the
plan. In the compilation of China’s first round of overall land use planning (Outline of
the National Land Use Planning (1986-2000)), indicators and zoning are two policy tools
that constitute the overall land use plan. Specifically, it first analyzes and evaluates the
utilization suitability of all land factors, and then it divides the available land factors into
cultivated land indicators and construction land indicators. After that, it allocates them
among different regions, departments, and industries, to ensure land factors better serve
the various needs of national economic development. However, on the one hand, the lack
of science and public participation in the overall land use plan compiled, and the persistent
pursuit of the perfection of the planning results lead to a disconnect between the overall
land use plan and the actual needs of social and economic development. On the other hand,
under the impact of China’s market economy reform, the lack of constraints and flexibility of
land use planning have led to a serious loss of cultivated land resources in China. Therefore,
in the preparation of the second round of overall land use planning (Outline of the National
Land Use Planning (1997-2010)), the protection of valuable cultivated land resources has
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become the primary goal. The cultivated land protection indicators approved by the central
government are allocated from top to bottom among local governments at different levels,
to realize the guidance and containment of development demand from supply side of
land factors. However, in practice, the relationship between the protection pressure of
cultivated land and the expansion of construction land demand has not been effectively
coordinated, which has challenged the forward-looking planning. In the preparation of
the third round of overall land use planning (Outline of the National Land Use Planning
(2006-2020)), the practice of local governments on the relationship between protection and
development in land use provided valuable information for the preparation of overall land
use planning. In this stage, land use control has become the most distinctive feature of
China’s land use planning system. This system has played an important role in ensuring
the realization of multi-dimensional goals of ecological environment protection, dynamic
balance of cultivated land resources, and intensive use of construction land.

3.2. Market-Oriented Allocation Mode and Its Performance

As a resource in the market system, market allocation tools should play a fundamental
and decisive role in land factors. Land is the spatial carrier for human economic and
social activities and the basic resource to be used. The increasingly diversified demands
for land resources from population growth, urban expansion, and social development
objectively require the market mechanism to play its role of allocating scarce land resources.
From a micro perspective, the market promotes the effective conversion of land resources
between different uses through the price mechanism, competition mechanism, and supply
and demand mechanism, and maximizes the use value of land resources. From a macro
perspective, as a factor commodity in national economic and social development, the im-
provement of its overall allocation efficiency still requires clear property rights and reduced
market transaction costs as a prerequisite [39]. As the reform and opening up, the market
allocation of rural land has greatly contributed to the increase of agricultural production
and provided capital and labor accumulation for industrialization and urbanization. The
marketization of urban land lease has significantly contributed to China’s economic growth
in the long term through two major channels: the financing effect and the resource alloca-
tion effect. The construction of industrial parks and real estate development in the context
of urban land market allocation has led to the rapid development of industrialization and
urbanization in China. The activation of the capital properties of land has given rise to the
land finance driven urban development and management mode, which on the one hand
has accumulated wealth for urban development, but on the other hand, the drawbacks of
the land finance mode have become increasingly evident [40].

3.3. Dilemmas from the Unclear Boundary between Planning and Market Allocation

In general, the planning role of land factor allocation emphasizes “top-down”, which
has the disadvantage of over-idealized planning allocation and often generates unavoid-
able conflicts between the rigidity of planning and the uncertainty and complexity of
reality [3]. When planning allocation is dominant, distortion and misallocation of land
factors arises. In addition, institutional factors, such as the lack of public participation and
supervision, may make it difficult for the planning to allocate land factors as expected.
It is foreseeable that the increasingly improved territorial spatial planning system will
overcome the drawbacks of “multiple planning”, promote the role of planning tools in land
factors allocation, and promote the modernization of territorial spatial governance system
and governance capacity, but this requires a more flexible, effective, and adequate interface
between planning intervention and market adjustment [41]. In contrast, the market role
of land factor allocation emphasizes “bottom-up”. However, market allocation tends to
focus on short-term interests and there are external diseconomies in the market mechanism,
which leads to disorder and imbalance when market allocation is dominant, manifesting
in extensive use of industrial land, duplication of construction and overcapacity, high
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housing prices and inadequate housing security, local debt and land financial risks, and
environmental pollution problems.

The effective combination of market mechanism and government planning is an
indispensable basis for realizing the Pareto optimization of land factors allocation. With the
increasing complexity and suddenness of human economic and social development, the
effective integration of the two becomes more important than ever. However, in the current
allocation of land factors, the boundary between planning and market is not clear, which
has created hurdles for their effective integration. Therefore, how to draw the boundary
between the two is the most significant issue.

4. Allocation of Land Factors from the Perspective of Production-Living-
Ecological Spaces

Production-living—ecological spaces is a classification perspective of land factors allo-
cation (Figure 1). Firstly, Production is a driving force. Production space is truth-oriented, a
philosophy between people and things, which follows rules and emphasizes agglomeration
effect. Secondly, Living is goal. Living space is kindness-oriented, a philosophy between
people and people, which follows the logic of people-oriented and emphasizes livability.
Thirdly, Ecology is the bottom line. Ecological space is aesthetic-oriented, a philosophy
between people and God, which needs to respect nature and stresses the guidance of
green development. Based on the above reasons, this study will explore the synergis-
tic application of planning and market in land factors allocation from the perspective of
production-living—ecological spaces.

Land Factors

Follow Rules
Between People and Things

People-oriented
Between People and People

Respect Nature
Between People and God

Figure 1. Allocation of land factors from the perspective of production-living-ecological spaces.

4.1. Allocation of Land Factors for Production Space

The market-based reform of land allocation can unleash huge potential for economic
development and is of great significance to achieving steady and high-quality economic
growth. The land factor allocation oriented by market efficiency is firstly reflected in the
agglomeration of population and various production factors in geographical space, and
behind this agglomeration of factors is the agglomeration of industries. Take Dongguan
City in Guangdong province as an example. In 2020, the total population of the city reached
10.47 million, and the global market share of the computer mouse, keyboards and capacitors
had reached 70%. For this concentration of market allocation, Adam Smith opened the
Wealth of Nations with an example of making paper clips: The maximum efficiency of a
single person making paper clips is 1 to 20 per day (depending on their proficiency), while
a production chain of 10 people can produce 48,000 per day, an average of 4800 per person,
with an efficiency increase of 240 to 4800 times. The improvement of efficiency is the result
of the division of production, which is precisely based on the premise of agglomeration.
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In other words, the possibility of division of labor can only be provided by clustering
to a certain extent. In addition, if enterprises in a certain industry cluster in a region, it
will also attract enterprises from other industries to engage in production and operation
in the region [42]. At this time, the agglomeration economy broke through industrial
boundaries and was called the “urbanization economy”. From international experience,
the size of a town is closely related to economic development. According to the World
Bank report, more than half of the people in the high-income countries category live in big
cities with populations of more than 1 million, and less than a quarter live in small towns
with populations of less than 20,000. The opposite is true in low-income countries, where
only about 1 in 10 people live in large cities with populations of more than 1 million and
nearly three-quarters live in small towns with populations of less than 20,000 (Table 1). The
agglomeration rule is universal, including China. Therefore, the allocation of land factors
in production space should follow the law and emphasize the agglomeration effect, and the
development of big cities should become the support for the construction of small cities.

Table 1. The proportion of city size in different development types of countries.

Size of Population Low-Income Middle-Income High-Income
P Countries (%) Countries (%) Countries (%)
Small settlements:
Under 20,000 & 5% 2
Middle Settlement:
2 million to 1 million 16 % 26
The Big Settlement: 1 20 50

More than 1 million
Source: World Development Report 2009.

From the above perspective, population agglomeration brings the scale effect of
production exchange and promotes the development of urban innovation, production, and
trade. However, on the negative side, the population agglomeration leads to pollution,
crowding and other problems. When the positive externalities brought by the urban
agglomeration effect cannot make up for the negative impacts brought by the urban
problems, the social relations within the city will deteriorate. Therefore, while giving full
play to the decisive role of the market in factors allocation, it is more important to rationally
plan the regional economic layout, and earnestly do a good job in basic security work such
as territorial and spatial planning, land property rights system and land legal system.

4.2. Allocation of Land Factors for Living Space

The living space is people oriented. The allocation of land factors needs planning and
market to both guide a reasonable housing supply system. As mentioned in the report,
Chinese modernization is characterized by a huge population, common prosperity for all
the people, harmony between material and spiritual civilization, harmonious coexistence
between man and nature, and the path of peaceful development. So, in this context, how to
build China’s housing system for 2035?

First, in the real estate market, we should focus on absorbing the rigid demand
caused by the current population structure and improving the demand. In the face of
such a huge population in China, it is impossible to rely on the government alone, so
we need to rely on the market power and multi-subject supply. The housing demand for
ordinary commodity housing can be realized through the distribution function of the free
market, whose production, distribution, circulation, and consumption are regulated by
the market mechanism. The operation of the real estate market with fierce competition
and its supply structure (such as high-grade commodity apartments, villas, etc.) are
basically within the scope of complete marketization. Besides maintaining the rules of fair
competition, the government mainly decides the relationship between supply and demand
according to market rules and market mechanism. Only in this way can we effectively
increase supply, meet diversified demand, and improve the efficiency of housing resource
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allocation. Although the demand for ordinary commodity housing can be realized through
the distribution function of the free market, ordinary commodity housing still needs to
adhere to the “housing does not stir” requirement. A profit tax could be one option to curb
property speculation. In addition, with the commercialization and liberalization of housing,
the rate of home ownership has been greatly increased, and people have a higher pursuit of
material and spiritual, and the demand for improving housing has become the main body
of the real estate market, among which the ecological housing that realizes the harmonious
modernization of human and nature can also be regarded as a kind of improving housing.
Although there are no complete statistics, it is predicted in the relevant research report
that there are many vacant houses, and many families own multiple homes. The “heavy
transaction, light possession” housing tax system has no longer meet the needs of the
current economic and social development. Levying resource occupancy tax on housing has
become an important policy choice and the source of new land transfer fees in the future.
Levying taxes and fees on the link of housing ownership and appropriately reducing the
transaction tax burden can revitalize the stock of real estate, reduce the vacancy rate, and
make full use of land and housing resources.

Second, under the market economy system, in order to realize the modernization
of common prosperity for all the people and ensure that everyone has a house to live
in, the government needs to implement some special policies and measures to help the
floating population groups separating from their household registrations to solve the
housing difficulties. The general term for this policy system is called the housing security
system. However, the unbalanced development of housing security in the new era is mainly
manifested in three aspects: the unbalanced distribution of supply and demand between
cities, the unbalanced distribution of urban interior space, and the unbalanced construction
and management of affordable housing. The construction of affordable housing ignores the
internal demand difference between big cities and small and medium-sized cities, leading
to short supply in big cities and oversupply in small and medium-sized cities. Public
housing and low-rent housing are usually built far away from industrial urban centers,
with poor transportation infrastructure, high commuting costs, and inadequate public
services. Qualification audit and follow-up supervision of affordable housing are not in
place. In view of the unbalanced development of housing security, the author believes that
under the background of new urbanization, it is necessary to carry out planning allocation
of land factors, formulate housing policies, and promote urban-rural integration. Through
the planning and promotion of affordable housing, rail transit terminals in big cities should
become an important choice of affordable housing. At the same time, only when the rural
floating population has housing security in the city can the reform of rural homestead
system be leveraged in a real sense to improve farmers’ property income and achieve
common prosperity.

4.3. Allocation of Land Factors for Ecological Space

During the 14th Five-Year Plan period, China’s ecological civilization construction
entered a critical period with carbon reduction as the key strategic direction, promoting
the synergistic effect of carbon reduction and pollution reduction, promoting the com-
prehensive green transformation of economic and social development, and realizing the
improvement of ecological environment quality from quantitative to qualitative change.
Ecological space is guided by beauty, and the external requirements of transforming carbon
to achieve carbon neutrality and peak carbon dioxide emissions are the internal driving
force of ecological civilization construction. At present, the shortage of available land in
China is becoming increasingly serious, while the demand for land use is constantly in-
creasing, which requires us to effectively carry out territorial space planning and ecological
environmental protection, by drawing various security bottom lines, implementing use
control and ecological restoration.

First, the ecological pattern still needs to be planned according to the rules of territorial
differentiation. Among them, the ecological protection red line is the lifeline to ensure
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ecological security and an important means for the state to control ecological space. It is
necessary to use scientific methods to identify high-value carbon sink spaces, quantitatively
assess the functional value of forest, grassland, wetland, ocean, and other ecological
systems protection in carbon sinks, and incorporate their spatial location into the ecological
protection red line of the national land control planning, strengthening the use control of
national land space and strictly protecting high-value carbon sink spaces. At the same time,
we should promote ecological restoration in the national territory and increase carbon sinks
in ecosystems.

Second, urban development needs to respect nature and make good use of planning
for top-level design. Among them, transport distance is the concentrated expression of
the basic spatial characteristics of human and nature, as well as the interaction between
humans and space. In particular, the geographical distance, density, segmentation, and
heterogeneity have great influence on the carbon emission of cities. For example, Russia
is much larger than Mexico, with a land area of 8.7 times greater. As a result, although
Russia and Mexico have the same population and per capita GDP in 2021, Russia’s per
capita carbon emission of 12.04 tons is 3.2 times that of Mexico. According to the “Research
on the Impact of Land Use Structure on Air Pollutants and carbon Emissions” project,
Chinese urban and construction land accounts for 1% of the country’s total land area, but
carbon emissions account for nearly 90% of the country’s total emissions. In addition,
if the construction land scale doubled, the carbon emissions will increase by 1.7 times.
Therefore, we need to conduct scale constraint and structural adjustment for all kinds of
land development and construction based on geographical distance, density, segmentation,
and heterogeneity. At the same time, we need to establish natural ethics, caring for the land,
and guide residents to transform their behavior to the green and low-carbon direction.

Finally, ecology is a resource that can be transformed into assets, and its land factors
allocation needs the assistance of the market. Through the market mechanism, ecological
function can be transformed into ecological values and the modernization of harmonious
coexistence between man and nature can be realized. Ecological environment and its
functional diversity determine the different attributes of ecological value. Some ecological
values take the products and services derived from the good ecological environment
to meet certain needs of people as the carrier, such as ecological agricultural products,
ecological tourism, etc., which are directly produced for peoples’ consumption or use,
so as to obtain certain monetary benefits and realize value transformation. In practice,
if the economic value of natural resources cannot be fully tapped, the ideal of “lucid
waters and lush mountains are invaluable assets” will not be realized. If we cannot benefit
from ecological protection and ensure the simultaneous development of social benefits
and corresponding economic benefits, ecological builders will lose their enthusiasm for
ecological protection and construction, and ecological environmental construction will
lose its power source. As far as we are concerned, ecological products and ecological
industrialization are an important means to realize the ideal of “lucid waters and lush
mountains are invaluable assets”.

4.4. Interaction of Production-Living-Ecological Spaces: A Perspective from Livable City

The modernization of China’s territorial space governance system and capacity looking
forward to 2035 not only requires production, living, and ecological spaces to achieve their
development goals respectively, but also requires an overall insight into the interactive
relationship among production-living-ecological spaces to make allocation of land factors
better serving for the optimization of territorial space layout at different scales. Cities are
the crystallization of modern human civilization. Human yearning for “livable cities” has
been reflected in Howard’s “Garden City” concept as early as the end of the 19th century. In
1933, The Athens Charter, the representative of urban spatial planning theory, put forward
the overall concept of the coordinated development of the city and its surrounding areas,
and divided the urban functions into work, residence, and recreation. This classification
perspective coincides with production-living—ecological spaces, where the work function

49



Int. ]. Environ. Res. Public Health 2023, 20, 3424

corresponds to production space, the residential function corresponds to living space, and
the recreational function corresponds to ecological space. China’s development plan for
2035 also regards the construction of the “livable city” as an important goal. Therefore, we
try to take the construction of the “livable city” as an example to specifically explain the
interactive relationship between production-living—ecological spaces (Figure 2).

Housing and Public Services

Harmony between

Work-life Balance Man and Nature

Carbon Neutrality

Employment and Pollution Control Green and Well-being

Figure 2. The interactive relationship of production-living—ecological spaces.

Livability is the primary goal of building a “livable city”. In urban spaces, the need
for intimate, continuous relationship comes first. Therefore, urban living spaces need
to pay close attention to the basic needs of people including social and spiritual needs.
This requires that urban planning must be primarily carried out at the human scale to
provide the necessary housing and basic public services. Second, production and living
are closely related, and the construction of a modern livable city cannot be separated from
the drive of production, which provides the necessary material basis for human beings
to live happily. On the one hand, innovative behavior in urban production space will
continue to provide employment for its residents, but on the other hand, it is also necessary
to control the pollution caused by agglomeration in production space. Furthermore, a
livable city should try to achieve a work-life balance as much as possible, ensure that
wages and rents match, and ensure that green spaces and fresh air are not sacrificed to earn
wages [43]. Finally, the urban ecological space reflects humans’ longing for poetic living. A
beautiful ecological environment can not only directly promote human physical and mental
health and realize “harmony between man and nature”, but also provide nature-based
habitat through ecological resource value conversion. In addition, ecological space can
also promote the sustainable development of production space through carbon neutrality.
As a result, production-living—ecological spaces of a livable city have achieved effective
interaction and established a virtuous circle. The overall optimization of livable urban space
that integrates production-living—ecological needs to systematically formulate land use
policies, fully consider the interactive relationship between production-living-ecological
spaces in the allocation of land factors. The integration of “truth-kindness-aesthetic” in
urban space is crucial to improving the overall welfare of the city and achieving sustainable
urban development.

5. Findings
5.1. The Logics of Planning and Market Allocation of Land Factors

In the face of an increasingly complex global environment, the allocation of land
factors shoulders the important task of coordinating development and security in the
modernization of a country. Planning and market essentially represent two different
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logics of land factors allocation. The control and guidance functions of planning help
build a security barrier for the development of national modernization, reflecting the
“top-down” factors allocation logic, which is a manifestation of the modernization of the
national governance system. The incentive and adjustment functions of market are the
fundamental driving force to promote the country’s development to a new level, reflecting
the “bottom-up” factors allocation logic, which reflects the modernization of national
governance capacity. On the one hand, the modernization of China’s territorial space
governance system and governance capacity, needs to follow the “top-down” logic, which
starts from the continuity of the planning system and the overall coordination of the region,
and realizes the allocation of land factors based on maximizing the overall social benefits.
On the other hand, it also needs to follow the “bottom-up” land factors allocation logic to
meet the interests of different individuals and stimulate the vitality and efficiency of market
mechanism. Therefore, to realize the complementarity of public interests and personal
interests in the development of national modernization requires a good connection between
“top-down” and “bottom-up” logic in terms of allocation of land factors.

5.2. The Theoretical Mechanisms of Market and Planning Allocation of Land Factors

Individual rationality is the starting point of market allocations of land factors. To
explain this argument, we introduce the “Centipede Paradox” model (Figure 3). It is a kind
of paradox found in the study of game theory and game logic, and it is a kind of paradox
of reasonable behavior choice. This game is called the “centipede game” because it spreads
like a centipede. It means that two players have a square box with N gold coins and two
round empty containers. First, you take two gold coins out of the box and put them both
in one of the containers. Then every time after that, you take two gold coins out of the
box and put one gold coin in each of the containers. The two players, A and B, take turns
choosing strategies to either end the game, choose the container with the most coins, or let
the game continue. Suppose A chooses first, then B, then A, and so on, and the number
of games between A and B is a finite 100 times. The respective returns of this game are
shown in Figure 1. For the first time, if A completes the decision, A and B get 2 and 0 gold
coins, respectively. For the second time, if B’s decision ends, A and B get 1 and 3 gold coins,
respectively. For the third time, if A completes the decision, A and B get 4 and 2 gold coins,
respectively, and so on. Based on the logic of the game, the rational person’s assumption is
that A is going to end the game on the second to last step. But the problem is that B is also
smart, he anticipates A’s motivation, and he ends the game on the third to last move. It is
not hard to see that in the reasoning process of this game, backward induction is used. If
the market pursues individual rationality too much, the composite whole may be irrational.
Therefore, planning is needed to supplement and correct market failures in the allocation
of land factors.

A
2,0 4,2 100, 98
\_V_‘_F """" _l_k_l
N-6 1,3 3,5 97,99 99,101
N=200 B
(a) (b)

Figure 3. Centipede game model: (a) Description of game item: a square box with N — 6 gold coins
and two round containers with 4 and 2 gold coins respectively; (b) Description of the game process.
Before the comma is the return of A, after the comma is the return of B.
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Overall rationality is the starting point of planning allocations of land factors. A
social optimization model is introduced here to illustrate this point [44]. As shown in
Figure 4, there are two ice cream stands A and B on the coastline that offer exactly the
same goods and services. In order to gain a larger market, the positions of A and B
spontaneously developed from the initial state I to the stable state III of the balanced match
during the game. To reduce the overall transportation cost of residents along the coast,
the layout of ice cream stand A and B should be planned for social optimization, and A
and B should be placed in 1/4 and 3/4 places respectively. However, overall rationality
also needs to incorporate individual rationality. Facing the ever-changing economic and
social development environment, over-emphasis on the control and constraints of planning
may be counterproductive. The basic conclusion is that light control is the most effective,
while tight control can lead to overreaction and sometimes even the disintegration of the
machine. The compilation of territorial space planning needs to consider its variability,
adjustability, selectivity and reconfigurability.

AB
/\"/,T’\ I Initial State

172

BA
/\' /r\ 1I: Process of Game

12

AB
/\lll/—\ III: Stable Strategy / Non-social Optimization

12

/l\l/l\ IV: Social Optimization—Instability: the Need for Planning

1/4 12 3/4
A B

Figure 4. Social optimization model: A and B are two ice cream stands on the coastline that offer
exactly the same goods and services.

5.3. Enlightenment of Middle-Around Theory

In China’s reform to promote the modernization of territorial space governance system
and capacity, we suggest that “middle-around” theory is a possible theoretical solution
to effectively connect planning and market in the allocation of land factors. The western
planning concept originates from city-state governance, with the city as the core and the
bottom-up orientation as the starting point and the leading; however, the planning concept
of China originated from irrigated agriculture. Since Yu controlled the flood, the core was
rural areas, emphasizing top-down. In modern China, the influence of “Western learning
to the east” and bottom-up Western planning concept influenced China. Especially after
the reform and development in 1978, the western planning trend of thought had more
and more profound influence on China. However, it conflicts with the deep-rooted top-
down planning concept in China, so different plans have different ideas. It is under this
background that “multi-planning integration” is proposed, and middle-around provides a
new planning theory for the future “multi-planning integration”.

Planning emphasizes goal orientation and usually starts from supply, so indicators
are decomposed layer by layer from top to bottom. Market focuses on problem solving
and tends to start from demand, which is a bottom-up demand orientation. “Middle-
around”, also known as theory of “Waist”, is the intersection of “top-down” planning
allocation theory and “bottom-up” market allocation theory (Figure 5), which is oriented
by the balance between supply and demand, to achieve the synergy of achieving goals and
solving problems. On the one hand, “middle-around” theory emphasizes that the rational
allocation of land factors requires planning and market to be used together, neither cannot
be neglected. On the other hand, it emphasizes that only by adaptively using government
and market functions in face of specific problems in the allocation of land factors can avoid
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the logical conflict between “top-down” and “bottom-up”, and truly release the power of
territorial space governance systems and capacity when driving modernization reforms.

o

il Planning Allocation

ou

1) Theory

B

=]
“Middle-around”
Allocation Theory

Market Allocation
Theory

Bottom-up

Figure 5. “Middle-around” theory in allocation of land factors.

From the perspective of production-living-ecological spaces, this study analyzes how
China’s land factors allocation in the modernization development towards 2035 should use
the two methods of planning and market to achieve the overall requirement of “intensive
and efficient production space, livable and moderate living space, and beautiful ecological
space”. Territorial space is extremely complex, but spatial scale is an entry point to un-
derstand the internal rules of it. Combining the guidance of “middle-around” theory and
the starting point of spatial scales heterogeneity, we can better understand the differential
mode of government-market collaborative allocation of land factors of production-living—
ecological spaces. The first is global/country scale, which considers whether land resources
can be used. In the case of available land, it can be divided into use/non-use. The theory
needed here is sustainable development theory, including land ethics, global climate change
and suitability assessment; the second is regional scale, considering the scale allocation of
agricultural land and the utilization of non-agricultural construction land. The methods
used here are demand forecasting and indicator decomposition. Demand forecasts must
take into account the diversity of needs, including sustenance of food and housing, as
well as agricultural and industrial productivity. Index decomposition involves structural
adjustment; the third is local scale, considering the spatial layout, specifically the relation-
ship between ecological land and construction land, as well as the internal relationship of
construction land. The spatial layout should consider the social development stage, the in-
fluence of utilization and zoning planning, land use, location and transportation and other
factors. To sum up, “middle-around” theory can provide helpful solutions to the practice of
land factors allocation in developing countries, but the perfection of the theoretical solution
always needs practice tests, timely feedback, and continuous improvement.

6. Conclusions

Planning and market are two means to allocate land factors, but there is a boundary
between them. The territorial space is a complex system, current knowledge and cognition
of human beings is limited, and the future is full of numerous variables and uncertainties.
In this context, land factors allocation requires the synergistic allocation of planning and
market to achieve both development and safety goals looking forward to 2035. Further-
more, land factors allocation should also consider the spatial scale differences [45]. To be
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specific, the adoptions to planning and market should follow the rule of “globally fuzzy to
locally accurate” from top level to down level. The higher-level planning should be more
macroscopic, more standardized, and more stylized. When it comes to detailed planning at
lower level, the expression of spatial elements is more refined. For large-scale planning, it
is necessary to do a good job of strategic guidance, coordinate the development goals and
the bottom line of safety. For planning elements that must be implemented, such as urban
development boundaries, permanent basic farmland red lines, and ecological protection red
lines, planning should be strictly formulated, and relevant laws and regulations should be
implemented. However, Technical standards can be in the form of guidelines, recommenda-
tions, etc., to provide flexible solutions to uncertainties, and leave enough room for market.
For small-scale planning, due to the basic data information of clear research on market
demand, the planning can be made clearer and more detailed. The layout of various spaces
and facilities shall be coordinated to fully reflect the regional and cultural characteristics
according to the local population and resource conditions, the stage of economic and social
development, and the improvement requirements of the human settlements. Besides, it
needs pay attention to the dynamic monitoring in the later period, so that the planning can
be effectively implemented in the long run.
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Abstract: Understanding the complex relationship between ecosystem services and human well-being
during the rapid development of urban agglomerations can promote the sustainable development
of urban agglomerations. In this paper, the InVEST model and ArcGIS10.2 were used to analyze
the spatial and temporal evolution characteristics of ecosystem services and human well-being
in the Guanzhong Plain urban agglomeration. On this basis, the coupling coordination index is
used to reveal the spatiotemporal coupling relationship between them. (1) From 2010 to 2018,
the water conservation services, soil conservation services, and carbon sequestration services of the
Guanzhong Plain urban agglomeration showed a fluctuating downward trend. The spatial differences
of ecosystem services were significant. (2) From 2010 to 2018, human well-being in the Guanzhong
Plain urban agglomeration showed a fluctuating downward trend, with a decrease of 17%, and
regional differences tended to narrow. (3) The coupling coordination degree between ecosystem
services and human well-being has slightly decreased while maintaining the basic coordination state.
The results show that there was a significant relationship between the decline of ecosystem services
and the rapid development of the Guanzhong Plain urban agglomeration, and policies should be
classified according to the coupling coordination types of human well-being and ecosystem services
to promote the sustainable development of urban agglomerations.

Keywords: Guanzhong Plain urban agglomeration; ecosystem services; human well-being; InVEST
model; coupling coordination degree

1. Introduction

Since the 21st century, along with the continuous expansion of global cities, growth in
the intensity of human activities, and continuous increases in social demands and human
demands for water, land, and energy have been increasing. These factors have intensified
the exploitation of natural resources and severely damaged global ecosystem services [1].
Maintaining good ecosystem services in urban agglomerations and effectively improving
local human well-being are hot topics for researchers. Therefore, the Millennium Ecosystem
Assessment (MA), the Future Earth Program (GLP), and the 2030 Agenda for Sustainable
Development, proposed by international organizations, have coordinated ecological and
urbanization development as their goals. These international organizations have paid
much attention to the relationship between ecosystem services and human well-being [2].
China’s urban agglomerations are in a stage of rapid development. The high-quality
development of urban agglomerations, in addition to the high-level protection of ecological
environments, and ultimately the improvement of human well-being, are realistic issues
that need to be faced in the construction of urban agglomerations [3].

Ecosystem services are defined as the various benefits humans derive from ecosys-
tems [4] and are now recognized as provisioning services, regulating services, cultural
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services, and supporting services [5], which aim to improve human well-being [6]. Since
the 1990s, many scholars have conducted studies around the theory, method and practical
application of ecosystem service supply assessment. Extensive assessments of ecosystem
services have been conducted in different regions, scales, and types [5-8]. There are a
variety of quantitative assessment methods for ecosystem services. Cotatanza [4] et al.
used the value equivalent scale to estimate the total capital structure value of ecosystem
services. The InNVEST model was used to visualize the value of ecosystem services, and
the sustainable and dynamic evaluation methods. These two methods are the most widely
used [9]. In contrast, human well-being has no standard definition and remains a contested
concept [10]. Now, it is generally believed that human well-being is multi-dimensional,
and the selected indicators are not the same under different research scales [11]. Easily
accessible statistical indicators are used in large-scale studies [12], such as the Human De-
velopment index (HDI) [11] and National Well-Being Index (NWI) [13], and comprehensive
well-being evaluations combining quality-of-life and material conditions [13,14].

2. Literature Review and Research Framework
2.1. Literature Review

The core issue of sustainable science is to extend the research on ecosystem services to
human well-being, and to study the relationship between them [15]. Yang Xueting et al. [16],
Liu Ziwen et al. [17], Willis C., and Kosanic et al. [18,19] explored the relationship between
ecosystem services and human well-being from the perspectives of provisioning services,
regulation services, and cultural services. Li [20] and Wei et al. [21] studied the impact
of the supply-demand ratio of ecosystem services and different types of supply-demand
mismatch on human well-being. Robinson B.E. et al. [22] proposed land management
strategies based on the dependence of farmers’ livelihoods on ecosystem services. Richard
S. et al. [23] studied the impact of different decisions on human well-being from the
community scale. Previous studies have shown that ecosystem services primarily play a
bearing or constraint role in human well-being in terms of provisioning, regulation, culture,
and support services [5], and the latter promotes or stresses ecosystem services as well as
their functions through the differentiation of economic, social, and environmental well-
being needs [24], thus forming a close bidirectional correlation between the two [25]. In the
process of deepening geographical research into human-earth system coupling, ecosystem
services and human well-being are increasingly closely interacting, and their correlation
and coupling have gradually become the focus and frontier issues of current research [26].

In general, there are a lack of studies on the coupling relationship between ecosystem
services and human well-being [26]. With the rapid development of urban agglomeration,
many urban environmental problems have become increasingly prominent, and the ability
of ecosystem to supply human well-being has been declining [27]. Assessing the coupling
relationship between ecosystem service value and human well-being from the perspective
of urban agglomerations can help cities maintain ecosystem service capacity and improve
human well-being. This has important theoretical and practical significance for realizing
the sustainable development of urban agglomerations.

2.2. Research Framework

The Guanzhong Plain urban agglomeration is an ecologically sensitive area, located
in an important area of ecological function. The special geographical location and com-
plex topography aggravate the vulnerability of the regional ecological environment; the
environmental capacity is close to its limit. As a typical Western urban agglomeration
with the prominent contradiction of “human-land”, urban development and economic
growth have intensified the waste of resources and resource constraints. At present, it
is urgent to reveal the coupling relationship between human well-being and ecosystem
services as well as to formulate a reasonable urban development strategy. Therefore, taking
the Guanzhong Plain urban agglomeration as a research case, we used the InVEST model,
coupling coordination degree, and other methods to analyze the coupling relationship
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and spatiotemporal evolution characteristics between ecosystem services and human well-
being. In this way, the feedback of human well-being to ecosystem service changes and
the well-being-driven effect of ecosystem service values were investigated. This provides
a reference for the relationship between ecosystem services and well-being in the rapid
urbanization of less developed regions around the world. The overall research framework
is illustrated in Figure 1.
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Figure 1. Research framework.

3. Materials and Methods
3.1. Study Area

As the second largest urban agglomeration in western China, the Guanzhong Plain
urban agglomeration is an important growth pole, leading the development of the western
region, and an important gateway facing the central and eastern regions. It includes the
Guanzhong region of Shaanxi Province and some cities in Shanxi and Gansu Provinces,
with a total of 90 counties (cities and districts). With an area of 10.71 x 10* km, and an
average altitude of 400-3700 m (Figure 2), it possesses a temperate semi-humid monsoon
climate. The rainfall decreases from west to east and from south to north. The regional
geology and landforms are complex, with the mountains of the Southern Shaanxi and the
Qinling Mountains to the south, the Loess Plateau to the north, and the Weihe River Lower
Valley Plain in the middle, showing a basin topography with high surroundings and a low
center. It is the core area of the middle reaches of the Yellow River Basin, and an important
grain-producing area in China.

At the end of 2018, its permanent human population was 39.4853 million; its GDP was
more than CNY 2 trillion, accounting for about 2.3% of the total GDP of China. However,
the capacity of the natural ecological environment in this region is weak. Water resources
are scarce, and groundwater overexploitation is prominent. The per capita water resources
are less than one third that of the national average, and the spatial distribution of water
resources is uneven. Water pollution in some sections of the Weihe River and Fenhe
River Basin is serious. The massive mining of mineral resources has caused problems,
such as soil erosion and soil pollution. It is necessary to strengthen the construction of
ecological civilization and ecological environment protection in the future. The relationship
between ecosystem services and human well-being is of great significance for solving the
contradiction between ecological protection and economic construction in the Guanzhong
Plain urban agglomeration.
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Figure 2. Overview of Guanzhong Plain urban agglomeration: (a) location in China; (b) administra-
tive divisions; (c) elevation.

3.2. Data Sources

This paper mainly includes meteorological data, soil data, land use data, and statis-
tical yearbook data. The meteorological data are from resources and environment data
cloud platform (https:/ /www.resdc.cn/Default.aspx (accessed on 6 December 2021)). The
potential evapotranspiration data are from the Global Drought Index and Potential Evapo-
transpiration (ET0) Climate Database V2. Soil data are from the World Soil Database. The
land use data of 2010, 2015, and 2018 were from China Land Use/Land Cover Remote
Sensing Monitoring Database with a resolution of 100 x 100 m. DEM data are from geospa-
tial data cloud (http://www.gscloud.cn/ (accessed on 8 December 2021)). All raster data
were reclassified and transformed into projections in GIS, the resolution was uniformly
transformed into 100 m x 100 m, and the projection was uniformly transformed into Albers
projection. The data for the assessment of human well-being are mainly from the 2010, 2015,
and 2018 China Urban Statistical Yearbook, China County Statistical Yearbook, and the
statistical yearbooks of 90 counties (districts) in the Guanzhong Plain urban agglomeration.

3.3. Research Methods
3.3.1. Ecosystem Services

1.  Water Yield model

As a typical water-scarce area, the Guanzhong area has rapidly increased the de-
mand for water resources. The INVEST Water Yield model is used to calculate the water
conservation services of the region, detailed in the following equations [28]:

AET,
ij =(1- Pi X PX

X
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AET, 1 +wiRy
Py 1
C lreRy ()
A
=7 WCy
X
Ky x ETx
A

where Y, is the annual water volume (mm) of the land cover type j in pixel x. AET} is the
actual evapotranspiration (mm) of land cover type j in pixel x. Py is precipitation (mm) of
pixel x. wy is to correct the ratio of annual vegetation available water and precipitation.
R,j is the dry coefficient. Z is Zhang’s coefficient, which is 30 [29] in this paper, according
to previous studies. AWC; is the effective soil water content (mm) of raster cell x. Ky; is
the evapotranspiration coefficient of vegetation of land cover type j in pixel x. ETy is the
reference crop evapotranspiration.

2. Sediment Delivery Ratio (SDR) model

Soil erosion is a serious environmental problem faced by human beings that restricts
the sustainable development of the global economy and society. Serious soil erosion can
destroy land productivity, reduce biodiversity, threaten the regional ecological environment,
and exacerbate poverty in mountainous areas. The Guanzhong Plain urban agglomeration
is located in a fragile ecological environment. The soil erosion is very strong because of the
combined action of natural and human factors. The Guanzhong Plain urban agglomeration
is the key area of soil erosion research in the world. The soil retention in this area is
calculated by the SDR Model in the InVEST model [30]:

SEDERT,= RKLSy — USLEy

where SEDERT denotes soil conservation (t) of pixel x. RKLS, and USLE, denote potential
soil erosion (t) and actual soil erosion (t), respectively.

RKLSx= Ry x Ky x LSy

USLEx= Ry x Ky x LSy x Cy x Py
where Ry is rainfall erosivity [M]-mm/(hm-h-a)]. K is the soil erodibility. LSy is the slope
length and slope factor. Cx is the vegetation cover factor. Py is the management factor.
3. Carbon Storage and Sequestration model

We calculated carbon Sequestration services of Guanzhong Plain urban agglomeration
through the Carbon Storage and Sequestration in InVEST model. Carbon sequestration
mainly includes aboveground carbon sequestration, underground carbon sequestration,
soil carbon sequestration, and biological carbon sequestration. The carbon density data are
from the literature [31].

Ge= Gabove +Gbelow +Gdead +Gsoil

where G is the total carbon sequestration of the ecosystem (t). G,pove is the aboveground
carbon sequestration (t). Gpejow is the underground partial carbon sequestration (t). Ggeaq
is the carbon sequestration of dead organic matter (T). G is the soil carbon sequestration
(t).

3.3.2. Human Well-Being Level

1. The construction and evaluation of human well-being indicators

According to the Millennium Ecosystem Assessment Report, well-being mainly refers
to the material, spiritual, and health needs of human beings, including basic living materials,
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safety, health, good social relations, and freedom of choice as well as action [32]. Generally,
easy-to-obtain statistical indicators are selected for large-scale evaluation [13]. Based on
the well-being connotations and related research in the Millennium Ecosystem Assessment
Report, in addition to the availability of data, this paper constructed a well-being evaluation
index body for humans in the Guanzhong Plain urban agglomeration from four dimensions:
income, material needs and health, living environment, and safety (Table 1).

Table 1. The human well-being index system of humans in Guanzhong Plain urban agglomeration.

The Target Layer Level Indicators The Secondary Indicators Weight
L Disposable income of urban humans 19.00%

neome Per capita net income of farmers 17.00%

Per capita food consumption 13.00%

Material needs and health Per capita meat consumption 7.00%

Human well-being Per capita vegetable consumption 9.00%
Living environment Air quality index 15.00%

J Green rate of built-up area 1.00%

Per capita cultivated land area 5.00%

Safety Per capita grain production 3.00%

Per capita water resources 11.00%

Among them, the need for a good life are not confined to the need for food and clothing;
they include those necessary for pursuing a high quality of life, living environment beauty,
and happiness of a better life. Basic substances for a good life include residents’ income,
purchasing power, and quality of life [32]. This paper will address residents” income and
consumption of grain, meat, and vegetables to measure the material needs of residents to
farmers, as well as their health. Living environments are an important source of residents’
happiness. With the improvement of living standards, people pay more and more attention
to the surrounding environment, and the degree of greenness and air quality are often the
issues that are of most concern to urban residents [33]. Therefore, this paper includes an air
quality index and the green rate of built-up areas in the evaluation indexes of human well-
being [34]. In the arid region of northwest China, the ecological environment is fragile and
the problems of soil erosion, desertification, and soil salinization are serious and threaten
the livelihood and well-being of residents. Water resource security and food security are
important factors affecting the well-being of residents [35,36]. Therefore, the per capita
water resources, per capita cultivated land area, and per capita grain yield are used as the
evaluation indexes of security.

In the evaluation, the entropy weight method was used to determine the weight of
each index. The entropy weight method can determine the index weight according to the
variation degree of the index value of each indicator. It is an objective weight method
that avoids the deviations caused by human factors, gives full play to the advantages
when determining the weights of many different indicators, and reflects the differences
in the degree of fluctuation of different well-being dimensions [37]. Therefore, this paper
first uses a range standardization method to standardize each index and determines the
weight of each indicator via the entropy weight method. The well-being index of each
county and district in the Guanzhong Plain urban agglomeration was then calculated via
weighted summation. Finally, the overall well-being level of humans in the Guanzhong
Plain urban agglomeration was evaluated through the average value of human well-being
in each county.
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2. Analysis of hot and cold spots

The spatial agglomeration degree of human well-being in Guanzhong Plain urban
agglomeration was effectively identified by the cold-hot spot analysis.

Kx' X anl Wi' (d)Xi
Gid) = 2=
i1 Px
where Wj is weight. x; is the sample value of i. G} (d) is the degree used to effectively
identify the spatial agglomeration degree of human well-being. If the value is positive, the
area is a high-value agglomeration area of human well-being. Otherwise, it is a low-value
agglomeration area.

3.3.3. The Coupling Relationship between Ecosystem Services and Human Well-Being

In this paper, the coupling degree index was introduced to construct the coupling
coordination degree [29-32] measurement model of urban ecosystem services and human
well-being in the Guanzhong Plain. We studied the degree of interaction between ecosystem
services and human well-being and characterized whether the functions are mutually
promoting at high levels or constraining at low levels.

D=vCxT

Ty = 9Y; + BU;, Ts = 9S; + BU;, Tg = 9G; + BU;

Y; x U; 1z S; x U; 12 G; x U; 1z
Cy=2>< 1712 ,Cs=2>< 1712 ,CG=2>< 1712
(Yi + ;) (Si+ i) (Gi+ ;)

where D is the degree of coupling coordination. C represents the coupling value and
characterizes the degree of interaction between ecosystem services and human well-being,
0 < C < 1. T is a comprehensive evaluation index for the coordinated development of
ecosystem services and human well-being, indicating the overall synergistic effect or the
contribution of the two. Y;, S;, and G; are water conservation service, soil conservation
service, and carbon sequestration service, respectively. U; is the human well-being index. 0
and f are coefficients to be determined. Due to the coordinated development of ecosystem
services and human well-being, both d and {3 are set as 0.5.

Based on results of existing studies [12,38—-40] and the actual situation of this study,
the coupling coordination degree of “ecosystem services-human well-being” was classified
into five types(Table 2).

Table 2. Types of coupling coordination degree between ecosystem services and human well-being.

Coupling Coordination Degree Coupling Coordination Type Characteristics

D€ (0,0.2]

Ecosystem services and human well-being are mutually
restricted. Excessive and disorderly development of urban
agglomeration has seriously squeezed ecological space.
This is contrary to human well-being.

Serious imbalance

D € (0.2,04]

There are certain constraints on ecosystem services and
human well-being. The ecological problems arising from
the construction of urban agglomeration have become
prominent, with a negative impact on human well-being.

Moderate imbalance

D € (0.4, 0.6]

The relationship between ecosystem services and human
Basic coordination well-being is basically harmonious. The construction of
urban agglomeration can maintain healthy development.
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Table 2. Cont.

Coupling Coordination Degree Coupling Coordination Type Characteristics

Ecosystem services and human well-being can promote
D € (0.6,0.8] Moderate coordination each other at a high level, and the construction of urban
agglomerations can healthy develop.

Ecosystem services and human well-being mutually
promote each other at a high level, and urban
agglomeration construction is developing in an orderly
manner.

D €(0.8,1.0] High coordination

4. Results
4.1. Spatial-Temporal Characteristics of Ecosystem Services
4.1.1. Spatial-Temporal Characteristics of Water Conservation Services

From 2010 to 2018, the water content of the Guanzhong Plain urban agglomeration
showed an overall fluctuating decreasing trend, from 6.88 x 10! mm in 2010 to 6.34 x
10" mm in 2018, a decrease of 7.8%. From 2010 to 2015, the water conservation of the
Guanzhong Plain urban agglomeration significantly decreased, from 6.88 x 10! mm to 6.11
x 101 mm, a decrease of 11.3%. From 2015 to 2018, the annual water conservation slightly
increased, from 6.11 x 10! mm to 6.34 x 10'! mm, an increase of 3.8% (Figure 3). From
2010 to 2018, the coefficient of variation of water conservation services in the Guanzhong
Plain urban agglomeration showed an overall downward trend, with a decrease of 16%
(Figure 3). The aforementioned information indicates that the regional differences in water
conservation services in this region were gradually narrowed.
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Figure 3. Total ecosystem services and coefficient of variation of ecosystem services.

Water conservation in the Guanzhong Plain urban agglomeration shows an overall
distribution pattern of “high in the south and low in the north, decreasing from south
to north”. The high-value areas of water conservation were mainly distributed in the
northern foothills of the Qinling Mountains. The second highest value areas of water
conservation were mainly distributed in the upper reaches of the Weihe River, the northwest
of the Guanzhong Basin, and the east of the Guanzhong Plain urban agglomeration. The
low-value areas of water conservation were mainly distributed in the northwest of the
Guanzhong Plain urban agglomeration and the Longdong region of the Gansu Province.
This is consistent with the spatial distribution pattern of rainfall in the Guanzhong Plain
urban agglomeration. From 2010 to 2018, the high-value areas of water conservation in
the Guanzhong Plain urban agglomeration showed an expansion trend from east to west,
whereas the low-value areas tended to shrink. From 2010 to 2015, the high-value areas were
mainly distributed in the southeast and south of the Guanzhong Basin, with an expanding
trend. From 2015 to 2018, the high-value area continued to expand westward, basically
forming a distribution pattern consistent with the ecological barrier zone in the Qinba
Mountains area in the south of the Guanzhong Plain urban agglomeration.
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4.1.2. Spatial-Temporal Characteristics of Soil Conservation Services

From 2010 to 2018, the soil conservation in the Guanzhong Plain urban agglomeration
showed a fluctuating downward trend from 4.96 x 10'! t to 4.05 x 10'! t, a decrease of
18.3%. From 2010 to 2015, the decreasing trend was significant, from 4.96 x 10'! t to
3.91 x 10! t, a decrease of 21.2%. From 2015 to 2018, it slightly increased from 3.91 x 10! t
t0 4.05 x 10! t, an increase of 3.6%. The coefficient of variation of soil conservation services
in the Guanzhong Plain urban agglomeration was decreased by 6.8% from 2010 to 2018.
This indicates that the regional differences in soil conservation in the Guanzhong Plain
urban agglomeration tended to narrow.

From 2010 to 2018, soil conservation in the the Guanzhong Plain urban agglomeration
showed a spatial distribution of “high in the south and low in the north, high in the west
and low in the east”. The high-value areas were mainly distributed in the northern foothills
of Qinling and the southeast of Longlong in the south of the Guanzhong Plain urban
agglomeration. The low-value areas were mainly distributed in the Weihe River Valley and
the Fenhe River Valley. From the perspective of interannual changes, the overall spatial
distribution of soil conservation did not change much. The overall soil conservation in 2018
was less than that in 2010. However, the soil conservation in the Longdong area, especially
Tianshui, was more than that in 2010.

4.1.3. Spatial-Temporal Characteristics of Carbon Sequestration Services

From 2010 to 2018, the carbon sequestration of Guanzhong Plain urban agglomeration
was decreased from 6.36 x 108 t to 6.35 x 108 t, but the decrease was less than 1%. From 2010
to 2015, the carbon sequestration was decreased from 6.36 x 108 t to 6.34 x 108 t, a decrease
of 0.3%. From 2015 to 2018, the carbon sequestration was increased from 6.34 x 108 t to
63.5 x 108 t. From 2010 to 2018, the coefficient of variation of carbon sequestration service
in the Guanzhong Plain urban agglomeration showed an overall upward trend. This
indicates that the regional difference in carbon sequestration service tended to increase, but
the increase was small (0.92%). This indicates that the spatial variation of soil conservation
was small during this period.

From 2010 to 2018, the spatial distribution of carbon sequestration in the Guanzhong
Plain urban agglomeration was “high in southwest China and low in northeast China”.
The high-value areas were mainly distributed in the northern part of the Guanzhong Plain
urban agglomeration, the northern part of Guanzhong Basin, the interlaced zone between
the Liupan Mountains and the Guanzhong Basin, and the interlaced zone between the
Taihang Mountains and the Jinshan Basin. The low-value areas were mainly distributed in
the Weihe River Valley and the Fenhe River Valley. From the perspective of inter-annual
variation, the overall spatial distribution of carbon sequestration did not change much.
However, the carbon sequestration in 2018 was less than that in 2010 (Figure 4).
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Figure 4. Spatial-temporal distribution of water conservation, soil conservation, and carbon seques-
tration in Guanzhong Plain urban agglomeration from 2010 to 2018.

4.2. Spatial-Temporal Differentiation of Human Well-Being

From 2010 to 2018, the comprehensive human well-being in the Guanzhong Plain
urban agglomeration showed a fluctuating downward trend, from 0.53 in 2010 to 0.44 in
2018, a decrease of 17%. From 2010 to 2015, the human well-being showed a downward
trend, from 0.53 to 0.42, a decrease of 21%. From 2015 to 2018, the human well-being
showed a slow upward trend, from 0.42 to 0.44, an increase of 5%. The coefficient of
variation of human well-being in the Guanzhong Plain urban agglomeration showed a
downward trend, from 0.19 in 2010 to 0.14 in 2018, a decrease of 26% (Figure 5). This
indicates that the regional differences in human well-being in the Guanzhong Plain urban
agglomeration tended to narrow.
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Figure 5. Changing trend of human well-being in Guanzhong Plain urban agglomeration from 2010
to 2018.

We classified the human well-being into five levels: high well-being, higher well-being,
moderate well-being, lower well-being, and low well-being, by natural break point method
(Figure 6). From 2010 to 2018, the overall human well-being in Guanzhong Plain urban
agglomeration showed the spatial distribution of “high in the west and low in the east,
high in the middle and low in the surrounding areas”. In 2010, the high well-being areas
were mainly concentrated in the urban functional developed areas of the Weihe River
Valley and surrounding areas, with a stepped distribution from high to low from the
center to surrounding areas. From 2010 to 2015, the urban functional developed areas and
surrounding high well-being areas in the Weihe Valley expanded westward. A total of
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10.5% of the counties and districts were transformed from medium- and low-level areas
to high well-being areas, forming a stepped distribution of high-level districts with Xi’an
and Baoji as the dual cores in the urban functional developed areas of the Wei River Valley.
Therefore, high well-being generally shows an expansion trend. Low well-being areas
expand eastward from Yuncheng City and Linfen City in the interlaced area of the Taihang
Mountains and the Shanxi-Shaanxi Basin, but the overall change was not significant. From
2015 to 2018, 16.7% of counties and districts were transferred from low-level and high-level
well-being areas to medium-level and high-level well-being areas. The regional difference
in human well-being was further narrowed. In addition, high well-being areas expanded
to the northwest on the basis of the previous stage. A total of 7.8% of the counties and
districts were transferred to low-level areas. Xianyang City and Zhouzhi County in the
central part of the study area, and Shangluo City in the southeast of Guanzhong Basin were
transferred from moderate well-being areas and high well-being areas to low-level areas.
There was a slight shrinking of high well-being areas, and the distribution was dispersed.
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Figure 6. Spatial distribution of human well-being in Guanzhong Plain urban agglomeration from
2010 to 2018.

From 2010 to 2018, the spatial relationship of human well-being in the urban ag-
glomeration in the Guanzhong area showed a “double contraction” trend, that is, the
agglomeration of high-level and low-level areas of human well-being in the Guanzhong
Plain urban agglomeration tended to weaken (Figure 7). From 2010 to 2015, the spatial rela-
tionship of human well-being showed a trend of “thermal contraction and cold expansion”.
The hot spots were mainly distributed in Xi’an, Xianyang, and eastern Baoji in the Weihe
Valley. The cold spot area expanded from Linfen City and Yuncheng City in the intersection
of the Taihang Mountains and the Shanxi-Shaanxi Basin to the Shanxi-Shaanxi junction
area. From 2015 to 2018, the hot area and cold spot area both tended to shrink, and the hot
area continued to shrink on the basis of the previous stage. Baoji City and Pingliang City at
the border of Guanzhong Basin and the Longdong region were the core of the sub-hot area.
The cold spot area turns from Linfen and Yuncheng in the Shanxi-Shaanxi border area to
the northern part of the Guanzhong Basin.
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Figure 7. Spatial agglomeration characteristics of human well-being in Guanzhong Plain urban
agglomeration from 2010 to 2018.
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4.3. Spatiotemporal Coupling between Ecosystem Services and Human Well-Being
4.3.1. Spatial-Temporal Characteristics of Coupling Coordination between Water
Conservation Services and Human Well-Being

The coupling coordination degree of “water conservation and human well-being”
was significantly higher than that of “soil conservation services and human well-being”
and “carbon sequestration services and human well-being” in the Guanzhong Plain urban
agglomeration during the same period (Figure 8).
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Figure 8. Spatiotemporal coupling patterns of water conservation, soil conservation, carbon seques-
tration, and human well-being in Guanzhong Plain urban agglomeration from 2010 to 2018.

In the spatial dimension, the coupling coordination degree of “water conservation
and human well-being” gradually spread out from the core of urban functional developed
areas of central cities, with a significant spatial distribution of “high around and low in
the middle”. The high-value areas were mainly distributed in the ecological protection
areas with the Loess Plateau ecological barrier zone and the Qinba mountain ecological
barrier zone, whereas the low-value areas were mainly concentrated in the central urban
functional developed areas. The low-value areas were centered on the urban functional
developed areas, and gradually expanded in the form of circle, and its influence scope was
gradually enlarged.

In the temporal dimension, the overall coupling coordination degree of “water con-
servation and human well-being” was decreased from moderate coordination to basic
coordination. The average level of coupling coordination degree was decreased from
0.64 to 0.60. In 2010, the coupling coordination degree was [0.46, 0.89], and the coupling
coordination types mainly included basic coordination, moderate coordination, and high
coordination, accounting for 41.11%, 51.11%, and 7.78%, respectively. The overall level was
relatively high, and most of them were moderate coordination. In 2015, the coupling coor-
dination degree was [0.42, 0.85]. In this period, the coupling coordination types of “water
conservation and human well-being” were still basic coordination, moderate coordination,
and high coordination, accounting for 48.9%, 46.6%, and 4.5%, respectively. The overall
level was lower than that of 2005. In addition, the proportion of high coordination was
lower than that of 2015. In 2018, the coupling coordination degree of “water conservation
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and human well-being” was between [0.39, 0.84]. The coupling coordination types in
this period were moderate imbalance, basic coordination, moderate coordination, and
high coordination, accounting for 1.1%, 47.8%, 46.7%, and 4.4%, respectively. The overall
coordination level was moderate coordination.

The results show that the coupling coordination degree of “water conservation ser-
vices and human well-being” of all districts and counties in the Guanzhong Plain urban
agglomeration has a downward trend from moderate coordination to basic coordination.

4.3.2. Spatial-Temporal Characteristics of Coupling Coordination between Soil
Conservation Services and Human Well-Being

The coupling coordination degree of “soil conservation services and human well-
being” showed a fluctuation pattern of “increase first and then decrease”, and the overall
level was low.

In the spatial dimension, the low-value areas of coupling coordination degree of “soil
conservation services and human well-being” in the Guanzhong Plain urban agglomeration
were mainly distributed in the northern and central Guanzhong Plain urban functional
developed areas, with the overall spatial distribution of “high in the south and low in the
north”. The high-value areas were concentrated in the northern Qinba mountain area, and
the low-value areas were distributed in the northern Guanzhong Basin bounded by the
Weihe River Valley.

In the temporal dimension, the coupling coordination degree of “soil conservation
services and human well-being” in the Guanzhong Plain urban agglomeration showed
a gradual decline from basic coordination to moderate imbalance. The average level of
coupling coordination degree was decreased from 0.42 to 0.4. In 2010, the degree of coupling
coordination was [0.30, 0.66]. The types of coupling coordination were mainly from
basic coordination to moderate imbalance, basic coordination, and moderate coordination,
accounting for 46.67%, 51.11%, and 2.22%, respectively. The overall level was relatively
high and was in the state of basic coordination. In 2015, the coupling coordination degree
was [0.32, 0.69]. The coupling coordination types of “soil conservation services and human
well-being” were moderate imbalance, basic coordination, and moderate coordination,
accounting for 51.11%, 46.67%, and 2.22%, respectively. The proportion of moderate
coordination was decreased. The overall level was lower than that in 2010. In 2018,
the coupling coordination degree of “soil conservation services-human well-being” in
Guanzhong plain urban agglomeration was [0.28, 0.65]. The types of coupling coordination
degree of “soil conservation services and human well-being” were moderate imbalance,
basic coordination, and moderate coordination, accounting for 58.89%, 38.89%, and 2.22%,
respectively. The overall level was moderate imbalance.

In general, the coupling coordination degree of “soil conservation services and human
well-being” in the Guanzhong Plain urban agglomeration showed a fluctuating downward
trend from basic coordination to moderate imbalance. The regional differentiation of cou-
pling coordination degree did not change, but different regions showed different evolution
trends. The overall coupling coordination degree in the northern Weihe River Valley con-
tinued to decline. However, the regional ecosystem services and human well-being in the
southern Qinba Mountain and the southern Longdong Loess Plateau mutually promoted
each other, orderly and benign high-level coupling coordination.

4.3.3. Spatial-Temporal Characteristics of Coupling Coordination between Carbon
Sequestration Services and Human Well-Being

The coupling coordination degree of “carbon sequestration services and human well-
being” in the Guanzhong Plain urban agglomeration was poor. The overall coupling coor-
dination was at a low level. The carbon sequestration services were relatively weakened.

In the spatial dimension, the coupling coordination degree of “carbon sequestration
services and human well-being” in the Guanzhong Plain urban agglomeration showed a
significant spatial distribution of “high in the south and low in the north, and high in the
west and low in the east”. The high-value areas were concentrated in the northern Qinba
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Mountains in the south. The low-value areas were mainly distributed in the areas with
developed urban functions, such as Xi’an and Xianyang in the Guanzhong Plain, the Loess
Plateau of Longdong, and the northeastern and western parts of the Guanzhong Plain.

In the temporal dimension, the coupling coordination degree of “carbon sequestration
services and human well-being” in the Guanzhong Plain urban agglomeration showed a
gradual declining trend from basic coordination to moderate imbalance. The average level
of coupling coordination degree was decreased from 0.59 to 0.54. In 2010, the coupling
coordination degree was [0.44, 0.86]. The coupling coordination types were basic coordina-
tion, moderate coordination, and high coordination, accounting for 67.78%, 28.89%, and
3.33%, respectively. The overall level was relatively high as basic coordination. In 2015,
the coupling coordination degree was [0.39, 0.82]. The high-value areas in the southeast
of the Guanzhong Plain urban agglomeration expanded to Fenhe Valley with Shangluo
as the core, whereas the high-value areas in the west gradually shrunk with Tianshui in
the southeast of the Longhe Plain as the core. The coupling coordination types of “carbon
sequestration services and human well-being” were moderate imbalance, basic coordina-
tion, moderate coordination, and high coordination, accounting for 1.1%, 78.89%, 17.78%,
and 2.22%, respectively. The overall level was lower than that in 2010. In 2018, the cou-
pling coordination degree of “carbon sequestration services and human well-being” in the
Guanzhong plain urban agglomeration was [0.36, 0.77]. The coupling coordination degree
of “carbon sequestration services and human well-being” was promoted. The “Shangluo-
Xi’an” cluster gradually shrunk, and the “Tianshui-Baoji” cluster shifted to the west while
shrinking. The low-value area was gradually expanding outward with the urban functional
developed areas in the Guanzhong Plain, especially the urban area of Xi’an as the core.
There are three types in this period: moderate imbalance, basic coordination, and moderate
coordination, accounting for 3.33%, 76.67%, and 20%, respectively. The overall level was
basic coordination.

In general, the coupling coordination degree of “carbon sequestration services and
human well-being” in districts and counties of the Guanzhong Plain urban agglomeration
maintained the basic coordination state, whereas the overall level slightly decreased. The
overall ordered and coordinated coupling coordination degree of “carbon sequestration ser-
vices and human well-being” was degraded, and the number of high-value areas decreased

(Figure 9).
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Figure 9. Changes of coupling coordination degree between ecosystem services and human well-
being in Guanzhong Plain urban agglomeration from 2010 to 2018.

5. Discussion

As an ecologically sensitive area, the Guanzhong Plain urban agglomeration has
a relatively fragile ecosystem. With the rapid development of urbanization, population
density is increasing, industrial structures are changing, and construction land is expanding.
These aspects lead to resource consumption and environmental pollution, which make the

70



Int. ]. Environ. Res. Public Health 2022, 19, 12535

ecosystem face more severe pressure. This paper found that the three types of ecosystem
services in the Guanzhong Plain urban agglomeration showed a downward trend from
2010 to 2018. This is closely related to the long-term human activities in the Guanzhong
Plain. In the process of urban agglomeration construction, urban expansion encroaching
on cultivated land space is serious. The vegetation coverage around the city has been
severely damaged, resulting in serious pressure on the ecosystem. Wu Jiansheng et al. [41]
found that the land carrying capacity in Guanzhong was decreasing, and that the land
ecological deficit was increasing year by year. The sustainable development situation was
not optimistic. Second, it is greatly influenced by geographical conditions and climatic
factors. The most direct influencing factors are the interannual variation in precipitation
and vegetation coverage. Severe soil and water loss as well as extreme water shortages in
the Guanzhong Plain led to a reduction in vegetation. This greatly restricted the large-area
coverage of vegetation. From 2010 to 2018, the area of forest land in the region decreased
by 5.21%, the area of grassland decreased by 11.3%, and the annual rainfall decreased by
8.2%. These led to a decrease in the demand for ecosystem services. Bai Yujuan et al. [42]
found that plants in the Loess Plateau mainly rely on precipitation for growth. However,
there were serious water shortages in this region, and the vegetation coverage was low.
Therefore, ecosystem services were declining.

From 2010 to 2018, human well-being in the Guanzhong Plain urban agglomeration
showed a fluctuating downward trend, with a decrease of 17%. From 2010 to 2015, human
well-being showed a downward trend. From 2015 to 2018, human well-being showed
an upward trend, but did not return to the level seen in 2010. The human well-being
indicators in this paper are mainly constructed from four dimensions: income, material
needs and health, living environment, and safety. From 2010 to 2015, income as well as
material needs and health in the Guanzhong Plain urban agglomeration increased, but
living environment and safety significantly decreased. Air quality, urban area, the area of
cultivated land per capita, green area, and per capita grain output all showed a downward
trend. In the construction of the urban agglomeration the population increased, arable
land was occupied, and per capita cultivated land decreased. In addition, many farmers
began to work in cities, leaving their farmland abandoned. The air pollution in the urban
development is relatively serious. Xi’an and Xianyang were the most concentrated areas of
atmospheric pollution. As a result, human well-being is declining. The implementation
of the national food security strategy and targeted poverty alleviation strategy proposed
at the 2013 Central Rural Work Conference has greatly increased humans’ income and
improved farmland protection. In addition, Yang Ke et al. found that although the annual
average PM2.5 concentration in the Guanzhong Plain urban agglomeration showed an
overall downward trend from 2015 to 2019, it still exceeded China’s air quality Level I
(35 ug/ m?) [43]. Therefore, human well-being recovered from 2015 to 2018 but did not
reach its initial level.

Human well-being is strongly dependent on the services provided by well-functioning
ecosystems. Changes in the ecological functioning of systems can have direct or indirect
effects on human well-being. The sustainable development of the Guanzhong Plain can only
be ensured by realizing the coordinated development of human well-being and ecological
environments. From 2010 to 2018, the level of coupling coordination between ecosystem
services and human well-being in the Guanzhong Plain urban agglomeration showed a
downward trend. Moreover, the spatial-temporal coupling relationship between ecosystem
services and human well-being was lower in the developed urban areas and higher in
the ecological protection areas dominated by the Loess Plateau ecological barrier zone
and the Qinba Mountains ecological barrier zone. The results show that the disorderly
expansion of the Guanzhong Plain urban agglomeration and the decrease in ecosystem
services were significantly related to the rapid development of the Guanzhong Plain urban
agglomeration. In the central region of urban functional developed areas, the economy has
rapidly developed, and the land types dramatically changed in the urban agglomeration.
The construction land occupied other types of land, especially in the urban fringe area
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where the ecological stress was the most serious. The main source of new construction
land in urban expansion was cultivated land. Therefore, the coupling coordination degree
between ecosystem services and human well-being was low. In the ecological protection
areas dominated by the ecological barrier belt of the Loess Plateau and the Qinba Mountains,
the quality requirements of the ecological environment are constantly improving, and the
ecological environment is relatively good. The support of ecological compensation and
poverty alleviation policies in the protection zones has significantly increased human well-
being; human well-being was rapidly promoted in urban functionally developed areas.
Therefore, the regional ecosystem services are highly coordinated with human well-being.

This paper studies the complex relationship between ecosystem services and human
well-being during the rapid development of urban agglomerations, which provides a basis
for the regional sustainable development of urban agglomerations in the arid region of
northwest China. However, there are also some shortcomings. For example, in the process
of assessing ecosystem services, some parameters in the INVEST model are based on the
model user manual and the results of previous studies. In the future, field monitoring
will be conducted to enhance the accuracy of the parameters in the study area, so as to
improve the accuracy of ecosystem services’” assessment results. This paper takes counties
as the research units, and we focus on the macro level of ecosystem services as well as the
welfare of the mutual influence between them; however, we found that the accessibility of
medical facilities, the development of traffic, and a balanced diet are also important factors
influencing human well-being. Due to these data, our paper positions itself within the
research as a study on welfare into the future.

6. Conclusions and Suggestion
6.1. Conclusions

Understanding the complex relationship between ecosystem services and human
well-being can promote the sustainable development of urban agglomerations. Taking the
Guanzhong Plain urban agglomeration as a case area, we used the InVEST model and the
coupling coordination model to analyze the spatial-temporal pattern and the coupling
coordination degree of ecosystem services and human well-being, based on the water
conservation, soil conservation, and carbon sequestration services of the Guanzhong Plain
urban agglomeration in 2010, 2015, and 2018. We have the following conclusions:

(1)  From 2010 to 2018, three types of ecosystem services in the Guanzhong Plain urban
agglomeration showed a downward trend. The amount of water conservation services
showed a fluctuating downward trend, with a decrease of 7.8%. It showed a spatial
distribution of “high in the south and low in the north, decreasing from south to
north”. The amount of soil conservation services showed a fluctuating downward
trend, with a decrease of 18.3%. It showed a spatial distribution of “higher in the
south and lower in the north, higher in the west and lower in the east”. The carbon
sequestration services showed a fluctuating downward trend, with a decrease of less
than 1%. It showed a spatial distribution of “high in the southwest and low in the
northeast”, and the regional differences tended to expand.

(2)  From 2010 to 2018, human well-being in the Guanzhong Plain urban agglomeration
showed a fluctuating downward trend, with a decrease of 17%. It showed a spatial
distribution of “high in the middle and low around”. Regional differences tended to
narrow, and the agglomeration of high-level and low-level areas of human well-being
tended to weaken.

(3) From 2010 to 2018, the coupling coordination degree between ecosystem services and
human well-being in the Guanzhong Plain urban agglomeration showed a downward
trend. The coupling coordination degree of “water conservation services and human
well-being” showed a spatial distribution of “high around and low in the middle”. The
overall coordination decreased from moderate to basic coordination. The coupling
coordination degree of “soil conservation services-human well-being” showed a
distribution of “high in the south and low in the north”. Different regions showed
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different evolution trends. The overall trend decreased from basic coordination to
moderate imbalance. The coupling coordination degree of “carbon sequestration
services and human well-being” showed a significant distribution of “higher in the
south and lower in the north, higher in the west and lower in the east”. The overall
level was slightly degraded while maintaining the basic coordination state.

6.2. Suggestion

Based on the above conclusions, we classified and implemented policies based on the
coupling coordination types of human well-being and ecosystem services to promote the
sustainable development of the Guanzhong Plain urban agglomeration.

The following are suggestions for areas with lagging water conservation services. In
the construction of future urban agglomerations, we should give priority to water resource
protection and water conservation, optimize the distribution pattern and efficiency of water
resources, and optimize the urban spatial layout, industrial structure, and population
size with the carrying capacity of water resources. The government should adhere to the
bottom line for the sustainable development of the Guanzhong Plain, Qinling, and Wei
River as well as Fenhe River basin ecologically sensitive areas, such as water conservation
functions, and speed up the development and protection of ecological sources in the urban
functionally developed areas of the Wei River valley. Improving the security of water
supplies and water conservation can expand the space of city development and promote
human well-being. For the areas with lagging soil conservation services, it is necessary
to coordinate soil and water conservation with urban agglomeration construction and
regional high-quality development in future urban agglomeration construction processes.
We should implement the ecological red line and return sloping land above 25° to forest
(grass), soil and water conservation, and the comprehensive treatment of soil and water
loss to promote urban greening construction and improve urban livability. In addition, it
should be noted that the conversion of farmland into forest is not suitable for all regions,
especially the Loess Plateau region in the north, where water resources are limited. There-
fore, ecological conversion should be arranged according to scientific laws. For areas with
lagging carbon sequestration services, it is necessary to change the development ideas and
the methods of economic growth, accelerate industrial structure optimization, reduce the
degree of interference with ecological systems, strictly control energy-intensive and highly
polluting industries of low benefit, set up green industry systems, strengthen the protec-
tion and construction of forest ecological systems, and promote the mutual promotion of
urban agglomeration construction as well as ecosystem protection and restoration, thereby
achieving the coordinated development of ecosystem services and human well-being. By
regulating ecosystem services to improve air quality, we can improve the health of urban
humans and the overall ecological environment. Ecological corridors are unevenly dis-
tributed in the urban agglomeration, and the main ecological sources and corridors are
concentrated in the southern Qinling region of the urban agglomeration. In the future
development planning of the urban agglomeration, we should pay more attention to the
ecological construction of the Qinling National Park and accelerate the ecological corridor.

Ecosystem services and human well-being are important extensions of sustainable
development theory. The carrying capacities of regional environments are important
limiting factors for the coordinated development of urban agglomerations. The services
provided by good ecosystems within urban agglomerations can effectively improve local
human well-being. At present, China’s urban agglomerations are in a stage of rapid
development. To improve the spatial utilization efficiency of urban agglomerations, we
should consider many factors, such as industries, spatial layouts, and ecological corridors,
solve the environmental protection problems in the past single-city development mode
stage, and coordinate the relationship between ecological protection and social as well as
economic development. The coordination between the related goals of improving human
well-being in urban agglomerations and the status quo of urban ecological protection is
not only conducive to guiding the rational spatial layouts of urban agglomerations, but
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also crucial to improving internal ecological joint prevention and control ability in addition
to the sustainable development of urban agglomerations. The construction of ecosystem
security patterns is of great significance for the comprehensive management of hills, water,
forests, fields, lakes, and grass, the formulation of multi-level ecological security policies,
and the promotion of the resilience of urban agglomerations as well as the sustainable
development goals of human well-being. In future research, it will be necessary to combine
economic and social development factors, explore the internal source construction of
urban agglomerations under the balance of the supply and demand of ecosystem services,
strengthen the comprehensive management of urban agglomerations, and promote the
regional integration in addition to high-quality development of urban agglomerations.
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Abstract: Arable land protection is critical to the sustainable development of agriculture in China
and acceleration of the realization of the trinity protection goal of the quantity, quality, and ecology
of arable land. As a new program of behavioral science to promote social development, nudge
has gradually gained the favor of researchers and policy makers due to its unique advantages of
small cost and substantial effect. However, current research and practical exploration of arable land
protection behavior intervention based on the idea of nudging are still lacking. Implicit nudging
strategies directly target the heuristic and analytic systems of arable land protection behavior of
each stakeholder and possess more advantages than traditional intervention strategies. Therefore,
this article designs six arable land protection behavior nudging strategies from the perspectives of
cognition and motivation to realize the theoretical discussion of “generating medium-scale returns
with nano-level investment”. The nudging strategies of the cognitive perspective include default
options, framing effects, and descriptive norms, while those of the motivation perspective aim to
stimulate home and country, and heritage and benefit motives to promote arable land protection
behavior of various stakeholders. The utility of nudge to arable land protection behavior may be
controversial in practice. Therefore, the implementation in China should be based on the division of
farmers, the number of options should be appropriate, and the external environment of arable land
protection behavior should be fully considered.

Keywords: arable land protection behavior; nudging strategies; behavioral intervention; theoretical
discussion; China

1. Introduction

Arable land is not only the most powerful guarantee for national food security but
also determines the coordination and sustainability of socio-economic development and
ecological environmental protection in a country or region to a large extent [1]. Food
security is a national strategy in China, and arable land protection is especially important
for such a country with a population of 1.4 billion [2,3]. Therefore, the No. 1 Document of
the Central Committee of the Communist Party of China was proposed in 2019 to stabi-
lize grain production, fully implement the special protection system for permanent basic
farmland, and ensure the establishment of 800 million mu (mu, Chinese measurement
that is commonly 666.7 square meters) of high-standard farmland by 2020. However, the
contradiction between limited arable land resources and the construction land expansion
has become increasingly serious with the acceleration of industrialization and urbanization,
and the massive loss phenomenon of arable land resources has intensified [4,5]. Simulta-
neously, improper use of arable land and environmental pollution have degraded arable
land quality, thus also becoming increasingly serious [6,7]. The survey shows that the
degraded area of arable land accounts for more than 40% of the total arable land area at
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this stage, the productivity of arable land has declined, and the over-standard rate of soil
heavy metals has reached 1.4% (data from the Ministry of Agriculture and Rural Affairs
of China in 2018). Arable land users are the key stakeholders of the quantity, quality, and
ecological investment of arable land [8,9]. A gap still exists between arable land protection
behaviors and policy expectations despite the improvement of the micro-level arable land
protection practices under the impetus of laws and regulations, No. 1 Central Documents,
and various special plans [10,11]. Therefore, encouraging micro-stakeholders to adopt
arable land protection measures actively is necessary to restore and improve the health
level of arable land in China.

The central government is the maker of arable land protection policies and the ultimate
regulator of arable land protection activities [12]. The central government focuses on long-
term sustainability and stock in the management of arable land, hoping that different
stakeholders (local governments and farmers) can use arable land in a balanced manner
over time. Facing the strategic behavior of illegal occupation of arable land by local
governments or farmers, the central government uses command-control and economic
incentive tools to restrain and encourage the spontaneous arable land protection behaviors
of various stakeholders [13,14]. Command-control tools are backed by national compulsory
power [15] and directly stipulate the production behavior and utilization methods of arable
land users through administrative orders or established regulations and standards. The
economic incentive tool aims to use economic means or market forces to take subsidy
measures or establish price mechanisms for arable land protection behaviors (such as soil
fertilization behavior of farmers and transformation behavior of weak arable land) to realize
the internalization of the negative externalities of arable land use [16]. These strategies
for protecting arable land can be attributed to the two paths of carrot and stick, which
belong to traditional social governance methods [17]. However, insurmountable difficulties
are found in the design and implementation of simple paternalism management methods
due to the differences in the interests of the main stakeholders of arable land protection.
Therefore, a new low-cost and non-mandatory incentive strategy for arable land protection
behavior should be formulated.

The essence of arable land protection is a management activity involving multiple
subjects. However, due to the problems of inconsistent goals, non-equilibrium incentives,
and differences in constraint pressures among various types of subjects in the process of
arable land protection, it is easy for different subjects to take actions for their own interests
in the process of arable land protection. The bad result is to gradually distort the original
intention of arable land protection goal setting, and ultimately lead to the failure of the
arable land protection policy. Therefore, the protection of arable land is inseparable from
the joint efforts of multiple subjects. It is necessary for everyone to work together around
the common goal of arable land protection, cooperate with each other, and finally form a
joint force. Moreover, from the perspective of governance, how to promote the interaction
of the participation of various subjects and mobilize the endogenous power of different
subjects has become an important direction and path for the arable land protection in the
future [18]. The main subjects of arable land protection include the central government, local
governments, and farmers. The interest of central government is to ensure food security. In
order to stimulate the endogenous motivation of local governments to protect arable land,
while restraining their opportunistic behaviors, the central government implements a two-
pronged management model of strict supervision and enhanced compensation to ensure
the occurrence of arable land protection behaviors. The interests of local governments are
the economic development and promotion trophies. Under the triple pressure of food
security, economic performance and political promotion, local governments usually do
not incorporate food security into the objective function, but are more inclined to the
huge benefits brought by land finance. Therefore, local governments will adopt flexibility
and collusion to deal with the goal of arable land protection, resulting in the dilemma of
arable land management. The interests of farmers are to maximize their own interests. The
comparative benefits of farmers operating arable land are low and the expected returns
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are unstable, which makes farmers gradually separated from the agricultural sector to the
non-agricultural sector driven by economic interests, resulting in a serious shortage of labor
force and a serious aging phenomenon in rural areas. Despite land attachment or limited
non-agricultural skills, there are still some farmers who continue to engage in agricultural
production by transferring, taking over, or renting the arable land of the remaining farmers.
However, in view of the harsh natural environment, the serious marginalization of arable
land, and the psychological gap brought about by low agricultural returns, agriculture has
weakened and arable land has become “non-food”, “non-agricultural”, “abandoned” and
other phenomena. Therefore, arable land protection is essentially a behavioral planning
issue of stakeholders from the perspective of behavioral science, and behavior is the result of
individual decision-making choices [19]. Influencing individuals to make correct decisions
is an effective way to intervene individual arable land protection behaviors to increase the
scale of arable land, improve arable land quality, and enhance the arable land structure.
Behavioral economists Richard H. Thaler and Cass R. Sunstein first proposed the concept
of nudge in 2008; that is, a nudge is any aspect of the choice architecture that alters people’s
behavior in a predictable way without forbidding any options or significantly changing
their economic incentives [20]. The boost strategy integrates psychology and behavioral
economics into public policy making, avoiding the shortcomings of pure paternalism
or libertarian. This strategy is neither carrot nor stick; thus, it is called the fifth way
of social governance (the four remaining roads are hierarchy, markets, networks, and
persuasion) [21]. The multiple advantages of the nudging strategies have received extensive
attention from the academic community and the government. At present, applied research
has been conducted in various fields, such as health (including a healthy diet, medical
treatment and health, and weight loss), environmental protection, social security, education,
and charity, and has shown good application value [22-25]. Nudging is also applicable
in the field of arable land protection behavior. For example, the central government can
establish an assessment mechanism linking arable land protection goals with political
performance, thereby enhancing the role of arable land protection in the performance
assessment of local governments and mobilizing the inherent incentives for arable land
protection. In addition, the central government can also strengthen dissemination on
the effectiveness of arable land protection through publicity and guidance tools, so that
more farmers can truly recognize and understand the market value and non-market value
brought by arable land protection. The publicity and guidance tools are to disseminate
the arable land protection policy by means of media, so as to reduce the cost of arable
land protection, reduce the pressure of policy implementation, strengthen the consensus
of various subjects on the applicability of the policy, and then consolidate the behavior
of farmers to participate in arable land protection. Effective policy dissemination can not
only reduce farmers’ indifference or resistance to arable land protection, but also enable the
government to obtain timely feedback from public opinion to improve the policy content.
There are still many typical nudging tools. In reality, different nudging strategies should
be adopted according to different arable land resource endowments and different social
scenarios, and in many situations, it is even a comprehensive application of many nudging
strategies. Thus, this article aims to provide a simple and low-cost architecture choice
through nudge. Therefore, arable land protection behavior will change in the expected
direction, and an attempt to generate medium-scale returns with nano-level investment
can be realized.

2. Nudge Theory
2.1. What Is Nudge?

Behavioral economics has three basic assumptions concerning human nature: limited
rationality, willpower, and self-interest. The decision-making rationality of humans is
limited, not only restricted by the limitation of knowledge but also by the decision-making
environment. The limitations of human cognitive abilities, such as greed, impulsivity,
inertia, and other weaknesses, lead to various cognitive biases, such as selective percep-
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tion, proximity effect, correlation fallacy, and overconfidence in the judgment of decision-
making [26]. The decision-making choices demonstrate abnormal phenomena, such as loss
aversion, contention with the status quo, and short-term preferences. In addition, human
behavior is often affected by social factors and cannot be truly autonomous. Thus, people
often encounter difficulties when facing complex and major decision-making issues, failing
to make correct decisions that conform to their wishes and well-being.

Therefore, how should government managers deal with the systematic biases of human
behavior? The paternalism management method advocates that individuals lack rationality
and self-control and supports mandatory restraints on individual behavior [27]. Mean-
while, the liberalism management method advocates that the individual’s right to choose is
inalienable and does not approve of mandatory intervention in individual behavior [28].
The nudge management method advocates the concept of libertarian paternalism, which
finds the factors that are ignored by traditional economists in the selection environment
to influence individual decision-making choices while ensuring that free choice of indi-
vidual decision makers is not reduced, and objective payment and remuneration remain
unchanged. Thus, individual decision-making will develop in the direction of improving
personal and social welfare. [29]. The typical nudge is the change in choice architecture.
The core of choice architecture is that policy makers create specific situations and change
specific conditions by grasping the psychology of policy executors; thus, the latter can
make decisions according to the hope of the former. Moreover, this process is low cost and
highly rewarding, which is similar to “nudging with an elbow or other parts of the body”,
making it easy for people to do what they want [30].

Nudge attempts to influence and change the decision-making behavior of the public
with small non-mandatory measures by understanding the psychological mechanism of
behavior. Thus, on the basis of maximizing resource saving, nudge plays an important
role in reducing impulsive behavior and improving rational behavior. Intervention on
individual behavior through the nudge method reveals the small entry point but grasps the
nature of the problem from the behavior, and the behavior stems from the choice. Therefore,
the rational use of nudging strategies can promote social development.

2.2. Why Do We Need Nudge for Arable Land Protection Behavior?

Currently, the nudging theory has been widely used by different scholars in different
fields around the world. For example, Zhang et al. [31] argue that effective diffusion of
electric vehicles could help China achieve carbon neutrality by 2060. Moreover, the paper
points out that the combination of nudging policies and charging infrastructure can have
a greater publicity effect than subsidies for car purchases. In other words, the role of
nudging policies in information promotion helps Chinese people to accept electric vehicles
more easily. Wang [32] believed that humans are often unable to make optimal behavioral
decisions due to their limited attention span and limited computing power. With the
development of behavioral economics, nudge has become an important tool to improve
human irrational behavior and ultimately achieve happiness. Among them, commitment
devices and default options can help people stick to their decisions; social comparison and
incentives can encourage people to realize their behavioral intentions; message framing
and simplifying complex information can lead to increased service usage. The flexible
use of nudging strategies by social workers can facilitate policy formulation and practice
design. Chen et al. [33] proposed that ozone pollution poses serious health risks and
premature death. Additionally, gas stations are a significant source of organic compounds
released by cities. The government’s call on car owners to refuel at night is one of the
important strategies for green nudging. The results of its research show that the preferential
policy of refueling at night will contribute to the reduction of ozone concentration and
bring great benefits to human health. It can be seen that the nudging strategies consider
both the motivation and control of human behavior, and can effectively change people’s
behavior through the ingenious design of some mechanisms. In turn, it promotes people to
make certain behaviors that meet specific goals, but at the same time does not compromise
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people’s freedom of choice. Moreover, the core of nudging is to influence and change the
behavioral decision-making of the public with non-coercive measures by understanding
the mechanism of psychology. On the basis of saving resources to the greatest extent, it can
help reduce impulsiveness and improve rational behavior [34-36]. Therefore, this paper
tries to propose nudging strategies based on behavioral economics by analyzing the status
quo of arable land protection behaviors of various subjects in China.

Different from daily life decision-making, people have relatively little knowledge
in the field of arable land protection. For example, people mistakenly believe that soil
pollution can quickly disappear with the reduction in the large-scale use of fertilizers and
pesticides. However, unlike mobile pollution, such as water and gas, soil environmental
degradation, pollution, and hazards have the characteristics of accumulation, concealment,
and inhomogeneity. Unless it is removed and repaired by manual measures, it will remain
for along time and cause various hazards along with the arable land use [37,38]. In addition,
people generally blindly believe that the arable land ecosystem can be restored through
governance measures. However, the destruction of arable land due to natural disasters,
arable land abandonment, and extensive use of arable land has become an irreversible
process of land degradation [39,40].

Psychologists believe that human judgment and decision-making usually involve
two major cognitive systems: a heuristic system based on intuition (system 1) and an
analytical system based on reason (system 2) [41] (Figure 1). System 2 is characterized by its
consciousness, energy consumption, and control. This system needs to mobilize attention
to analyze and solve problems. Moreover, this system is not prone to errors despite its
slow operation [42]. The formulation of traditional intervention strategies for arable land
protection is mostly based on the assumption that individuals are rational people, that
is, individuals are believed to be able to use system 2 to conduct rational analysis and
take the behavior of sustainable use of arable land [43]. However, numerous studies in
behavioral economics show that the process of individual judgment and decision-making
is not completely rational [44]. Especially in the case of relatively limited knowledge in the
field of arable land protection, using the information processing mode of system 2 to make
decisions becomes fairly difficult, and people are inclined to implement rapid automated
decision-making based on system 1. Compared with system 2, system 1 is a conscious and
automated system, which runs fast and is full of emotions. However, people often focus on
the short-term benefits of arable land use and neglect long-term considerations, leading to
phenomena, such as arable land pollution, arable land desertification, and soil erosion [45].
Moreover, people have substantially limited experience and are prone to decision-making
errors due to the deterioration of the arable land ecological environment and the long and
complex dynamic change process of arable land spatial patterns [46]. Thus, nudge is a
necessary strategy for decision-making and behavioral intervention.

In addition, the result of the trade-off between the input cost and the expected benefits
of arable land protection determines the behavioral decisions of various stakeholders
despite the sufficient knowledge of people in the field of arable land protection. Arable
land protection costs mainly include direct input, non-agricultural opportunity, and policy
implementation costs; the benefit is to guarantee the space for the future social economy and
sustainable development of the region [47]. The behavioral cost of arable land protection is
currently certain, but its benefits will be full of uncertainty in the future. This asymmetry
between costs and benefits easily lowers the motivation of people to protect arable land [48].
In addition, this asymmetry is reflected in that the cost belongs to the stakeholders of arable
land protection, while the benefit belongs to the society. As a special ecosystem, arable land
has the attributes of public goods. The ecological (such as water conservation, soil and
water conservation, climate adjustment, and environmental purification) and social (such
as ensuring food security and maintaining social stability) benefits produced by arable
land have not been included in the benefits of arable land use due to the characteristics of
universal supply, non-exclusion, and non-competitiveness of public goods. This imperfect
arable land use mechanism reduces the enthusiasm of stakeholders to protect arable land,
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which makes it impossible to realize the non-market value of arable lands, and contributes
to the lack of public welfare existing in the externality of arable land [49,50]. A variety of
specific measures can be formulated for the objectives of arable land protection based on
the flexibility of nudging. These measures can circumvent the lack of motivation of the
stakeholders of arable land protection and promote their effective decision-making.
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Figure 1. Nudging Strategies for Arable Land Protection Behavior in China.

People have relatively minimal knowledge and experience in the field of arable land
protection, thus relying on system 1 for decision-making. However, the decision path
that relies on system 1 has the characteristics of modular closed operation, automatic re-
sponse, and susceptibility to stereotyped impression, and this path is prone to unreasonable
behavior. By contrast, the costs and benefits of arable land protection are asymmetrical
at the two levels of present—future and internality—externality, which lead to insufficient
micro-motivation and enthusiasm of relevant stakeholders of arable land protection. There-
fore, arable land protection behavior can be nudged from the following four perspectives.
(1) Cognition is the prerequisite for various stakeholders to participate in the arable land
protection. The improvement of cognition level plays a decisive role in its willingness to
pay for participating in arable land protection. The increase in the various values of arable
land can introduce benefits and welfare improvements to the stakeholders of arable land
protection. Therefore, the psychological source of unreasonable arable land protection
behaviors is emphasized and nudging measures are used to avoid cognitive biases and
abnormal choices of decision makers, thus achieving the purpose of changing behaviors
of stakeholders. (2) The policy design of arable land protection should conform to the
psychological laws of decision-making of various stakeholders. Moreover, the choice archi-
tecture should be reasonably designed to guide the stakeholders to change their arable land
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protection behaviors to conform to individual interests and social well-being. (3) From the
perspective of psychological cognition, the individual’s perception of arable land protection
behavior is accompanied by the cognitive process comprising elements, such as feeling,
perception, memory, thinking, and imagination. Introducing the analytical framework of
behavioral economics into the field of arable land protection behavior has theoretical consis-
tency and necessity. (4) “Very cherish, rational use, and effective protection of arable land”
has become the basic national policy in China, and improving the quality and efficiency of
arable land use has become an important theme of the policy formulation of the Chinese
government. However, behavior-based intervention mechanisms in the existing arable land
protection policy toolbox are still lacking. Therefore, one of the most appropriate reasons
for introducing the nudging mechanism in the field of arable land protection behavior
is to incorporate the psychology, motivation, and cognition of each stakeholder into the
policy action framework and establish arable land protection as a solid foundation for the
continued prosperity of rural areas and the happy lives of farmers.

In addition, the current restraint mechanism of arable land protection mainly relies on
the top-down management mode. The reason is that the conventional public governance
model usually fails when intractable public crises and public problems arise. At that time, it
is necessary to force the decree through the administrative force, and then decompose and
manage the pressure-oriented goals and tasks from the top to the bottom in the bureaucratic
structure. As a public resource, arable land has the general attributes of a public resource.
Taking a top-down approach in the management process can effectively reduce ambiguity
and randomness, thereby ensuring the implementation of policy goals. However, in
the top-down arable land protection management mode, there are two obvious defects.
First, for a bureaucratic organization with complex and super-large scales, long information
dissemination channels and multiple principal-agent mechanisms responsible for each level
can easily lead to the absence of arable land protection supervision. Second, this approach to
arable land protection pays too much attention to the compulsory control of the government,
and tends to ignore the initiatives, demands and actual conditions of other subjects. This
easily leads to the diversity, deviation and uncertainty of the actual action results, which
has been widely criticized by the academic circles. As a bottom-up management method,
nudging tends to pay more attention to the arable land protection process of each subject at
the micro-scale. The most important feature of nudging is: nudging can pay attention to
the practical problem of the inconsistency between the overall system design of arable land
protection and the micro-behavior level. Arable land protection can produce windfall gains
or wipe-out losses, resulting in uneven interests of land users. Agricultural production
on arable land is not only inefficient in terms of economic benefits, but its non-market
value has certain attributes of public goods. To a certain extent, the protection of arable
land sacrifices the opportunities and space for local governments and farmers to develop
non-agricultural construction, and gives up the greatest opportunity cost that can be
obtained by converting arable land into construction land. Therefore, although traditional
administrative intervention strategies can improve the target population’s awareness of the
risk of arable land destruction or their willingness to protect arable land in a short period of
time, they may not actually lead to effective behavior changes. Moreover, even if the arable
land protection behavior can be effectively improved, the time and economic costs required
for administrative intervention, economic intervention and continuous monitoring are huge.
Therefore, perhaps we can learn from the nudge theory to carry out empirical, unconscious,
and automatically triggerable arable land protection behaviors, and then turn them into
habits to help people overcome the gap between arable land protection intentions and
arable land protection behaviors. Drawing on the toolkits used in past nudging, this study
divides nudging mechanisms into six categories: default option, framing effects, descriptive
norms, home and country sentiments, heritage motives, and benefit motives. The default
option refers to re-examining the existing default options and taking arable land protection
as a default option with potential economic, social, and ecological benefits, so as to improve
the possibility of each subject taking arable land protection behaviors. The framing effect
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refers to the phenomenon that different representations of the same information lead to
different decision-making effects. The framing effect in arable land protection refers to the
phenomenon that the decision-making behavior of each subject is affected by the media
or leaders’ frame representation of cultivated land protection issues, and shows different
decision-making preferences. The descriptive norm refers to the obvious role model effect
and group effect among various subjects in the process of arable land protection. It reflects
that the attitude and participation enthusiasm of a subject towards arable land protection
will have a significant impact on whether other subjects continue to participate in arable
land protection. For example, inter-neighborhood exchanges and demonstrations can
increase farmers’ willingness to apply environmentally friendly technologies more than
government policy interventions. The home and country sentiment refers to the moral
rationality that emphasizes the value and meaning of individual life must rely on the value
and meaning of the country, and also refers to the individual’s psychological, emotional
attachment and satisfaction to family, hometown, and patriotic feelings. The Chinese
people have a strong sense of home and country, as well as patriotic cultural values and
corresponding behavior patterns. Moreover, the arable land protection is also a major
support for China’s national security strategy. Therefore, there is a high social consensus on
the arable land protection and the guarantee of food security. The heritage motive refers to
the economic behavior of older generations to pass on a portion of their income and wealth
to the next generation. Arable land has important social security value and social stability
value. The elderly farmers pass the arable land to the next generation, in fact, they hope
that the income of young farmers will be more diversified. For them, arable land is the last
guarantee for the survival of family members and an asset that may greatly appreciate in
the future. Benefit motives means that each subject is an independent operating subject
pursuing the maximization of their own profits. In view of this, only when each subject
believes that arable land protection is profitable, will the supply behavior of arable land
protection be increased.

Therefore, nudges can influence people’s choices, but they don’t force people to
change their choices, nor do they make choices for people, but help people make better
choices at insignificant increased costs. However, due to the constraints of information
acquisition, cognitive ability, and self-control, people’s daily decision-making usually
shows the characteristics of bounded rationality. People often rely on empirical judgments
of various heuristics, and thus often make inefficient decisions that are inconsistent with
their own well-being. The nudging strategies is aimed at improving this situation. It is
unique in that it does not need to resort to executive orders or economic leverage, but
to change people’s behavior in the desired direction by providing an appropriate choice
framework. Of course, nudging cannot solve all the problems arising in the process of
arable land protection. In practice, it still needs to be managed through tough measures
such as arable land occupation tax, arable land dynamic monitoring, and arable land use
control. However, nudge is a new insight from behavioral economists based on psychology,
and provides a new perspective for understanding and predicting economic behavior. The
purpose of this study is to try to use nudge (this low-cost and high-efficiency regulatory
method) to intervene in the micro-level arable land protection behavior more finely, so that
each subject can make decisions in a more optimized way, thereby improving the arable
land environment.

3. Cognitive Perspective of the Nudging Strategies of Arable Land Protection Behavior

The cognitive perspective of the nudging strategies of arable land protection behavior
aims to avoid the cognitive bias and abnormal selection of decision makers by designing a
reasonable choice architecture to promote their rational arable land protection behaviors.
This article focuses on the application of default options, framing effects, and descriptive
norms in the field of arable land protection behavior. Default options and framing effects
can encourage the arable land protection behavior by cleverly presenting decision-making
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information, while the descriptive norms promote arable land protection behavior through
customized information.

3.1. Default Options Nudge Arable Land Protection Behavior

The default option refers to the option to be accepted when the individual has not
yet made a decision [51]. The decision will be affected by the framework in the absence
of a formed value or preference of an individual, and the default option is then used as a
reference point [52,53]. Therefore, people tend to keep the default options without making
any changes during decision-making. This phenomenon is the default option effect. In
the application and research of public policies, the nudging strategies of default options
are widely used in environmental protection [54], consumer food choices (Just et al., 2018),
and public health [55]. Policy designers should focus on the use of default options to
make minor adjustments in the design of arable land protection policy to cause significant
changes in the arable land protection behavior of each stakeholder and then achieve the
goal of arable land protection. For example, land-use change caused by the increase in
various types of construction land is one of the most significant features of urbanization.
The essence of urbanization is the transformation process of land use function. Population
agglomeration, industrial structure agglomeration, and infrastructure construction must be
realized through the reconfiguration of land [56,57]. However, urban expansion invaded
and occupied a large amount of arable and ecological lands, which directly led to a sharp
decline in the amount of arable land and the occurrence of ecological and environmental
problems, posing a serious threat to food security and ecological protection in China [58].
Therefore, optimizing the allocation of limited land resources and realizing the coordinated
development of urban expansion, arable land protection, and ecological conservation is a
serious challenge facing sustainable land use in China.

At present, delimiting urban growth boundaries, establishing arable land occupation
tax, restricting basic arable land zoning, and setting up land regulatory agencies have
become important means to control urban expansion and protect arable land. The central
government has paid huge administrative costs and financial investment, and has been
improving the governance efforts of illegal activities on arable land yearly. However, illegal
cases of arable land became increasingly concealed and challenging to investigate when lo-
cal officials conspired to participate in such illegal use. In response to this problem, Wu [59]
believes that high-, medium-, and low-gradient quota systems can be set in the construction
land quota application system according to the development of each region and resource
endowments. In the high-gradient quota application system, local governments will face
problems, such as a large number of application materials, complicated approval proce-
dures, and long waiting times for approval. The procedure is simplified and the application
is easy in the medium- and low-gradient quota application systems, and this option is set
as the default. Local governments have the political task of ensuring regional economic
development and fiscal balance and reducing unemployment and social stability. Thus,
they may not choose the low-gradient option. However, the local government may choose
the default option because the high-gradient option has the characteristics of complexity,
rigorous approval process, and prohibitive length of approval time.

Cases in real life, wherein the absolute superiority option (that is, a better option
than others in all dimensions) is among the choices that people face, are relatively few.
Most decision-making tasks involve the comparison of alternatives with default options
and objectively equivalent losses and gains. People tend to regard the default option as a
reference point during decision-making. Judgments of people regarding losses and gains
are prone to change due to reference point dependence. People argue that the loss of
abandoning the default option is larger than the benefit of choosing an alternative option
(loss aversion) [60]. The individual subjective susceptibility caused by the loss is substantial;
thus, people usually keep the default option and are unwilling to make changes to avoid
the psychological loss caused by abandoning the default option, leading to the generation
of the default effect (settle for the status quo) [61]. The above-mentioned characteristics
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of human habitual thinking provide a practical idea for nudging arable land protection
behavior. That is, replacing traditional options with arable land protection ones as the
default, thereby guiding people to make arable land protection behaviors.

3.2. Framing Effects Nudge Arable Land Protection Behavior

The framing effects can also effectively avoid the cognitive bias in decision-making
caused by human loss aversion, thereby nudging arable land protection behavior. The
framing effects mean that attitudes and preferences of people toward the event will change
or even be reversed when presented with essentially the same events only because of
the modified way of presentation. That is to say, different ways of expressing the same
problem may cause individuals to make different decision-making results. Researchers
generally believe that intuitive experience and emotional preference, which are crucial for
the decision-making system, are the underlying causes of framing effects [62]. This section
mainly discusses the influence of delay-advance and goal framing effects on the behavioral
decisions of various stakeholders in the arable land protection.

The delay—advance framing effects indicate that people have different perceptions of
waiting time under delayed and advanced conditions due to the reference point. Therefore,
delays and advances are often regarded as losses and gains, respectively [63,64]. The
agricultural subsidy policy, which aims to protect and develop agriculture, is an important
program of strengthening and benefiting farmers in China [65]. At present, adjusting
the agricultural subsidy policy and linking the issuance of various agricultural subsidies
with the effect of arable land protection, which forms an agricultural subsidy system with
arable land protection as the core, plays an important role in increasing the income of
farmers and ensuring national food security. However, the issuance time of agricultural
subsidies in China significantly varies in different regions. Some regions can be issued
before the end of March, while others have to be delayed until the end of April or even
later. At present, in the face of continuously increasing agricultural production materials,
the government needs to issue agricultural subsidies promptly to ensure the enthusiasm
of farmers for arable land protection. Therefore, governments at various levels should
adjust the timing of the issuance of agricultural subsidies to the beginning of the year to
mobilize the enthusiasm of farmers for growing grain effectively and prevent the increasing
phenomenon of non-grainization.

The goal framing effects refer to the changes in the willingness of individuals to
implement the behavior when describing the relationship between the implementation or
non-implementation of certain behavior and the realization of the goal [66]. For example,
the value of arable land mainly includes economic production, social security, ecological
conservation, and cultural inheritance [67,68]. Among these values, economic production
value can provide farmers with agricultural economic income and agricultural products;
social security value can provide farmers with employment opportunities and reduce
the risk of farmers going out to work; ecological conservation value can consolidate the
foundation of agricultural reproduction and reduce the loss of agricultural output and
production costs; and cultural inheritance value can increase the recognition and respect of
farming culture by future generations. Therefore, the arable land protection behavior can be
described as follows: “if you protect arable land, you will increase family income, increase
employment security, reduce reinvestment in agricultural production, and be praised
by future generations” or “if you do not protect arable land, then you will significantly
reduce the level of agricultural income, lose the most basic social security, increase the
cost of agricultural production, and is not conducive to ensuring the livelihood of future
generations”. Therefore, the information expression of the goal framing can significantly
affect the willingness of farmers to protect arable land.

Different delay—advance and goal framing will generally affect individual arable land
protection decisions. In practice, rational use of the framing effects and finding the key
variables in these effects can promote the arable land protection behavior of individuals.
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3.3. Descriptive Norms Nudge Arable Land Protection Behavior

The default options and framing effects nudge the arable land protection behavior of
people by masterly presenting decision-making information, while the descriptive norms
nudge such behavior by directly providing customized information. When arable land
protection behavior becomes a descriptive norm, which is a typical practice of most people
in a certain situation, the possibility of individuals taking arable land protection behavior
will remarkably increase. Descriptive norms convey information to individuals regarding
the behavior of most people in a specific situation. This information is equivalent to telling
the individual what to do in a specific situation and is most likely to be effective and
suitable, providing a basis for the decision-making of an individual; thus, people can
behave in accordance with the behavior of most individuals [69,70].

Conservation tillage refers to a technical system with surface mulch, straw return,
and no-tillage as the core technology using comprehensively supporting measures, such
as reduced tillage, no-tillage, surface micro-topography modification technology, surface
cover, and rational planting [71,72]. Most farmers are subjectively cautious due to their
education level and smallholder management restrictions, which is not conducive to
the promotion and application of conservation tillage. The producer, who is the first
to adopt a new mode of production, faces the largest uncertainty, while the followers
encounter a relatively small amount of uncertainty [73]. Therefore, a demonstration is
the best way to reduce the uncertainty faced by farmers in adopting conservation tillage.
In addition, farmers often make choices based on the adoption of conservation tillage by
influential farmers or individuals (such as large-scale growers, cooperative leaders, village
officials, and rural elites) in the village. The adoption behavior of this part of farmers has
descriptive and silent dissemination effects. Therefore, the government should explore the
establishment of a conservation tillage training and promotion mechanism for rural elites
while guiding them to play a positive role. Thus, farmers can subtly learn new knowledge
of conservation tillage during the communication process to accelerate the adoption and
diffusion improvement of new technologies in the social network of farmers.

Therefore, the government should actively build experimental demonstration bases
for conservation tillage in various regions and use them as carriers to conduct conservation
tillage promotion and new-type professional farmer training and actively cultivate appli-
cation entities that support conservation tillage. In addition, technology demonstrations
can reduce the risk expectations of farmers and increase their enthusiasm for applying
conservation tillage technologies.

4. Motivated Perspective of the Nudging Strategies of Arable Land Protection Behavior

Two asymmetries are observed in the costs and benefits of arable land protection
behavior: “present-future” and “individual-society”. Moreover, under the incentive of the
substantial benefits of non-agriculturalization of arable land, each stakeholder lacks the
exogenous implementation power of arable land protection behavior due to the imperfec-
tion or absence of the incentive mechanism for arable land protection behavior. On the one
hand, the home and country sentiments and heritage motives can be stimulated to raise the
attention of people to the future food security, the inheritance of farming culture, and the
preservation of arable land resources for future generations. Consequently, the “present—
future” asymmetry between the costs and benefits of arable land protection behavior can
be alleviated. On the other hand, it can stimulate the benefit motives of each stakeholder to
enhance their recognition of the multi-functional value of arable land and the arable land
development rights. Consequently, the “present-future” asymmetry between the costs
and benefits of arable land protection behavior can be alleviated. Therefore, home and
country sentiments and heritage and benefit motives can nudge the occurrence of arable
land protection behavior.
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4.1. Home and Country Sentiments Nudge Arable Land Protection Behavior

Adopting arable land protection behavior is the result of weighing the current costs and
future benefits of each stakeholder. The stakeholders often act unfavorably to the ecological
environment of arable land mainly because they are short-sighted and cannot see the value
of sustainable use of arable land. Therefore, they lack the motivation to invest in arable
land protection. For example, the behavioral decisions of local governments regarding
arable land protection are often inconsistent with their social goals. This inconsistency is
mainly due to the inherent requirements of regional economic development goals, which
drive local governments to choose to provide land at a low price in the process of attracting
investments. Local governments provide excessive attention to the transfer of arable land
to achieve the practical needs of fiscal revenue increase [74]. Therefore, a nudging design
that allows various stakeholders to see the future value of arable land will encourage their
participation in arable land protection behavior. Considering the country, people intuitively
perceive a long future for the country when its history is long. This intuitive feeling easily
stimulates the sense of responsibility of people for the future of the country [75,76] to
allow effective consideration of such future and conduct additional arable land protection
behaviors. The feelings of home and country are the quintessence of the traditional culture
of the Chinese nation. Awakening home and country sentiments and raising awareness of
arable land protection are crucial in the current situation.

The development of rural slogans in rural areas of China is crucial due to the scattered
geographical distribution of villages, weak cultural environment, and single access to
information. Rural slogans are highly praised by the vast rural areas because of their
short, concise, easy-to-remember, easy-to-recognize, and catchy features. Slogans are
not only an important and direct teaching material for farmers to learn and understand
various policies and guidelines but are also effective in guiding and educating farmers
to form correct values. Rural slogans play an irreplaceable role to a large extent [77].
Therefore, the rural slogan can elicit home and country sentiments of people regarding
arable land protection (for example, “the land is connected to thousands of families, and the
supervision depends on you, me, and him”.). This slogan also makes easily recognizable
arable land protection-related policies and choice architecture of people, thereby increasing
the selection chance. In addition, rural slogans are an important tool and carrier for “policy
to the countryside”. Rural slogans have the characteristics of wide coverage, conformity
to audience awareness, and low economic costs, which are particularly suitable for arable
land protection policy dissemination in rural communities. Basic-level administrative
organizations have transformed arable land protection policies and regulations into an
easily understandable language to facilitate comprehension and acceptance of the broad
masses of farmers.

4.2. Heritage Motives Nudge Arable Land Protection Behavior

Stimulating home and country sentiments solves the short-sighted problem of people.
However, the long period and excessively far away return on investment from future gener-
ations is also another psychological obstacle that affects the arable land protection behavior.
People focus more on the current self-interest than on the future social interests (future
generations), thus generally showing low willingness to protect arable land. Heritage
motives theory is an economic concept that studies intergenerational exchange and wealth
transfer within a family. The wealth accumulation of the micro family is through family
savings, consumption, and asset allocation decisions, macro investment, and public policy
choices [78]. Therefore, raising the attention of people to the interests of future generations
may nudge their arable land protection behavior.

The heritage value of arable land is the allocation question of arable land resources
between generations. That is to say, contemporary farmers are willing to pay a certain
amount of fees to protect the arable land resources considering the arable land resources
usufruct for future generations. Thus, future generations can also enjoy the effects of arable
land resources. However, the main focus of agricultural policy in China has long been on
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the pure or narrow economic value of arable land resources. The unsustainability of arable
land protection policies and the decline of arable land ecosystem service functions are easily
induced due to the lack of consideration of the heritage value of arable land resources in
agricultural policies. Therefore, the government should open up the useful life of arable
land and provide strong guarantees for stable investments and operations of farmers
by continuously extending the contracting period of arable land. In the past, capitalist
landowners tended to shorten the lease term to capture the excess profits generated by the
additional investment of operators in the land. Consequently, arable land operators often
choose to exploit the land fertility as much as possible during the lease term. The long-term
unchanging arable land contracting period guarantees the actual operating stakeholders to
gain the usufruct right to the excess profits of the arable land for an extended period [79,80].
In addition, the old generation of farmers can pass on their accumulated land capital to
the next generations, thus fully stimulating the enthusiasm of farmers to protect arable
land. Governments at all levels can consider including elements of heritage motives when
promoting the concept of arable land ecological environment to enhance awareness and
behavioral level of people considering arable land protection.

4.3. Benefit Motives Nudge Arable Land Protection Behavior

Home and country sentiments and heritage motives aim to nudge the arable land
protection behavior through the attention of people to the future of the country and future
generations. In addition, rationally designing the choice architecture to realize consistent
arable land protection decision-making with the interests of different stakeholders can
stimulate the benefit motives of each stakeholder and then nudge the occurrence of arable
land protection behavior. For example, the intensive application of chemical fertilizers and
pesticides meets the need to increase food production under the guidance of production
targets to a certain extent but also causes serious resource and environmental problems,
such as soil compaction, soil acidification, water pollution, and excessive emission of
greenhouse gases [81]. Therefore, the No. 1 Central Document in 2019 once again proposed
the green agricultural development goal of achieving a negative growth in the use of
chemical fertilizers. From the perspective of the efficient use of agricultural waste and the
maintenance of arable land capital, organic fertilizer substitution technology, which can also
promote sustainable agricultural development, is necessary to realize green agriculture [82].
However, the price of organic fertilizers on the market is generally higher than that of
chemical fertilizers, and the application of organic fertilizers often requires additional
capital investment. Thus, these requirements generally decrease the willingness and
behavioral level of farmers to buy organic fertilizers.

In reality, farmers often simplistically divide the products on the market into “green
and environmentally friendly but expensive” and “not environmentally friendly but rel-
atively cheap”. However, this division is only the result of the excessive attention of
farmers on the initial purchase cost of the product and is not the real case. Compared
with traditional chemical fertilizers, many new organic fertilizers have complete nutrients
and long-lasting fertilizer effects despite their high initial purchase cost. The total cost of
new organic fertilizer is low due to its advantages in improving soil quality, enhancing
crop quality, and reducing agricultural non-point source pollution. Life cycle cost refers
to the sum of all costs related to the life cycle of the product system, including initial and
operating costs [83]. If life cycle cost information can be indicated for new organic and tra-
ditional chemical fertilizers, then the preference of farmers for new organic fertilizers can be
nudged, and the proportion of organic fertilizers usage can be gradually increased. There-
fore, stimulating individual benefit motives can effectively resolve the “individual-society”
asymmetry between the cost and benefit of arable land protection behavior.

89



Int. ]. Environ. Res. Public Health 2022, 19, 12609

5. Discussion: Controversies That May Exist in the Practice of Nudge in Arable Land
Protection Behavior

The six nudge-based intervention strategies for arable land protection behavior pro-
posed in this article reveal that nudge not only ensures the free choice of each stakeholder
but also reflects the policy intentions of quantity control and quality and ecological man-
agement of arable land. Therefore, nudge is a new tool for smooth and effective policy
intervention. In addition, the growth rate of fiscal revenue has slowed down while fis-
cal expenditure has rapidly grown after the entrance of economic development in China
into the economic new normal, and cost constraints of arable land protection policy in-
terventions have continued to increase. However, unlike traditional interventions that
change arable land protection behavior of people by modifying the cost-benefit structure
of decision-making at a considerable economic cost, the nudging strategies trigger only
the intuition, feelings, and automatic decision-making process of individuals. Nudge can
also achieve the goal of arable land protection through simple clues and small changes in
the selection environment. Moreover, nudge is a low-cost intervention that can be widely
used. The advantages of nudge have achieved convincing results in different countries
and research fields and have shown remarkable application value. However, questions
and disputes regarding the validity, reliability, and ethics of nudge frequently arise due to
its novelty [84,85]. The following disputes may emerge upon the implementation of the
nudging strategies of arable land protection behavior.

5.1. Nudge May Be Evil?

The most direct objection to nudge theory comes from “evil nudge”, which is a certain
form of despotism or control threat theory. That is, people with ulterior motives use
cognitive biases and other psychological laws to guide the behavior of decision makers
to realize beneficial resulting behaviors to specific interest groups. For example, some
local governments are accustomed to adopting “transactional”, “bribery”, and “buying-
out” methods to increase the non-agricultural income of farmers. Therefore, the rights-
safeguarding mechanism is not sound when its channel is rough. Moreover, farmers will
feel pessimistic regarding rights protection and are inclined to assist the local government
in implementing CLPP flexibly when the cost of rights-safeguarding is relatively high.
However, as a method and technology, nudge has no moral and ethical issues. Any method
can be abused, but such abuse is not a problem of the method itself; instead, the problem
mainly lies in the purpose of the person using such a method. Restraining possible abusive
behavior in the practice of nudging is necessary. Simultaneously, the positive effect of
nudging methods on arable land protection behavior should be affirmed.

5.2. Nudge Leads to Childization?

The implementation of the nudging strategies compensates for the defects of thinking
systems of people and relies on system 1 for decision-making to guide them and produce
choices close to the goal of arable land protection. However, this guidance method does
not transfer knowledge to the stakeholders and does not improve their decision-making
skills, which hinders the accumulation of knowledge of arable land protection and the
ability of independent selection of the stakeholders to a certain extent. This kind of
operation will cause people to become dependent and threaten them to think naively.
People who have the above doubts often overestimate the role of autonomy. In the absence
of nudges, local governments also have strong political and economic demands, and
their consideration focuses on developing the local economy, achieving rapid growth in
fiscal revenue, and maximizing political performance during the term of office. Driven by
comparative interests, an increasing number of rural laborers choose to abandon traditional
agriculture and enter non-agricultural industries, and the proportion of non-agricultural
income is gradually increasing [86]. Therefore, under the condition of cost-benefit, a
considerable amount of critical reflection that people invest in the process of autonomous
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formation and adjustment does not necessarily guide individuals to make the most correct
response. Thus, verifying whether nudge will lead to childization will take a long time.

5.3. Can Nudge Be Effective in the Long Term?

Simultaneously, some scholars argue that the role of nudging strategies has been exag-
gerated. In a real environment, nudging strategies may not be able to solve complex social
problems [87]. The various nudging strategies of arable land protection behavior in this
article are still a preliminary discussion on the theoretical level despite their capability to
provide strong evidence for their effectiveness. These measures require further experiments
and research by the government to evaluate their feasibility, cost, and effectiveness. Subse-
quent research should also further integrate the institutional design and decision-making
mechanism of arable land protection policies in China, observe the cognitive behavior
patterns of farmers in different regions, explain the differences in the nudging strategies
formulated by local governments at different levels and regions, and then propose practical
and feasible nudging strategies.

6. Policy Implications: Effective Use of Nudge to Promote Arable Land Protection
Behavior in China

As a country with the largest population, the top priority of China is to protect
arable land for national well-being and the livelihood of people. Such a priority is not
only essential to achieving sustainable social and economic developments in China but is
also of considerable strategic significance for ensuring world food security and stabilizing
international food prices. As a rational method of behavioral science that attempts to change
the psychology and behavior of people to promote social development, nudge will play
a unique and irreplaceable role in this process. Considering national conditions in China
when the nudging strategies are implemented is necessary to achieve the intervention goal.

6.1. Selection of Nudging Strategies Based on the Subdivision of Farmer Groups

Similar to traditional intervention strategies, the choice of nudging strategies should
be based on the subdivision of farmer groups. Facing farmers with different character-
istics, the same nudging strategies may have different effects for various intervention
contents. Therefore, the policy makers of the nudging strategies should first clarify the
characteristics of the target farmers. The existing literature classifies the types of farmers in
a variety of ways: the types of farmers based on their employment and economic status,
their decision-making behavior goals, and age as an intergenerational difference [88,89].
Under the internal and external stimuli of four new modernizations and the reform of
the rural economic system in China, farmers have rapidly differentiated and transformed
along various paths and methods. Significant differences are also found in the willingness
and behavioral response of different types of farmers to arable land protection. For ex-
ample, Xie et al. [90] divides farmers into young farmers, middle-aged farmers and old
farmers according to the intergenerational differences. In addition, Xie believes that the
need for livelihood security for elderly farmers makes them more dependent on arable
land. Middle-aged farmers tend to achieve a state of moderate-scale operation through
arable land transfer. In addition, the scale of arable land has a significant positive impact
on the occurrence of arable land protection behavior, and these farmers are more inclined
to adopt environmentally friendly technologies to use and manage arable land; due to
fact that young farmers have more opportunities to obtain non-agricultural income and
employment opportunities, they are prone to abandoning arable land. Based on the rice
planting data of 537 Chinese farmers, Cai et al. [91] analyzes how the differentiation of
farmers’ livelihoods affects the pesticide use status of Chinese farmers. The results of the
study found that, compared with pure farmers, part-time farmers were more inclined to
reduce the use of pesticides to maintain the quality of cultivated land resources. The reason
is that arable land plays an important role in social security for part-time farmers, and
maintaining the quality of arable land can increase the diversity of their income. Therefore,
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formulating different nudging strategies according to different types of farmers, mobiliz-
ing the enthusiasm and initiative of various types of farmers in arable land protection,
and focusing on their subjective functions is an important guarantee for improving the
effectiveness and promoting the orderly development of arable land protection.

6.2. Number of Options for the Nudging Strategies Should Be Appropriate

Four to five are appropriate considering the options provided by the choice architec-
ture [92-94]. Providing additional options can help cater to the needs of farmers. However,
the burden of decision-making on the stakeholders of arable land protection will increase
with the number of options. Therefore, the designer of the choice architecture needs to
balance the two above-mentioned factors according to the characteristics of farmers in
practice. For example, providing an excessive number of options at once when promoting
environmentally friendly technologies or green agricultural products to elderly farmers is
inappropriate. This inappropriate behavior is due to the preference of elderly farmers with
poor information processing capabilities to choose from fewer options than young farmers.
For example, Zhao et al. [95] conducted a random sampling survey of farmers who grow
grain in Jiangsu Province, China, and analyzed the differences in farmers’ willingness to
choose arable land protection technologies based on micro-data. The research results show
that from the perspective of individual characteristics of farmers, the age of farmers and the
health of farmers have hindering effects on arable land protection technology, which is also
due to the fact that arable land protection requires a certain amount of physical strength
and energy. The health status, physical strength and energy of farmers have a significant
impact on arable land protection behavior. Therefore, it is impossible to require elderly
farmers to understand and master a certain number of arable land protection technolo-
gies in a short period of time. Xie et al. [96] used the meta-analysis method to conduct a
comprehensive analysis of 77 empirical studies to reveal the influencing factors, sources
of heterogeneity and influence effects of farmers on the adoption of pro-environmental
technologies. The results of the study show that the gender, age, and education level of
farmers are regarded by many literatures as the decisive factors for farmers to adopt pro-
environmental technologies. Therefore, age has a significant negative impact on farmers’
adoption of pro-environmental technologies, suggesting that as farmers age, they are less
likely to adopt these technologies. The number of options matching different characteristics
of farmers is not the same. Thus, providing four to five options can be used as a general
guideline without the restriction of additional factors.

6.3. Clarification of the External Environment That Nudges the Arable Land Protection Behavior

Arable land protection is not only a personal behavior problem but also a social prob-
lem. This phenomenon is the result of the joint influence of internal psychological resources
and the external environment. If policy makers do not consider external environmental
factors and blindly rely on nudge to achieve the goal of arable land protection, then its ef-
fectiveness will be severely limited. The external environment of nudge can be divided into
underutilized and unprepared environments [97]. Underutilized environments mean that
the central government has introduced the most stringent arable land protection system
and is fully equipped with corresponding agricultural infrastructure. However, problems
regarding the pessimistic effect of arable land protection and the biased implementation
of arable land protection policies remain. These problems emerge due to the imperfect
psychological system of the public, often making decisions that are not conducive to the
arable land environment. The use of social governance methods of nudge can effectively
circumvent the cognitive and motivational limitations of people at this time and guide
them to act in the direction of arable land protection.

Unprepared environments refer to locations that lack agricultural supporting infras-
tructure. Only the nudging strategies designed for choice architecture fail in such environ-
ments. For example, agricultural infrastructure is an important material condition and core
element to support the development of agricultural modernization in China and is also a
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crucial investment that takes advantage of cost-saving measures, such as agricultural scale
operation and technological progress [98]. However, agricultural infrastructure in China
is still facing problems and challenges, such as insufficient total supply, low satisfaction
rate of farmers, and failure to meet the construction needs of new forms of agricultural
operations effectively. Therefore, improving the efficiency of investment and financing of
agricultural infrastructure, as well as the benefits of construction and use, has become the
top priority for promoting arable land protection behavior. Further improvement of arable
land protection policies and the construction of agricultural supporting infrastructure
will help the formation of the external environment and improve its effects. Thus, policy
makers can effectively evaluate the external environment of nudges to design reasonable
and effective intervention programs to protect the ecological environment of arable land.
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Abstract: Increasing land-use eco-efficiency can alleviate human-land conflict in urban areas as
well as improve regional urbanization quality to achieve sustainable development. As the central
urban agglomeration in China, the Middle Reaches of Yangtze River (MRYR) has experienced rapid
urbanization and huge land-use change during 2000 to 2020, which poses great threats to its ecological
environment. This study adopted the Super-Slack-Based Data Envelopment Analysis (Super SBM-
DEA) model to evaluate the eco-efficiency of land use in MRYR. The result shows that the average
eco-efficiency value of land use is above 0.77 for each year, indicating that the general efficiency is at
a middle level. The trend of the evolution of the eco-efficiency can be summarized as a “U-shape”
style curve. The variance between the four urban agglomerations of the MRYR changed over time.
Not all capital cities or cities with higher GDP per capita obtain higher eco-efficiency in this study.
Policy intervention, population and land use, technique, and environmental pollution are influencing
factors of land-use eco-efficiency. Based on slacks analysis, this study proposed the optimization of
the land-use structure to improve eco-efficiency from four aspects of land-use structure, investment
and labor, ecosystem services value (ESV) and environment pollution, and industry structure.

Keywords: eco-efficiency of land use; the middle reaches of Yangtze River; Super SBM-DEA model;
ecosystem services value; slacks analysis

1. Introduction

Sustainable development promotes economic growth while also taking into account
the need to maintain the environment for future generations [1]. Ecological civilization
is an inevitable requirement for the harmonious development of man and nature, and
the construction of ecological civilization is fundamental for the sustainable development
of China. According to the European Environmental Agency (EEA), eco-efficiency is the
ability to maximize the benefits of fewer natural resources [2].

This can be used to gauge how resource utilization, pollution emissions, and economic
growth are related [3,4]. The fact that eco-efficiency connects the environment and the
economy makes it a crucial instrument for assessing sustainable development [5]. Mean-
while, regulations that encourage efficiency are more likely to be implemented than those
that limit economic activity, particularly in developing countries such as China [6]. Thus,
eco-efficiency research has become a hot issue in sustainable development research [7-9].
Urbanization has had a significant impact on the world. Large-scale land conversion is a
significant issue in China, where growing urbanization has also created major land-use
problems [10]. Land resources play a vital role in the ecological environment, and should
be used sparingly and efficiently. The sustainable and efficient use of land resources is
intimately tied to the eco-efficiency of land use. Eco-efficiency of land use can be defined
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as the reduction in inputs from land resources, in order to attain sustainable development
goals and to achieve a mutually beneficial situation for the economy, resources, and en-
vironment. Eco-efficiency of land use cannot be quantified in absolute terms, but it does
depend on the socioeconomic activities carried out on it [11]. Research on the eco-efficiency
of land use in China is extremely valuable, in order to preserve land resources, safeguard
the environment, and advance sustainable development.

Urban agglomeration is the area where land-use change and production activities
are most concentrated. The land of urban agglomeration is a gathering place for social
and economic activities, and its utilization process causes a certain degree of impact on
the environment and ecosystem [7]. In East Asia, urban agglomerations have grown in
Japan and South Korea since the 1950s. From the 1960s through the 1980s, South Korea
relied on traditional heavy chemical industries, processing, and export industries to achieve
rapid economic growth. Since the 1990s, with the disappearance of the demographic
dividend and the establishment of the WTO, the domestic and foreign environments that
supported South Korea’s continued rapid economic growth have undergone major changes.
This has forced South Korea to achieve industrial transformation and upgrade through
reform, and embark on an efficient, intensive, and environmentally friendly high-quality
development path. Japan’s Tokyo Metropolitan Area and the Tokyo Bay Area, as a world-
class mega city group, have brought considerable agglomeration economic effects to Japan.
Compared with China, Japan’s economic center is more concentrated. The polarization of
the metropolitan area is so severe that it differs too much from other cities. This enlightens
China to establish a multi-dimensional urban agglomeration, to cooperate with each other
and complement each other, and to form a coordinated urban agglomeration development
model with coordinated industrial land use. In China, urban agglomerations mainly began
to develop in the 1990s. Since the beginning of the revolution, the Yangtze River Delta
(YRD) urban agglomeration, the Pearl River Delta (PRD) urban agglomeration, and the
Beijing-Tianjin-Hebei (BTH) metropolitan area have been recognized as the three major
growth poles of China’s economic development. The middle reaches of the Yangtze River,
by building a new urbanization frontier zone in the central and western regions, can be
built into a green growth pole of China. Although the socioeconomic development of urban
agglomerations has achieved remarkable achievements, there are also increasing ecological
and environmental threats. An extensive economy has been promoted in China for a long
time [2]. In the context of this, the threat that urban agglomerations” economic expansion
poses to ecosystems has increased, making it a highly concentrated and intensifying highly
sensitive area of a series of ecological and environmental problems.

In terms of research scales, most studies related to the eco-efficiency of land use have
been assessed from the perspective of national and provincial levels [12,13]. However,
few studies have integrated the analysis of ecosystems and socioeconomic elements at the
regional scale in the context of sustainable development. Due to this, there is a lack of
theoretical foundation for developing strategies and policies for urban agglomerations. In
terms of research methods, at the moment, the most widely used modeling methods are
stochastic frontier analysis (SFA), slack-based measurement (SBM), and data envelopment
analysis (DEA). Traditional DEA methods do not account for the influence of slack variables
and do not exhibit the characteristics of non-parametric statistics [14]. Traditional SFA
requires the definition of a specific function of the error term consisting of a null term
and a random error term, which has specification and estimation problems [15]. Because
the influences of environmental and stochastic factors are not taken into consideration,
traditional SBM has the disadvantage of not being able to compute the efficiency values of
all decision units, and traditional SBM-DEA has the issue of bias in arithmetic efficiency [16].
In terms of research contents, previously, the studies of land-use efficiency mainly discussed
the land-use efficiency of built-up land in urban areas [17-20]. In recent years, scholars have
combined the study of land-use-cover change study with eco-efficiency; how to measure
land-use efficiency in the context of environmentally friendly developments [21-23]. Eco-
efficiency is not prioritized by scholars. Instead, they concentrate on either pure economic
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efficiency or holistic efficiency. At the same time, scholars have focused more on the eco-
efficiency of a certain type of land, such as industrial land and cultivated land, or land
of a certain function, for example, mining land. In fact, the land-use adjustment should
consider all kinds of land-use types. This enables the analysis of the eco-efficiency of land
use in light of the structural composition of the land. In terms of environmental policy,
spatial planning, and other regulations, environmental impact assessment can significantly
lessen the harmful effects of initiatives on the environment and contribute significantly to
sustainable development [24]. The weak points of the environmental impact assessment
process are frequently noted as the lack of sufficient scientific evidence in impact assessment
studies and the minimal engagement of experts in policy and decision-making [25]. A
crucial instrument for determining environmental sustainability in the context of assuring
economic growth is the ex-ante environmental evaluation [24]. In fact, the eco-efficiency
of land use is analyzed, helping to design pertinent regulations specifically in the context
of pre-assessment. The need for expert knowledge and citizen participation in fostering
innovation and broad adoption of strategic plans for spatial planning [26]. Starting with
land-use type research on the eco-efficiency of land use can help regulate the structure
of land use and offer some theoretical groundwork for the creation of pertinent spatial
planning.

In this paper, we introduce ecosystem services value (ESV) as the ecological output in
the process of land use and utilize the Super-SBM model. By reclassifying all types of land
data into three categories-farming land, construction land, and other land-we employ all
types of land data acquired from remote sensing images as the input for land resources. It
can raise the value of the results, provide precise and targeted land-use adjustment targets,
and help with the creation of pertinent policies.

As shown in Figure 1, this paper builds an evaluation system with the eco-efficiency of
land use as the core. The eco-efficiency of land use in urban agglomerations is centered on
the input of land resources and the output of ecological and economic value. It obtains the
economic value and ecological service value and the negative impact on the environment
in the land-use process, and the comprehensive ability to achieve the goal of using the
land resource efficiently. Improving the eco-efficiency of land use requires the coordinated
development of the socioeconomic subsystem and the ecological environment subsystem.

Resources
Land,

The land-use process consumes a variety of resources

1
2 The land-use process causes environmental pollution
Caapi!al, 3 The land-use process alters ecosystem cycles
Labor, ; H n 4) The land-use process produces economic benefits
5 Resource allocation and utilization change land-use patterns
9 10 I @\ \@ 6 Environmental change affects land-use patterns
Eco-efficiency of 7 Ecosystem security is the backbone of land use
Land Use 8 Economic development promotes the land-use process
9

s Resource utilization destroy and remediate the environment
8
6 3l |7 4 10 The is the source and of resources
@ @) Environmental problems hinder economic development
=y (@ Economic development creates environmental problems
2 (@ Resource utilization produces economic output value
pollution ue Added ) Economic development consumes resources.
- i 2
Ecosystem

Figure 1. Framework of the input and output factors in the assessment of the ecological efficiency of

land use. Source: own elaboration.

The evaluation of land-use eco-efficiency takes three basic production factors, land,
capital, and labor as the input, and environmental pollution, ecosystem service value, and
economic output value as the output. Focusing on the core of land-use eco-efficiency, it
first expounds the impact and interaction mechanism of the land-use process on resources,
environment, ecology, and economy. Secondly, the interaction between input and output

99



Int. ]. Environ. Res. Public Health 2023, 20, 1985

factors is analyzed. Let us take the example of a city called S. In the process of the utilization
of farming land, construction land, and other natural ecological land, S city in the urban
agglomeration invests labor resources and capital, and finally produces ecosystem service
value and economic output value, accompanied by certain environmental pollution. The
environmental pollution caused by the process changes the land-use pattern, limiting
economic development and industrial upgrading.

2. Methodology and Data Sources
2.1. Study Area

The Yangtze River is the largest river in China and the third largest river in the world,
and “The Yangtze River Economic Belt Strategy” is one of China’s national strategies. In
the Yangtze River Basin, the connection between cities is relatively close, and the natural
“golden waterway” can greatly reduce transportation costs (http:/ /www.gov.cn/xinwen
(accessed on 10 September 2014)). As an important part of it, the Middle Reaches of Yangtze
River (MRYR) is identified as the new growth pole by the State Council of China. In the
national “14th Five-Year Plan” outline, the positioning of the MRYR urban agglomeration
has been upgraded to the same echelon as the Beijing-Tianjin-Hebei, Yangtze River Delta,
and Pearl River Delta (http://www.gov.cn/zhengce (accessed on 15 February 2022)). It has
experienced dramatic urbanization during the study period, and land for future develop-
ment has become a scarce commodity. Studying the eco-efficiency of land use is crucial for
the sustainable development of the study area as well as the entire nation. As can be seen
from Figure 2, this paper takes the four city groups of the MRYR urban agglomerations,
which contains 31 prefecture-level cities as the study area. In the year 2020, the study area
contributes about 9.3% of GDP (“Bulletin of Statistics for national economic and social
development (2020)”). With a total land area of 326,000 square kilometers, accounting
for 3.4% of the country, it is the largest urban agglomeration in China, 1.5 times that of
the Yangtze River Delta and 6 times that of the Pearl River Delta (China Urban Statistical
Yearbook 2018). The permanent population is about 130 million people, accounting for
9.1% (http:/ /www.gov.cn/zhengce (accessed on 15 February 2022)) of the country, only
lower than the Yangtze River Delta.
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Figure 2. Geographical location and main cities of the middle reaches of the Yangtze River. Source:
National Foundation Geographic Information Center and own elaboration.

(1)  Waubhan City Circle and Xiang-Jing-Yi City Belt

The Wubhan city circle includes “1 + 8” cities, which are Wuhan and Huangshi, Ezhou,
Huanggang, Xiaogan, Xianning, Xiantao, Qianjiang, and Tianmen around it. The natural
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environment of the land in the Wuhan city circle is diverse and the land resources are
distributed in a multi-level circle. Same in the Hubei province. The Xiang-Jing-Yi City Belt
includes Xiangyang, Jingmen, Jingzhou, and Yichang. It is an urban economic development
belt in western Hubei formed by the Jiaoliu Railway, E’guang Expressway, and Hanjiang
River. The two city groups use 64.6% land area contributing up to 90.9% GDP of Hubei
province in 2020 in Table 1.

Table 1. List of cities of MRYR.

City Circle City Area (km?) lct;lzl)ll\)/lilﬁlcj:) City Circle City Area (km?) 1(0;(])) I\ljh(l(l:ll:)lr\l()
Fuzhou 18,799 1573 Ezhou 1594 1005
Ji'an 25,373 2169 Huanggang 17,457 2170
Jingdezhen 5261 957 Huangshi 4583 1641
Jiujiang 19,798 3241 Qianjiang 558 765
Poyang Lake Nanchang 7402 5746 Wuhan Tianmen 440 617
City Circle Pingxiang 3831 964 City Circle Wuhan 8494 15,616
Shangrao 22,791 2624 Xiantao 598 828
Xinyu 3178 1001 Xianning 10,033 1525
Yichun 18,669 2790 Xiaogan 8910 2194
Yingtan 3560 983
Changde 18,910 3749 Jingmen 12,404 1906
Hengyang 15,303 3509 Jingzhou 14,067 2369
Loudi 8119 1680 Xiangyan 19,728 4602
Cha‘%g'z}m' Xiangtan 5008 2343 Xiang-Jing-Yi YicEang 21,230 4261
City Cirele Yiyang 12,320 1853 City Belt
Yueyang 14,858 4002
Changsha 11,816 12,143
Zhuzhou 11,272 3106

Data sources: “Bulletin of Statistics for national economic and social development (2020)” of cities in China; Hubei
Statistical Yearbook (2020); Hunan Statistical Yearbook (2020); Jiangxi Statistical Yearbook (2020).

(2) Poyang Lake City Circle

The city cluster around Poyang Lake covers 10 cities including Nanchang, Jingdezhen,
Yingtan, Jiujiang, Xinyu, Pingxiang, Fuzhou, Yichun, Shangrao, and Ji’an. The land area
is 128,662 square kilometers, which occupies 77.1% of the land area of Jiangxi Province.
The GDP accounts for 85.8% of Jiangxi Province. The infrastructure construction of the
Poyang Lake city circle has been continuously improved, and the urban layout structure
has basically formed.

(8) Chang-Zhu-Tan City Circle

The Chang-Zhu-Tan City Circle consists of 8 cities of Changsha, Zhuzhou, and Xiang-
tan, and the surrounding Changde, Yiyang, Yueyang, Hengyang, and Luodi. The distances
between Changsha and Zhuzhou are 49 km away, Xiangtan and Zhuzhou are 37 km away,
and Changsha and Xiangtan are 51 km away. The layout of the three medium-sized cities is
compact, and the transportation between the cities is very convenient. The total land area
of the Chang-Zhu-Tan City Circle is about 97,606 square kilometers, accounting for 46% of
the province’s land area.

2.2. Data Sources

The research data of this paper come from “Geospatial Information Platform of Chinese
Academy of Sciences”, “China Urban Statistical Yearbook 2001-2020”, “China Urban
Construction Statistical Yearbook 2001-2020”, “The Middle Reaches of Yangtze River
Development Plan 2015”7, and other provinces and cities” statistical yearbooks and various
annual reports from the government websites. The spatial dataset is from Geospatial
Information Platform of Chinese Academy of Sciences. The original remote sensing image
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with 30 m accuracy of Landsat TM is from the United States Geological Survey (USGS) of
Jiangxi Province, Hunan Province, Hubei Province. Remote sensing interpretation derived
from the National Fundamental Geographic Information Systems in China.

2.3. Super SBM-DEA Model

At present, DEA models are the primary methods to measure land-use efficiency; the
evaluation methods mainly focus on DEA models, and SFA [21,23,27-30]. They are a non-
parametric efficiency estimation method that does not need the specific form of production
frontier and are easier to deal with when using multiple outputs. DEA provided by Charnes
etal. in 1978 [31] was based on the relative efficiency of similar decision unit multi-index
evaluation of the concept of input and output efficiency of a linear programming model,
known as the “Charnes-Cooper-Rhodes (CCR)” model [31]. After updating the model
for variable returns to scale the “Banker-Charnes-Cooper (BCC)” model [32]. The two
measures with the efficiency of the unit are based on the radial and angular dimensions,
when non-zero slack calculation results will be large. Tone (2001) [33] proposed the non-
radial slack-based measure (SBM) model, which can deal with the redundancy problem
of unexpected output. Effectively handle the input factors “crowded” or “relaxation”
phenomenon. The efficiency of the SBM model calculated the maximum value to be
1; when there are a number of cities at the efficiency of 1, it will not be able to further
determine which cities are more efficient. Tone (2002) [34] solved the problem with the
Super Efficiency SBM model. The model can be described as follows:

I+ D )
st.x > XA+s7,y0 < YA —sT,

A>0,s" >0s" >0

where p means efficiency value evaluation of standard; input vector xp has m kind of
input elements, its elements, respectively, for xjp= (i=1, 2,..., m ); output vector y0
has k kind of output elements, its elements, respectively, for y,,= (i=1,2,..., k); X
and Y, respectively, for input elements matrix and output elements matrix; s~ stands for
input redundant, its elements for s; = (i=1,2,..., m),s" stands for output shortage,
its elements s; = (r=1, 2,..., k). When p > 1, the production unit is fully effective.
When p < 1, there is loss in the DMU, which can be improved by optimizing the input
and output factors.

To consider the undesirable output factors, scholars have extended the above model
to divide the output vector into desired output a and undesired output b, the input
vector x € R™, the desired output y* € R?, the undesired outputy® € RP; the in-
put element matrix, the desired output matrix, and the undesired output matrix are
X=[Xg,...oXn] € R Y= [y],..., y2 ] € R, YP= [ylla,....,yg | € RP*M as-
suming that X, Y?, and Y? are greater than zero, and the production possibility set is
defined under CRS as: P ={(x, y* y* )|x = XA, y* < YA, y* > YA, A > 0}, the
SBM-undesirable model:

“m Z‘ 1 Xi;o
1+ 1+b[ ? 1 v +):
yr(]
stxX0=XA+s7, y= YA — s%, yh= YA +s°,
A>0,s" >0 >0, >0

p*= min

‘r

where p* denotes the efficiency value evaluation criterion; the input vector x0 has m input
elements, whose elements are xjp= (i = 1,2,...,m); the desired output vector yf has a few
kinds of output elements, whose elements are y3,= (r =1, 2,..., a ); the undesired output
vector yg has b kinds of output elements, whose elements are yf[,: (r=1,2,...,b);
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s~ denotes input redundancy, whose elements are s, = (i=1, 2,..., m ), s* denotes
desired output deficiency, whose elements are s2 = (r=1,2,...,a), sP denotes non-
desired output redundancy with elements slr’z (r=1,2,..., b). Similarly, when p* > 1,
then we have s™= 0, s= 0, s"= 0, indicating that there is no input and non-expected
output redundancy and expected output deficiency, i.e., the decision unit is valid. When
0 < p* <1, then, the decision unit is inefficient and can be improved by optimizing inputs
and outputs.

2.4. Calculate the ESV

In 1997, Costanza et al. [35] divided ecosystem service functions into 9 items, and
calculated the total value and each sub value of ecosystem services worldwide. Their study
focuses can be summed up as follows: Firstly, classify the ecosystems according to certain
classification standards, such as different environment and land type of the study area.
Secondly, calculate the ecosystem service value of each ecosystem according to various
standards and methods. Finally, summarize the ecosystem service value of the study area.
Obtain the general structure table in the area. The specific model is as follows:

Vi = ZZ S; X Mij (2)

where V; represents the total value of ecosystem services in the region in year t (CNY); S;
represents the area of i land use type (hm?); M stands for coefficient of class j ecosystem
service function of class j ecosystem (CNY/hm?); i represents the numbers of land-use
types; j stands for numbers of ecosystem services.

In 2008, Xie Gaodi et al. [36] formulated the research results of Costanza et al. and
updated the calculation table combined with the geographical characters of China to make
it more suitable for the country. They conducted a questionnaire survey of 700 professionals
with ecological backgrounds in China in 2002 and 2006 to derive a new ecosystem service
valuation system. The comparison showed that the expert knowledge-based ecosystem
service unit price system obtained from the survey was more comparable with the quality-
based ecosystem service value. This expert knowledge-based ecosystem service valuation
system can be used for known land-use areas, and can obtain more accurate results in a
shorter period of time.

The model they worked out is the initial model, according to the regional actual and
time-scale grain unit price; the total value of regional ecosystem services is calculated.

The model was based on research conducted nationwide. However, there are vari-
ations in the geographical environment and vegetation growth in different regions. In
this study, we use the net primary productivity (NPP) of vegetation to make regional
adjustments. The adjustment process is as follows:

Py= ©
) Baverage
where Py is NPP space-time regulators, By refers to NPP of the j month of the i region of
this type of ecosystem, and Bayerage refers to NPP of the annual average of this ecosystem
nationwide.

2.5. Index Selection

The input and output indicators of economic, social, and ecological aspects related to
land utilization are selected in Table 2 in order to construct a comprehensive and objective
evaluation of the land-use eco-efficiency of the urban agglomerations in the middle reaches
of the Yangtze River. There are 3 aspects of input: (1) Land resources, which are divided
into 3 types: farming land (FAR), construction land (CON), and other land (OTH). (2)
Capital resources (CAP), we choose the investment in fixed assets to measure the capital
input on the land. (3) Labor resources (LAB), we choose the number of people employed
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in the whole society to measure the labor input on the land. At the same time, the paper
chooses 3 aspects of output: (1) Ecological value (ESV), the paper calculates the Ecosystem
Service Value using a certain estimate method, using it to describe the output of the land
use. (2) Economic value, the added value of the first (FIR), secondary (SEC), and tertiary
(TER) industries are selected. (3) Environmental pollution, the paper selects industrial
sulfur-dioxide emissions (SO;) and industrial wastewater discharge (WAS) according to
the principles of data availability and precision.

Table 2. Index selection of input and output.

Indicators Units Mean Max Min Std. dev.
Input indicators
Land resources [23,28]
Farming land hm? 417,021.27 991,976.67 76,749.21 241,549.89
Construction land [7] hm? 39,760.90 118,698.03 7330.41 23,151.40
Other land hm? 671,166.13 1,815,773.94 21,200.49 510,568.82
Capital resource [28]
Investment in fixed assets [7,19,29,37] CNY 10 thousand 11,456,262.07 95,856,748.59  49,835.00 16,168,281.28
Labor resource [28,38]
Number of people employed [7] 10 thousand persons ~ 233.03 603.79 47.20 127.93
Output indicators
Ecological value [39]
ESV CNY 10 thousand 1,558,322.27 4,033,055.02 128,802.86 1,109,511.41
Economic value [23,28,38]
First industry CNY 100 million 146.38 513.01 10.85 121.54
Secondary industry CNY 100 million 642.72 5557.47 21.30 890.34
Tertiary industry CNY 100 million 615.14 9656.40 20.80 1149.71
Environmental pollution [23,28]
Industrial sulfur dioxide emission ton 35,338.50 133,442.00 408.00 29,130.17
Industrial wastewater discharge 10 thousand ton 6278.34 40,661.00 229.07 6139.99

Data sources: Urban Statistical Yearbook of China (2001-2021); China Statistical Yearbook (2001-2021); Hubei Statistical
Yearbook (2001-2021); Land cover data of 3 central provinces from “Geospatial Information Platform of Chinese
Academy of Sciences”.

3. Results
3.1. Isotonicity Analysis

Before using DEA models, it is necessary to test whether the data meet the assumptions
of the models. First, the number of units should be at least twice the number of inputs and
outputs. The number of DMUs in this study was much larger than the number of inputs
and outputs, which met the quantity conditions. In addition, the input-output indicators
must satisfy the isotonicity assumption that an increase in any input should not result in
a decrease in any output. In this study, the Pearson correlation coefficient was used for
testing (Figure 3). The correlation coefficient table shows that all input-output indicators
passed the isotonicity test. Thus, the constructed indicator system can be analyzed using
DEA models.
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Figure 3. Correlation of inputs and outputs of 2015 (a) and 2020 (b).

3.2. Temporal-Spatial Trends of Land-Use Eco-Efficiency
3.2.1. Land-Use Eco-Efficiency of four City Groups

e  Wuhan City Circle and Xiang-Jing-Yi City Belt

Wuhan City Circle and the Xiang-Jing-Yi City Belt are both located in Hubei Province,
which is the geographically central province of China. Wuhan, the capital city of the
province, is known as the “thoroughfare of nine provinces”. From Figure 4, it can be
seen that Wuhan's eco-efficiency of land-use level improved after 2010, when it was lower
due to the excessive pollution emissions and insufficient agricultural production values.
Wuhan's eco-efficiency of the land-use level was at the middle level in the province in 2000,
2005, and 2015, especially, in 2020 when it reached a higher level among all cities in the
study area. Huangshi’s eco-efficiency of land use has the lowest value of eco-efficiency of
land use in Hubei province, and the large input of labor and land resources without the
corresponding economic output made its value of eco-efficiency of land use at the lowest
level in most years. Qianjiang, Tianmen, and Xiantao, as the three county-level cities under
the province’s administration, maintained high-efficiency levels from 2000 to 2020, mainly
due to various land-use policies and the development of green industries. Tianmen City,
with its ecological environment and other advantages, was at a high level of efficiency
value except for 2010, and reached the maximum provincial efficiency value in 2020. The
efficiency values of Huanggang and Xianning show a “W-shaped” trend. From 2000 to
2005, the eco-efficiency of land use in Huanggang and Xianning showed a sharp downward
trend, as the area of construction land increased dramatically while the ecological and
economic output remained constant. From 2015 to 2020, the efficiency values showed an
upward trend attributable to the industrial reorganization from high-polluting industries
to tourism. Ezhou city showed an upward trend in eco-efficiency of land use during the
study period, which indicates that the city’s land-use is developing toward rationalization
and high-efficiency with high-quality.
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Figure 4. The results of the Ecological Efficiency of land use.

In the Xiang-Jing-Yi urban belt, Xiangyang city has a low level of eco-efficiency of land
use and shows a “U-shaped” trend of first rising and then falling, which is due to the fact
that Xiangyang’s production factor inputs are at a medium level while its economic output
is at a low level. Jingmen City shows a decreasing trend in general, whereas Jingzhou City
and Yichang City show a medium level overall; this is because these cities have more land
input than other cities in the province, but insufficient economic output.

e  Poyang Lake City Circle

In Poyang Lake City Circle, Nanchang, the capital of Jiangxi Province, had a higher
value of eco-efficiency of land use in 2000 and a lower value of eco-efficiency of land use
ranking afterward, which may be due to the waste of land caused by the blind expansion
of the city and the environmental pollution caused by the unreasonable industrial structure
since 2000, which has further exacerbated the decrease in land-use eco-efficiency until 2020.
Fuzhou, Shangrao, and Yichun converge with Nanchang. The eco-efficiency of land use
in Jingdezhen, Ji’an, Yingtan, and Pingxiang first decreases and then increases steadily in
a “U-shaped” trend, which may be explained by the region’s low economic growth. The
eco-efficiency of land use in Xinyu city declined and remained at a low level during the
study period. The eco-efficiency of land use in Jiujiang City showed a general upward trend
and decreased in some years, mainly owing to the same problem of insufficient economic
output, which led to the lack of obvious economic benefits of land inputs.

e  Chang-Zhu-Tan City Circle

In the Chang-Zhu-Tan City Circle, Changsha, as the capital of Hunan province, is the
national “two-type society” comprehensive supporting reform pilot area. From Figure 4,
we can see that the value of eco-efficiency of land use in Changsha City has been on the rise
since 2005 during the study period, until 2020, when Changsha City’s value of eco-efficiency
of land use was second only to Changde City, reaching an efficiency value of 1.52. This
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is closely related to the fact that Changsha and Changde do not blindly pursue urban
expansion and have a friendly development policy orientation. Zhuzhou City, Hengyang
City, Yiyang City, and Yueyang City all maintain high levels of land-use eco-efficiency.
Loudi and Xiangtan cities have been at a low level of land-use eco-efficiency value, and
according to statistical data, their economic output value is insufficient as the main reason.

3.2.2. Trends of the Eco-Efficiency of Land Use

From Figure 5, the middle reaches of the Yangtze River urban agglomeration have
average annual land-use eco-efficiency values over 0.77, which indicates that the overall
efficiency is in the middle to upper range. The eco-efficiency of land use in MRYR shows a
decreasing and then increasing trend, which we summarize as a “U-shaped” curve. From
the perspective of urban clusters, the average eco-efficiency of four urban clusters in MRYR
is ranked as WH (average 0.95) > XJY (average 0.94) > PYL (average 0.93) > CZT (average
0.87). In 2000, XJY had the highest average efficiency value and WH had the lowest; in 2005,
WH had the highest value and PYL Circle had the lowest. PYL and XJY show “W-shaped”
curves from 2000 to 2020, twice experiencing a rise and fall. WH and CZT show “U-shaped”
curves, with higher eco-efficiency of land use in 2000 and 2020, and lower eco-efficiency of
land use in 2005, 2010, and 2015.
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Figure 5. Average eco-efficiency of 4 urban agglomerations.

3.2.3. Focused Cities’ Eco-Efficiency of Land Use

From the perspective of cities in Figure 6, the cities with the highest eco-efficiency
of land use are, in order, Huanggang (2000), Tianmen (2005), Changde (2010), Changsha
(2015), and Changde (2020), and the cities with the lowest eco-efficiency of land use are
Loudi (2000), Yingtan (2005), Xinyu (2010) Huangshi (2015, 2020). During 2000-2005, most
cities showed a decreasing trend, and the eco-efficiency of land use of Ezhou City increased
the most from 0.67 to 1.03; the eco-efficiency of land use of Huanggang City decreased
the most from 1.35 to 0.76. During 2005-2010, most cities showed an increasing trend, and
the eco-efficiency of land use of Jingdezhen City increased the most from 0.57 to 1.01; the
eco-efficiency of land use of Xinyu City decreased the most, from 1.00 to 0.47. From 2010
to 2015, most cities show a decreasing trend, with Wuhan City’s eco-efficiency of land
use increasing the most from 0.68 to 1.00, and Xiaogan City’s eco-efficiency of land use
decreasing the most from 1.00 to 0.56. From 2015 to 2020, most cities show an increasing
trend. The eco-efficiency of land use in Changde City increased the most from 0.95 to
1.71, and the eco-efficiency of land use in Loudi City decreased the most from 0.73 to 0.66.
Among the provincial capital cities, Changsha has a “U-shaped” trend with the highest
mean value; Wuhan has a “V-shaped” trend with the second highest mean value; and
Nanchang has a “W-shaped” trend with the lowest mean value. The provincial capital
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cities have bottlenecks regarding the problem of how to use land resources efficiently
and ecologically, which will be improved to some extent in 2020 under a series of policy
interventions and other influencing factors.
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Figure 6. Capital cities” eco-efficiency of land use.

3.3. Influencing Factors
3.3.1. Policy Summary

China pursues comprehensive and coordinated sustainable development, and ecologi-
cal safety in the Yangtze River basin is of increasing concern. From 2000 to 2005, efficiency
values dropped significantly. The rapid growth of GDP at this stage relied on the high
consumption of resources, resulting in high environmental pollution. At the same time,
all kinds of environmental problems broke out intensively, and environmental protection
became an important trigger point for social conflicts of interest.

In 2002, the report of the 16th National Congress of the Communist Party of China
put forward the goal of building a well-off society in an all-around way, requiring the
continuous enhancement of sustainable development capabilities, the improvement of the
ecological environment, and the significant increase in resource utilization efficiency. In
2017, the 19th National Congress of the Communist Party of China proposed high-quality
economic development and other environmental regulating measures, China’s economy
is progressively transitioning to high-quality intense development. Among these policies,
the ecological compensation policy is an important one, aiming at protecting the ecological
environment and using economic instruments to coordinate the interests of stakeholders
in favor of sustainable development. Ecological compensation will be implemented in
terms of environmental pollution, economic status, and ecosystem values, which are closely
linked to the measurement of eco-efficiency of land use. In the context of China’s ecological
compensation policy, Dong [15] measured the eco-efficiency of land use in small watersheds,
and the results showed that the efficiency gradually improved under the first round of
ecological compensation policy implementation.

3.3.2. Population and Land Use

With the rapid advancement of the urbanization process, urban development has
attracted more and more attention from society. Most local governments equate “urban-
ization” with “urban construction”, placing too much emphasis on the growth of built-up
areas at the expense of urban population clustering and social security implementation
after clustering. From 2000 to 2011, the area of urban built-up areas increased by 76.4%,
which was much higher than the growth rate of the urban population of 50.5%, and “land
urbanization” was significantly faster than “population urbanization”. Continuous ur-
banization has brought about a number of issues, including deteriorating environmental
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quality, a lack of cultivated land, and deterioration of ecosystem processes, which have
altered the structure and operation of regional ecosystems [40]. The results of Shan’s [41]
research show that large population living in cities, increasing urban population density,
and the demand for resources from city dwellers all harm the environment and lower
efficiency levels.

The urban-rural dualist system, economic growth, and land-use regulations are all
connected with land-use concerns in China, which have distinctively Chinese characteristics.
Large-scale land conversion due to rapid urbanization has led to major issues with land
use, including the loss of cultivated land, the abandonment of cultivated land, and the
formation of hollow villages, which pose a threat to China’s resources and food security.
As the carrier of urban social, economic, political, and cultural activities, urban land is the
spatial basis for the realization of the overall function of the city. In the process of urban
development, the fact that the scale of land use has expanded too fast, the extensive use of
construction land, and the continuous erosion of cultivated land and ecological land have
brought serious consequences to urban construction and social and economic development,
making the already scarce land resources suffer. With large-scale enclosures such as “new
districts”, “new towns”, and “development zones”, the contradiction between land-use
supply and demand has become more prominent, the demand for new construction land
is large, and the situation of cultivated land protection is severe. Land-use conditions
can have different effects on the eco-efficiency of different areas [11]. In our study, land
resources were divided into three categories of farming land, construction land, and other
land, and different land-use types were used as input factors to explore the eco-efficiency of
land use. According to Lu [42], cultivated land resources are both a source of agricultural
products and a significant source of carbon emissions, which can have an impact on the
stability of regional ecosystems. This shows that the ecological efficiency of land use is
significantly influenced by land use.

3.3.3. Techniques and Social Factors

In China, energy savings and emission reductions have gained considerable attention
due to environmental pollution and excessive resource consumption caused by rapid eco-
nomic growth and urban expansion. Since entering the 21st century, China’s clean energy
has developed rapidly. The installed capacity of hydropower, solar thermal utilization,
wind power, and solar power generation have successively become the first in the world.
As of the end of 2018, the proportion of hydropower in China’s installed capacity of clean
energy had dropped from 100% in 1949 to 45.52%, while the installed capacity of wind
power had reached 23.81%, the installed capacity of photovoltaic power generation had
reached 22.57%, the installed capacity of nuclear power had reached 5.77%, and the in-
stalled capacity of biomass power generation had reached 2.3%. The development and
expansion of terminal applications have also led to the comprehensive development of
China’s clean energy industry chain. According to Yang [43], higher levels of research and
development can help facilitate innovation in cleaner production methods, accomplish
cleaner production at the source, lower the intensity of resource consumption, and produce
more of the desired output while decreasing more of the undesirable output. This shows
that improvements in land-use eco-efficiency are facilitated by developments in science
and technology.

Environmental pollution is a major challenge to the sustainable development of human
societies and natural ecosystems. Carbon emissions have gained a lot of attention from
people all over the world. Agricultural carbon sources, such as the generation of agricultural
waste, rice cultivation, and the burning of biological tissues, are directly related to land-use
activities [44]. Kuang [13] explores the efficiency of provincial cultivated land use in China,
using carbon emissions as an undesirable output. Dong [15] measures the efficiency of
chemical elements such as lead, total phosphorus, fluoride, and selenium while taking
into account pollution from home sewage and fertilizers. Environmental pollution is an
important factor affecting the eco-efficiency of land use.
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3.4. Slacks Analysis and Optimization Adjustment

The paper calculated the eco-efficiency of land use of the study area and briefly
analyzed the previously reported potential influence factors. Based on that, this paper
summarizes the slacks of the inputs and outputs of the model, to figure out the targeted
constraints to the eco-efficiency of land use of the city groups. The Super-SBM model is
used in the evaluation of the eco-efficiency of land use. When measuring efficiency, the
DEA model is evaluated according to the input and output levels of each decision-making
unit. The efficiency value that is measured is relative efficiency; the level of efficiency in
comparison to the most efficient decision unit [45]. Therefore, cities not found to be DEA
effective may have constraints from inputs, outputs, or both inputs and outputs. Those are
factors that limit efficiency improvement. The variables that constrain efficiency gains in
the data envelopment model are referred to as slacks, including “input redundancy” and
“output insufficient”. “Input redundancy” means the quantity of inputs that can be saved
from the associated resources in order to attain efficiency; “output insufficient” means the
number of outputs that must be increased in order to achieve efficiency; in this article, we
found that the corresponding ecological and economic values can be improved and the
potential for pollutions can be reduced. The input and output factors can be seen in Table 3;
the paper takes the first three letters to give a short-term for the factors in this analysis part.
This part is to analyze the slacks, and make progress on the input and output of each city
group on this basis. Scientific and reasonable optimization is conducive to realizing the
most optimal land use structure.

Table 3. Summary of slacks of input and output factors of the city groups.

PYL (2000) WH (2000) XJY (2000  CZT (20000 PYL(2005) WH (2005)  XJY (2005  CZT(2005)  PYL(2010)  WH (2010)
FAR 17,565.81 12,141.54 356,716.81 11549105 14354548 20340296  647,90237 11130154 28206576  24,217.07
CON 7943.45 18,241.37 23,220.75 216535 56,315.08 46,447.90 4772222 9613.66 54,778.64 38,856.25
ECO  103,009.95 29,752.10 0.00 3681274 38022094 20712264 24369972  30,202.43 76,967.56 0.00
INV 52,359.85 193,986.57 533,404.58 42790074 4564084  588,068.49 0.00 606,673.91 0.00 475,709.54
LAB 52.35 56.67 0.00 151.23 278.75 158.32 15.82 218.71 107.35 150.42
ESV 216112556 207631364 175970052 44976873 120429450  60,81098 26890444  80,59593 128600634 9122877
WAS 1147 47.02 0.00 159.21 83.41 6.30 5.65 85.83 27.59 1234
SUL 135.22 280.56 143.14 466.28 1200.63 112,50 202.52 425.99 313.34 121.93
FIR 63.17 102.72 12.14 38.74 99.71 30.38 29.13 93.83 158.70 28143
SEC 156.59 0.00 13.70 68.82 177.20 337.17 33.40 70.52 227.72 127.38
TER 105.61 39.46 3.90 187.36 125.19 64.81 0.75 0.69 2335.83 307.32

XJY (2010) CZT (2010) PYL (2015 ~ WH (2015  XJY (2015) ~ CZT(2015) PYL(2020) WH(2020)  XJY (2020)  CZT (2020)
FAR  266,797.90 26,065.09 479,828.46 36679466 67136184 12956057  21979.83 10008556 33639011  49,779.53
CON 33,0876 13,080.42 58,225.20 48,923.33 15,792.13 0.00 15,167.92 15,542.98 22,773.50 3786.50
ECO 77,843.26 15,710.24 6259.88 0.00 0.00 14,871.61 2758.74 327,514.55 866.28 444911
INV  407,062.82 187576944  5,692,966.97 0.00 0.00 599,82650  5822,73828 620630979  3,606,866.86  7,238,377.27
LAB 72.94 163.01 201.55 237.70 10.69 121.63 4235 101.69 229 36.40
ESV 64026114 499,817.29 374,269.74 6221958 30328641 35997231  2,699,10525  661,178.44  2,066,729.26  3,921,942.00
WAS 073 18.06 2531 658 841 5.34 1.68 153 0.43 1.55
SUL 5.09 164.73 257.11 101.04 32.77 97.04 17.71 6.08 1.63 847
FIR 45.69 12524 350.45 1638 0.00 126.49 15.94 379.30 319.07 762.86
SEC 22226 698.01 314.30 955.92 138.91 1198.40 1921 1714.26 2522 3759.41
TER 139.19 408.92 3874.85 242461 2212.25 2041.21 1329 5138.07 29433 5933.15

3.4.1. Land-Use Structure

In terms of input factors, all urban agglomerations have some degree of redundancy in
most years. In terms of land resources, there is a surplus of agricultural land, construction
land, and other land from 2000 to 2020, which indicates a certain degree of waste in the
use of land resources. However, it differs from one urban agglomeration to another in
different years. For the year 2000, the main land structure problem in the Xiang-Jing-Yi
City Belt is the excess input of agricultural land and construction land. For WH, the main
problem is the excess input of construction land. For CZT, the main problem is the excess
input of agricultural land as well as ecological and other land. For PYL, the main problem
is the excess input of ecological and other land. The four agglomerations all experienced
redundancy in 2005 and 2010. In 2015, there was some redundancy of agricultural land
and construction land in PYL, XJY, and WH, and redundancy of agricultural land and
ecological and other land in CZT. In 2020, there was overcapacity in agricultural land and
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construction land in XJY, and there was input overcapacity in other land in Wuhan City
Circle. The results show that most cities in the middle reaches of the Yangtze River urban
agglomeration have a certain degree of unreasonable land-use structure, with the most
prominent problem of non-intensification of construction land. Among them, 45% of the
cities had different degrees of redundancy of construction land in 2005. The comparative
analysis shows that the redundancy rate of construction land differs among cities, but there
is a certain commonality in the land-use structure adjustment programs between provincial
capital cities and cities in urban areas.

3.4.2. Investment and Labor Force

In terms of fixed asset investment, excluding XJY and PYL in 2005 and WH and XJY in
2015, there is some redundancy in all four urban clusters in other study years. In terms of
employment, most of the urban agglomerations have labor redundancy, excluding XJY in
2000. In 2000, the capital and labor redundancy in CZT is at a high level in comparison.
Within the Chang-Zhu-Tan City Circle, redundancy in fixed asset investment is concen-
trated in Changsha, Zhuzhou, and Loudi, and redundancy in the number of employees
is concentrated in Loudi and Xiangtan. In 2005, WH shows significant redundancy in
investment and labor force, but there are differences among cities. The only cities having
redundancy in fixed asset investment are Wuhan and Tianmen, and the only cities having
redundancy in the labor force are Huanggang and Xianning. In 2010, the redundancy
was mainly concentrated in CZT. In 2015, the redundancy of the labor force was mainly
concentrated in Wuhan City Circle and Poyang Lake city circle; meanwhile, the redun-
dancy of capital investment was mainly concentrated in PYL. In 2020, there is no obvious
redundancy of labor force input in most of the city groups, and the urban development
and ecological efficiency of land use improve to absorb the surplus labor force. However,
there was a large surplus of fixed capital input in that year, which may have been due to
the influence of the high percentage of land finance.

3.4.3. Ecological Output and Environmental Pollution

During the years of the study area, all four urban agglomerations included in the
middle reaches of the Yangtze River urban agglomeration had the problem of insufficient
ESV output, indicating that further land use control is needed to protect the ecological
environment and enhance the service function of the ecosystem. Statistically, most cities in
the study area had serious industrial SO, emissions and industrial wastewater discharge
pollution in most of the years from 2000 to 2010. After 2015, the pollution was greatly
modified. In terms of output insufficiency analysis, industrial wastewater discharges in
the four metropolitan agglomerations are currently within a reasonable range and have no
discernible effects on the improvement of land-use eco-efficiency.

3.4.4. Industrial Structure

During the study years, the shortage of economic output value was mainly concen-
trated in the tertiary industry. The amount of redundancy of tertiary industry output
differs among the four urban groups. If the optimization results of the DEA model can
be realized, in 2020, the output value of the primary industry can be increased by CNY
147.717 billion, the secondary industry by CNY 571.810 billion, and the tertiary industry
by CNY 113.884 billion, which is equivalent to about 2% of the total GDP of China in that
year. Industrial upgrading is an issue that must be considered to enhance the ecological
efficiency of land use.

4. Discussion

The paper here proposed some suggestions and recommendations for land-use man-
agement based on the study results above.

The paper discussed the changes in land-use eco-efficiency during the years 2000 to
2020; we summarize the land-use-cover change, industrial structure change, pollution, etc.,
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to analyze the reasons. These results point us in the direction of improvement in the green
and efficient use of land resources.

Sustainable development should be emphasized throughout the entire decision-
making procedure [46,47]. The government should take activities to deal with the conflicts
between land use and the ecological environment [30]. It is an important guarantee for
economic development and security of food rations through the combination of land use
and land cultivation, the utilization of cultivated land guaranteeing the current production.

The improvement of eco-efficiency of land use should be set as one of the core factors
of local government performance evaluation. The improvement of urban eco-efficiency in
China depends largely on the further reforming of performance evaluation mechanisms [48].
During the process, the eco-efficiency of land use needs to be improved according to local
conditions, and the four city groups in the MRYR have their own characteristics. Cities
should be based on their own functional positioning, economic vitality, and resource
endowments determining their land use layout [49,50], fully tapping the potential of all
kinds of land, to avoid blindly expanding the city. At the same time, the thresholds should
be used to limit high energy consumption and high pollution.

According to the land use and industrial layout of different cities, the division of labor
and cooperation will be carried out to advance industrial upgrading. Industrial upgrading
is an important way to improve the level of eco-efficiency, which is a key factor affecting
energy consumption intensity and pollution emission intensity [51].

This study has some deficiencies, first of all, there is no temporal continuity in the
land-use data, so the efficiency is measured intermittently. As a result, the calculated
efficiency value cannot reflect the trend of change and spatial differentiation patterns,
and the inflection point of efficiency values cannot be determined. Secondly, the idea of
eco-efficiency only makes sense when viewed through the lens of sustainable development.
Meanwhile, this article is based on the city level, which cannot take into account the
differences within the region. Further study can be conducted at the county level to discuss
the efficiency of land-use structures to improve the present practical guidance. Third, as
the number of decision-making units increases, the system of input-output indicators could
also be appropriately expanded to allow for more perspectives to consider the benefits of
land use and comprehensively measure the structure of land-use efficiency. Last, but not
least, a comprehensive comparison of the input and output status of the land should be
made on the basis of efficiency. It is more appropriate to evaluate the effectiveness of land
use by considering the negative impact of the land-use process on the environment.

5. Conclusions

China’s high-quality development policy has required high-efficiency of land use,
and it is of great significance to ensure green development while improving land-use
efficiency. Therefore, the concept of achieving eco-efficiency should be widely used in land-
use management. The paper constructed an evaluation system of land-use eco-efficiency of
the urban agglomeration in MPYR using the Super-SBM model based on previous studies
of the urban-land-use efficiency of various regions of China. After the analysis of the results
of the eco-efficiency of the four city groups of the MRYR, the paper briefly summarized
the changes in policy, population, land use, techniques, and social factors during the study
period and how they possibly contribute to the evaluation results. At last, the paper
analyzed the slacks of the input and output factors.

During the years 2000 to 2020, the eco-efficiency values are generally in a relatively
upper-middle average. There exists an upside potential of improving the eco-efficiency in
many cities. Each city’s efficiency varies and is heterogeneous, yet there is a general trend
of falling and then rising. Most of the high-efficiency scores occur between 2000 and 2020.

The variance between the four city groups of the MRYR urban agglomeration changed
every year. In 2000, the highest average efficiency value is XJY, and the lowest is WH; In
2005, the highest is WH, and the lowest is PYL Circle. PYL and XJY experienced two ups
and downs from 2000 to 2020 as they move along a “W-shaped” curve. WH and CZT show
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“U-shaped” curves, with higher land use eco-efficiency in 2000 and 2020, and lower land
use eco-efficiency in 2005, 2010, and 2015.

Not all capital cities or cities with higher GDP per capita had higher eco-efficiency in
this study. Cities such as Nanchang, Changsha, and Wuhan, as the capital of their provinces,
are also the economic center of the central region, with good location conditions and a
large proportion of construction land. However, their eco-efficiency turns out to be at an
average level for some years because of their environmental problems and extensive land-
use pattern. Although some of the relatively developed cities have the highest pollution,
their economic output has an absolute advantage, making their eco-efficiency still reach
the optimal level. Some economically underdeveloped areas also showed high land-use
levels, such as Pingxiang and Yiyang, because of their high level of green development.
Some cities are in the middle level of both economic and the eco-efficiency, which may be
because the advantages of the urban economy in this study are not very prominent, but in
the process of development, extensive land use has produced higher pollution emissions,
and undesirable environmental output has pulled down the overall land-use level.

In this paper, the main ecological protection policies in the research period are sorted
out and the influencing factors of the policies are analyzed qualitatively. Considering
China’s national conditions, the promulgation and implementation of policies have a
certain time consistent with the changes in the eco-efficiency of urban agglomerations. In
addition to government factors, population, land-use patterns, technical progress, etc., may
have significant effects on efficiency values.

The slacks analysis can be used to optimize the land-use structure and industrial
structure. The optimization can be conducted from the four aspects of land use structure,
investment and labor, ESV, and undesirable environmental output and industry structures.
There are certain differences in the direction and magnitude of the adjustment.
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Abstract: Rice-aquatic animal integrated systems can alleviate food and environmental insecurity.
Understanding how this practice is adopted by farmers is significant for promoting the development
of the agricultural industry. Given the information inadequacy and information frictions in agri-
cultural society in China, farmers are susceptible to the behaviors of their neighbors through social
interaction. This paper defines neighboring groups that are both spatially and socially connected to
identify whether neighbors influence farmers” adoption of rice-crayfish integrated systems using
a sample in the lower and middle reaches of the Yangtze River in China. The findings reveal that
for every one-unit increase in neighbors’ adoption behavior, the probability of farmers” adoption
increases by 0.367 units. Therefore, our results may have great value for policymakers seeking to
take advantage of the neighborhood effect to complement formal extension systems and promote the
developments of China’s ecological agriculture.

Keywords: neighborhood effect; rice—crayfish integrated system; technology adoption

1. Introduction

In recent years, rice-aquatic animal integrated systems (i.e., co-farming with aquatic
animals such as crayfish, crab, soft-shelled turtle, etc.) have gained increasing attention
for their potential for alleviating food and environmental insecurity. Rice-aquatic animal
integrated systems can bring about high yields and low environmental impacts and have
been widely explored through field experiments [1,2] and household surveys [3]. Among
them, rice-crayfish integrated systems have experienced explosive growth in China since
2016 and are considered to be a valid approach for ensuring the supply of food and
aquatic products, increasing farmers’ incomes and promoting rural revitalization [4,5].
Rice—crayfish integrated systems allow for the efficient internal recycling of crayfish and
rice. In this practice, on the one hand, the rice field provides a habitat for crayfish, and
the straw in the field creates a heat preservation effect which facilitates the hatching of
crayfish seedlings. Meanwhile, rice straw corrosion facilitates the growth of plankton in
the water, which are regarded as nourishment for crayfish and effectively address the straw
burning issue in China. On the other hand, integrated farming can take advantage of
agricultural byproducts to decrease dependence on agroindustry inputs such as fertilizers
and pesticides. To be more specific, crayfish digest and utilize rice straw and can eliminate
the presence of pests in the straw. The excreta of crayfish also supply organic fertilizer for
rice growth, and the crayfish in paddy fields constrain the use of pesticides and fertilizers
due to their being sensitive to chemical inputs. Thus, integrated systems are regarded as an
ecological agricultural practice.

According to the statistical data, rice—crayfish integrated systems constitute 52.95%
of the total land areas used for rice-fish integrated systems. Additionally, 83.54% of the
total production of crayfish is through rice-crayfish integrated systems [6]. The increased
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use of this type of integrated system can be partly attributed to political subsidies, field
demonstrations and technical instructions from local extension agents. However, the
implementation of rice—crayfish integrated systems involves intensive knowledge and
requires deep insight into recycling and execution to ensure high crayfish and rice yields
and a low environmental impact. Thus, farmers are not able to master the core techniques
through simple learning and typical demonstration visits. Moreover, integrated systems
require large investments (e.g., proprietary equipment) and involve increased flood and
drought associated risks [7]. Clarifying the micro-mechanisms of farmers’ adoption of
rice—crayfish integrated systems is significant for promoting the development of ecological
agricultural practices in general.

In Chinese culture, which emphasizes collectivism and “acquaintance”, neighbors are
considered to be one essential driver of family decision making [8]. Given the information
inadequacy in agricultural society in China and the existing information frictions between
farmers and extension agents, farmers share farming information and techniques with
their neighbors and assist each other with farm work. Through these frequent and close
interactions, farmers are influenced by the behaviors of their neighbors [9], which forms a
neighborhood effect. Studies have demonstrated that farmers in proximity to each other
tend to have similar adoption behavior toward new technologies to reduce learning costs
through information sharing [10]. Even though the role of the neighborhood effect is
acknowledged in the literature, many studies focus on geographical criteria [11,12] (i.e.,
distance and location) to define neighboring units and have not specified the strength of
interactions between neighboring units. The presence of the neighborhood effect usually
amplifies this effect, which implies that a multiplier effect exists through social interaction
that is strongly conditioned by the geographic distance between individuals [13]. Moreover,
many studies have examined the neighborhood effect on simple technology adoption (e.g.,
biogas adoption [14] and water conservation [15]).

Our study expands the literature in two aspects. First, we define neighboring groups at
the village level using samples of small communities. Individual farmers and their neighbors
are both spatially and socially connected, which indicates the existence of real— and thus more
relevant—social interactions. Usually, community-based definitions of neighbors or peers are
too broad and may include irrelevant reference individuals. However, this concern may not
appear in our village-based sample for the following reasons. Families in one village usually
have lived there for generations and the farmers are familiar with each other, which maintains
strong social relationships between farming households [16]. The natural and exogenous
characteristics of rural villages suggest that the definition of neighbors in our sample includes
both friends and non-friend acquaintances and excludes strangers. Such village-based neigh-
boring groups are not self-selected networks; thus, their exogeneity is unlikely to interfere
with our desired outcome. Second, little empirical research has concentrated on exploring
the relationship between the neighborhood effect and farmers” integrated farming system
adoption. Our paper expands the existing literature by providing direct evidence of the
neighborhood effect in integrated farming system adoption.

In this article, we consider both geographic and socioeconomic criteria when defining the
neighbor group to examine the presence of the neighborhood effect in farmers’ rice—crayfish
integrated system adoption behavior. Understanding how new practices are disseminated
through these interactions is helpful for developing agricultural policies that target specific
agricultural areas or communities or even farmers where certain technologies should be
introduced to achieve the desired impact.

The reminder of this paper is structured as follows. Section 2 is a review of the
literature. Section 3 describes the data and empirical methods. In Section 4, we present the
results and a discussion. Section 5 concludes.

2. Literature Review

Previous studies have identified many factors of farmers’ adoption behavior and
indicated that subsidies, agricultural extension services, field schools, and field demon-
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strations can improve farmers” adoption rates [17,18]. Studies have also suggested that
household characteristics, such as age, education, farm size, and income level as well as
perception of technology adoption, environmental concern, behavioral goals, and attitude
have important roles [19-23]. The costs and benefits of the technology also affect farmers’
adoption decisions [24,25]. Furthermore, the nudge theory, or “altering people’s behavior in
a predictable way without forbidding any options or significantly changing their economic
incentives,” has been widely discussed as a factor in farmers” adoption behavior [26,27].
In addition to these factors, economists and policymakers have argued that individual
behaviors vary with the behavior of the group through mechanisms other than economic
aspects [15,28,29], namely, the neighborhood effect.

Many studies have confirmed the presence of the neighborhood effect in farmers’
decision-making processes in settings ranging from rural housing demand [30], rural
labor mobility [31], commercial health insurance purchasing [32], and response to climate
change [33]. Exploring the impact that neighbors or social interactions have on individual
farmers’ technology adoption have also been widely explored. One strand of the literature
focuses on the mechanism of the neighborhood effect in terms of information sharing and
social norms. Xiong and Payne [34] investigated how peer effects occur and found that
family members sharing experimental resources and production externalities between
contiguous plots of land positively impacts farmers” Artemisia slengensis (AS) adoption.
Di Falco and Doku [35] argued that the peer effect occurs through information diffusion
by observing peer farmers’ choices, which encourages farmers to adopt multiple climate
adaption strategies at the household level. Tran-Nam and Tiet [36] considered organic
farming neighbors or peers as a source of information, knowledge, and motivation to
help farmers transition to organic farming. Crudeli and Mancinelli [37] focused on peer
approval and examined how the social norm of being a “good farmer” influences farmers’
innovation adoption.

Another strand of research has concentrated on identifying the presence of the neigh-
borhood effect. Many studies have identified the spatial or geographic neighboring effect.
Sampson and Perry [11] take spatial bands around each water right as a peer group and
find that spatial neighboring effects in the adoption of LEPA (i.e., low-energy precise appli-
cation) diminishes with distance. Bollinger and Burkhardt [15] found peer effects in water
conservation. Their identification strategy relies on quasi-experimental variation from
consumer migration in which new households move into peer groups and make water
consumption and landscape changes. Kolady and Zhang [38] use location-specific survey
data to define farmers’ peer group through physical proximity, and the results show that
spatially mediated peer effects are important in the adoption of conservation tillage and
diverse crop rotation. Skevas and Skevas [20] discovered that peer effects arise from both
nearby farmers’ adoption of unmanned aerial vehicles and the spatial spillover of other
farmers’ characteristics.

More research has identified the neighborhood effect through social interactions
between individuals and their neighboring group. Gao and Grebitus [39] reveal that
hog farmers’ genomics adoption time frames are positively correlated with other closely
related hog farmers’ time frames. Ward and Pede [40] define same-village membership
and geographical distance as spatial network systems and demonstrate that the distance
between hybrid rice adopters affects farmers” adoption of hybrid rice.

3. Data and Methods
3.1. Data

The data of this study are from a survey of rice farmers we conducted in the provinces of
Hubei, Hunan, and Anhui in the middle and lower reaches of the Yangtze River of China in
July 2019. These three provinces are the main originating location of rice—crayfish integrated
systems in China. This region is characterized as a subtropical monsoon with a humid climate
and an average annual temperature ranging between 14 °C and 18 °C and a forest-free
period ranging between 210 and 270 days. The annual average precipitation is approximately

119



Int. ]. Environ. Res. Public Health 2023, 20, 4399

1000-1500 mm. These three provinces were chosen as the study area for the following reasons.
First, they are major producers of rice and aquaculture products—especially crayfish—in
China due to their climate conditions and the rich water resources in the middle and lower
Yangtze Plain. Rice—crayfish integrated systems were first developed in Jianli, Hubei province,
and over the years, this cultivation system has been adopted by a growing number of farmers
in this region. Second, local governments in this area recognize the environmental and
economic benefits of such systems and thus promote them using a wide range of policy
instruments, from offering direct subsidies to farmers who adopt them to providing technical
assistance through agricultural extension services. As a result, it is estimated that these three
provinces have a great amount of farming areas that use rice—crayfish integrated systems,
among which Hubei province ranks first [6]. A map of the study area is shown in Figure 1.

A

e
Sty o

Anhui

Figure 1. Location of the study area.

A multistage stratified sampling procedure was used to choose a representative sam-
ple of rice farming households in the region. In the first stage, three counties within each
province were chosen to account for the distribution of land used for rice—crayfish inte-
grated systems and the general level of economic development within these provinces. In
the second stage, around 1000 rice farming households were randomly chosen from villages
in each county. Most farming families have lived in their village for generations and are
within walking distance of each other. We used a structured questionnaire to obtain farmers’
information. The questionnaire consisted of six parts: household and farm characteristics
(e.g., age, education, farm size, labor, and assets); sources of new technology; crop planting
methods (e.g., the adoption of rice—crayfish integrated systems) and related inputs and
outputs; farmers’ utilization of agricultural socialization services (e.g., agricultural mech-
anization services); farmers’ perception of rice—crayfish integrated systems; and village
characteristics (e.g., infrastructure). We conducted face-to-face interviews with farmers
through trained qualified postgraduates majoring in agricultural economic management
in our research group based on a survey questionnaire. Since this study analyzes the
influence of group behaviors, we deleted samples (<3) with fewer than three neighbors.
After dropping observations with missing information for key variables, we obtained a
final sample of 980 households, 695 of which had adopted rice—crayfish integrated systems
to some degree.
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3.2. Methodology and Variables

There are several situations that may have led us to mix other effects with the neigh-
borhood effect when we observed similar behavioral outcomes between individual farmers
and their neighboring group. Therefore, measuring the neighborhood effect presents sev-
eral challenges [13,40-43] which include: (1) the contextual effect, which reflects the fact
that neighbors” exogenous characteristics will directly affect individuals” behavior (i.e., a
farmer’s propensity to adopt will be affected by the mean age within their neighboring
group); (2) the correlation effect, which indicates that individuals behave similarly in one
group with which they tend to have similar characteristics or are confronted with a common
set of unobserved characteristics (i.e., farmers may be affected by regional policies, such
as the same agricultural subsidy policy, to have the same behaviors); (3) the self-selection
problem, which implies that individuals select neighbors based on their preferences and
backgrounds and have similar behaviors simply resulting from similar income levels or
proximity; and (4) the reflection problem, by which individuals and their neighboring group
make decisions or behave simultaneously. As a result, individuals forming a unilateral
causal relationship with their neighboring group will cause an endogeneity problem.

To overcome the above problems, we applied a set of empirical strategies. We collected
samples of 980 farming households in three major provinces in the lower and middle
reaches of the Yangtze River in China in 2019, and formed plausible empirical neighbor
groups given the small community nature of rural villages. In the context of our research
setting, there are typically strong socio-economic ties in Chinese culture and thus we define
farmers living in the same administrative village as a neighboring group. The reason
for this is that choosing a village as a dataset contributes to solving the self-selection
issue to some extent [30]. On the one hand, the household registration system of China
and restrictions on rural-urban mobility hinders migration to villages. On the other
hand, the formation of a village often spans generations [43]. Households settled in
rural areas are unlikely to choose their neighbors through migration [44,45]. Moreover,
this paper took neighboring farmers’ background characteristics, village characteristics,
and provincial dummy variables into account to limit the importance of contextual and
correlation effects [43]. Last, to estimate the effect of neighboring farmers” adoption, we
applied the instrumental variable method (IVs) to overcome the simultaneity issue and
identify two exogenous variables as instrumental variables, “Village diversity in surnames”
and “The proportion of paddy field area in the village”, to improve our identification of the
neighborhood effect. After that, we conducted several robustness checks to confirm the
presence of the neighborhood effect.

Since the explained variable, farmers” adoption behavior, is binary, we chose the probit
model as a benchmark model [45,46]. The basic formula is specified as follows:

=1) = ¢(Bo + 1 NAdoption® ; + B2 X; + B3YS,; + BaZ;i + ProvinceDummy. 1)

In this formula, Adoption{ is an indicator of the rice-crayfish integrated system adop-
tion of farmer 7 in village c (1 = yes; 0 = no). These data stem from a question in the
questionnaire, namely, “Does your family adopt a rice-crayfish integrated system?”

The key explanatory variable is NAdoption® ; (i.e., the neighborhood effect), which
indicates the average adoption within a neighboring group, except for farmer i. The size
and significance of the coefficient on B are of particular interest to us. To ensure the
accuracy of the results, the scope of “neighborhood” must be cautiously defined. Thus, we
calculated the neighborhood effect using the following equation:

Y Adoption§ — Adoption

H c
NAdoption® ; = p—1 ()

Equation (2) denotes neighboring farmers’ behavior in this paper. Neighbors’ influence
should exclude the effects of the focal farmer; thus, farmer i is not included. ¢ is the number
of sampled farmers in the village.
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X; is a vector of exogenous characteristics of the sampled farming household, including
the age of the head of the household, education, risk preference, job status, perception of
the economic benefits of rice—crayfish integrated systems, agricultural extension training
attendance, scale of operations, agricultural labors, investment, cooperation membership
status, proportion of agricultural income to total household income, and the furthest
distance between two plots.

Y¢, denotes a vector of neighbors’ characteristic variables. To minimize the contextual
effect, we controlled neighbors’ head of household age, education, job status and cooperation
membership status in the basic regression. The calculations followed Equation (2) (i.e., the
average value within the neighboring group, but not the focal farmer in the same village).

Two measures were taken to suppress the correlation effect issue: conducting a
province-varying fixed effects model and controlling village-based variables (Z;), including
the proportion of the effective irrigated area in the village and the effective traffic rate of
the village’s road. The details of the variables are presented in Table 1.

Table 1. Definition of variables and summary statistics.

Variable Variables Variables Description Mean SD
Category
Dependent Farmers” adoption Whether your family adopted rice—crayfish integrated 0.710 0.454
variable behavior systems in 2018? Dummy (1 = yes; 0 = no) ' ’
Expla.natory Neighborhood effect Average adoption behavior in neighbors” household. 0292 0.289
variable (range: 0-1)
Village diversity in Whether your village is a miscellaneous surname village?
0.699 0.459
Instrumental surnames (1 =yes; 0 =no)
variables Proportion of paddy The proportion of paddy field area to cultivated land in the
. . 0.848 0.141
field area village. (range: 0-1)
Age Household head age. Number 54.791 9.261
Education Education of the household head. Number 7.276 3.204
, i ? (3 =high ri ;
Risk preference ! What's your 1‘1'Sk preference? (3 hlgh risk preference; 163 0.765
2 = neutral risk preference; 1 = low risk preference)
Job status Whether you engaged in part-time job? (1 = yes; 0 = no) 0.33 0.47
Perception on Whether you think rice—crayfish integrated systems are 0.805 0491
economic benefits highly profitable? (1 = yes; 0 = no) ' ’
- . . : N
Perception on Rice—crayfish integrated systems are popular in your village?
. (5 = strongly agree; 4 = agree; 3 = not sure; 2 = disagree; 3.609 0.897
population " .
1 = strongly disagree)
You can easily get information on rice—crayfish integrated
Information access system. (5 = strongly agree; 4 = agree; 3 = not sure; 3.348 1.06
Househ'olftl 2 = disagree; 1 = strongly disagree)
characteristics
Aericultural extension You have attended agricultural extension training many
& .. times in 2018? (5 = frequently; 4 = often; 3 = some time; 3.417 1.045
training attendance _ 1
2 =rarely; 1 = none)
Scale of operations How many farmlands you have operated in 2019. (mu) 91.655  202.729
Agricultural labors How many agricultural labors in your family? Number 2.028 0.68
Own capital What's the proportion of own possessed capital investment 90.099 20.949
investment proportion to the whole agricultural investment? (%) ’ '
Cooperation Is your family any member of the village cooperation?
. 0.191 0.393
membership status (1 =yes; 0=no)
Proportion of What's the proportion of agricultural income to total 0.693 0.272
agricultural income household income? (%) ’ :
Plots distance How far away is your furthest two plots? (kilometers) 0.653 1.895
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Table 1. Cont.

Variable

Variables Variables Description Mean SD
Category
o age The average age of household heads within neighboring 54791 4401
group. Number
¢_education The average §ducat{on of household heads within 7976 148
Neighborhood neighboring group. Number
characteristics & job status The average part-time job of household heads within 033 0167
neighboring group. Number
g_corperation The average member of corporation of household heads
. o . . 0.191 0.189
membership status within neighboring group. Number
Agents How many agents who buy rice and crayfish within the 7297 8.038
village? Number
Village S What's the proportion of effective irrigated area
characteristics Effective irrigated area prop in villages? (%) & 94.548 11.708
Mechanical plough What's the effective traffic rate of tohe village mechanical 90.536 17.835
road plough road? (%)
Anhui Household from Anhui province. (1 = yes; 0 = no) 0.33 0.47
Region variables Hunan Household from Hunan province. (1 = yes; 0 = no) 0.335 0.472
Hubei Household from Hubei province. (1 = yes; 0 = no) 0.334 0.472

! The measurement method of ‘risk preference’ is by asking famers the following question. If there are two
varieties of rice (Seed A and Seed B), their yields may vary in the following three scenarios, what would you
choose? (1 jin = 0.5 kg; 1 mu = 666 mz) @ A.900-1100 jin/ mu, B.800-1300 jin/ mu; 2 A.900-1100 jin/ mu,
B.700-1600 jin/ mu; 3 A.900-1100 jin/ mu, B.600-1800 jin/ mu. If the farmer chooses A in the three scenarios,
we define them as low-risk preference; if the farmer chooses B in the three scenarios, we define them as high-risk
preference. Otherwise, we define them as neutral risk preference. SD denotes standard deviation; One mu is
about 0.0667 hm?.

As mentioned above, endogenous threats that arise from simultaneity should be
controlled [45-47]. We applied the IV method to control the reflection problem [29]. We
followed Gaviria and Raphael [48], Li and Zang [45] and Ling and Zhang [49] and select
two exogenous natural characteristic variables as instruments. It must be clarified that the
IV variables were not related to the individual adoption probability of the focal farmer
because these two variables were considered exogenous natural characteristics and did not
significantly affect the adoption behavior of individual farmers. Second, they were related
to the mean adoption behavior of the endogenous neighborhood farming group.

4. Empirical Results and Discussion
4.1. Baseline Results of the Neighborhood Effect on Farmers’ Adoption Behavior

In this study, we began by identifying the neighborhood effect in farmers’ rice—crayfish
integrated system adoption behavior. The empirical results are shown in Table 2, which
reports the probit model, fixed effect (FE), and instrumental variable (IV) estimates in Column
1, Column 3, and Column 5, respectively. To compare the coefficients, all results are reported
as the marginal effect of the variables in all tables, and all specifications control the impact of
household characteristics, neighboring farmers’ characteristics, and village characteristics.

First, in Models 1 and 2, it can be seen that the coefficients on the neighborhood effect
are both positive and significant at the 1% level, as expected. The size and significance of
the coefficients do not change much (i.e., from 0.426 to 0.379), which indicates that farmers’
probability of adoption increases by 0.379 percentage points for each percentage point
increase in the neighbors’ adoption rate. The results of Models 1 and 2 preliminarily confirm
that the average integrated system adoption behavior within neighboring groups have a
significantly positive influence on farmers” adoption behavior. Thus, the neighborhood
effect exists in farmers’ rice—crayfish integrated systems adoption.
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Our focused specification is Model 3 (i.e., the IV method). As Manski [28] points
out, individuals and their reference group can affect each other simultaneously, which can
cause an endogeneity problem. We applied the instrumental variable method to solve this
problem. For instruments, we consider whether the village is diverse in surnames and the
proportion of paddy field area to cultivated land. The maximum likelihood estimation
(MLE) is used to acquire the marginal effect of the IV probit model. The results are shown
in Model 3 in Table 2.

Table 2. Neighborhood effect in farmers” adoption behavior.

Panel A
. Model 1: Probit Model 2: FE Model 3: IV Probit
Varizbles Coef. P Coef. P Coef. P
Neighborhood adoption behavior (NE) 0.426 *** (0.034) 0.379 *** (0.042) 0.367 *** (0.124)
Age —0.003 *** (0.001) —0.003 *** (0.001) —0.003 ** (0.001)
Educ —0.005 * (0.003) —0.005 * (0.003) —0.005 * (0.003)
Risk preference 0.020 (0.013) 0.020 (0.013) 0.020 (0.013)
Job status —0.050 *** (0.019) —0.049 *** (0.019) —0.050 ** (0.020)
Perception on economic benefits 0.043 ** (0.019) 0.039 ** (0.019) 0.037 * (0.020)
Perception on population 0.030 *** (0.010) 0.027 *** (0.010) 0.027 ** (0.012)
Information access 0.075 *** (0.011) 0.077 *** (0.011) 0.077 *** (0.015)
Extension training attendance —0.011 (0.009) —0.012 (0.009) —0.012 (0.010)
Scale of operations —0.000 (0.000) —0.000 (0.000) —0.000 (0.000)
Agricultural labors —0.009 (0.013) —0.010 (0.013) —0.010 (0.014)
Investment proportion —0.002 *** (0.001) —0.002 *** (0.001) —0.002 ** (0.001)
Cooperation membership status 0.076 *** (0.029) 0.072 ** (0.029) 0.072 *** (0.027)
Proportion of agricultural income —0.084 ** (0.037) —0.089 ** (0.037) —0.089 ** (0.042)
Plots distance —0.008 ** (0.003) —0.007 ** (0.003) —0.008 (0.005)
g_age 0.003 (0.003) 0.001 (0.003) 0.001 (0.006)
g_educ 0.005 (0.008) 0.003 (0.009) 0.003 (0.009)
g_Job status 0.063 (0.053) 0.051 (0.053) 0.047 (0.062)
g_ corperation Membership status —0.103 * (0.053) —0.097 * (0.053) —0.096 (0.065)
Agents 0.004 ** (0.001) 0.004 *** (0.002) 0.004 (0.003)
Effective_irrigated_area —0.000 (0.001) —0.000 (0.001) 0.000 (0.001)
Mechanical_plough_road 0.001 (0.001) 0.001 (0.001) 0.001 (0.001)
Hubei 0.056 ** (0.027) 0.052 (0.044)
Anhui 0.002 (0.026) —0.006 (0.027)
Panel B: First-stage estimation results
Village diversity in surnames —0.011 *** (0.001)
Proportion of paddy field area 0.027 *** (0.004)
First-stage F value—Weak identification test 61.23
DWH p-Value—Endogeneity test 0.090
Amemiya-Lee-Newey minimum chi-sq 0.632

statistic p-Value—Over-identification test

** #% * denotes p < 0.01, p < 0.05, and p < 0.1, respectively. The ‘Coef.” presented in Panel A is the marginal effects
(dy/dx) of the variables, taking Hunan as the reference group.

Column 5 in Table 2 presents the IV probit estimates. The results suggest that as
neighboring groups’ adoption improves by one percentage point, and farmers’ likelihood of
rice—crayfish integrated systems adoption increases by 0.367 percentage points. Compared
to Models 1 and 2, the coefficient on neighborhood effect has a noticeable decrease. This
result also proved that the probit and FE models both overestimate the neighborhood
effect. Taken together, this IV probit estimation supports the hypothesis that changes in
neighbors’” adoption behaviors will in turn affect the focal farmer’s adoption behavior. One
possible explanation for this finding is that focal farmers presume that their neighbors
possess superior information. It is also possible that certain farmers are afraid to become
“special” under the cultural background of the “Doctrine of the Mean” in China, so they
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tend to behave like their neighbors. This finding is in accordance with those of Di Falco
and Doku [35] and Tran-Nam and Tiet [36].

The first-stage estimation results in Panel B indicate that the first IV (“Village diversity in
surnames”) negatively affects neighbors” adoption behavior, and “The proportion of paddy
field area to cultivated land in the village” positively affects it. The degree of communication
and trust between the farming households in mixed villages is relatively low compared to
that in non-mixed villages, and the mutual influence between the farmers is relatively small,
which may decrease the adoption effect. Rice—crayfish integrated systems are suitable for
production in flat and water-rich fields, and good natural conditions may increase farmers’
output and revenue. Therefore, the higher the proportion of paddy field area in the village,
the higher the possibility that farmers in the village will adopt integrated systems.

In addition, we empirically examined the validity of the instrumental variables using
a series of tests. To exclude the assumption of weak instrumental variables, we used the
two-step method (2SLS) to report the first-stage estimates. As shown in Panel B in Table 2,
the F-statistic is 61.23 with a p-value of less than 1% (0.000), which implies that the weak-
instrument issue should not be a concern in our estimates. The Amemiya—Lee-Newey
minimum p-value of the over-identification test is 0.632, which is higher than 0.1. This result
indicates that the joint null hypothesis should not be rejected, and the over-identification
restriction is satisfied. Additionally, the p-value of the Durbin-Wu-Hausman test is 0.090,
which rejects the null hypothesis. This result proves that variable of the neighborhood
effect (NE) is endogenous, which implies the existence of the endogeneity problem. Thus,
the chosen variables are valid as the instrumentals for the neighborhood effect.

Moreover, many control variables have a significant effect on farmers’ adoption behav-
ior (e.g., ‘information access’ is an indicator to measure a farmer’s openness). Farmers who
have more information access are more likely to obtain pro-adoption information and be
open-minded to produce market-oriented products. This conclusion has been suggested in
previous studies, which find that accesses to extension services and peers predict technol-
ogy adoption [50,51]. The “perception of economic benefits” and “perception of population”
items reflect farmers’ perception and judgement of rice—crayfish integrated systems, both of
which result in a higher probability of adoption behavior. Investment proportion indicates
the farmer’s adoption capacity; the higher the proportion of their own capital investment
to the whole agricultural investment, the less likely they are to adopt. A possible reason for
this finding is that their self-owned funds are relatively sufficient, thus indicating that their
economic situation is good. This proves that the original allocation efficiency of farmers’
funds, land, and labor is high. Therefore, farmers are unwilling to adopt time-consuming
and laborious practices to increase their household income. Moreover, there is a positive
correlation relation between cooperation membership and agents, as the cooperation may
disseminate more technology information and supply related inputs to encourage adoption.
Agents can relieve farmers’ concerns about product distribution after adoption. This result
has important implications that related agricultural administrative departments and exten-
sion agents should emphasize to expand the channels of rice—crayfish integrated system
knowledge dissemination.

4.2. Robustness Checks

In this section, we performed several robustness tests to further validate the stability
of the results. The results are presented in Table 3. These robustness checks have confirmed
the presence of the neighborhood effect on farmers” adoption behavior.

In Column 1, we deleted farmer samples with fewer than five neighbors to eliminate
the issues that farmers interact with alternative social groups or have less opportunity
to interact with neighboring groups; that is, farmers with fewer than five neighbors may
choose other groups to acquire agricultural information or are even unlikely to get a chance
to form a community with others. After excluding the samples, the coefficient on key
explanatory variable ‘neighborhood effect” increased (from 0.379 to 0.383) and remained
significantly positive.
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Another concern was that we took the average adoption rate within neighboring
groups in a village as the proxy variable to define the ‘neighborhood effect’. Considering
rice—crayfish integrated systems are capital-intensive, farmers” adoption behavior may be
affected by neighbors having the same levels of income, instead of by the mean within
neighboring group [49]. Thus, we eliminated the sample farmers in the top 30% of high-
income earners in the village. The result in Column 2 reveals that the neighborhood effect
was still significant.

Table 3. Robustness checks of the neighborhood effect on farmers” adoption behavior.

Robustness Checks 1 Robustness Checks 2 Robustness Checks 4 Robustness Checks 5

coef. coef. coef. coef.
(p-Value) (p-Value) (p-Value) (p-Value)
. 0.383 *** 0.413 *** 0.803 *** 0.372 ***
Neighborhood effect 0.122) (0.128) (0.148) (0.100)
Instrumental variables YES YES YES YES
Househg 1(.:1 Controlled Controlled Controlled Controlled
characteristics
Nelghborho.o d Controlled Controlled Controlled Controlled
characteristics
Village characteristics Controlled Controlled Controlled Controlled
Provincial dummies Controlled Controlled Controlled Controlled
Observations 930 727 980 980

*** denotes p < 0.01.

Then, we modified the estimation model. In Column 3 of Table 3, we show the
results of the ordinary least squares (OLS) estimation. The neighborhood effect remained
significantly positive, which further validated the robustness of our findings.

As a final check, we followed other studies [52] in introducing external group informa-
tion, which is independent from neighborhood farming groups, to construct IV variables.
Then, we selected the mean adoption behavior of neighboring farmers’ relatives and friends
as IV variables (The validity of the instrumental variable is verified). The average number
of adoptions within relatives and friends of neighboring farmers will have an impact on
neighboring farmers” adoption behavior, but it will not affect focal farmers, which meets
the requirements of instrumental variables. Furthermore, the neighbors’ relatives and
friends do not live in the same village, which further suppresses the association effect. The
estimations in Column 5 of Table 3 demonstrate that the neighborhood effect is significant
and thus the results are confirmed.

5. Conclusions

Rice—crayfish integrated systems create both economic and ecological benefits. To
study how this practice experienced explosive growth in China is significant for promoting
the development of ecological agricultural practices in general. Farmers are subject to
information inadequacies information frictions; thus, they are susceptible to their neighbors’
behavior via social interaction. In this paper, we identify the role of the neighborhood effect
on farmers’ adoption behavior using 980 rural households in the middle reaches of the
Yangtze River in China. To solve the potential identification problem, this paper adopts a
set of empirical strategies. To control the self-selection problem, we use rural household
survey data to define neighboring groups that are both spatially and socially connected.
We control a series of neighboring farmers’ characteristics and village characteristics to
eliminate the contextual and correlation effects. We apply the instrumental variables (IV)
method to address the simultaneity problem. The empirical results reveal that a one-unit
increase in neighbors’ adoption behavior increases the adoption probability of individual
farmers by 0.367 units, which provides evidence of the significance of the neighborhood
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effect in farmers’ rice-crayfish integrated system adoption decisions. The four robustness
tests also confirm the presence of the neighborhood effect in farmers” adoption behavior.

Based on the above findings, this paper improves the understanding of farmers’
adoption in ecological agricultural practices in rural China. When the agricultural admin-
istrative institutions or extension agents attempt to develop relevant policies or improve
farmers’ adoption behavior, they should not be confined to an economic perspective. The
networking or social interaction between farmers should be fully exploited. Therefore,
neighborhood effect can be seen as an effective approach to complement formal extension
systems and promote the development of China’s ecological agriculture.

Finally, we reflect on the limitations of this paper. First, although this paper has
addressed several challenges associated with our measurement of the neighborhood effect,
we did not conduct a further investigation into effects such as the snowballing or social mul-
tiplier effects [13] given the limitations of cross-sectional data used in our study. Therefore,
future studies may target the social multiplier effect using longitudinal data. Second, we
have confirmed that the neighborhood effect matters in farmers’ adoption behavior, but we
did not explore the mechanism of the neighborhood effect on farmers” adoption behavior. It
is highly suggested that future studies analyze how neighbors influence farmers” adoption
behaviors. Third, the adoption of farming practices is a process, and we only used a binary
variable to measure adoption, which cannot reflect farmers” dynamic adoption behaviors.
Future studies may, therefore, extend this work by utilizing panel data.
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Abstract: One of the most effective ways to achieve sustainable land use and the regional coordinated
development of urban agglomerations lies in improving the urban land use efficiency (ULUE) of both
large, medium, and small cities and small towns. However, in previous studies, less attention has
been paid to pathways for potential improvement, especially at the county level. The main purpose
of this paper is to examine potential improvement paths for the ULUE at the county level in urban
agglomerations, while attempting to provide more practical targets for improvement and formulate
more reasonable improvement steps for inefficient counties. Therefore, a total of 197 counties in
the Beijing-Tianjin-Hebei urban agglomeration (BTHUA) in 2018 were taken as examples to build a
context-dependent data envelopment analysis (DEA) model based on the closest target. In addition,
by utilizing methods such as the significant difference test and system clustering analysis, the shortest
path and steps to achieve efficiency were identified for inefficient counties, and the characteristics
of improvement paths at different levels were summarized. Furthermore, improvement pathways
were compared for two dimensions: administrative type and region. The results showed that the
causes of polarization for ULUE at different levels were mainly reflected in more complex targets to
be improved in the middle- and low-level counties than at high levels. Improving environmental and
social benefits was essential to achieving efficiency in most inefficient counties, especially at the middle
and low levels. The improvement paths for inefficient counties between different administrative
types, as well as the prefecture-level cities, were heterogeneous. The results of this study can provide
a policy and planning basis for improving urban land use. This study is of practical significance
in accelerating the development of urbanization and the promotion of regional coordination and
sustainable development.

Keywords: urban land use efficiency; Beijing-Tianjin-Hebei urban agglomeration; improvement
pathways; county level

1. Introduction

Cities are centers of economic activity, innovation, and culture in countries and re-
gions [1]. Large-scale urbanization has led to the ongoing expansion of urban construction
while also accelerating the development of urban economies. Nevertheless, it has also
caused a series of problems, such as the extensive utilization of urban land [2], reductions
in cultivated land [3], intensified energy consumption [4], environmental pollution [5],
traffic congestion [6], etc. These have threatened the sustainable development of countries
and regions, and it has been proven that the improvement of urban land use efficiency
(ULUE) is not only a precondition for promoting urban sustainable development but also a
way to balance the development of urban economies and sustainable land use [7]. Hence,
it is necessary to change the mode from the extensive one to an intensive one during the
process of urban land use. Moreover, significant attention should be paid to the integration
of the economic, social, and ecological benefits of land use in order to promote sustainable
development for cities [8].
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Urban agglomerations are the most dynamic and high-potential regions in China and
they play an irreplaceable role in promoting urbanization [9]. In recent years, studies on
the ULUE of urban agglomerations have become increasingly popular, including studies
on single urban agglomerations such as Beijing-Tianjin-Hebei [10] and the Yangtze River
Delta [11], as well as comparative studies of multiple other urban agglomerations [12].
Scholars have mainly emphasized two categories of problems in research on ULUE. The
first is referred to as “efficiency evaluation”. Establishing the evaluation index system and
determining evaluation methods are the preconditions for evaluating ULUE. With advances
in the study of the various conceptions of ULUE, evaluation indexes have evolved from a
single index focusing on economic output to a comprehensive index system considering
economic, social, and ecological benefits [13]. In the comprehensive index system, the role
of environmental factors in ULUE changed from a constraint condition on the quality of
economic development to an essential component of comprehensive benefits [14,15]. In
terms of evaluation methods, the SFA method has the advantage of having a more explicit
economic meaning [16], while data envelopment analysis (DEA) is more suitable for
evaluating comprehensive problems with multiple targets [17]. Therefore, the DEA method
is used for ULUE by most scholars [18]. The other category is referred to as the “mechanism
of efficiency”. Among these approaches, analyzing influencing factors for ULUE helps to
understand the driving mechanism behind urban land use [19]. The mechanism research
provides guidance for the formulation of macro-level policies. Various influencing factors
for ULUE have been addressed extensively in the previous literature [20-22].

However, the endogenous differences, meaning equal efficiency scores but signifi-
cantly different redundant structures in decision making units (DMU), were ignored in
the previous literature on mechanism studies. The DEA methods can not only quantify
the performance of DMUs, but can also provide improvement benchmarks for inefficient
DMUs [23]. Through projection analysis—in other words, comparing the gap between
actual and target inputs and outputs—the causes of inefficiency can be identified from a
micro-level perspective, and a path to improving efficiency can be determined. The study
of the improvement paths for the ULUE is an extension and complement of the above two
categories of issues. On the one hand, the analysis of improvement paths further identifies
the input and output redundancy of inefficient DMUs based on the efficiency evaluation.
On the other hand, compared with the indirect mechanistic analysis of the influencing
factors, the analysis of the improvement paths is a direct causal analysis based on effi-
ciency decomposition. However, there are few studies related to efficiency improvement in
research on ULUE. Moreover, only a few scholars have conducted empirical analyses at
the city level. Fu et al. utilized the slack-based measures (SBM) to evaluate the ULUE of
13 cities in Jiangsu Province and compared the redundancy of undesirable outputs among
cities [24]. Han et al. measured the input redundancy of 287 cities in China by constructing
an SBM model and revealed the distribution characteristics and regional differences of
different redundant factors [25]. Two research perspectives were shown for improvement
path analysis in ULUE. One was to analyze which resources are misallocated or wasted
from a reasonableness perspective. The other was to identify improvement priorities based
on potential targets in economic, social, and environmental benefits from a development
perspective, compared to the extent to which different aspects contribute to improving the
overall efficiency.

The previous study on improvement paths of ULUE mainly had two deficiencies. One
was that the previous ones were too theoretical. More specifically, the practicality of targets
for improvement and the actual implementation ability of the research objects was often
neglected. The other deficiency was that there were few empirical studies, and the research
setting scale was limited. Firstly, from the improvement target perspective, selecting targets
that are more in line with experience is a precondition for determining potential pathways
for improvement. The improvement targets for inefficient DMUs depend on the distance
function of different DEA models [26]. In research on ULUE, DEA models such as Charnes,
Cooper, and Rhodes (CCR), slack-based measures (SBM), and their extended models were
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often used by scholars [27,28]. However, the potential improvements of inefficient DMUs
might be overestimated by the traditional DEA model based on the “furthest” targets;
meanwhile, the improvement targets obtained in this manner may not be practical targets
for inefficient DMUs [29]. Some scholars have pointed out these problems and proposed
using DEA models based on the closest target. Minimum distance to a strong efficient
frontier (MinDS) is a non-radial DEA model based on the closest target, proposed by
Aparicio [30]. The projected point on the frontier obtained by the MinDS model is the
nearest efficient projection, meaning achieving efficiency with less effort, to the inefficient
DMUs. At present, the closest-target method has been applied to many research fields,
such as carbon emission efficiency [31], port efficiency [26], and financial efficiency [32],
but, so far, not ULUE.

From the improvement steps perspective, there are certain limitations in analyzing
the improvement paths for ULUE utilizing single-frontier DEA models. Previous studies
have pointed out that the ULUE of urban agglomerations in China is generally low, and
there is an obvious polarization phenomenon [8,33]. In reality, it is difficult to significantly
reduce the input or increase the output in the short term. Therefore, the empirical results
obtained by using traditional DEA models lack practical significance. Despite the fact
that the closest-target DEA model can identify the nearest improvement targets, it may
still be difficult to achieve efficiency in one step for inefficient DMUs at short-term time
scales. The context-dependent DEA model was proposed by Seiford and Zhu [34]. This
model identifies all evaluated DMUs at different layers, which can be seen as multiple
frontiers. The efficient projection of inefficient DMUs on the top frontier can be obtained as
the ultimate targets, which can be seen as intermediate targets on other frontiers [35]. Thus,
the context-dependent DEA model is based on the closest target (context-dependent MinDS,
CD-MinDS), which is conducive to exploring a more reasonable and feasible improvement
pathway for inefficient DMUs.

In addition, the development strategy of new-type urbanization has been advanced
in China since 2012, which pursues the coordinated development of large, medium, and
small cities and small towns based on the context of urban agglomerations. However,
most existing ULUE studies have been carried out at the city level, mainly focusing on
the performance of urban areas while neglecting the evaluation of surrounding county
towns. County towns are essential parts of China’s urban system and necessary spaces
for promoting industrialization and urbanization [36]. Therefore, it is necessary to take
county towns into account in the ULUE study of urban agglomerations. In addition, urban
areas were generally evaluated as a whole in research carried out at the city level. In recent
years, however, “city—county mergers” have become the primary way for the government
to advance urbanization [37]. There are many differences between inner cities and suburbs
regarding functional orientation, development levels, and so on. Hence, the ULUE study
of urban agglomerations at the county level is helpful in understanding the features and
differences of various administrative units, such as inner cities, suburbs, county-level cities,
and county towns. From an epistemological perspective, county-level ULUE studies can
help to understand more comprehensively and accurately the characteristics and differences
in the relative efficiency of different territorial units within urban agglomerations. From
the perspective of the ULUE mechanism study, taking county units as research objects
can help to further reveal the differences in the causes of different administrative types of
inefficient counties in urban agglomerations. The problems of the extensive use of urban
land and unbalanced regional development have been still faced by different regions in
the Beijing-Tianjin-Hebei urban agglomeration (BTHUA), which is the epitome of China’s
urban agglomerations at this point [36]. Therefore, as a research context, the BTHUA is
very typical.

In summary, this paper selected 197 counties in the BTHUA as a case study. It utilized
the context-dependent DEA based on the closest target to identify the improvement paths
for the ULUE. This paper intended to answer the following research questions: (1) Could
using context-dependent DEA based on the closest target provide a more practical and rea-
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sonable improvement path for inefficient counties than traditional DEA methods? (2) What
were the main characteristics of inefficient counties with different levels of efficiency in
terms of improvement paths and the impact of economic, social, and environmental benefits
on improving efficiency? (3) Were there differences in the improvement paths for inefficient
counties by administrative types and regions, and how can we improve the efficiency of
different inefficient counties? This paper, by supplementing the existing research meth-
ods on urban agglomeration ULUE, adds to the body of empirical research conducted at
the county level, thereby assisting China and other developing countries in promoting
sustainable urbanization and regionally coordinated development.

2. Materials and Methods
2.1. Study Area

The BTHUA, located in the northern part of the North China Plain (36°03'-42°40’ N,
113°27'-119°50" E), includes two municipalities, Beijing and Tianjin, as well as the other
cities in Hebei Province. According to the China Statistical Yearbook, in 2018, the urban
population of the BTHUA reached 74.24 million, accounting for 5.32% of the country’s
total population. The gross domestic product (GDP) was 8513.989 billion yuan, making up
9.47% of the national GDP. The urban construction land area was around 3 million hectares,
accounting for 7.63% of the total construction land area of the country. China currently has
four primary administrative levels: national, provincial, prefecture-level city, and county.
The county-level administrative districts, including counties, districts, and county-level
cities, are included in the prefecture-level city’s administrative area. In this paper, the
districts are further divided into inner cities and suburbs. A total of 197 counties in the
BTHUA were selected as research subjects, including 36 inner cities, 43 suburbs, 21 county-
level cities, and 97 county towns. There are only two types of counties in Beijing and Tianjin,
with 6 inner cities and 10 suburbs, respectively. Hebei Province has a total of 165 counties,
including 24 inner cities, 23 suburbs, 21 county-level cities, and 97 county towns.

2.2. Index System and Data Sources

The index system proposed in this paper aims to reflect the relation between input
and output in urban economic and social activities, as well as the role of urban land as a
geographical space. At present, China’s urbanization has evolved from a period of rapid
growth to high-quality development. Therefore, significant attention must be paid to the
coordinated development of economic, social, and environmental benefits for urban land
use. In particular, not only the level of economic output but also the social welfare and
environmental quality should be considered in the examination of efficiency [38]. Therefore,
as shown in Table 1, the labor input was expressed as the number of employees per land
area and the capital input was expressed as the amount of the fixed asset investment per
land area in this paper. In terms of the output of economic benefits, the development level of
urban productivity was reflected by the added value of the secondary and tertiary industries
per land area. In terms of social benefits, the living and consumption level of residents was
expressed by the total retail sales of consumer goods per land area. In addition, the public
service level was reflected by the density of points of interest (POI), i.e., the number of POIs
per land area [39]. These include four types of data—namely, science and education cultural
services, medical care services, transportation facilities and services, government agencies,
and social organizations. In terms of environmental benefits, as the BTHUA is among the
regions with the most serious air pollution problems in China, air quality improvement
is an important goal of high-quality development in this region. In this paper, the annual
average concentration of particulate matter (PM2.5) was taken as the undesirable output to
reflect the level of environmental quality [40].
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Table 1. Urban land use efficiency measurement indexes.

Types Names

Details

Input index Employees per land area

Fixed asset investment per
land area

Number of employees in the secondary and
tertiary industries/Construction land area
Fixed asset investment of the whole
society /Construction land area

Added value of the secondary
industry per land area
Added value of the tertiary
industry per land area
Per capita disposable income
of urban residents

Desirable
output index

Density of POI

Green coverage rate in

Added value of the secondary
industry /Construction land area
Added value of the tertiary
industry/Construction land area
Per capita disposable income of urban
residents
Number of POI (medical care services,
living facilities, science and education
cultural services)/Construction land area

Greenland area/Construction land area

built-up area

Undesirable
output index

Annual average concentration of PM2.5

Concentration of PM2.5 X
concentration

Among the relevant data, data on employees, fixed asset investment, the added value
of secondary and tertiary industries, the per capita disposable income of urban residents,
and the BGR were derived from the 2019 Beijing Area Statistical Yearbook, Tianjin Statistical
Yearbook, and the statistical yearbooks of all prefecture-level cities in Hebei Province.

2.3. Research Methods
2.3.1. DEA

To explore the influence of different improvement targets and steps on efficiency
improvement, several DEA methods were employed in this paper to measure the same
sample. First of all, in order to measure the influence of different improvement targets, the
SBM model and MinDS model was used to calculate an efficiency score, which served as
the basis for the identification of improvement targets. Second, the CD-MinDS model was
used to identify the efficiency levels for inefficient counties and measure the gap between
inefficient counties and improvement targets, including ultimate and intermediate targets.

SBM and its extended models are among the most widely used DEA models in ULUE
research. This model, proposed by Tone et al. in 2001, measures DMU efficiency by the
slack of input and output [41]. The model works as follows:

minp = Tw ki ;Tk =
14+-L (27 i+28 *n )
q+8 \=r=1 y,i h=1 zp
L Ajxij+ 5 = i (1)
st Z/\/yrj +8" =Yk

Z/\]'Zhj-‘rS; = Znk
Al s; 57,5, >0

In this model, p represents the efficiency value of DMU. s;, s; and s, are the slack
of the i input, the r desirable output and the & undesirable output, respectively. A; is the
weight variable of the j unit. x;;, ¥,x and zj; are the DMU} input, desirable and undesirable
output values of DMUs, respectively. However, the objective function of the SBM model is
to minimize the efficiency value p, i.e., to maximize the redundancy of the input and output
values. From the perspective of the distance function, the projection point of the DMU
is the furthest point on the frontier, meaning that the input and output values for DMUs
must be adjusted to the greatest extent. This is obviously contrary to the actual needs of the
evaluated objects.
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To this end, Aparicio et al. propose the MinDS model to improve the practicality of the
SBM model [29]. The objective function of the MinDS model is to maximize the efficiency
value p by increasing the mixed-integer linear constraint, with the effective DMUs as the
reference set and confined to the same hyperplane. The model is described as follows:

1 Si

maxp = — it i
b+ fl*é(ZV 1 ;rk i ~hk>
m q g 2
std — 121 vixjj + 21 HrYrj — h21 Tyzp +dj =0
i= r= =

v,,yy,rh>1
dj < Mbj, A; < M(1—b;),b; € {0,1} ,j € E

The constraint conditions of the MinDS model consist of three parts, among which the
first part is the same as the constraint conditions of the SBM model. The common purpose
of the second and third parts is to ensure that the reference rods lie in the same hyperplane.

In combination with the MinDS model, the context-dependent model proposed by
Seiford and Zhu [34] was employed to provide staged intermediate targets for ineffi-
cient counties. The reference set J| = {DM u,j=1,---, n} was defined as the set
containing all DMUs. The iterative reference set J+1 = J1 — E! was defined such that

El = {DMUk eJ ‘p = 1} was the set of effective units in the reference set J'. When [ = 1,

the model was the MinDS model, E! constituted the global frontier, and the units in the
set were effective units. When [ = 2, the new subset J? was taken as the reference set and
recalculated. E? constituted the second-level frontier. The units in the set were inefficient
units whose efficiency level was lower than that of the effective units, but higher than that
of other inefficient units. All DMUs were divided into different sets by circular calculation.
The model is described as follows:

1 ym 5
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In this model, the reciprocal of p* was the progress value of DMUj based on El0~?,
representing the improvement degree required for DMUj to raise the efficiency level to
El=P,. Here, 1/p* > 1, and the higher the 1/p* value, the greater the improvement
degree. When D MU had multiple superior frontiers, p*(p + 1) < p*(p). In addition, the
improvement ratio of input and output elements (I/O elements) in DMUj was used to
characterize the statistical redundancy for each element—that is, the ratio of the slack of
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each element to the actual value. The improvement ratios of input, desirable output and
undesirable output are as follows:

-
5S¢ Sh

DA 7
Xik  Yrk Znk

4)

2.3.2. Paired-Samples t-Test and One-Way ANOVA

To determine reasonable improvement targets and steps, the mean difference sig-
nificance test was used to judge whether the results obtained by the DEA model were
statistically different. The paired-samples t-test can be used to test whether there is a
significant difference in the mean values of the two groups’ paired sample data. As men-
tioned above, in terms of DEA principles, the shortest improvement paths for inefficient
counties can be identified by the closest target. In other words, the MinDS model proposes
more practical ways to improve efficiency for inefficient counties, enabling them to become
efficient with less effort. To verify the validity of the MinDS model for the ULUE study,
the MinDS model was compared with the SBM model, which was widely used to evaluate
ULUE. Specifically, suppose that the efficiency scores of the SBM model are significantly
lower than that of the MinDS model. In this case, it indicates that the MinDS model can
identify the more practical paths for improving ULUE in inefficient counties. Furthermore,
the one-way ANOVA test can be used to test for significant differences between multiple
sample data. Therefore, the improvement steps of inefficient counties were determined
via a one-way ANOVA test according to the improvement degrees of inefficient counties
at different levels. Suppose that the improvement degree significantly differs based on
the global frontier in inefficient counties at different levels. In this case, the improvement
steps for inefficient counties at low levels are unreasonable, and the intermediate targets
should be added to reduce the improvement degrees of each step. Finally, the overall
improvement degrees of inefficient counties were compared to test whether there were
significant differences between one-step and step-by-step by the paired-samples t-test. If
the overall improvement degree of the step-by-step is less than that of the one-step, then
a more practical and reasonable improvement path can be identified by the CD-MinDS
model. Otherwise, the improvement path needs to be weighed between the one-step and
step-by-step.

2.3.3. System Clustering Analysis

As an exploratory method, system clustering analysis can be divided into variable clus-
tering (Mode R) and sample clustering (Mode Q). The method classifies objects with similar
properties according to the degree of closeness between variables or samples. In this paper,
Mode Q systematic clustering was used to identify the similarity of redundant elements
among inefficient counties based on the adjusted cosine similarity, and this was used to
classify the key elements for improvement at each stage.

3. Results
3.1. Efficiency of the Closest and Furthest Targets

In order to compare the influence of different improvement targets on inefficient
counties, the efficiency scores based on the furthest target (the SBM model) and the closest
target (the MinDS model) were measured according to Formulas (1) and (2), and the results
were compared by using the paired-samples t-test. The most effective and ineffective
counties obtained by the two models were the same, 26 and 171, respectively. As shown
in Table 2, the efficiency scores based on the nearest target were significantly higher than
those of the furthest target (p < 0.01), and there was a significant correlation between them
(p < 0.01). This shows that the influence of different measurement benchmarks was clear
when both the frontier and inefficient counties were the same in the two groups of samples.
For inefficient counties, taking the projection identified by the nearest-target method as the
improvement goal can achieve the same effect with relatively small improvements.
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Table 2. Paired-samples t-test results based on efficiency scores of the SBM and MinDS models.

Samples Mean N t-Value Sig. Correlation Sig.
SBM 0.364
MinDS 0.731 197 —38.009 0.001 0.822 0.001

Note: N—number of samples.

According to Formula (3), the inefficient counties were stratified to further distinguish
the efficiency level among inefficient counties. As shown in Figure 1, the counties of the
BTHUA were divided into seven levels. The counties located at the frontier of the first level
(global frontier) were effective counties, and those located at the frontier (local frontier) of
the 2nd—7th levels were inefficient counties. The efficiency level of counties at the same
level was the same, and showed a decreasing trend from first to seventh. The number of
counties in the 2nd-5th levels was relatively large (30-35), while that in the seventh level
was relatively small (13). From the regional perspective, the counties of Beijing and Tianjin
occupied most of the counties in the first level. Most of the counties in the 3rd—7th levels
were in Hebei. This indicates that the efficiency levels of Beijing and Tianjin counties in the
BTHUA were similar, and the efficiency performance was better. In contrast, the efficiency
levels of counties in Hebei Province ranged more widely and the efficiency performance
was relatively poor.

l:, Hebei

:]Tianjin
Beijin
| ; H [ IBeijing
2th 7 6 17
3th|2] 3 Bil
E
K 4th 28
5th 35
6th 29
7th 13
T Y I [N y l¢ vy 5 b g% s it is s idigiiddi
0 5 10 15 20 25 30 35
Number

Figure 1. Number and regional distribution of nine efficiency levels in counties.

3.2. Intermediate Targets and Steps for Improvement

In order to compare the improvement degrees for inefficient counties at different levels,
the progress values based on the global frontier were calculated according to Formula (3).
This was done in order to characterize the improvement degrees required to reach the
efficient level. The results were then compared by using ANOVA. As shown in Table 3, the
Levene statistic was 1.709, with a significance level of over 0.05, meeting the requirements
of ANOVA. The F statistic for the ANOVA test was 7.524, with a significance level of less
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than 0.05, indicating that there were significant differences in the average improvement
degrees of the counties at various levels. Through multiple comparisons among different
levels of counties (Figure 2), it was found that there were significant gradient differences in
the improvement degrees for counties at different levels. There were significant differences
among high-level (the second level), middle-level (the third and fourth levels), and low-
level (the 5th-7th levels) counties, but there were no significant differences within the
groups. The improvement degree was the highest in low-level counties, followed by
middle-level counties and then high-level counties. This shows that the improvement
process for counties at all levels was asynchronous, and it was obviously longer in middle
and low-level counties. Therefore, it is necessary to further set intermediate targets and
formulate progressive improvement steps.

Table 3. Homogeneity of variance and F-value test of global progress values of counties at different
levels.

Test Variable Classification Levene Statistic F-Value

Global progress value 2nd-7th level 1.709 7.524 %
Note: *** show significance at the 1% level, respectively.

Progress value

2th 3th 4th 5th 6th 7th
Level

Figure 2. Comparison of global progress values of counties at different levels. Note: Different letters
represent a significant difference at 5% level.

The intermediate targets are determined according to the differences in their improve-
ment degrees. In terms of the 5th—7th levels of counties, the improvement degrees based
on the global frontier were significantly greater than that of the high- and middle-level
counties, with the smallest difference for the fourth level of counties. Therefore, the fourth
level can be regarded as the intermediate target of the first step, and the second level can be
regarded as the intermediate target of the second step, dividing the improvement process
into three steps. Similarly, the frontiers for the second level are taken as the intermediate
targets for counties at the 3rd—4th levels. The improvement processes for three groups of
counties at high, middle and low levels have one, two and three steps, respectively. Table 4
presents the inspection results based on intermediate targets. It should be noted that the
improvement degrees for the second and third steps were calculated by taking the target
input and output of the previous step as the actual input and output of this step. It can be
seen from the results that there was no significant difference in terms of the improvement
degrees of counties at all levels during the three steps, and the average improvement
degree in the three steps was relatively low. This means that the improvement process
for middle- and low-level counties can be decomposed by setting intermediate targets so
that the improvement degree of each step is in a more reasonable range. Therefore, it is
appropriate to take the frontiers of the second and fourth levels as the intermediate targets
of the middle- and low-level counties.
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Table 4. Homogeneity of variance and F-value test of local progress values of counties at different

levels.
Test Variable Classification Mean  Levene Statistic F Value
Local progress value (1st step) 2nd-7th level 1.436 1.178 0.856
Local progress value (2nd step) 3rd-7th level 1.367 1.359 1.554
Local progress value (3rd step) 5th—7th level 1.321 1.530 1.622

To further explore the reasons that there were various improvement degrees, the
redundancy (improvement ratio) of elements of input and output in inefficient counties
was calculated based on Formula (4) and the redundant quantity in each county was
counted. Figure 3 presents the statistical redundancy of the elements of input and output
in the case of one-step and step-by-step in high-, middle- and low-level counties, as well as
the proportions of different redundant quantities. On the whole, middle- and low-level
counties had larger redundant quantities and greater redundancy, indicating that there
are more aspects to be improved in middle- and low-level counties, with more difficulties
during the improvement. The establishment of intermediate targets plays a role in screening
and focusing on the improvement elements. In other words, when the local frontiers that
are more similar to themselves are considered as benchmarks, there are smaller quantities
and lower redundancy. Therefore, setting intermediate targets can help to recognize the
main weaknesses of each stage, and improvement in these aspects may be a shorter path to
advance efficiency.
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Figure 3. Differences for input and output redundancy among high-, middle- and low-level counties.

(a): boxplot of redundancy improvement ratio for counties at each level. (b): proportion structure of
the redundant quantities of counties at each level.
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In addition, paired-samples t-tests were used to compare the progress values for the
two groups to further explore the overall improvement degrees for both one-step and step-
by-step. The slack of the elements of input and output during the step-by-step method was
the sum of the slack in each stage. As shown in Table 5, there was a significant difference
between the progress values for the two groups (p < 0.01). The progress value in terms of
step-by-step was considerably lower than that of the one-step context, showing a significant
correlation between the two (p < 0.01). Thus, the method of step-by-step is a shorter path
for middle- and low-level counties to achieve efficiency using a step-by-step method, which
supports the conclusion above.

Table 5. Paired-samples f-test results for progress values of the one-step and the step-by-step contexts.

Samples Mean N t-Value Sig. Correlation Sig.
step-by-step 127 s 1201 0.001 0826 0.001
one step 1.504

Note: N—number of samples.

3.3. Improvement Elements of Inefficient Counties

In this paper, the Q-type system clustering method was used to classify the input and
output redundancy of inefficient counties for exploring the characteristics of improvement
elements at each stage. In Figure 4, the six improvement elements in the first step are shown.
On the whole, one improvement element had the most prominent improvement ratio in
each type, which was significantly higher than that of other redundancies, indicating the
existence of one major improvement element. From the perspective of the improvement
elements, there were mainly deficiencies in economic, social, and environmental benefits,
reflecting the low degree of intensive utilization of urban land in inefficient counties,
and the continuation of the extensive land use mode, to some extent. In terms of the
number of counties of various types, the number of counties with tertiary industry as the
key improvement element was the largest (47), followed by counties with the secondary
industry, resident income, AQI or BGR as the major improvement element. It was revealed
that the improvement elements in the first step were diverse. The types of improvement
elements in the second and third steps were slightly fewer than in the first step, both
showing four types (Figure 5). In these two steps, most counties needed to further improve
the output of economic and environmental benefits on the basis of the first step to achieve
the final goal. This means that the output of economic and environmental benefits in the
middle- and low-level counties was generally insufficient, with a large gap compared with
the highest level in the urban agglomeration. In terms of the numbers of counties, in the
second step, counties taking the BGR as the improvement element were obviously greater
in number. In the third step, similarly, the number of counties with the BGR and tertiary
industry as the improvement element was larger. This initially reflects that BGR and tertiary
need to be focused on both in the middle- and low-level counties.
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Combining the improvement elements in different steps, 54 ULUE improvement paths
were formed in 171 inefficient counties (Figure 6). The number of paths was the largest
in low-level counties, followed by middle-level counties and high-level counties. On the
whole, most high-level counties needed to focus on improving economic benefits. In
addition to economic benefits, middle- and low-level counties generally needed to promote
social or environmental benefits. On the basis of the similarity in terms of improvement
elements, 54 improvement paths could be summarized as the economic (Ec.), economic—
social (Ec.-Soc.), economic-environmental (Ec.—Env.), social-environmental (Soc.—Env.) and
economic-social-environmental (Ec.-Soc.—Env.). The number of counties was the largest
for the Ec.—Env. category (68), followed by Ec. (45), Ec.—Soc.—Env. (24), Soc.—Env. (18) and
Ec.—Soc. (16). Figure 7 shows the proportions of various improvement elements in high-,
middle- and low-level counties from both short-term and long-term perspectives. In the
short term, the improvement elements for high-level counties were mainly those related
to tertiary industry. The improvement elements for middle- and low-level counties had
significant heterogeneity, and the proportion of each element did not exceed 25%. In the
long run, the middle- and low-level counties were characterized by great differences in
terms of the social and environmental domains. The middle-level counties had a more
significant direction of improving efficiency in the social context, while the environmental
domain was more critical for low-level counties as key improvement elements.
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Figure 6. Forty-one improvement paths in inefficient counties. Note: 2nd_ind—secondary industry;
3rd_ind—tertiary industry; Income—resident income; Pub_serv—public services; AQI—air quality;
BGR—green development level.
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3.4. Improvement Paths of Different Types and Regions

In this section, the improvement paths of the inefficiency units were compared further
from the dimensions of administrative types and regions (prefecture-level cities). Figure 8
presents the proportions of high-, middle- and low-level counties that are different types
and located in regions. From the perspective of administrative types, most of the inner
cities, suburbs and county-level cities were high-level and middle-level counties, while
the county towns were mostly low-level counties. In terms of regions, the difference was
obvious between cities; however, it was not significant within the cities. There were mainly
high-level counties in Beijing and Tianjin. Four cities in Hebei along Beijing and Tianjin,
and the Langfang-Tangshan-Qinhuangdao Axis, were mainly middle-level counties. The
majority of the six cities in the central south were low-level counties. The results above
mean that, in terms of improvement steps, the regional difference is more prominent,
showing a pattern of difference between the north and south. The urban land use and
management may have boundary effects—namely, the urban land use levels of various
counties within the city area are relatively similar.

Figure 9 demonstrates the differences in improvement elements in terms of different
types of settlements and regions. From the short-term perspective, the proportions of
improvement elements of the four types of counties were all less than 35%. Furthermore,
the improvement elements with the highest proportion are in inner cities and suburbs,
which belong to tertiary industry. In contrast, the highest proportion of elements in county-
level cities and county towns are public services and air quality. This phenomenon also
took place within the cities where improvement elements presented obvious heterogeneity,
as well. From a longer-term perspective, the improvement elements for county-level
cities and county towns were relatively concentrated, similar to the seven cities in Hebei.
Specifically, county-level cities and county towns were mainly associated with the economic
and environmental contexts, which is the same as four cites—the traditional industrial city.
In addition, two cities in Northern Hebei, Chengde, and Zhangjiakou, were associated
mainly with the social context in Northern Hebei. The traditional industrial city in Southern
Hebei, as well as Xingtai and Handan, were mainly associated with the economic-social—
environmental contexts. It is evident that the functional layout of each region within cities
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is not currently reasonable, and some portions of cities have common problems in terms of
the process of efficiency improvement, which needs to be advanced in general.

a b
100 100
e 19% 1 20% o | [11% — —
% / 31% R7%| |- 19%
80 1% | | 31% 80 — 39%
A
1 o
5 / 5 R 4
2 60 3% 2 6o} [78%) i
= = 188%
° . / 1 83%| (60% 00% -
= co 31% & 39, 91%
2 40 £ 40 162% el 75%
/ 62% 61%
50%
20 / 38% 200 —|... - 7
9 2% 22% > 20%
W7 PV e i A
0 0
2 o o) o TR S ®
“(\e‘v o0 \eq,a\"‘ \;S\‘Y@« q’e‘\\“ﬁ@o\ go"o ?“ba“%éo g¢~° %@“‘\@ w dgp\ i“
" o
o <

“:l high level l:l middle level l:l low level‘

Figure 8. (a): Proportions of high-, middle- and low-level counties within county towns, county-level
cities, suburbs and inner cities. (b): Proportions of high-, middle- and low-level counties within 13
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Figure 9. (a) Proportions of medium- and short-term improvement elements in four types of counties
(inner cities, suburbs, county-level cities and county towns). (b) Proportions of medium- and
short-term improvement elements within 13 prefecture-level cities. (c) Proportions of medium- and
long-term improvement elements in four types of counties. (d) Proportions of medium- and long-term
improvement elements within 13 prefecture-level cities.
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In this paper, cross-analyses from the dimensions of administrative types and cities
were conducted and presented in the form of a matrix heat chart (Figure 10) in order to
further examine whether there were common features in the short-term improvement
elements of inefficient counties belonging to different types and located in various regions.
In Figure 10, there are 52 regional units composed of 4 administrative types and 13 cities.
This concentration reflects the proportion of the dominant improvement elements in the
unit, i.e., the ratio of the number of counties with that improvement element to the total
number of counties in the unit. It can be seen that 16 region units shared consistency
in short-term improvement elements, accounting for 30.77%, distributed in seven cities.
According to the number of these units, the improvement element was dominated by air
quality, followed by green space, public services, secondary industry and resident income.
The results demonstrate that a small number of regions in the BTHUA have common
features in the short-term improvement elements, with a relatively scattered distribution.
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Figure 10. Concentration of short-term improvement elements in inefficient counties with different
administrative types and located in various prefecture-level cities. Note: The concentration indicates
the proportion of the dominant improvement elements in the unit, i.e., the ratio of the number
of counties with that improvement element to the total number of counties in the unit. 2nd_ind—
secondary industry; 3rd_ind—tertiary industry; Income—resident income; Pub_serv—public services;
AQI—air quality; BGR—green development level.

4. Discussion
4.1. Theoretical Implications

The DEA method has been widely adopted in ULUE research. In this paper, improve-
ment paths for inefficient counties in the BTHUA were analyzed by combining the nearest
target and context-dependent DEA. The results show that, with the same technology fron-
tier and in the same inefficient counties, selecting different benchmarks as improvement
targets can have a significant impact on redundant information. From the perspective of
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efficiency improvement, it is a more desirable choice for inefficient counties to achieve the
same effect with relatively small adjustments. In previous studies, the SBM model was
mainly used to evaluate ULUE [42]. However, the SBM model maximized the redundancy
of input and output, thus leading to an underestimation of efficiency. This paper has
compared the results based on the nearest target (MinDS) and the furthest target (SBM) by
utilizing paired-samples t-tests, indicating that the efficiency of MinDS was significantly
greater than that of SBM. This means that identifying the redundant information of ineffi-
ciency units through the context-dependent DEA based on the closest target helps to find
shorter improvement paths. Moreover, the principle of the nearest target method is to take
the projection of the most similar actual input and output of the inefficiency county as the
evaluation benchmark. Therefore, the redundant information and improvement targets at
the basis of the method are more practical and instructive.

Adding intermediate targets is helpful in providing shorter improvement paths for
middle- and low-level counties and the improvement degrees, keeping them within a
reasonable range at different stages. With the CD-MinDS model, improvement degrees
for inefficient counties were calculated and compared under the conditions of both the
single benchmark (one-step) and the multi-level benchmark (step-by-step). According to
our results, improvement degrees during the step-by-step improvement were significantly
lower than those during the one-step. The reason is that the inefficient counties in urban
agglomerations have high heterogeneity in terms of land use modes, economic and social
development levels, etc. The number of counties constituting the global frontier is small and
relatively homogeneous in type. The evaluation results based on a single benchmark may
be prone to miscalculation due to heterogeneity, leading to the overestimation of potential
improvements. As the types of counties constituting the local frontier are more diverse
and more similar to the evaluated counties, the miscalculation caused by heterogeneity is
reduced to some extent. In addition, for middle- and low-level counties, the improvement
information provided by a single benchmark is too general, while the intermediate targets
can serve as a guide and help to better understand the key improvement elements at
each step.

In this study, the improvement paths of ULUE were analyzed for the BTHUA in
2018 at the county level. The results showed that, among the 197 counties, there were
184 inefficient counties, including 21 high-level counties, 59 middle-level counties and
104 low-level counties. Significant gradient differences were evident in the improvement
degrees for high-, middle- and low-level counties. There was also a large gap between the
efficiency level for most counties and the highest efficiency level of the urban agglomeration.
Within the urban agglomeration, there was a spatial non-equilibrium characteristic of
polarization. In other words, the efficiency level for each county in the core city was the
highest and the differences were considerable between surrounding cities versus within
the cities. This is again consistent with an overall pattern of high levels in the north
and low levels in the south. The results were similar to those of other studies on other
urban agglomerations in China, such as those in the Yangtze River Delta [11], the Pearl
River Delta [42] and the Shandong Peninsula [43]. These results are in accordance with
the findings of Fang et al. that the urban agglomerations in China are still in the initial
stage of development or the fast-growing stage, emphasizing the fact that the sustainable
development of urban agglomerations should follow an agglomerated effect strategy and
borrowed size [44]. In addition, compared to the existing study, the causes of efficiency
differences were further analyzed by identifying redundancy characteristics in inefficient
counties at different levels as improvement elements. The improvement elements of high-,
middle- and low-level counties were classified to reveal the direction of improvement
of ULUE. The types of improvement elements were more concentrated in the high-level
counties, and the economic contexts, especially the tertiary industry, accounted for the
majority. The types of improvement elements are more diverse in the middle- and low-level
counties compared to the high-level counties. Specifically, the short-term improvement
elements in most middle- and low-level counties are social or environmental contexts, and
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the share of each element is below 25%. Meanwhile, the long-term improvement elements
in these counties contain two to three improvement elements, with a high percentage of
them containing both economic and environmental contexts, followed by economic, social
and environmental or social and environmental. The results indicate that the cause of the
polarization of ULUE in the BTHUA is the presence of more weaknesses in the outputs of
middle- and low-level counties. On the other hand, environmental and social benefits are
the key to improving ULUE in the short term in middle- and low-level counties. They are
also necessary conditions to achieve full efficiency.

Industrial growth enhances overall economic strength [21], as well as ULUE. How-
ever, increasing the share of services in the industrial structure is considered to be a more
general view to promote higher ULUE [45,46]. In addition, stressing the regulation of
environmental pollution and increasing public service expenditures also have a significant
positive impact on ULUE [47,48]. In this study, however, the improvement paths for in-
efficient counties were identified from the micro-level perspective. The results showed
that obvious heterogeneity was manifested in the improvement elements for inefficient
counties with different administrative types and regions. From the short-term perspec-
tive, the improvement elements in most inner cities are economic contexts. In contrast,
the improvement elements in county-level cities and county towns are mainly social or
environmental contexts. Similarly, the improvement elements of inefficient counties in
Beijing and Tianjin are mainly economic contexts, while inefficient counties in most of
Hebei’s prefecture-level cities are social or environmental. From a long-term perspec-
tive, the types of improvement elements in county cities and county-level cities are more
concentrated, mostly economic—environmental, while the improvement elements in in-
ner cities and suburbs are mainly economic or economic—environmental. The types of
improvement elements of inefficient counties within each prefecture-level city in Hebei
are more concentrated, mostly economic—environmental and a few economic. In contrast,
the improvement elements in Beijing and Tianjin are more diverse, including economic,
economic-social and economic—environmental. The results demonstrate that the causes of
ineffectiveness are different across the administrative types and regions of counties and
that inefficient counties need to be targeted for improvement according to their critical
weaknesses to achieve efficiency. Future ULUE studies on urban agglomerations should
take into account the heterogeneous background of the research subjects, while at the same
time comprehensively analyzing and discussing the influence mechanisms and efficiency
improvement from both macro- and micro-level perspectives.

4.2. Policy Implications

In the past decade or so, China has experienced a surge in urbanization. For example,
during the period between 2012 and 2018, all 13 prefecture-level cities except Xingtai and
Cangzhou in the BTHUA expanded their urban scales by the means of a “city—county
merger”. In terms of ULUE, large-scale urbanization has not brought significant efficiency
advantages, especially in the Hebei cities. As China’s old industrial bases and resource-
based cities, these cities are facing the dilemma of transforming and upgrading their leading
industries. In terms of accelerating the restructuring of economies, local governments have
guided the transfer of secondary industries, which are mainly labor-intensive and resource-
intensive, from the inner cities to suburbs and surrounding counties. This leads high-tech
industries and producer services to be the new driving forces for urban development.
Through the improvement elements of various counties within the prefecture-level cities,
it is evident that, in the inner cities, the secondary and tertiary industries make up major
proportions. In the suburbs and county towns, on the other hand, secondary industries and
air quality account for more. On the one hand, this reflects the ineffectiveness of the main
urban areas in attracting and nurturing emerging industries, as well as the continuation
of the extensive urban land use mode in peripheral areas. On the other hand, this reflects
a lack of industrial support and collaboration capacity within the cities. Therefore, it is
necessary to strengthen the coordinating role of regional governments and to break down
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the administrative barriers between cities. This allows them to benefit from the other’s
comparative advantages through cross-city collaboration, which promotes effective urban
land use in each region of the urban agglomeration.

In the BTHUA, inefficient counties belonging to different types and located in various
regions have obvious heterogeneity in the improvement degrees and elements, indicating
that more precise governance must be implemented. The governance of urban agglomera-
tions needs to focus on adopting policies based on regional and special planning, while
adhering to systematic and comprehensive approaches. From an administrative type per-
spective, the inner city is a multifunctional center within the prefecture-level city limits,
generating a substantial economic radiation role in the surrounding areas. The improve-
ment of the inner cities in the BTHUA, mainly in Hebei, was economic output, including
secondary and tertiary industries. Inner cities with relatively low efficiency should continue
the strategy of industrial transformation. It is vital to devise more positive industrial and
land use policies to increase the share of productive services and high-tech industries in the
economic output and promote the redevelopment of inefficient urban land. The suburbs
bear the function of taking over the industrial transfer from the inner cities and are poten-
tially densely populated areas in the urbanization process. The direction for improving
ULUE in the suburbs was mainly economic and environmental, primarily tertiary industry
and BGR. The suburbs should adopt the strategy of city-industry integration to provide
more attractive talent policies and focus on improving the business environment to im-
prove the local industrial structure. Meanwhile, it is necessary to implement a sustainable
urban operation model and expand the size of urban green spaces. County-level cities
and county towns are satellite towns closely linked to the central urban areas and regional
centers that surround the rural hinterland. Compared with the inner cities and suburbs,
most county-level cities and county towns have more improvement elements and steps.
A long-term and tailored development plan is essential. For instance, industrial-oriented
county towns should adopt a strategy of industrial upgrading and subsidize R&D and
innovation for township enterprises to achieve higher-quality economic output, thereby
improving local living standards and reducing negative environmental impacts.

4.3. Limitations and Future Improvements

This study has certain limitations. First, this is a study on ULUE for a single urban
agglomeration, the BTHUA. Considering the diversity and complexity of cities in China,
it is necessary to include a wider range of urban agglomerations as samples for research.
Second, this paper used cross-sectional data to explore the improvement paths for ULUE
at the county level. In the future, introducing panel data will be required to further
identify and compare the improvement paths for inefficient counties in the process of
dynamic change. Moreover, in terms of the construction of the evaluation index system, in
order to explore green use and sustainable development for urban land more thoroughly,
data sources must be further broadened in the future by including energy consumption,
carbon emissions, etc., in the evaluation and analysis of ULUE. In addition, in terms of
research methods, this paper has mainly discussed efficiency improvement for inefficient
counties from the micro-level perspective. From the macro-level perspective, however,
the improvement of ULUE is also influenced by various exogenous drivers. Therefore, in
the future, making further efforts to combine micro- and macro-level perspectives will be
necessary to explore the mechanisms and improvement paths for ULUE.

5. Conclusions

In this study, the nearest targets and context-dependent DEAs were combined to
evaluate and identify ULUE and improvement paths for 197 counties in the BTHUA in 2018.
The improvement targets and steps for inefficient counties were compared and analyzed
using ANOVA and paired-samples t-tests. The improvement elements for inefficient
counties were classified and summarized according to the Q-type system clustering method,
and improvement paths for inefficient counties belonging to different types and located in
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various regions were further compared. The main conclusions are as follows. (1) Compared
to previous DEA methods for ULUE, better-matched improvement targets are identified by
CD-MinDS, resulting in significantly shorter improvement paths. The decomposition of
the improvement process by adding intermediate targets helps to identify more reasonable
steps and more practical guidance for middle- and low-level counties during the step-by-
step method. (2) The inefficient counties in the BTHUA account for more than 85% of the
total, and the improvement processes for inefficient counties at high, middle and low levels
have one, two and three steps, respectively. The types of improvement elements are more
concentrated in the high-level counties and more diverse in the middle- and low-level
counties. The economic benefits have a widespread impact on the improvement efficiency
of inefficient counties at all levels. However, the environmental and social benefits have a
crucial impact on achieving full efficiency for most middle- and low-level counties. (3) The
obvious heterogeneity is revealed in the improvement elements for inefficient counties
with different administrative types and regions in the short and long term. The inefficient
counties should make targeted improvements to achieve efficiency by addressing their
critical weaknesses at different stages.
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Abstract: Rural community resilience (RCR) is crucial to rural sustainable development in the context
of rural decline globally. Previous studies seem to underestimate the role of the built environment
(BE) in the proactive aspect of RCR (P-RCR), that is, a rural community’s ability to cope with change
proactively. This study explores BE’s effects on P-RCR with a holistic framework involving objective
BE (OBE), perceived BE (PBE), place attachment (PA) and P-RCR, using structural equation modeling
(SEM) based on a sample of 7528 rural respondents from eastern, central and western China. The
results are as follows: (1) Both OBE (population density and accessibility) and PBE (perceptions
of facilities, surrounding environment and safety) can significantly affect P-RCR in terms of social,
economic and environmental dimensions. (2) In all regions, PBE’s impacts were consistent and
positive on social and economic dimensions at both the individual and community levels (except
the community-level economic dimension in western regions), but negative on the individual-level
environmental dimension; OBE’s impacts were varied among regions. (3) In certain regions, PA and
PBE were mediators in the BE-P-RCR relationship. This study can help researchers to construct a
more detailed picture of the BE-P-RCR relationship and identify BE-related factors that contribute to
P-RCR enhancement.

Keywords: rural community resilience; objective built environment; perceived built environment;
place attachment; China

1. Introduction

Fostering rural community resilience (RCR) is gaining increasing attention along with
a series of rural issues confronted by many rural communities around the world, such
as depopulation, economic depression, employment reduction and increasing disaster
vulnerability [1-4]. RCR explains rural communities’ reactive and proactive responses to
disturbances for their survival and development [5-7], providing new theoretical perspec-
tives and strategies for rural communities to deal with the abovementioned issues [2—4,8].
Two aspects of RCR have been observed [6]. The reactive aspect of RCR (R-RCR), which
ensures a rural community’s original state of maintenance and short-term recovery in
the face of disturbances, typically involves the community’s ability to resist and absorb
disturbance [6,9]. Additionally, the proactive aspect of RCR (P-RCR), which facilitates a
rural community’s long-term survival and prosperity despite constant changes, usually
combines personal and collective ability to respond to change proactively with diverse
community resources [5,6,10]. 