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Abstract: Rural population has continually declined in response to the rapid urbanization process
occurring in China, and the related negative socioeconomic impacts on rural development have
attracted considerable attention from scholars. Currently, few studies have investigated the eco-
environmental impact of rural population decline. By employing remote-sensing data, including land-
use and normalized difference vegetation index (NDVI) data, this study proposed a method based on
the eco-environmental quality index (EQI) to measure the changes in the rural eco-environmental
quality (REQ) at the prefectural level from 2000 to 2020. Then, we examined the impacts of rural
population decline on REQ variations. We found that (1) most of the research units experienced
continuous rural population decline during the research period, with the rural population density
declining more than 25% from 2010 to 2020 in approximately half of the research units; (2) the
REQ improved in most of the units, especially in the western region, but there were still many
units that experienced a decline in the REQ, which were primarily concentrated in the coastal and
central regions; (3) rural population decline improved the REQ, but its impacts varied regionally;
and (4) rural population density, natural factors, and eco-environmental protection programs had
significant influences on REQ variations. These findings may provide a reference for sustainable-
development policies in rural China and other developing countries.

Keywords: rural population decline; eco-environmental quality; land-use change; China

1. Introduction

Rural population decline is a global phenomenon with large rural-to-urban migration
in recent decades. The total rural population in developed countries has declined from
0.32 billion in 1990 to 0.27 billion in 2018, and it is predicted to decrease to 0.17 billion by
2050 [1]. Recently, rural population decline has been observed in many developing countries
with a rapid urbanization process [2,3]. In China, national rural populations have declined
since 1995, when a continuous and rapid decline began [4]. Many studies have shown
that rural population decline has caused a series of socioeconomic problems, including
hollowing villages, land abandonment, and the aging of the rural population [5,6].

Besides these socioeconomic effects, rural population decline may have significant
effects on the rural eco-environmental quality (REQ). Existing research implies that a decline
in the rural population may help alleviate the human–environment tension and improve
the REQ. First, the rural population decline may prevent the expansion of construction
land, and the outmigration of rural labor has led to large-scale abandonment of arable land
in some regions [7–9]. Second, the consumption of natural resources, such as firewood,
may decrease with a decline in rural households, which may contribute to the recovery
of these natural resources [10,11]. Third, a decline in the rural population can reduce

Remote Sens. 2022, 14, 5217. https://doi.org/10.3390/rs14205217 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14205217
https://doi.org/10.3390/rs14205217
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs14205217
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14205217?type=check_update&version=2


Remote Sens. 2022, 14, 5217 2 of 21

human activities, which may improve biological diversity and reduce environmental
pollution [12–15].

These environmental benefits resulting from rural population decline build on the
premise that the remaining rural population does not change its behavior regarding eco-
nomic activities and consumption [16]; however, some studies have shown that the remain-
ing rural population tends to reclaim more arable land to obtain benefits through land
transfer in the farming–pastoral ecotone [7]. The out-migrated rural population may still
affect the rural environment. Many rural migrants have built or rebuilt their homesteads in
rural areas because they may return to their hometowns when they cannot obtain jobs in
the cities [17]. Thus, the influence of rural population decline on the change in the REQ
may be uncertain and variable.

Numerous studies have investigated changes in the Chinese eco-environment through
different perspectives or indicators, such as the following: (1) vegetation change, which is
represented by the normalized difference vegetation index (NDVI) derived from remote-
sensing data [18–20]; (2) changes in ecosystem service values or functions, which can
be measured by integrating a series of ecosystem services, such as soil formation, waste
treatment, biological control, and food production [21–23]; (3) changes in the ecological foot-
print, which measures anthropogenic pressure changes in the environment, and a declining
ecological footprint, contributing to the improvement of eco-environmental quality [24,25];
(4) the eco-environmental vulnerability index, which integrates several subsystems, such
as land-resource conditions, water–heat meteorological conditions, geological conditions,
and human impacts, to reflect the sustainable development ability of a region [26–29];
and (5) changes in the eco-environmental quality index (EQI), evaluating the different
eco-environmental quality (EQ) of the land-use type and then calculating the EQ changes
caused by land-use transition [30–33].

Furthermore, numerous studies have focused on national eco-environmental
change [12,23,34,35], whereas others have focused on special regions, such as ecologically
urban agglomeration areas, ecologically vulnerable areas, mountainous areas [31,36–39],
and specific cities [26,40]. Contemporary research indicates that, although the EQ has
been improving overall, some significant spatial differences have been observed, and the
urban agglomerations and the surrounding areas of large cities have shown a declining
EQ. Although natural factors have important influences on eco-environmental change,
economic factors, including urban sprawl, economic growth, and location, have been
regarded as crucial drivers in recent decades [12,19,34,40].

Although many studies on eco-environmental change exist, the question of how rural
population decline affects REQ variations has not yet been fully answered. Firstly, most
studies have measured the eco-environmental change of the whole region, and few have
targeted rural areas; however, the influence of urban land expansion on eco-environmental
change is significant [12,40,41], yet these existing findings may not be representative of
rural eco-environmental variations.

Secondly, most of the indicators or methods measure different aspects of the EQ
based on the unique concerns of each study, and they may not the most appropriate ones
to measure the changes in the REQ. Notably, vegetation change may not be suitable for
reflecting the REQ changes because arable land generally has a high NDVI value; thus, this
indicator may cover up the eco-environmental effect produced by the expansion of arable
land. Additionally, empirical estimations of ecosystem service values or functions may
have some difficulties or deviations for several reasons, such as not all ecosystem service
values being included, and the ecosystem service values possibly changing over time [21].
Furthermore, changes in the ecological footprint and eco-environmental vulnerability index
may not directly reflect REQ variations.

Thirdly, although the role of socioeconomic factors in the process of eco-environmental
change has been widely addressed, demographic change factors have not gained sufficient
attention. Some studies have employed population density as a factor in their analysis;
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however, there is a lack of discussion on how dramatic population changes affect eco-
environmental changes [34,35].

Against the above backgrounds, this study aims to examine the influence of rural
population decline on REQ variations in China. Specifically, we revealed the trends and
spatial differences in the rural population decline at the prefectural level from 2000 to
2020, measured REQ changes by proposing a revised EQI method combining land-use
transformations and vegetation changes, and then built regression models to investigate
the influences of rural population decline on the changes in the REQ at the national level
and in different regions.

Section 2 describes our methodology, including our methods for the measurement
of changes in the REQ, empirical models, and data and processing methods. Section 3
presents the results, including the spatiotemporal differences in rural population changes
and the changes in the REQ from 2000 to 2020, and the results of the empirical models
that explore the influence of rural population decline on the change in the REQ. Finally,
Sections 4 and 5 present our discussion and conclusions, respectively.

2. Methodology
2.1. The Measurement of Change in Rural Environmental Quality
2.1.1. The EQI Method

Land-use change can mirror the main body of eco-environmental changes; thus,
methods based on land-use transition have become an important research direction for
measuring eco-environmental changes [32,42–46]. Moreover, land-use change is closely
related to rural population changes. For example, rural population growth may lead to the
expansion of arable land, potentially resulting in the occupation of woodland and grassland
with important ecological functions. In contrast, rural population decline may cause arable
land abandonment and slow the expansion of construction land, which will contribute to
the improvement of the EQ [47–49].

Therefore, existing studies have employed the EQI method to measure eco-environmental
changes. The EQI method contains several steps. First, evaluate the EQI value of each land-
use type according to several ecological factors, such as habitat quality, vegetation cover,
land degradation, and water abundance [30–33]; for example, Yang et al. (2019) employed
0.7813, 0.6306, 0.5519,0.2522, 0.2000, and 0.4050 as the EQI values for forestland, grassland,
water, arable land, urban and rural construction land, and unused land, respectively [31].
Second, calculate the EQI value change of a region by summarizing the EQI change of each
land-use patch (Equation (1)).

CEj,(t,t+1) =
∑n

i=1(EQIi,t+1 − EQIi,t)

Sj
(1)

where CEj,(t,t + 1) is the change in the EQI value of region j from time t to t + 1; EQIi,t and
EQIi,t + 1 are the EQI values of land use patch i at time t and t + 1, respectively; Sj is the total
area of region j; and n is the number of land-use patches of region j, determined by the
land-use change matrix.

The EQI method has several limitations. The EQI values of land-use types are difficult
to quantify, and they were different in the existing studies, which may lead to different
results for the evaluation of the change in the EQ. Moreover, this EQI method overlooks
EQ variations in the unchanged patches. Rural population changes can also influence
the vegetation of some unchanged patches, which affects REQ variations. For example, a
rural population decline may reduce firewood demand and grazing quantity, which may
improve the vegetation coverage of forestland and grassland.

2.1.2. A Revised EQI Method

In this study, we revised the EQI method. Firstly, instead of calculating the value of
the EQI changes for each patch, we referred to the EQI value of different land-use types
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in previous studies to compare the EQI value change for each land-use patch; that is, we
identified each as either “no change,” “decrease,” or “increase” (Table 1). Secondly, the EQ
change for some unchanged patches was determined by the vegetation change, as reflected
by the NDVI values. We then calculated the differences between the number of patches
with decreased and increased EQ values to reflect the changes in the REQ.

Table 1. The environmental-quality change among the transformation of different land-use types.

Land
Type

Arable
Land Forestland Shrubland

Open
Wood-
land

Other
Wood-
land

HC
Grass-
land

MC
Grass-
land

LC Grass-
land Water Construction

Land
Unused

Land

Arable
land N

Forestland D A
Shrubland D G A

Open
woodland D G G A

Other
woodland D G G G A

HC
grassland D G D D D A

MC
grassland D G G N D G A

LC
grassland D G G G G G G A

Water D N N N N N N N N
Construction

land G G G G G G G G G N

Unused
land G G G G G G G G G D A

Note 1: HC, MC, and LC grasslands represent high-coverage, medium-coverage, and low-coverage grasslands,
respectively. Note 2: The column is the initial land-use type, and the row is the land-use type at the end of the
period. Note 3: N, D, and G indicate no change, a decrease, and a growth in the EQI, respectively, and A indicates
that the results depend on the changes in the NDVI value.

Table 1 presents the EQ changes among the transformations of the different land-
use types. These may be explained by us following the decreasing order of forestland,
high-coverage grassland, shrubland, medium-coverage grassland, open woodland, other
woodland, and low-coverage grassland to determine the EQ change between the woodland
and grassland. This can be supported by the EQI values for these land-use types in existing
studies [31,32], and it can also be reflected by the NDVI values of these land-use types.
Additionally, except for the transformation with arable, construction, and unused lands, the
transformations between water and the other land-use types were regarded as “no change”
in the EQ value because these changes may not be clearly related to rural population
activities. Furthermore, the transformation from unused land to construction land was
assigned a deceased EQ value. The existing studies have argued that the expansion of
construction land will increase the consumption of water, electricity, energy, and other
resources [24,33,34]. This will produce more CO2 emissions, wastewater, and domestic
garbage. These problems may be magnified in many Chinese rural areas because the
sewage- and garbage-treatment facilities have not been fully furnished. Finally, NDVI
changes were not applied to arable land, construction land, and water. NDVI changes to
arable land may be affected by agricultural machinery and fertilizers, and these NDVI
changes may not be suitable for rural construction land and water.

We adopted several steps to measure REQ variations (Figure 1). First, we calculated
the land-use change matrix during a certain period and excluded the land-use change
related to urbanized land. Second, based on Table 1, the patches with changed land-use
type were assigned “1” and “−1” for an increased and decreased EQ value, respectively.
Third, the NDVI value was assigned to unchanged patches in different years and the NDVI
value was calculated. To reduce the influence of the error on the NDVI value, patches
with an NDVI variation of more or less than 5% or −5%, respectively, were regarded as
an increase (assign value 1) or a decrease (assign value −1) in the EQ value, respectively.
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Fourth, the patches with no change in the EQ value were assigned a value of 0. Finally, we
calculated the change in the REQ of a research unit through Equation (2).

CEj,(t,t+1) =
∑n

i=1 f (Li,t, Li,t+1)

Sj
(2)

where Li,t, Li,t + 1 are the land-use types of patch i at time t and t + 1, respectively, and f is a
function that will return the value of “1,” “−1,” and “0” based on Table 1 and the NDVI
value changes for the unchanged patches.
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2.2. Hot–Cold-Spot Analysis

The hot-spot analysis tool was adopted to explore the spatial clusters of rural popu-
lation change and the changes in the REQ. This tool, operated by ArcGIS 10.7, estimates
the Getis–Ord Gi* statistic (Gi*); the units with a statistically significant high or low value
were regarded as hot or cold spots, respectively; and the spatially adjacent hot or cold spots
formed a cluster. Gi* can be calculated as follows:

Gi∗ =
∑n

j=1 wi,jXj − X∑n
j=1 wi,j

s

√
n∑n

j=1 w2
i,j−(∑n

j=1 wi,j)
2

n−1

(3)
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X =
∑n

j=1 Xj

n
(4)

S =

√
∑n

j=1 Xj
2

n
− (X)

2 (5)

where Xj is the rural population change or the change in REQ for unit j; X and S are
the average value and the standard deviation value for Xj, respectively; wi,j is the spatial
weight matrix calculated by the spatial distance among the units; and n is the number of
sample units.

2.3. Empirical Models and Variables

This study adopted a multiple linear regression model, given that the REQ change is a
continuous variable. The model is presented as follows:

REQ = f (Natural, Eco, Demo, Policy) (6)

where REQ is the dependent variable, which represents the change in rural eco-environmental
quality, and Natural, Eco, Demo, and Policy represent the independent variables related to nat-
ural conditions, economic development, demographic change, and state eco-environmental
protection policies, respectively.

The variables and their descriptions are presented in Table 2. The change in rural
population density was adopted as an indicator of rural population changes because it can
eliminate the influence of regional areas [20,32,35]. Although many regions experienced
significant rural population decline, the rural population was still large, which may have
produced considerable pressure on the REQ [4]. Thus, we also employed rural population
density as another demographic factor.

Table 2. The variables and descriptions.

Categories Variables Definition and Description Abbreviation

Natural

Terrain The average terrain of a research unit Terrain

Temperature The average annual temperature during a
certain period Temp

Precipitation The average annual precipitation during a
certain period Precipitation

Economic

Rural land average GDP The average GDP value within the rural
scope of a unit LGDP

Change in the rural land
average GDP

The change rate of the rural land
average GDP RLGDP

Road network density The ratio between the total mileage of the
main road and the area in a research unit RND

Demographic
Rural population density The ratio between the number of the rural

population and the area in a research unit RPD

Rural population density change The change rate of the rural population
density CRPD

State policy
Forest conservation The Natural Forest Conservation Program NFCP

Forest construction The Key Shelterbelt Construction Program KSCP

Existing studies have shown that natural conditions are the fundamental factors
of EQ in a region [20,32,33]. The three natural factors that we considered were terrain,
temperature, and precipitation. Terrain can affect land-use change, with a high terrain
potentially leading to a land-use pattern dominated by woodland and restraining agri-
cultural production activities. Thus, we expect that a high terrain may contribute to REQ
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improvements. We adopted the average terrain of the research unit as an indicator of the
terrain factor. Furthermore, high temperatures and precipitation can improve the REQ by
promoting plant growth, but they may also encourage the reclamation of arable land; thus,
the influences of temperature and precipitation on the REQ are uncertain. The average
annual temperature and precipitation during a certain period were used as temperature
and precipitation indicators, respectively.

Economic development can significantly influence EQ changes [19]. With the rapid
development of industrialization, economic development in many rural areas has not been
limited to agricultural production, with rural industries having also rapidly developed,
especially in developed coastal regions such as Shandong and Jiangsu [50]. In this study, we
employed the rural land average gross domestic product (GDP) and its change to represent
the intensity and change in economic activities in rural areas, respectively. Road networks
extend the scope of human activities and affect the surrounding environment [32,35];
therefore, to eliminate the influence of the area of a unit, we employed the road network
density to represent the level of the road network.

To improve the environmental quality and prevent windblown sand, the Chinese
central government has implemented several national programs for forest conservation and
construction. The Key Shelterbelt Construction Program (KSCP) and the Natural Forest
Conservation Program (NFCP) are two important programs that cover a large scope and
feature continuous implementation [23]. Therefore, we introduced two dummy variables
to represent these programs, one for the units covered by the KSCP or NFCP program and
the other units as a reference group.

2.4. Data Sources and Processing

We adopted land-use raster data with a resolution of 1 km × 1 km from 2000, 2010,
and 2020; annual NDVI data with a resolution of 1 km × 1 km from 2000, 2010, and 2020;
Digital Elevation Model data with a resolution of 30 m × 30 m, a spatial interpolation
dataset of annual average temperature and precipitation, from 2000, 2010, and 2020; and
land GDP data with a resolution of 1 km × 1 km from 2000, 2010, and 2019, supplied by
the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(RESDC) (https://www.resdc.cn, accessed on 10 July 2022).

Land-use data were employed to analyze land-use changes during the research period.
The RESDC conducted image pre-processing, classification, and classification accuracy
assessment of cloud-free Landsat Thematic Mapper (TM) (It was a whiskbroom instrument
designed and built by SBRC (Santa Barbara Research Centre) of Hughes Aircraft Company
in Goleta, USA) images with resolutions of 30 m and seven bands. Land-use types included
(1) construction land, including urbanized, rural residential, and other construction land;
(2) arable land; (3) woodland, including forestland, shrubland, open forestland, and other
woodlands; (4) grassland, including high-, medium-, and low-coverage grassland; (5) water;
and (6) unused land, including sand, bare land, bare rocky land, and others.

Annual NDVI data were generated using the maximum value of the monthly NDVI
data. We adopted annual NDVI data to reflect the vegetation changes in the land-use
patches. We employed land GDP data to calculate average rural land GDP. Specifically,
based on the land-use data, we identified the rural scope by excluding urbanized land
and then calculated the average value of the land GDP grids within the rural scope. The
average temperature, precipitation, and terrain values of the grids within a research unit
were calculated to represent the corresponding values of the research unit.

The population data in this study were primarily from the Population Census Data
of China for 2000, 2010, and 2020, which provide information about the rural population
at the prefectural level. Population data were employed to measure the rural population
decline. Some research units have experienced administrative boundary adjustments; thus,
we referred to the “Administrative Divisions Yearbook of China” from 2000 to 2020 to
adjust the vector boundary and data to make them comparable over the years. Finally, the

https://www.resdc.cn
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number of research units with comparable rural population data was 342 in the period
2000–2020 (Figure 2).
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The data for the forest conservation and construction programs were from the Ministry
of Ecology and Environment, which released a county list of the NFCP and KSCP programs.
The prefectural units in which the listed counties are located were regarded as being
covered by these programs (Figure 3).
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3. Results
3.1. Rural Population Decline in China from 2000 to 2020

The rural population in China experienced a continuous decline from 2000 to 2020
(Figure 4). The size of the rural population declined from more than 800 million in 2000 to
approximately 670 million in 2010, and then to approximately 500 million in 2020, with a
total decline of approximately 37.5% from 2000 to 2020. The annual decline rate fluctuated
but generally accelerated, increasing from approximately 1.5% in 2000 to approximately
2.5% in 2010 and then to approximately 3.0% in 2020. After 2015, this decreasing trend
slowed but remained considerable.
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Most prefectural-level units also experienced significant rural population decline,
with the average decline rates being approximately 16% and 24% during 2000–2010 and
2010–2020, respectively. Some spatial differences were also observed, as shown in Figure 5.
First, the units with a severe rural population decline were concentrated in the following
region from 2000 to 2010: (1) the peripheral area of the Yangtze River Delta (YRD), including
Jiangsu, Zhejiang, and parts of Anhui, largely because the developed YRD region has
attracted rural migrants from the surrounding areas; (2) the middle reaches of the Yangtze
River region (MYR) and the Cheng-Yu region, which contains Hunan, Hubei, the northeast
part of Sichuan, and Chongqing, which were characterized by the large rural population
and less developed economy, with many rural migrants having moved to the coastal region
to seek job opportunities; and (3) the northwest region, including central Inner Mongolia
and northern Shaanxi, which has poor natural and production conditions. In contrast, the
northeast and southwest regions had a relatively slight decline in the rural population, and
Tibet, part of Xinjiang, and northern Guangdong, experienced a slight growth in the rural
population, which may be closely related to their high natural growth rates.

Second, during 2010–2020, the units with a severe decline in rural population were still
concentrated in the peripheral area of the YRD, MYR, Cheng-Yu, and northwest regions,
and most of these units had a higher decline rate than those from 2000 to 2010. Moreover, the
units in the Gansu, Shaanxi, Shanxi, Jiangxi, and northeast regions experienced a significant
increase in the decline rate, whereas the units in Shandong, Zhejiang, Guangdong, and the
southwest region had a relatively low decline rate, and some units in Tibet had a positive
change in the rural population.
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The results of the hot-spot analysis are presented in Figure 6. Most of the units in
the coastal, central, and western regions formed cold spots from 2000 to 2010, indicating
that these units had a significantly higher decline rate in the rural population. Meanwhile,
the hotspots were concentrated in the northeast region, Tibet, and part of Qinghai. There
were some changes from 2010 to 2020. The cold spots formed two concentration regions:
one contained the units in the MYR, Cheng-Yu, and northwest regions, and the other
mainly referred to the northeast region. In contrast, most units in coastal regions became
insignificant. The units in Tibet were still hot spots, and most units in Guangdong, Guangxi,
Fujian, and Jiangxi changed from insignificant to hot spots.
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3.2. Spatiotemporal Differences of Changes in the REQ
3.2.1. An Overall Picture of the Change in the REQ at the National Level

The national REQ improved during both periods (2000–2010 and 2010–2020). The aver-
age values of the change in REQ at the national level were approximately 6.8% from 2000 to
2010 and approximately 2.0% from 2010 to 2020. This benefitted from the transformations
between the subtype of grassland, the transformations from grassland to woodland, the
returning or abandonment of arable land, and the transformations from unused lands
to woodland and grassland (Table 3); however, some differences were observed between
the two periods. The contributions of transformations related to unused and arable land
increased, and those related to grassland and woodland declined significantly.



Remote Sens. 2022, 14, 5217 12 of 21

Table 3. The land-use change matrix for the change in the REQ.

Arable Land Woodland Grassland Water Construction Unused
Land Total

The land-use change matrix for the improvement in the REQ (%)

Arable land 0 (0) 9.6 (12.0) 8.7 (12.0) 7.2 (8.2) 0 (0) 0 (0) 25.5 (32.2)
Woodland 0 (0) 16.4 (4.7) 1.1 (2.5) 0 (0) 0 (0) 0 (0) 17.5 (7.1)
Grassland 0 (0) 5.7 (7.2) 26.6 (7.9) 0 (0) 0 (0) 0 (0) 32.3 (15.1)

Construction 5.8 (2.3) 0.1 (1.4) 0.1 (1.8) 0.2 (1.2) 0 (0) 0 (0.2) 6.3 (6.8)
Unused land 7.9 (4.9) 0.9 (6.3) 7.5 (19.0) 1.6 (4.9) 0 (0) 0.5 (3.6) 18.5 (38.7)

Total 13.7 (7.2) 32.6 (31.6) 44.0 (43.1) 9.0 (14.3) 0 (0) 0.6 (3.8) 100 (100)

The land-use change matrix for the decline in the REQ (%)

Arable land 0 (0) 0 (0) 4.3 (0) 0 (0) 0 (4.6) 2.4 (3.9) 6.6 (8.5)
Woodland 7.8 (7.1) 8.6 (5.7) 4.8 (8.3) 0 (0) 0.9 (1.8) 1.2 (4.9) 23.3 (27.7)
Grassland 19.5 (7.8) 6.7 (4.2) 14.5 (10.0) 0 (0) 0.9 (2.3) 15.0 (20.7) 56.7 (44.9)

Water 7.3 (7.4) 0 (0) 0 (0) 0 (0) 1.0 (1.6) 4.4 (5.6) 12.6 (14.6)
Unused land 0 (0) 0 (0) 0 (0) 0 (0) 0 (0.2) 0.7 (4.1) 0.8 (4.3)

Total 34.6 (22.3) 15.3 (9.8) 23.6 (18.3) 0 (0) 2.8 (10.6) 23.7 (39.1) 100 (100)

Note 1: The values in brackets are those for 2010–2020. Note 2: The column is the initial land-use type, and the
row is the land-use type at the end of the period. Note 3: The transformation between the same land-use type
means there are changes among the subtypes or changes in the NVDI values.

In contrast, some land-use changes reduced the REQ. The degradation of grassland,
expansion of arable land, and degradation of woodland were the three most important
reasons for REQ decline; however, the contribution of arable land expansion to the decline
in REQ was reduced from 34.6% to 22.3%. The degradation of woodland increased its
contribution to the decline in the REQ. Moreover, the percentage of the occupation of
construction land to the total patches with declined EQ significantly increased from 2.8% in
the first period to 10.6% in the second period.

Overall, the land-use changes that influenced the REQ were two coexisting processes.
The decline in REQ caused the expansion of arable land to decline, and the return or aban-
donment of arable land contributed to the improvement of the REQ. The transformation
of unused land to grassland and woodland, and the improvement of existing woodland
and grassland, exceeded the reverse processes, which were significant contributors to the
improvement in the REQ.

3.2.2. Spatiotemporal Differences in Changes in the REQ at the Prefectural Level

Approximately 9.2% of the research sample had a decline in REQ from 2000 to 2010,
and it was mainly scattered in the coastal regions, including Hebei, Shandong, and Jiangsu.
The units with a significant improvement in REQ were concentrated in the following regions
(Figure 7): (1) the northwest region, including northern Shaanxi, Ningxia, Gansu, and the
northeast part of Inner Mongolia, which are known as the fragile eco-environment but have
gained considerable support from the central government to protect the grassland and
forestland; (2) the southwest region, including Yunnan, Guizhou, Guangxi, and southern
Sichuan, which are mountainous areas with relatively abundant precipitation; and (3) the
border areas of Xinjiang, which are characterized by a fragile eco-environment and low
population density.

From 2010 to 2020, more than one-third of the research units had a declined REQ. The
coastal region, especially Hebei, Shandong, and Jiangsu, experienced an obvious expansion
of units with a declining REQ. Many units in the central region, especially those in Henan
and Anhui, changed from a slight increase to a slight decrease in REQ. Some units in the
northeast region, Tibet, and Xinjiang also experienced a slight decline in REQ. Units with a
significantly increased REQ were still concentrated in the southwest and northwest regions.
Moreover, many units in Guangdong, Guangxi, and parts of Fujian experienced significant
improvements in the REQ.
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Figure 8 presents the results of the hot-spot analysis. From 2000 to 2010, the cold spots
were mainly concentrated in Shandong, Jiangsu, and Zhejiang in the coastal region and
Anhui and Jiangxi in the central region. Hot spots were distributed in the northwestern
and southwestern regions. From 2010 to 2020, the cold spots shrank, but they were still
concentrated in Shandong and Jiangsu. Anhui, Henan, and Hubei in the central region
and Tibet and Xinjiang in the western region experienced an increase in cold spots. In
contrast, the hot spots significantly expanded in the western region, indicating that the
REQ continuously improved during the research period.
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3.3. Examining the Impacts of the Rural Population Decline on the Changes in the REQ
3.3.1. Results for All Samples

Table 4 presents the REQ variations for all samples. Multicollinearity problems were
examined using the variance inflation factor (VIF). The models passed the collinearity
threshold (VIF < 5 for the average value and that of each variable) and the Breusch–Pagan
test for heteroscedasticity problems. The F statistics were all significant at a confidence
level of 99% and the adjusted R2 values were greater than 0.45, showing good explanatory
power for the changes in the REQ.
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Table 4. The regression results for all samples.

Categories Variables 2000–2010 2010–2020

Natural
Terrain 0.220 *** 0.229 ***
Temp 0.388 *** 0.325 ***

Precipitation 0.408 *** 0.266 **

Economic
LGDP −0.112 −0.120

RLGDP −0.027 −0.133 ***
RND −0.156 ** −0.097 **

Demographic RPD −0.309 *** −0.231 ***
CRPD −0.126 ** −0.143 ***

State policy NFCP 0.161 *** 0.315 ***
KSCP 0.134 *** 0.141 **

Constant 0.255 *** 0.086 ***
F-value 11.39 11.69

Adjusted R2 0.47 0.52
Sample 340 340

Note 1: *** and ** denote significance at the 1% and 5% levels, respectively. Note 2: We have adopted the
standardized coefficients for each variable.

Rural population changes can significantly explain REQ variations during the two
periods. The coefficients for the CRPD were significantly negative, suggesting that more
serious rural population declines lead to greater REQ improvements. However, the absolute
values of the coefficients for CRPD were significantly lower than those of most of the
variables with a significant coefficient, such as temperature, precipitation, and RPD. This
indicates that the influence of CRPD on the change in REQ was relatively low.

The rural population density, a control variable, significantly affected the change in
the REQ. The coefficients for RPD were both significantly negative in the two periods,
suggesting that a low rural population density can contribute to improving the REQ.
Moreover, the absolute values of the coefficients for the RPD were relatively high, indicating
that rural population density can largely determine the changes in the REQ.

Natural factors generally had a significant influence on REQ variations. The terrain
had significantly positive coefficients, showing that units with higher terrain had more
improved REQs. A possible reason may be that regions with a higher terrain generally
have poor production conditions, which can help prevent intensive production activities.
Temperature and precipitation also had significantly positive values, suggesting that the
higher the temperature and precipitation, the higher the improvement in the REQ.

Economic variables had varied effects on changes in REQ. Rural land average GDP had
trivial influences on the changes in REQ in the two periods, given that the coefficients for
LGDP were insignificant. This may be because the rural economic activities in most units,
especially those in the central and western regions, were relatively low during the research
period. Furthermore, the growth of rural land average GDP had minimal influence on the
changes in the REQ in the period from 2000 to 2010, but its influence became significant
from 2010 to 2020. The higher the growth of the rural land average GDP, the more the
REQ declined. The reason may be that many units have experienced rapid rural economic
development supported by the rural revitalization strategy in recent decades, which has
brought some pressure on the REQ. Road network density had a significant influence on the
change in the REQ, with a high road network density reducing the REQ, possibly because
a high road network density can extend human activities.

The coefficients for NFCP and KSCP were significantly positive, suggesting that the
units covered by the programs on forest conservation improved more in the REQ. The
absolute value of the coefficient for NFCP was higher than that of KSCP, implying that the
NFCP program had a stronger influence on the improvement in the REQ, possibly because
the implementation of the NFCP program was relatively easier.
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3.3.2. Results for Different Regions

The performance of the variables in different regions, namely, the coastal, central,
and western regions, was investigated. The coastal region is characterized by a high
rural population density and developed rural economy, whereas the central region is
characterized by a high rural population density but a less developed rural economy
dominated by agricultural production. The western region generally has a relatively low
rural population density, a less developed rural economy, and a fragile eco-environment.

Temperature and precipitation were highly correlated in the coastal and central regions,
and the VIF values of temperature were higher than 5; thus, we excluded the temperature
from the models for the coastal and central regions. Moreover, the NFCP program covered
a small part of the coastal region; thus, it was not included in the models for the coastal
region. The models passed the collinearity threshold and the F statistics, and the adjusted
R2 values were approximately 0.4, showing good explanatory power for the changes in the
REQ. This led to several interesting results (Table 5).

Table 5. The regression results for different regions.

Categories Variables
Coastal Region Central Region Western Region

2000–2010 2010–2020 2000–2010 2010–2020 2000–2010 2010–2020

Natural
Terrain 0.023 ** 0.255 ** −0.095 0.651 0.253 *** 0.176 **
Temp 0.475 *** 0.215 **

Precipitation 0.106 ** 0.187 ** 0.268 ** 0.162 0.118 0.340 ***

Economic
LGDP −0.099 ** −0.227 ** −0.088 −0.150 −0.331 −0.326

RLGDP −0.014 ** −0.065 ** 0.170 −0.072 ** −0.092 ** −0.236 **
RND −0.017 ** −0.071 ** −0.101 ** −0.112 ** −0.276 *** −0.299 ***

Demographic RPD −0.145 −0.083 −0.586 ** −0.297 ** −0.446 *** −0.350 **
CRPD −0.054 −0.152 −0.057 −0.053 −0.205 ** −0.160 **

State policy NFCP 0.230 ** 0.203 ** 0.101 0.326 **
KSCP 0.342 *** 0.144 ** 0.024 0.349 ** 0.283 *** 0.239 ***

Constant 0.029 *** 0.042 *** 0.560 *** 0.931 *** 1.344 *** 1.511 ***
F-value 9.53 10.56 16.25 17.01 16.58 15.76

Adjusted R2 0.39 0.38 0.49 0.49 0.44 0.41
Sample 90 90 83 83 133 133

Note 1: *** and ** denote significance at the 1% and 5% levels, respectively. Note 2: We have adopted the
standardized coefficients for each variable. Note 3: The northeast region has not been analyzed because it contains
only 36 research samples, which may affect the robustness of the regression results.

Rural population changes can significantly explain the changes in the REQ in the
western region. The coefficients for CRPD were significantly negative, which was consistent
with those of the models for all samples. The western region generally has a fragile eco-
environment and the REQ may be sensitive to rural population changes. In contrast, rural
population change had weak explanatory power for changes in the REQ in the coastal
and central regions. This may be because units with a declined REQ in the coastal and
central regions were the most populated areas, and the rural population decline may not
have reached the threshold to significantly alleviate the human–environment tension. For
example, the reclamation of arable land and construction of rural homesteads were still
observed during the research period.

Economic factors had varied explanatory powers for changes in REQ in different
regions. In the coastal region, the coefficients for LGDP and RLGDP were significantly
negative in both periods, reflecting that the high intensities of economic activities prevented
the improvement of REQ. In the central and western regions, the coefficients for LGDP were
insignificant, possibly because their rural economic developments were at a low absolute
level, which cannot sufficiently influence REQ variations; however, the coefficients for
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RLGDP were significantly negative in the central and western regions, suggesting that the
growth of average rural land GDP reduced the REQ in some units.

From a comprehensive perspective, the REQ variations in the coastal region were
determined by economic and natural factors, and state eco-environmental protection
policies also played an important role. In contrast, demographic factors had relatively weak
influences on the changes in the REQ. In the central region, rural population density was a
leading factor in the changes in the REQ, and state policies were also very important for
the improvement of the REQ, but economic factors had relatively weak influences on the
changes in the REQ. In the western region, demographic, natural, and state policy factors
had significant influences on changes in the REQ, and economic factors were increasingly
important in affecting the REQ.

4. Discussion

Rural population decline and associated socioeconomic problems have attracted con-
siderable attention from scholars and policymakers [4,5]; however, considering the tension
in the human environment resulting from the large population size in rural Chinese areas,
this study aimed to explore whether rural population decline could contribute to the im-
provement in the REQ. This may support policies for sustainable rural development of the
eco-environment.

4.1. Performance Evaluation of the Revised EQI Method for Measuring Changes in the REQ

Many studies have adopted the EQI method to measure eco-environmental quality
based on the eco-environmental quality values of different land-use types [30–33]. In this
study, we revised the EQI method in several ways. First, we measured the percentage
of the net number of patches with a decrease and an increase in the EQ to the total
patches of a region, rather than calculating the specific eco-environmental values, to
measure the changes in the REQ. This can avoid the possible different results caused by
the evaluation of the absolute EQI values of different land-use types, and it makes the
differences in REQ variations among regions more comparable. Second, we excluded
the eco-environmental change caused by land-use transitions with little or no clear
connection with rural population activities; thus, our estimation of the changes in the
REQ was closely related to rural population activities. Third, we considered the EQ
change of unchanged land by introducing the NDVI data, and the results showed that
approximately 10% of unchanged land led to a significant change in the NDVI value.
Therefore, our revised method may improve the measurement of eco-environmental
changes related to rural population activities.

We cannot evaluate the accuracy of our results by comparing them with existing
studies because few studies have directly explored the REQ change in China. Neverthe-
less, the following aspects may help confirm the validity of our results. First, existing
studies have shown that many regions (containing urban and rural areas) in western
China improved eco-environmental quality from 2000 to 2015 [32], indicating that the
REQ in the western region may have also improved, which is consistent with our find-
ings. Second, using Heilongjiang as a case, we found that most units in Heilongjiang had
a declining REQ from 2010 to 2020. The research of Wang et al. (2020) revealed that the
rural settlements expanded significantly from 2000 to 2020 [51], and declining NDVI val-
ues have also been observed in the past few decades [52], supporting that Heilongjiang
may have experienced a reduced REQ in recent decades. Third, we found that many
units in the coastal and central regions have reduced their REQ, which is consistent with
the empirical knowledge, because the coastal region has a rapid industrial development
and the central region has a quite high rural population density, which may prevent the
improvement of the REQ.
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4.2. REQ Changes and the Factors

Our results showed that the REQ at the national level improved in both periods
(2000–2010 and 2010–2020). This is not consistent with studies on the eco-environmental
change of a whole region, which have shown that eco-environmental quality has generally
declined in recent decades [31,32]. This indicates that existing studies may not accurately
reflect REQ variations, and the rapid expansion of urban land is the primary driver of
the decline in eco-environmental quality. Moreover, we found that the changes in the
REQ had significant spatial differences, which is similar to the findings of existing studies.
Many units in the coastal and central regions led to a declined REQ, and many units in the
western region had the opposite result.

Existing studies have revealed that eco-environmental changes are negatively related
to population density, but the role of rural population decline remains unclear [20,32,35].
In this study, we also found that a low rural population density can promote REQ. More
importantly, our empirical models verified that rural population decline can contribute
to the improvement of the REQ; however, we also found that the absolute influence of
rural population decline on changes in the REQ was lower than that of rural population
density. Although many units have experienced significant rural population decline in
past decades, the absolute size of the rural population is still substantial in many regions.
Thus, the out-migration of the rural population may not have fundamentally changed the
human–environment tension, which limited the contribution of rural population decline to
REQ improvements.

We also found that rural population decline had varied influences on changes in
the REQ among different regions. Rural population decline significantly improved the
REQ in the western region characterized by a low rural population density and a fragile
environment. However, the rural population decline had a weak influence on the REQ
in the coastal and central regions. This may be because these regions have a large rural
population and labor surpluses, the rural population decline may not have reached a
threshold to produce enough influences on the REQ changes, and the remaining population
in the rural areas still put significant pressure on the REQ. This may also be related to the
natural conditions and local policies in these regions [20,22]. Thus, we argue that although
rural population decline can generally promote the REQ, its impact on the changes in the
REQ in a specific context may still need further examination.

The important role of eco-environmental protection programs in eco-environmental
change has been addressed in previous studies [23,32]. Our results are consistent; that is,
the NFCP and KSCP programs significantly promoted the REQ, especially in the western
region. In contrast to existing findings, we found that economic factors did not strongly
affect changes in REQ. This may be related to the fact that industrial development has been
concentrated in urban areas and has been very weak in most rural areas.

4.3. Policy Implications

Our findings have several implications for sustainable development policies. First, we
suggest that governments take a more comprehensive view of rural population decline.
Policymakers have focused on the negative impact of rural population decline; however,
the large rural population has put considerable pressure on the rural eco-environment,
such as the occupation of ecological land and the destruction of vegetation. We found that
rural population decline can generally alleviate human–natural tension and promote the
REQ, and thus controlling rural populations can contribute to the sustainable development
of the rural eco-environment, especially in areas with a fragile eco-environment. Second,
economic growth in many rural areas has a significant negative influence on REQ; thus,
we suggest that governments should pay attention to the eco-environmental effect of rural
industrial development in a rural industrial revitalization context. For one thing, rural
industrial development should conserve land and use it intensively; for another, it may
need to control the development of industries with serious pollution. Third, environmental
protection programs have significantly promoted the REQ. However, these programs have
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focused on the regions with a fragile eco-environment in the western region, and many
populated regions in the coastal and central regions have not been covered. We suggest
that the central government extend the coverage of these programs, especially in regions
with a declining REQ.

5. Conclusions

Based on remote-sensing data, including land-use data and NDVI data, this study
revised the EQI method to measure the changes in the REQ and built empirical models to
explore the impacts of rural population decline on the changes in the REQ. We found that
REQ improved nationally from 2000 to 2020, with some significant spatial differences; that
is, the units with declining REQ were mainly concentrated in the coastal and central regions,
and most units in the western region significantly promoted the REQ. Our empirical models
revealed that the rapid decline in the rural population contributed to the improvement in
the REQ. However, the influence of rural population decline on the changes in the REQ
was closely related to the regional context and was more significant in the western region
with a fragile environment. Moreover, whereas the rural population density and economic
growth had negative effects on the changes in the REQ, the favorable natural factors and
the state eco-environmental protection policies contributed to the improvement of the REQ.
We suggest controlling the rural populations in the regions with a fragile eco-environment
and a declining REQ, which can contribute to the sustainable development of the rural
eco-environment.

This study contributes to existing research in the following aspects. First, we measured
the EQ change targeted at rural areas and verified the positive influence of rural population
decline on the changes in the REQ. This will contribute to the understanding of the positive
aspects of rural population decline for the sustainable development of rural areas. Second,
we proposed a revised EQI method that can be applied to measure changes in the REQ
related to rural population activities. The revised EQI method can avoid the possible
different results caused by the evaluation of the absolute EQI values of different land-use
types, and it also considers the EQ change of the unchanged land-use patches.

Finally, this study has several limitations. First, the eco-environmental effects of rural
population change are complex; the REQ change reflected by land-use change is only one
of the aspects, and the exploration of other aspects may further deepen the understanding
of the relationship between rural population activities and REQ changes. Second, the
regional contexts in China are quite different, and the research at the national scale may not
accurately reflect the relationship between rural population decline and REQ changes in
some specific regions, especially the regions with complex human–natural relationships.
Third, the mechanism of the influence of rural population decline on the changes in the
REQ may need to be further explored from the perspective of rural household investigation
or case studies.
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