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Global population growth has increasingly intensified human interferences with
natural ecosystems. These interferences often exhibit complexity and diversity
characteristics. Understanding the relationship between population growth and
environmental issues has become a focus in the current scientific community.
This study, leveraging multi-source remote sensing and census data from China
for the years 2000, 2010, and 2020, utilized multiple spatial econometric models
to investigate the pressure of population dynamics on Ecological Environment
Quality (EEQ). A bivariate local spatial autocorrelation model was applied to
pinpoint regions that experienced significant population pressure in China over
the past two decades. Results showed that there was a rise in population density,
with larger cities attracting more migrants to become residents and EEQ
declining in most counties. The analysis revealed a strong spatial dependence
between changes in EEQ and population. Spatial regression models were more
effective than non-spatial models in explaining population pressure on EEQ.
Population growth was significantly associated with EEQ decline. Based on the
spatial regression model, EEQ decreased by 0.029% for every 1% increase in
population from 2000 to 2010. During 2010-2020, this impact was more
pronounced, with a 1% population associated with a 0.069% decline in EEQ.
Pressure zones analysis showed the most widespread regions were unsustainable
zones (decreases in population and EEQ), followed by areas with both population
increases and EEQ declines, with fewer regions demonstrating coordinated
development improvements. Effective solutions to address the challenges of
population pressure on EEQ involve government regulation, strategic planning,
cross-regional management, and the sharing of responsibilities and benefits.

population stress, EEQ, spatial
identification, China

regression, population pressure zone

1 Introduction

According to the 2024 World Population Prospects, the global population reached
approximately 8.2 billion in mid-2024 and will peak at 10.3 billion by the mid-2080s (The
United Nations, 2024). Increasing global population pressures and human impacts on EEQ
are a major global challenge (Kii, 2021; Chi and Ho, 2018). Especially, in the 21st century,
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the global population continues to grow, creating or aggravating a
series of problems, including global warming (Li L. et al., 2022), food
security (Chen et al, 2023; Zheng et al, 2023), and EEQ
deterioration (Chen et al, 2023; Delgado and Marin, 2020),
among others. The increasingly deteriorating eco-environment
not only threatens human beings’ survival and social
development but also affects the coordinated human-land
relationship regional systems (Liu et al,, 2023; Zhou et al., 2023;
Myers, 1987). As one of the most populous countries, China faces
intense population-resource-environment challenges, which exert
significant pressure on EEQ (Zhou et al,, 2023). China’s diverse
environmental and resource conditions, combined with
socioeconomic imbalances, create large spatial variations in
population impact on EEQ (Li et al., 2020; Song et al,, 2021; Xu
et al,, 2020). The conflict between population and EEQ has become
the focus in various fields, such as demography, ecology, geography,
and economics, but their spatial relationship is still unclear and
needs further exploration (Yang et al., 2024a; Bu et al., 2022).
Population growth is a direct factor that increasingly cause
pressure on EEQ (Chi and Ho, 2018; Xu et al, 2020). The
conflicts between population and EEQ are complex and diverse.
First, population growth has intensified the demand for energy,
water, food, and other resources, leading to extensive deforestation,
wetland filling, overgrazing of grasslands, overfishing of oceans, and
ultimately resulting in the destruction and degradation of natural
ecosystems (Yang et al, 2024b; Liu et al, 2021). Second, the
increasing scope and intensity of human activities have led to a
in the

construction such as houses, roads, and factories. A large amount

further increase demand for land for infrastructure
of ecological land has been occupied, resulting in the destruction and
degradation of natural habitats and biodiversity loss (Zeng et al.,
2023; Li G. etal., 2022; Ren et al., 2022). Additionally, the continuous
acceleration of industrialization and urbanization leads to a large
number of pollutants discharged into the environment, causing
serious pollution (Gao et al., 2023; Zhao and Wang, 2022).
Previous studies have constructed appropriate population and
EEQ indicators to clarify the impact mechanism of population
growth on EEQ (Chi and Ho, 2018; Chen D. et al, 2020; Yan
et al, 2017). A series of indicators such as moderate population,
population carrying capacity, and population pressure are used to
measure the characteristics of population change (Molotoks et al.,
2021; Zhang et al., 2020; McCool et al., 2024). Moreover, these
indicators have certain advantages in the studying the relationship
between population, resources, and environment (Zhang et al., 2019;
Fang et al., 2024). For example, the population carrying capacity
index considers more the supply capacity of various resources such
as mineral resources, land resources, water resources, atmospheric
environment, geological environment, water environment,
ecological environment, etc. for population growth (Chen D.
et al, 2020; Yan et al, 2017; Fang et al, 2024). However,
population pressure is generally considered to be the level of
pressure exerted by the existing population in a region on the
resources and the surrounding environment (Chi and Ho, 2018).
With the deepening understanding of its concept, the measurement
of population pressure is no longer limited to the number of people,
but more extensively represented by other properties in various
dimensions (Shen et al., 2023; Zhang et al., 2020; Mahmoud and

Gan, 2018). The population pressure is not only the inappropriate
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state of the occupation of tangible resources, but also the
inadaptability of intangible resources, economy, and social system
(Zhou et al., 2020). Per capita cropland area, per capita grain output,
per capita water resources, and per capita economic density, have
been used as indicators of population pressure in previous studies
(Chi and Ho, 2018; Wang and Li, 2021; Holdren and Ehrlich, 1974).
These indicators were constructed mainly to find the appropriate
point of population pressure on resources, environment, and
socioeconomic factors, rather than to measure population
pressure from the essence of population quantity (Wang and Li,
2021; Holdren and Ehrlich, 1974).

The variation in regional population is tightly linked to local
resources, environmental conditions, and regional economic
development. For example, areas with higher population density
(PD) require more resources to meet the demands for food, water,
growth,
industrialization, and urbanization within a region by population

ecological balance, and infrastructure. Economic
growth inevitably exert pressure on EEQ (Chi and Ho, 2018). Since
population is the primary agent of socioeconomic activities,
population activity intensity serves as a key indicator reflecting
the social background within the population-environment system
(Chi and Ho, 2018). The intensity of population activity is not only
related to changes in population size, but also more closely related to
changes in PD. The increase in PD can lead to a series of problems,
such as excessive resource consumption, environmental pollution,
and ecosystem destruction, thereby increasing ecological pressure.
Additionally, the increase in PD can indirectly place pressure on
EEQ through socioeconomic development, urbanization, and
industrial restructuring, influencing the stability and sustainability
of ecosystems. Therefore, PD has advantages in measuring
population pressure.

In the process of exploring the relationship between population
and EEQ, how to characterize the regional EEQ scientifically and
reasonably is an important issue (Li et al., 2023). Many previous
studies measured regional EEQ by developing EEQ index evaluation
systems and methods (Fu et al., 2022; Juntti et al,, 2021; Xu et al,
2021). The 3S technology was also used to extract ecological
monitoring index data to measure regional EEQ. Some studies
on measured EEQ index and ecosystem services value through
land use/cover change data (Jiang et al., 2022; Silva et al., 2024;
Costanza et al.,, 1997), while others based on multi-source remote
sensing data (e.g., NDVI, soil erosion) weighted EEQ index (Xu
etal, 2021; Li et al, 2023). EEQ, fusing multi-source remote sensing
data, can make up for the dynamic monitoring of EEQ by remote
sensing (Li et al., 2023). Among them, the remote sensing ecological
index proposed by Xu et al. (2021) has decent applicability,
especially in the evaluating EEQ in large regions. This index was
later optimized to be more adaptable and hence widely applied (Xu
et al,, 2022; Li et al., 2023).

The human-land relationship regional system is a complex, open
system that integrates natural geographic and socioeconomic,
characterized by specific structural and functional mechanisms
(Alberti et al., 2011). Population and EEQ are important
socioeconomic and natural geographic elements, respectively.
Therefore, exploring the relationship between population and
EEQ is beneficial for better understanding the internal structure
and functional mechanisms of the human-environment system. In
the context of sustainable global population growth, this study
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provides theoretical support and practical guidance for formulating

scientifically ~ reasonable  population and  environmental

protection policies.

2 Materials and methods
2.1 Data sources

In this study, the high-resolution EEQ datasets of China in 2000,
2010, and 2020 were obtained from the National Earth System
Data
Infrastructure of China (http://www.geodata.cn). The spatial

Science Center. National Science and Technology
resolution is 1 km x 1 km. Due to the unavailability of data for
2000, data from 2001 was used as a substitute. The original sources
of this data were MOD09A1, MOD11A2, and MCD12Q1, which
were calculated in the Google Earth Engine platform (Xu et al., 2021;
Lietal., 2023). The verification results showed that EEQ dataset was
largely consistent with the environmental index provided by China’s
Ministry of Ecology and Environment, with an RMSE of 0.11 and an
R*0f0.71 (Xu et al., 2021). EEQ dataset has filled the research gap in
the field of EEQ monitoring in China. The population data for 2000,
2010, and 2020 were derived from the fifth, sixth, and seventh
censuses of the county units, and the PD is the ratio of the number of
people living in the county to the area of that county (unit:

person/km?).

2.2 Measurement of EEQ

EEQ dataset was constructed using four indicators: humidity,
greenness, heat, and dryness, each of which directly reflects the
ecosystem status. Specifically, humidity, greenness, heat, and
dryness were respectively characterized by humidity index,
vegetation index, surface temperature, and bare soil index. After
the standardization of different ecological indices, the principal
component analysis was employed to reduce the dimensionality
of the standardized indicators, and the contribution rate of each
indicator to the first principal component was determined (Li et al.,
2023). The specific calculation equation can be referred to Xu
et al. (2021).

2.3 Population pressure on EEQ change

In this study, three sets of regression models were conducted to
investigate the impact of population on EEQ change (Chi, 2010; Chi
and Ho, 2018), including the ordinary least squares (OLS) model,
three spatial regression models [spatial lag model (SLM), spatial
error model (SEM), and spatial error model with lagged-dependence
(SEMLD)], and geographically weighted regression (GWR) model.
In the OLS model, population pressure was regarded as an
independent variable, and its direct effect on EEQ change was
reflected by the regression coefficient, without considering the
spatial impact of neighboring units. In the SLM model, the
influence of population pressure on EEQ change was not only
reflected in the direct effect but also reflected in the indirect
effect of population pressure from adjacent units on the current
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EEQ change by the spatial lag term. As for the SEM model, the
spatial autocorrelation of the error term was incorporated into the
model, thus improving the accuracy of the estimation. This model
can reveal the potential spatial effects of population pressure on
EEQ change. The SEMLD model included the spatial lag and
spatial error models and spatial autoregressive models enhanced
by adding spatial lag explanatory variables (Chi and Zhu, 2008).
The GWR model was used to detect whether there was spatial
heterogeneity in the dependent and independent variables in the
study, and was mainly used as a tool for explanation (Videras,
2014). The influence of population pressure on EEQ change may
be different in different spatial locations. By calculating the
regression coefficient of each spatial unit, the degree of local
influence of population pressure on EEQ change can be
obtained. The GWR model can more accurately reflect the
spatial heterogeneity of population pressure on EEQ change.
The OLS and spatial regression models were implemented in
Geoda095i and the GWR model was implemented in the
ArcTool function of ArcGIS 10.3. The model calculation
equations were shown in the corresponding references (Chi and
Zhu, 2008; Videras, 2014).

2.4 Population stress areas identification

Local Moran’s I was often used to estimate the spatial
autocorrelation of adjacent features between geographical factors
(Anselin, 1995). To identify the stress areas of the population on
EEQ, bivariate local autocorrelation was introduced in this study to
provide a feasible method for identifying population pressure areas
(Chi and Ho, 2018). Through the analysis of local Moran’s I, the
relationship between the change of population size and the change of
EEQ was identified. The “high-low” type was defined as a
population-EEQ
decrease in population size corresponded to an increase in EEQ

improvement zone, indicating that a 1%
by more than 1%. The “low-high” type was defined as a population-
EEQ pressure zone, showing that an increase in the number of
population size in 1% of the area corresponded to a decrease in EEQ
of more than 1%. The “high-high” type indicated that the increase in
the number of regional populations corresponded to the increase in
EEQ, and was defined as the improvement of the coordinated
development zone. The “low-low” type indicated that the
decrease of the regional population corresponded to the decrease
of the regional EEQ, and was defined as an unsustainable zone. The
calculation Equations 1-3 was as follows:

L, =2y wyz] (1)
j=1
. X -X;
7l = “k =k @)
O
X=X
zl = S Al (3)
Y]

where, w; is the spatial matrix between units i and j, X} is the value
of property k of spatial unit i, X{ is the value of the property [ of the
spatial unit j, X; and X; are the average value of elements k and -/,
respectively, ox and o; are the variance of attributes k and ‘I,
respectively.
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Spatial patterns of PD in China in 2000, 2010, and 2020. (A) 2000. (B) 2010. (C) 2020.
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FIGURE 2

Spatial patterns of PD change in China from 2000 to 2010 and from 2010 to 2020. (A) 2000-2010. (B) 2010-2020.

3 Results
3.1 Population dynamics

The distribution map of China’s PD shows that, from 2000 to
2020, the spatial pattern of “more in the southeast and less in the
northwest” remained largely unchanged (Figure 1). Densely,
populated areas were mainly located in the eastern coastal
regions, the Huang-Huai-Hai Plain (HHHP), the Yangtze River
Delta (YRD), the Sichuan Basin (SCB), the middle reaches of the
Yangtze River (MRYR), and the Pearl River Delta (PRD). On the
contrary, in the northwest region, except for a few provincial capitals
such as Urumgqi and Xining with high PD, most areas had sparse
populations.

The percentage of county units with population decreased
between 2000-2010 and 2010-2020 were 35.8% and 55.5%,
respectively. From 2000 to 2010, 6.8% of the counties had a
population decrease with a magnitude greater than 50 person/
km?, 22.1% of the counties had a population increase greater
than 50 person/km?, and the proportions were 13.3% and 21.9%,
respectively, from 2010 to 2020. Between 2000 and 2010, the regions
with significant population reduction were mainly distributed in
central Sichuan, southern Hubei, southeastern Henan, Anhui, and
northern Jiangsu, while the regions with significant population
growth were mainly distributed in the central areas of the three
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major  urban
YRD, and PRD.
During 2010-2020, the number of counties with population

agglomerations ~ of  Beijing-Tianjin-Hebei,

decline had increased evidently, and the main distribution area had
gradually spread to the middle and lower reaches of the Yellow River
and south of the Yangtze River (Figure 2). Moreover, the areas of PD
decline in some parts of Xinjiang and Northeast China had further
expanded, and the magnitude of the decline had further increased.
In addition, the areas with a slight decrease in PD had the largest
area and the widest distribution. However, the main distribution
areas of counties with increasing populations also expanded, and the
PD in Hainan Province shifted from decreasing to rapidly
increasing. Other regions with sporadic distribution of counties
exhibited increased PD.

3.2 EEQ changes

In 2000, 2010, and 2020, China’s average EEQ scores were 0.393,
0.391, and 0.391, respectively, indicating a trend of decreasing and
then slightly stabilizing in EEQ (Figure 3). Overall, China’s EEQ
showed a pattern of low in northwestern China and high in
southeastern and northeast China. Moreover, EEQ in China
demonstrated a clear trend of spatial clustering. Due to
unfavorable natural conditions, the northwest region exhibited a
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FIGURE 3
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Spatial patterns of EEQ in China in 2000, 2010, and 2020. (A) 2000. (B) 2010. (C) 2020.
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FIGURE 4

Spatial patterns of EEQ change in China from 2000 to 2010 and from 2010 to 2020. (A) 2000-2010. (B) 2010-2020.

low level of EEQ clustering. Due to high forest coverage, some sub-
regions in the south and northeast exhibited high-level clustering of
EEQ. Due to the intensive agricultural activities in the Northeast
Plain, North China Plain, and SCB, EEQ showed moderate-level
clustering of EEQ.

During 2000-2010, EEQ of 57.0% of counties in China
decreased, especially in Tibet, southern Qinghai, Hunan-
Guangxi-Guangdong-Jiangxi-Fujian border area, YRD, and
HHHP. In 23.6% of the counties, EEQ decreased by more than
0.028. However, there are also some areas where EEQ has shown an
improvement trend, such as the Northeast region, northern Hebei,
Shanxi, Shaanxi, southern Henan, and some areas in Xinjiang. From
2010 to 2020, the proportion of units with reduced EEQ was 43.4%,
and more than 13.9% of the county EEQ decreased by more than
0.028. The area with improved EEQ increased, mainly in eastern
Inner Mongolia, the southern Qinghai, the southern part of Gansu,
and Yunnan, Guizhou, Guangxi, Guangzhou, and Fujian in
southern China. There was a decrease in all other regions
(Figure 4). Overall, there were certain differences in the trend of
EEQ changes between the two decades of 2000-2010 and
2010-2020. The EEQ scores of some counties in the northwest
border, northeast and central China had changed from increase to
decrease. However, the EEQ scores of some counties in southern
coastal provinces, Xizang and Qinghai had changed from decrease
to increase.

Frontiers in Environmental Science

3.3 Impact of population on EEQ

The regression analysis for the periods of 2000-2010 and
2010-2020 revealed that the Breusch-Pagan and Koenker-Bassett
test statistics were significant at the 0.001 level, suggesting that the
data for the independent variables did not exhibit heteroscedasticity.
When the spatial effects of adjacent counties were not considered,
the OLS regression results exhibited a negative relationship between
population change and EEQ change in EEQ in China from 2000 to
2020 (p < 0.001, Tables 1, 2). This suggested that population growth
was strongly linked to the decline in EEQ. Comparing the results of
the four models, it was found that the SEMLD model had the highest
Log likelihood value, the lowest AIC and SC values, and the best
fitting effect, making it the most suitable model for this analysis.
According to the SEMLD model results, there was a negative
association between population change and EEQ change from
2000 to 2010. Specifically, a 1% increase in population was
associated with a 0.029% decrease in EEQ. From 2010 to 2020, a
1% increase in population was associated with a 0.069% decline in
EEQ (Tables 1, 2).

The regression coefficient obtained by OLS and spatial
regression models was the effect of population pressure on EEQ
change in the whole study area, but the impact degree may be
different from county to county. It is more realistic to assume that
the population change and EEQ change between regions had spatial
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TABLE 1 Regression results during 2000-2010.

10.3389/fenvs.2025.1513998

Explanatory variable OLS NEY SEM SEMLD
Population change —-0.2397* (0.052) —0.082** (0.025) —0.087** (0.028) —0.029* (0.018)
Constant term 0.558*** (0.015) 0.087*** (0.009) 0.510*** (0.013) —0.014*** (0.006)
Spatial lag term — 0.870*** (0.010) — 1.044** (0.006)
Spatial error term - - 0.907** (0.008) ~0.458** (0.032)
Moran’s I (error) 69.370%%%

LM (lag) 4,388.008**

Robust LM (lag) 0.175

LM (error) 4,793.487¢

Robust LM (error) 405.654*

Log likelihood 1763.940 3,564.910 3,755.223 4,267.285

AIC -3,523.870 -7,123.81 -7,506.460 -8,528.570

sC —-3,511.950 —-7,105.920 —7,494.530 —-8,510.680

N 2,781 2,781 2,781 2,781

Note: queen contiguity generation matrix is adopted in spatial regression models, with ***p < 0.001, **p < 0.01, *p < 0.1; The standard deviation in parentheses. LM, lagrange multiplier; AIC,
akaike information criterion; SC, Schwartz’s criterion. According to Log-likelihood and AIC/SC, the suitability of the model can be determined, and SEMLD, model is the most suitable in this

study.

TABLE 2 Regression results during 2010-2020.

Explanatory variable OLS SLM SEM SEMLD
Population change —0.178*** (0.053) —0.097** (0.024) —0.109*** (0.027) -0.069** (0.020)
Constant term 0.608*** (0.020) 0.089*** (0.011) 0.568*** (0.016) -0.002 (0.008)
Spatial lag term — 0.899*** (0.008) - 1.045%** (0.007)
Spatial error term — — 0.900*** (0.008) —0.429*** (0.032)
Moran’s I (error) 68.113%%¢

LM (lag) 4,618.936***

Robust LM (lag) 1.608*%*

LM (error) 4,622.660%*

Robust LM (error) 5.332%%%

Lagrange Multiplier (SARMA) 4,626.268***

Log likelihood 1,576.620 3,463.430 3,463.392 3,964.317

AIC —-3,149.230 —6,920.860 —6,922.780 -7,922.630

SC -3,137.31 —6,902.980 —6,910.860 -7,904.750

N 2,781 2,781 2,781 2,781

heterogeneity. Therefore, the GWR model was used to generate local
variation coefficients. According to the GWR regression results, only
0.8% of counties were severely underestimated during
2000-2010 with the standard deviation of the residual less
than -2.5, and only 2.0% of counties were severely overestimated
with the standard deviation of the residual greater than 2.5. In
contrast, 43.1% of the counties’ standard deviations of the residuals
was between —0.5 and 0.5, suggesting that GWR results can more
accurately reflect the relationship between EEQ change and

Frontiers in Environmental Science

population change. During 2010-2020, only 0.8% of counties
were extremely undervalued with a standard deviation of the
residual below -2.5, and only 1.1% were extremely overvalued
with a standard deviation of the residual above 2.5. In contrast,
the standard deviations of 42.0% of the county residuals were
between —0.5 and 0.5, further indicating that GWR results can
well reflect the relationship between EEQ change and population
change (Figure 5). GWR results showed that EEQ decreased with
population increase during 2000-2010, especially in western Inner
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FIGURE 5

Spatial patterns of coefficients of the GWR model for population change and EEQ change in China during 2000-2010 and during 2010-2020. (A)

2000-2010. (B) 2010-2020.
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LISA aggregation diagram of bivariate spatial autocorrelation between EEQ and PD change in China during 2000-2010 and during 2010-2020. (A)

2000-2010. (B) 2010-2020.

Mongolia, southern Gansu, Ningxia, Shanxi, Shaanxi, Henan,
Hubei, Anhui, and other regions. The increase in population in
the west of Xinjiang and Tibet and the Heilongjiang region of
northeast China during 2010-2020 led to an EEQ increase, and a
population increase in other regions led to a decrease in EEQ.

3.4 ldentification of population stress zones

Bivariate local Moran’s I was used to identify population
pressure zones, and based on the Z-test (p = 0.01), bivariate local
spatial autocorrelation Local Indicators of Spatial Association
(LISA) aggregation plots were drawn for changes in EEQ and
population size in China during 2000-2010 and 2020-2020
(Figure 6). The “low-low” zoning, which refers to areas with
decreasing EEQ and continuously decreasing population, is
considered an unsustainable development area. During
2000-2010, it was mainly distributed in most areas of Xinjiang,
Xizang and Yunnan, as well as the border areas of Sichuan, Qinghai
and Gansu. However, during 2010-2020, the region mainly shifted
to Xinjiang and Northeast China. Therefore, the region needs to

strengthen the dual management of the economy and environment.
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The “low high” zone refers to the area where EEQ decreases while
PD increases, and the increase in PD was the main factor causing the
decrease in EEQ. This area belongs to a typical population pressure
zone. During 2000-2010, it was mainly distributed in the East China
region, including Liaoning, Shandong, Jiangxi, Jiangsu, Anhui,
Shanghai, Zhejiang, Guangdong, Fujian, and other areas.
Distributed in Hubei, Zhejiang, Hunan, Jiangxi, Shanghai, Anhui,
southern Jiangsu, parts of Shandong, Henan and other areas during
2010-2020. Therefore, the should the

management of human activities and balance the relationship

region strengthen
between population and environment. Then there were the
“high-high” type zones, which were dispersed in the eastern part
of China from 2000 to 2010, including northern Hebei, parts of
Liaoning, northern Anhui, and parts of Jiangxi and Zhejiang. From
2010 to 2020, it was dispersed in parts of north China, southern
Jiangxi, Fujian, Guangdong, Guangxi, and Hainan. The population
and EEQ in these areas increased at the same time, which was
defined as the improvement of coordinated development areas. The
second was the “high-low” type area. During 2000-2010, the “high-
low” type areas were widely distributed, mainly in the western
region, including the western part of Xinjiang, Qinghai, Gansu,
Shaanxi, Sichuan, Chongging, Guizhou, and Yunnan, and the
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western part of Hubei. From 2010 to 2020, there were few high-low
type areas, and the discrete distribution was in the western region.
These areas were mainly concentrated in mountainous areas, where
the population was mainly reduced and EEQ was mainly improved.
A decrease of 1% of the population corresponded to an increase
of >1% of EEQ, which was a population-EEQ improvement zone.

4 Discussion
4.1 Population pressure on EEQ in China

The overall pattern of population in China has remained relatively
stable throughout the study period (2000-2020), characterized by
high population density in the southeast and low density in the
northwest of China. A combination of factors is responsible for this
pattern, including social, economic, natural, and historical influences
(Xu et al, 2021). Due to its geographical advantages and favorable
national policies, the eastern region of China was the first to undergo
reform and opening up, which has significantly accelerated
urbanization and industrialization. Consequently, China’s regional
economic development has displayed a distinct spatial pattern of
“high in the east and low in the west.” Various economic production
factors have continuously shifted from the central and western regions
to the east, from rural to urban areas, and from less developed to more
developed regions. This concentration of resources and factors has
driven the spatial shifts in population distribution (Liu et al., 2022; Qi
et al,, 2022). During the study period, China’s EEQ has increased on
the whole, and the proportion of county units with increased EEQ has
increased evidently from 2000 to 2010 to 2010-2020. This indicated
that EEQ in China has improved significantly in the past two decades.
This was consistent with the results of a number of studies (Chen
et al., 2024).

The regression results showed that population change exerted
great pressure on EEQ. The relationship between population changes
and EEQ change in China has a strong spatial spillover effect, which
also suggested that future regional EEQ governance and protection
and population adjustment should be carried out in the whole region,
rather than in a single administrative region. Establishing a cross-
administrative management mechanism can improve the efficiency of
resource use and management, as well as coordinate the sharing of
responsibilities and benefits across the region (Chen W. et al., 2020).

The results of pressure zone identification showed that the “low-
low” zone was the most widely distributed, and the number of
populations in these zones was decreasing, but EEQ was constantly
deteriorating, which was an unsustainable development zone, and the
management of EEQ needed to be strengthened. This is followed by the
“low-high” type, which was a population-EEQ pressure area. The “high-
high” and “high-low” types represented the improved coordinated
development area and the population-EEQ improvement area,
respectively, but the number of these type areas was small.

4.2 Coping strategies of population pressure
on EEQ

The study uncovered that the continuous increase in population
and the rising frequency of human activities have placed
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unprecedented pressure on EEQ. Based on assessing the pressure
of population growth on EEQ, the study identified the areas in China
experiencing significant ecological stress. These findings lay a
scientific foundation for optimizing land use in China and help
guide regional population redistribution. Based on these insights, the
study offered the following countermeasures and recommendations.

4.2.1 Population quality and
environmental awareness

Improving population quality and environmental awareness has
become one of the important ways to alleviate the pressure of EEQ
(Chien, 2023; Dabbous et al., 2023). The improvement of the quality
of the population means that people can better understand and
respect the laws of nature, and the enhancement of environmental
awareness can encourage the public to adopt more environmentally
friendly lifestyles and production methods, thereby reducing the
damage to EEQ. The quality of the population is one of the most
significant indicators of the overall growth of a country or region,
which covers many aspects such as education level, moral concepts,
and scientific literacy. Environmental awareness refers to the
public’s understanding, attitude, and action of EEQ protection.
The awareness of environmental protection to protect EEQ
should be strengthened. First of all, environmental awareness can
lead people to adopt a more environmentally friendly lifestyle.
Secondly, environmental awareness can push enterprises to adopt
more environmentally friendly production methods. Finally,
environmental awareness can promote the participation and
collaboration of government and society.

4.2.2 Optimize population distribution and
urban planning

Optimizing population distribution and urban planning is a key
measure to alleviate the pressure on EEQ and realize sustainable
development. Uneven population distribution and resource
mismatch are important sources of EEQ pressure (Zeng et al,
2021). Optimizing the population distribution and realizing the
rational allocation of population and resources is vital for reducing
the pressure of EEQ. First of all, optimizing population distribution
can help alleviate the population pressure in big cities and reduce
urban congestion, pollution, and other problems. Secondly, by
guiding the flow of population to areas with rich resources and
strong environmental carrying capacity, the efficient use of resources
can be achieved and the environmental pressure can be reduced.
Finally, the optimization of population distribution can also
promote the balanced development of urban and rural areas, the
narrowing of the gap between urban and rural areas, and the
improvement of residents’ quality of life.

Specifically, the government should develop relevant policies,
such as those related to employment, education, and healthcare, to
encourage the migration of people to regions with abundant
resources and a high environmental carrying capacity. Industrial
restructuring and enhancing infrastructure are key strategies for
optimizing population distribution. Additionally, it is essential to
refine the industrial framework, promote emerging and green
industries, and create job opportunities to facilitate population
relocation. By adjusting the industrial layout, the government can
guide population movement toward industrial hubs, ensuring
industry.

balanced development between population and
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Furthermore, establishing an evaluation system to assess the
alignment between population dynamics and EEQ, improving the
mechanisms for real-time monitoring of population, resources, and
environment in China’s ecologically sensitive regions, and guiding
regulatory measures for adjusting regional population distribution is
also critical.

Urban planning is an important means to optimize population
distribution and a key link to protect the eco-environment (Liu and
Russo, 2021). Reasonable urban planning can relieve the pressure of
population activities on EEQ. For example, ecological priority,
compact development, green transportation, and green buildings
are all strategies that can be considered in planning. In urban
planning, the principle of ecological priority and eco-
environmental protection should be put in the first place. In
addition, the compact development model is adopted to improve
urban land use efficiency and reduce land waste. Meanwhile, by
optimizing the urban spatial layout, reducing traffic congestion and
energy consumption, reducing the pressure on the environment. We
should make urban planning more scientific and forward-looking,
and give full consideration to the coordinated development of
population, resources, environment, and other factors (Zeng
et al, 2021). Eco-environmental protection indicators into the
national economic development planning system, in the multi-
planning regional planning system, eco-environmental protection
targets as constraints for other socioeconomic development, and
incorporate them into the performance assessment system of
administrative organs at all levels. In addition, the development
of sustainable production and consumption patterns is an effective
way to alleviate the pressure of population activities on EEQ. It is
essential to promote green production technology, practice circular
economy, promote clean production, and other measures to build

sustainable production modes.

4.3 Limitations

This study used counties as the research units to examine the
relationship between changes in EEQ and population in China from
2000 to 2020, employing an EEQ index derived from multi-source
remote sensing data to represent EEQ in China. Note that different
ecological indicators may affect research results in different ways.
Future research could explore the relationship between changes in
other ecological indicators and population size. The indicators used
in this study’s model were somewhat simplified, and future studies
could incorporate factors such as transportation infrastructure,
socioeconomic conditions, and natural elements. While such
additions might increase the model’s complexity, they could offer
clearer insights into the interplay between population and
EEQ changes.

This study primarily focused on the effects of population
activities on EEQ within China. Although it provides a certain
level of representativeness, it may not fully capture the relationship
between population dynamics and EEQ on a global scale.
Furthermore, insufficient consideration of the unique
characteristics and differences among countries and regions could
limit the generalizability of the findings. Future research should
emphasize the global relationship between population and EEQ,

uncovering both universal patterns and distinct differences through
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comparative studies across various countries and regions.
Additionally, in-depth studies of specific areas and particular
population groups should be strengthened to enhance the

relevance and practical application of the research.

5 Conclusion

This study utilized the population data at the county level and
high-resolution EEQ data for China to examine how PD relates to
EEQ. The analysis employed spatial regression and local spatial
autocorrelation models to investigate this relationship. The key
findings were outlined as follows: Over the past few decades,
China’s population distribution has largely followed a consistent
pattern of “denser in the southeast and sparser in the northwest.”
EEQ in China showed a notable pattern of clustering. Low EEQ
values were predominantly found in the northwest. EEQ was
relatively higher in northeast China, and south China. However,
there are certain differences in the trend of EEQ changes between the
two decades of 2000-2010 and 2010-2020. The EEQ scores of some
counties in the northwest border, northeast and central China has
changed from increase to decrease. However, the EEQ scores of
some counties in southern coastal provinces, Xizang, and Qinghai
changed from decrease to increase. The results of the spatial
regression model indicate a significant negative correlation
between changes in EEQ and population growth. Moreover, the
association between population with EEQ become stronger through
time. For every 1% increase in population, the distribution leads to a
decrease in EEQ of 0.029% between 2000 and 2010 and 0.069%
between 2010 and 2020, respectively. The analysis of pressure zones
identified that “low-low” areas, which were unsustainable zones, were
the most widespread during the study period. These were followed by
“low-high” zones, which were regions facing pressure from both
populations increase and EEQ decline, and “high-high” zones,
which reflected areas with improved and coordinated development.
Therefore, in the face of China’s current challenge of population
pressure on EEQ, policymakers should improve the population
quality and environmental awareness, guide people to adopt
environmentally friendly lifestyles and production methods in order
to reduce environmental damage. Policy that optimizes population
distribution and urban planning and allocates population-resources-
environment reasonably can help better achieve sustainable
development of the human-environmental system.
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