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Land-use change is a global issue, and the built-up land expansion has affected
the ecological landscape patterns of the major river basins in the world. However,
measurement of the ecological risks of potential landscape and identification of the
dynamic relationships by natural and human-driven built-up land expansion at different
zoning scales are still less understood. Based on multi-period Landsat satellite image
data, we combined remote sensing (RS) and geography information systems (GIS)
technologies with Spatial Durbin Panel Model to quantitatively analyze the landscape
ecological effects under the built-up land expansion in the Yellow River Basin. The
results showed that there is spatial heterogeneity in the built-up land expansion and
ecological security patterns, with the expansion gravity center gradually spreading
from the downstream to the middle and upstream areas, and the most dramatic
change in landscape patches of ecological safety patterns occurring around the year
2000. At different zoning scales, there is a spatial spillover effect on the interaction
between built-up land expansion and ecological security, with the significance of
the regression estimates decreasing from large sample sizes to small sample sizes.
Our findings highlighted the importance of spatial heterogeneity at different zoning
scales in identifying the dynamic relationship between built-up land expansion and
ecological security, scientific planning of land resources, and mitigation of ecological
and environmental crises.

Keywords: spillover effect, Spatial Durbin Panel Model, built-up land expansion, ecological constraint, Yellow
River Basin

INTRODUCTION

The impact of human activities on ecosystems has gradually increased in the Anthropocene
era and has become a dominant factor in ecosystem evolution (Best, 2019). In the past
few decades, the world’s built-up land expansion has exceeded the population growth rate
(Flörke et al., 2018), with far-reaching implications for biodiversity and water, carbon, and nitrogen
cycles in local and global climate systems (Chen et al., 2020). In 2018, the global built-up land
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area was nearly 8 km × 105 km, which is 1.5 times of that
in 1990 (Gong et al., 2020). In the future, built-up land is
expected to continue to expand globally, reaching three times
its 2000 level by 2030 (Seto et al., 2012). Nearly 60% of the
population lives in urban built-up areas (Narducci et al., 2019).
Although the built-up land expansion provides opportunities
for human, social, and economic development, the expansion
also leads to the loss of more than 80% of natural habitats
(Li et al., 2021), threatening the sustainability of human survival
(Elmqvist et al., 2019; Zhang et al., 2020b). Therefore, in this
“urban age,” understanding how the expansion of built-up land
will affect other land covers and how to protect and optimize
the pattern of ecological security is essential for resolving social
and environmental problems that challenge the sustainable
development of human society (Zhou et al., 2020).

Ecological security is considered a basic component of
regional security (Ghosh et al., 2021). Global competition for
multiple land use has led to a sharp decrease in ecologically
safe land (Lambin and Meyfroidt, 2011), which has a significant
negative impact on ecosystem services and terrestrial biodiversity
(Newbold et al., 2015). In particular, the loss of natural habitats,
such as woodlands and water bodies, has significantly increased
global greenhouse gas emissions (Tubiello et al., 2015). Land-use
change is one of the important factors leading to the loss of
ecological security land (Cayuela et al., 2015). The impact of
built-up land expansion on ecological processes is currently
gaining an increasing amount of attention and debate (Lausch
et al., 2015; Guo et al., 2020; Zhang et al., 2020c). Between 1982
and 2016, global land-use change resulted in significant woodland
loss: Paraguay lost 34% of its total area of 7.9 km × 104 km;
Argentina lost 25% of its total area of 11.3 km × 104 km;
and Brazil lost 8% of the forest area of its total area of
38.5 km × 104 km (Song et al., 2018). It is expected that natural
habitats will be reduced by 26–58% (Jantz et al., 2015), 39%
of ecological security land will be occupied by built-up land
and cropland, and 37% will be degraded and segmented from
2005 to 2100 (Ellis et al., 2010). Alcamo et al. (2005) pointed
out that by 2050, 10–20% of woodlands and water bodies will
be occupied by built-up land and cropland. Therefore, it is
increasingly important to explore the impact of built-up land
change on natural habitats.

Exploring the impact of past and future built-up land
expansion on ecological security has become a key link in
landscape analysis (Yang et al., 2020; Stoica et al., 2021).
Wihbey (2017) predicted that global built-up land will increase
to nearly 300 km × 104 km by 2050. The built-up land
not only occupies natural habitats but also threatens local
food security and biodiversity (d’Amour et al., 2017; Van
Vliet, 2019; McDonald et al., 2020). Furthermore, it affects
the regional and global biogeochemical cycles (Huang et al.,
2019), resulting in increased pollutant emissions and natural
disaster risks (Güneralp et al., 2015). The methods for balancing
economic development and the ecological environment in
regions experiencing rapid expansion are also being discussed.
McDonald et al. (2018) believe that the establishment of
ecological priority zones can effectively mitigate biodiversity loss

due to the built-up land expansion. To avoid placing more
economic assets at risk, it is necessary to prevent and control
floods and other disasters within the basin (Mård et al., 2018).
Although most scholars have discussed the impact of built-up
land expansion on the ecological environment at different levels,
it is mostly at the macro level, and studies focused on forest land
and water bodies are limited.

The river basin is an important unit for studying the
coupling of natural and human processes (Gleeson et al., 2020).
Nearly 40% of the global built-up land expansion occurs
near river basins, such as the Mississippi River Basin and
the Yangtze River Basin (Huang et al., 2021). In addition,
built-up land expansion at most of the world’s watershed scales
is in line with the S Northam curve model of urbanization
(Xu et al., 2020). The model helps developed economies to reduce
the changes in the biogeochemical cycle, while the impact
of the model on developing economies cannot be overlooked
(Wiedmann and Lenzen, 2018). The Yellow River Basin is not
only an important ecological barrier area in China, but also,
at the same time, an area lagging in economic and social
development and the current fight against poverty. The region
is facing regional development imbalance, ecological function
degradation, ecosystem connectivity, and integrity weakening
(Rong et al., 2020). The transformation and development of the
region have become an urgent problem that can be solved by
finding ways to meet the needs of regional green development
with limited land resources.

The issue of scale is central to landscape ecology, and
because differences in the physical geography and socioeconomic
conditions of regions at different scales can lead to large
differences and even reverse outputs, it is necessary to make
multiscale attempts to enhance the reliability of research results
(Xiao et al., 2022). The expansion of built-up land and its impacts
are not limited to the boundaries of administrative divisions
but are reflected in different natural ecological backgrounds.
Existing studies have examined the expansion of built-up land
from the perspective of administrative divisions but lacked a
comprehensive understanding of different divisions. Our study
investigated the characteristics of built-up land expansion and
its impact on ecological security patterns from three zoning
perspectives: administrative zoning, eco-geographical zoning,
and agricultural natural zoning, and then revealed the spatial
spillover effects of the complex relationship between built-up
land expansion and ecological security patterns in different
regions. New methods and perspectives for studying this
relationship are necessary to avoid conflicting and inconsistent
outcomes in research, which can lead to the formulation of
inappropriate policies. The aim of our research is to examine
the relationship between human activities and regional ecological
security patterns at the watershed scale using a perspective that
provides more confidence and reliable results than traditional
perspectives in the field. We argue that regional governance
should move from administrative boundaries to multiple zoning
perspectives; thus, it is necessary to resolve land-use conflicts
through scientific land use planning and management to achieve
ecological civilization.
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MATERIALS AND METHODS

Overview of the Study Area
The Yellow River Basin is located in the central and
eastern regions of China. It is the birthplace of Chinese
civilization (Zhang et al., 2021). In 2019, the ecological
protection and high-quality development strategy in the
Yellow River Basin provide new directions for watershed
management and protection. Promoting the construction
of an ecological civilization in the Yellow River Basin is
a long-term goal.

The terrain of Yellow River Basin is high in the west
and low in the east, with a total area of approximately
79.5 km× 104 km. Among them, the built-up land area increased
from 3.9 km × 104 km in 1980 to 6.2 km × 104 km in
2018 (Figure 1). By the end of 2018, the per capita GDP was
60,000 yuan, which was lower than the national average GDP
(64,000 yuan). The vegetation coverage of the basin decreased
significantly due to climate change and soil erosion, with
threatened species accounting for 15–20%, which is higher than
the world average (10–15%) (Jing et al., 2020). Since the 1990s, a
series of major ecological security protection projects launched by
government departments have curbed the degradation trend of
ecosystem in some regions. However, the gradual improvement
of the ecological environment does not imply that the previous
development methods can be restored. We need to pay attention
to the ecological security of the basin and seek sustainable land
development strategies.

Regional Division
Regional development may have an impact on adjacent areas
(Kopp and Allen, 2021). This study aims to analyze the interactive
relationship between multiple spatial zoning scales to test the

spatial spillover effect of the relationship between built-up land
expansion and ecological security.

First, the use of administrative division data improves
the accuracy of spatial dependence capture (Liu and Wu,
2021). Prefecture-level cities were chosen as the analysis
scale (Figure 2A).

Second, the Yellow River Basin spans the eastern, central,
and western parts of China, with a wide range of climatic,
geomorphological, and geological conditions and resource
endowments. We selected the eco-geographical zoning scale
based on geographic relativity (i.e., geographical differences
in nature are not absolute, and geographical changes are
often in a state of development and gradual transition)
and the main ecosystem elements (i.e., the spatial location
of various ecosystem factors changes over time, and their
manifestations are diverse, e.g., encompassing plains, hills, and
basins) (Figure 2B).

Third, the Yellow River Basin is the largest agricultural base
in China, spanning all climate zones in northern China. The
agricultural natural zoning scale was selected based on differences
in natural climatic conditions and temperatures (Figure 2C).

Variables Selection
The aim of this study was to analyze the impact of built-up land
expansion on the ecological security pattern in the Yellow River
Basin. Therefore, it is necessary to define variables, introduce data
sources, and provide empirical models. The following specific
variables were selected for the study:

(1) Explained variables: Built-up land to correlate the surface
area variables of built-up land and polygon landscape
pattern variables, according to different spatial scales. The
area calculated by ArcGIS 10.2 software spatial statistical

FIGURE 1 | Map of the study area.
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FIGURE 2 | Regional delineation of the study area. (A) Administrative zoning; (B) eco-geographical zoning; (C) agricultural natural zoning.
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tool was used as the expansion level of built-up land
(referred to as LUE).

(2) Core explanatory variables: The study comprehensively
considers the spatial resolution of data and refers to
relevant studies (Yang et al., 2018; Bosch et al., 2020)
selected five landscape pattern indexes from patch and
landscape types to comprehensively characterize the
landscape ecological effect of built-up land expansion
(Riitters et al., 1995; Table 1).

Model Establishment
Transfer Matrix of Land Use
The land use transfer matrix is a quantitative description of the
state and state transfer in a specific period and uses the transfer
matrix to measure the dynamic information of land use in that
period (Anees et al., 2019). This method is considered one of
the most commonly used landscape change detection methods
(Ghosh et al., 2016). The calculation formula is as follows:

Sab =

∣∣∣∣∣∣∣∣
S11 S12 · · · S1n
S21 S22 · · · S2n
· · · · · · · · · · · ·

Sn1 Sn2 · · · Snn

∣∣∣∣∣∣∣∣ (1)

where S is the land area, a and b are pre-transfer and post-transfer
land-use types, respectively (a, b = 1, 2, . . ., n), and n is the total
number of land-use types.

Landscape Expansion Index
Landscape indices are used to express landscape heterogeneity
within a region (Kowe et al., 2021). To comprehensively reflect
the landscape pattern and characteristics and reduce information
redundancy, this study used the traditional landscape index
calculation method, based on the Fragstats 4.2 software, to
depict the landscape status and landscape pattern fragmentation,
heterogeneity, and connectivity from a macro perspective. The
specific landscape pattern index is summarized in Table 1.
According to the scope of the research area, it has been
determined through multiple debugging that the land use data
of the Yellow River Basin should be resampled to 200 m to better
reflect the changes in the study area.

Spatial Durbin Panel Model
To future reveal the spatial spillover effect of built-up land
expansion, we introduced the Spatial Durbin Panel Model
(SDPM) for referring to the research results of Elhorst (2014) and
Chen et al. (2017). The maximum likelihood method was used
to estimate the parameters, which tests the spatial, temporal, and
spatiotemporal correlations of the explained variables (Anselin
et al., 2008). Based on this, the initial model was set to the SDPM
with the following formula:

yit = ρ

N∑
j=1

wijyjt + α+ xitβ+ θ

N∑
j=1

wijxijt + µi + λt + εit (2)

where yit is the built-up land expansion of region i in period t,
and i and j are regional individuals, N is the number of sample

units, wij is the spatial weight matrix, α is a constant term, xit
is the explanatory variable, β is the regression coefficient of each
variable, ρ is a space regression coefficient, wijxit is the spatial lag
term, θ is the coefficient of the spatial lag term, µi and λt are
individual fixed effects and individual time effects, respectively,
and εit is a random error term.

The Likelihood Ratio test and the Wald test are used to verify
the original hypothesis: when θ = 0, SDPM is the same as the
spatial lag panel model (SLPM), and when θ = -ρβ, SDPM is
the same as the spatial error panel model (SEPM). According
to this model, spatial econometric regression estimations were
conducted for different zoning variables.

The spatial weight matrix (wij) is the core element of the spatial
econometric model (Feng et al., 2019). This study selected the
adjacency matrix (w) as the benchmark space matrix referring to
the study of Lesage and Pace (2014), as follows:

wij =

{
1
0

(
i is adjacent to j

)(
i is not adjacent to j

) (3)

Data Source
To study the impact of built-up land expansion on regional
ecological security patterns, the Yellow River Basin panel data
(covering 73 prefecture-level and above cities in China) from
1980 to 2018 were selected. Figure 3 shows the overview chart
of the article. The basic data used in the study were 100 m
resolution land-use datasets from 1980, 1990, 2000, 2010, and
2018. The zoning data were derived from http://www.resdc.cn.
The production of the land use data set was based on the remote
sensing images of Landsat TM/ETM of each period as the main
data source. The built-up land, ecological security pattern land
(woodland, water body), and transition land (cropland, grassland,
and unused land) at each time point were generated by manual
visual interpretation based on the “source–sink” theory (Chen
et al., 2006). Among them, the built-up land is the interference
source area, the ecological security pattern land is the sink area
disturbed by the source area, and the other land is the source-
sink transition area. At the same time, to avoid the potential
heteroscedasticity of the data and the dependence on the setting
of the regression model, all variables were converted into natural
logarithms (Table 2).

RESULTS

Evolutionary Characteristics of
Spatiotemporal
Spatiotemporal Evolutionary Characteristics of
Built-Up Land Expansion
The built-up land in the Yellow River Basin expanded rapidly
from 1980 to 2018, with significant spatial and temporal
variations (Figure 4). In terms of land-use change (Table 3), the
built-up land area expanded by 58.83% from 39,061.56 km2 in
1980 to 62,042.20 km2 in 2018. The difference in the expansion
level was greatly affected by the location. The expansion level
in the eastern plains was significantly higher than in the
western region, and the remaining areas were concentrated in
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TABLE 1 | Description and significance of landscape pattern indicators.

Indicator type Landscape
pattern indicators

Unit Ecological significance

Class metrics Percentage of
landscape (PLAND)

% Reflects the area percentage of a certain landscape type, it can help to
identify the dominant elements

Largest patch index
(LPI)

– Reflects the proportion of the largest patches in the entire landscape
and reveals the concentration of patches

Landscape shape
index (LSI)

% Reflects the characteristics of the patch shape in the landscape, and
the higher the value, the greater the area exchanged with external
energy

Landscape metrics Patch density (PD) – Reflects heterogeneity and fragmentation per unit area of the landscape

Patch cohesion
index (COHESION)

% Measures physical connectivity between patches, reflects the corridor
connections between the patches

Spatial Durbin Panel Model

Use natural logarithm and correlation test to exclude
heteroscedasticity and multiple collinearity

Use LR test to decide the Spatial Durbin Model
under the time fixed effect

Reveal the spatial spillover effect of built-up land
expansion on ecological security

Analyze and discuss the results on the scales of administrative divisions, eco-geographical zoning,
agricultural natural zoning

The "urban age" expansion effect based on ecological
optimisation

Transfer matrix of and use

Quantitative description of land transfer
status

Ecological security land

Built-up land

Transitional land Transition

Natural habitat

Urban development

Research background and literature review

Overview of the study area

Variables selection

Data source

Administrative divisions

Eco-geographical zoning

Agricultural natural zoning

Spatial Heterogeneity

Research Methods Introduction

FIGURE 3 | Overview chart of the work progress.

the provincial capital. The expansion was mainly concentrated
in provinces of the Lower Yellow River Basin, with the most
significant increase between 2010 and 2018 and gradually
spreading to the middle and upper regions. Thus, the rapid
development of built-up land in the downstream plains was the
main feature during this period.

Spatiotemporal Evolutionary of Ecological Security
Pattern
The variation range of ecological security land was not significant,
and the overall decrease was dominated by patches (Figure 5).
The ecological security land increased from 246,358.87 km2 in
1980 to 247,421 km2 in 2018. In space, ecological security land
shows a trend of gradual increase from east to west. The western

region was mainly characterized by scattered patches reduction,
while the eastern region had a relatively significant reduction
along the river channel, and the rest of the region had fewer local

TABLE 2 | Descriptive statistics of all variables.

Variables Obs Mean Standard deviation (SD) Minimum Maximum

LUE 365 5.973 1.086 2.519 7.838

PLAND 365 1.674 0.974 −0.932 3.302

LPI 365 0.0312 1.452 −3.180 3.011

LSI 365 4.158 0.546 2.927 5.386

PD 365 −2.961 0.856 −6.812 −1.301

COHESION 365 4.605 0.000 4.603 4.605
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FIGURE 4 | Spatial changes of built-up land, 1980–2018.

patches. It was observed that the ecological environment in the
basin is still relatively fragile, the ecological security pattern in
the upper and middle region is significantly degraded, and the
wetland in the downstream area is shrinking.

The landscape is a comprehensive reflection of environmental
and anthropogenic activities, revealing the succession law of
landscape elements and ecological security patterns in the study
area (Keita et al., 2021). In this study, COHESION, LSI, PLAND,
LPI, and PD were selected to reflect the landscape characteristics
of the ecological security pattern in the basin (Figure 6). During
the study period, COHESION was in a horizontal state, indicating
a good overall spatial connectivity of the ecological security
pattern in the basin. Although the change was minimal, it showed
a decreasing trend year by year, indicating that the landscape
patches of the ecological security pattern had a potential trend
of dispersion. The LSI and COHESION indices trends were
basically the same, but the LSI value was always high, indicating
a complex landscape shape in the basin. PLAND, LPI, and PD
decreased sharply around 2000 and then gradually stabilized,
indicating that the ecological security pattern in the basin has
gradually decreased since 2000. The most significant change in

the pattern of ecological security in the basin was observed
around 2000.

Impact of Built-Up Land Expansion on
Ecological Security Patterns
The spatial agglomeration state of expansion level was observed
to be increasing through a horizontal comparison of the
relationship between built-up land expansion and the ecological
security pattern index at the city level. Based on this, the
SDPM under the time-fixed effect was further determined by
combining the significance LR test. The variables with collinearity
were eliminated and the four explanatory variables (PLAND,
LPI, LSI, and PD) were retained to eliminate the possibility
of multiple collinearities among variables (Table 4). In terms
of the total effect, the response degree of each variable was:
LSI > PLAND > LPI > PD.

In terms of the direct effect, the LPI and LSI coefficients
were significantly negative at the 1% level, implying that the LPI
and LSI of ecological security pattern significantly slowed down
the built-up land expansion. The impact of LPI on ecological
security pattern was opposite to that of built-up land expansion,
which further verified that the estimation results of this study are
highly feasible and reliable. The PD coefficient was significantly
positively correlated at the 1% level and belonged to the index
describing the overall pattern change in landscape types, implying
that the explanatory variable significantly increased the built-
up land expansion. The coefficient of PLAND was positive but
not significant, indicating that the proportion of patches in the
ecological security pattern has little effect on the built-up land
expansion. The mutual transformation between built-up land
expansion and transition land is higher than that of ecological
security land, whereas the relevant measures to protect the
ecological security pattern have different impacts on the built-up
land. In terms of indirect effects, the coefficients of PLAND, LPI,
and LSI were significantly correlated at the levels of 5, 1, and 1%,
respectively, indicating that the land-use expansion will affect the
local ecological security pattern as well as the ecological security
pattern of adjacent areas.

The time lag coefficient of built-up land in the model was
significantly positive at the 1% level, that is, the time dependence
of built-up land significantly accelerated the expansion in the
basin. Although the built-up land expansion in surrounding areas
will intensify the expansion of local built-up land in the current
stage, it will also force the local government to strengthen land
expansion control and improve land-use level in the next stage.

TABLE 3 | Land-use changes in the Yellow River Basin, 1980–2018 (km2).

1980/2018 Built-up land Ecological security land Transitional land Total

Built-up land 32,408.99 502.51 6,150.06 39,061.56

Ecological security land 1,980.89 207,794.78 36,583.20 246,358.87

Transitional land 27,652.32 39,123.71 1,671,904.97 1,738,681

Total 62,042.20 247,421 1,714,638.23 2,024,101.43

Change 22,980.64 1,062.13 −24,042.77 –

Rate of change (%) 58.83 0.43 −1.38 –
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FIGURE 5 | Spatial change in ecological security land, 1980–2018.

Regional Differences in the Effect of
Built-Up Land Expansion on Ecological
Safety Patterns
The difference in responses of variables cannot be further
identified due to the uncertainty of human factors and
natural conditions in administrative divisions. This study used
two geographical divisions (i.e., eco-geographical zoning and
agricultural natural zoning) to re-estimate and to further
explore whether the expansion process of built-up land and
ecological security pattern have established spatial heterogeneity
at the regional level.

Differences in Eco-Geographic Zoning
Table 5 summarizes the estimation results of the SDPM for the
time-fixed effect in eco-geographical zoning. The significance
of each variable decreased when compared with the results for
the entire watershed (Table 4). However, it is worth noting that

the results (coefficients and symbols) of PLAND, LSI, and PD
were different from those of the entire basin. First, the direct
effect coefficient of PLAND was positive but not significant. The
indirect and total effect coefficients were significantly negative
at the 1% level, indicating that the proportion of patches in the
ecological security pattern effectively slows down the expansion
process. Although the patch shape is relatively complex, its
effect on inhibiting the disorderly expansion of built-up land is
significantly enhanced.

Second, the indirect effect and the total effect coefficient
of LSI were significantly positively correlated at the 1 and
5% levels, respectively. The direct effect coefficient was also
positive, but not significant, indicating that the more complex
the patch shape under eco-geographical zoning, the faster the
expansion of surrounding built-up land; the spatial spillover
effect is relatively poor on the local area. Third, the direct effect
coefficient of PD was positive, the indirect effect and the total
effect coefficients were negative, and the three effects were not
significant, indicating that the number of landscape patches per
unit area was helpful in protecting the local ecological security
pattern, but had less effect on the surrounding areas. The direct
effect of LPI on the local was higher than that of the whole
basin, and the indirect effect and total effect were not significant.
The spatial spillover effect was not significant because of the
significant regional differences under eco-geographical zoning.
Moreover, the time-dependent positive impact of built-up land
expansion is no longer as significant as that of the entire basin.

Differences in Agricultural Natural Zoning
Table 6 summarizes the estimation results of the SDPM with
time-fixed effects in agricultural natural zoning. Compared with
the estimation results presented in Table 4, the regression
coefficient of variables improved, whereas the coefficient symbols
of PLAND and LSI were inconsistent with the results of the whole
basin. In terms of the indirect and total effects, only the PLAND
and LSI coefficients were significant at the 5 and 1% levels,
respectively, which is consistent with the eco-geographical zoning
results, indicating that the effect of built-up land expansion on

FIGURE 6 | Trends in the ecological security landscapes index, 1980–2018.
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TABLE 4 | Estimating results across all cities.

Variables LR_Direct LR_Indirect LR_Total

v2 (PLAND) 0.172 1.010** 1.181**

v3 (LPI) −0.268*** −0.734*** −1.002***

v4 (LSI) −1.402*** −1.395*** −2.797***

v5 (PD) 0.624*** 0.297 0.921***

Observations 365

R-squared 0.592

***p < 0.01, **p < 0.05.

TABLE 5 | Estimating results of eco-geographical zoning.

Variables LR_Direct LR_Indirect LR_Total

v2 (PLAND) 0.459 −7.308*** −6.848***

v3 (LPI) −0.936** 1.937 1.001

v4 (LSI) 1.430 11.353*** 12.783**

v5 (PD) 0.543 −0.894 −0.351

Observations 95

R-squared 0.897

***p < 0.01, **p < 0.05.

TABLE 6 | Estimation results of agricultural natural zoning.

VARIABLES LR_Direct LR_Indirect LR_Total

v2 (PLAND) −0.546 −3.122** −3.668**

v3 (LPI) −1.904*** 1.003 −0.901

v4 (LSI) 2.319*** 3.146*** 5.465***

v5 (PD) 2.016*** −1.423 0.593

Observations 40

R-squared 0.991

***p < 0.01, **p < 0.05.

regional landscape patterns under the agricultural natural zoning
differs at different stages of built-up land expansion compared
with administrative zoning.

In terms of direct effect, the coefficients of PLAND and LPI
were negative, but PLAND was not significant, indicating that
the proportion of patches in agricultural natural zoning had no
significant effect on the ecological security pattern. However, the
effect of the proportion of the largest patch area in the total
area is the highest among the three zonings, indicating that
this variable had a strong impact on regional ecological security
pattern. The LSI and PD coefficients were significantly positively
correlated at the 1% level. It was observed that the impact of
built-up land expansion on ecological security pattern existed in
the change in patch area.

DISCUSSION

Understanding Built-Up Land Expansion
From a Watershed Perspective
Rivers around the world provide various ecosystem services
and commodities for human livelihoods and are also important

bases for global biodiversity (Zipper et al., 2020). Although the
Yellow River is only 15% smaller than the Amazon River and
the Nile River, the annual discharge and flow rates are relatively
low (Wohlfart et al., 2016). We found ecosystem degradation,
landscape fragmentation, and increasing landscape diversity and
structural complexity in the watershed after years of intensive
economic development and natural resources exploitation, which
were consistent with the findings of Liu et al. (2018). In addition,
the rapid expansion of built-up land in the area will easily
trigger the heat island effect (Zhao et al., 2021), which will
seriously hinder the high-quality development of the region (Chi
et al., 2021; Song et al., 2021). Therefore, there is an urgent
need to strengthen the ecological civilization of watersheds
and scientifically control the total amount of built-up land
to maintain a balance between economic development and
ecological security. Our results at the watershed scale were useful
for understanding the dynamics of built-up land expansion under
different zoning levels on the watershed scale.

Many natural ecological patches have been occupied by urban
activities, particularly in the last 10 years, driven by urban
development and limited by national arable land protection
policies (Zhang et al., 2020d), and some areas are extremely
vulnerable to overexploitation of groundwater and large-scale
logging (Fang et al., 2020; Lin et al., 2020). Due to the influence
of human activities, the density of patches in the basin was
significantly and positively correlated with the built-up land
expansion (Kuenzer et al., 2014), which is closely related to the
long-term maintenance of the artificial environment-dominated
mode in traditional planning in China (Zhang et al., 2020a). The
most significant areas of built-up land expansion were located in
the eastern part of the basin, and the conversion between built-
up land and ecological security land is most notable along the
river, which is consistent with the trend of urban sprawl in other
countries (Middleton and Sternberg, 2013; Berdugo et al., 2020).
This implies that the expansion trend of built-up land may have
a greater ecological impact on inland river basins. Therefore,
more attention should be paid to the built-up land expansion
in inland river basins with different types of situations through
developmental policy control. In contrast, filling expansion and
vertical growth are encouraged to improve land-use efficiency.

Effects of Built-Up Land Expansion on
Ecological Security Patterns
In recent years, spatial issues have been extensively explored in
regional development (Ertur and Koch, 2007; Cheng et al., 2021).
Therefore, it is necessary to consider possible spatial correlations.
Studies have shown that when built-up land expansion reaches a
certain stage, it accelerates the expansion of adjacent landscape
patches and merges into larger patches (Qian et al., 2015). Our
study also confirms that the different landscape pattern indexes
in different stages of built-up land expansion have different
trends. Since the beginning of the 21st century, there have been
varying degrees of disorderly development and illegal buildings
in the north and south of the Qinling Mountains, resulting in a
decrease in PLAND and LPI. In this process, plaque density and
connectivity also change accordingly.
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The proportion of built-up land in the study area has increased
from 1.93 to 3.07% in the past 40 years, which is the most
prominent change among the three land-use types based on the
"source–sink" theory. However, the contribution of expansion to
the loss of ecological security land was very small (0.80%). This is
mainly due to the current urban planning scheme implemented
by local governments, which correctly guides the direction of
spatial development and protects most of the ecological security
land (Xiao, 2021). However, because of the influence of the
geographical environment, most of the ecological security land
does not have the suitability factors for built-up land, which
inhibits the expansion in the region (Jiang et al., 2021).

The ecological security model is mainly based on the
development of ecosystem service functions and ecological
carrying capacity (Liang et al., 2018; Liang et al., 2020). Built-up
land expansion has been identified as the most important direct
cause of the loss of natural landscape areas (McDonald et al.,
2020; Winkler et al., 2021). The landscape pattern changes of
ecological security through human activities (urban expansion,
zoning creation, agricultural mechanization, etc.) can affect the
ecological processes within the natural landscape area (Tanner
and Fuhlendorf, 2018) and change the relationship between
human beings and the natural environment (Pickard et al.,
2017). The changes in landscape types and proportions are
mainly reflected in the conversion of ecological land, such as
woodlands and water bodies, to built-up land and cropland
(Dadashpoor et al., 2019). At the same time, the landscape
pattern of the rapid expansion area showed significant and
highly dispersed characteristics. Single and continuous natural
areas have gradually evolved into complex and discontinuous
landscape patches (Li et al., 2017). Therefore, it is important to
study the spatiotemporal variation characteristics of ecological
security landscape patterns.

CONCLUSION

Land-use change is a global problem, and the built-up land
expansion affects the ecological landscape pattern of the
world’s major river basins. In our study, we consider that the
development of one region may have an effect on the neighboring
regions and that there is spatial heterogeneity between different
zones. Therefore, we break away from the limitations of
previous studies, which have mostly used administrative zones
as boundaries, and explore the spatial spillover effects of the
built-up land expansion in the Yellow River Basin on ecological
security patterns based on three scales: Administrative zoning,
Eco-geographical zoning, and Agricultural natural zoning. We
found that the built-up land expanded rapidly, and spread from
the downstream region to the middle and upper reaches, and
the landscape patches of the ecological security pattern gradually

decreased. At different zoning scales, the interactive relationship
between built-up land expansion and ecological security showed
a certain spatial spillover effect, and the significance of regression
estimation gradually decreases from large sample size to small
sample size. However, the underlying mechanisms controlling the
complex relationship between the built-up land expansion and
ecological security patterns within the basin are not elucidated
yet and need further research. To optimize the ecological security
pattern, in the future basin management, land use planning, and
policy should break the limitations of administrative boundaries.
Our research provides reference and significance for land
development and urban planning regulation of the Yellow River
Basin, as well as for other basins in China and other large
river basins in developing countries, to seek sustainable urban
planning and alleviate environmental pressure.
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