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Abstract: A reasonable evaluation of the ecological risk status of the landscape in the Yellow River
source area is of practical significance for optimizing the regional landscape pattern and maintaining
ecosystem function. To explore the regional heterogeneity of ecological risk in the watershed land-
scape, a landscape ecological risk evaluation model is constructed to evaluate the ecological risk status
of the watershed for 20 years, and correlation analysis is used to further reveal the characteristics
of the relationship between ecological risk and land use. The results show that the rapid expansion
of urbanization and the increasing intensity of land development and use has caused significant
changes in the Yellow River source area ecological environment and various land use types. The area
of grassland decreased the most, by a total of 6160.04 km2, while the area of unused land increased
the most, by a total of 2930.27 km2. A total of 12,453.11 km2 of land in the Yellow River source
area was transformed, accounting for 9.52% of the total area. The most significant area of grassland
was transferred out, accounting for 49.47% of the transferred area. During the study period, the
proportion of area in the low-risk zone decreased from 54.75% to 36.35%, the proportion of area
in the medium-low-risk zone increased from 21.75% to 31.74%, and the proportion of area in the
medium-high-risk and high-risk zones increased from 10.63% to 14.38%. The high-risk areas are
mainly located in areas with fragmented landscapes and are vulnerable to human activities. The
mean ecological risk values in the study area show an increasing trend, and the spatial distribution
shows a hierarchical distribution of “lower around the center and higher in the center”. The global
Moran’s I index is higher than 0.68, which indicates that the ecological risk values have a significant
positive correlation in space, the area of cold spots of ecological risk varies significantly, and the
spatial pattern fluctuates frequently, while the spatial distribution of hot spots is relatively stable.
Therefore, the landscape ecological risk in the Yellow River source area is rising, but the different
risk levels and their spatial aggregation patterns and cold and hot spot areas continue to transform,
which requires continuous planning of the landscape pattern to enhance the safety and stability of
the regional ecosystem.

Keywords: landscape ecological risks; Yellow River source area; land use/land cover change;
Moran’s I

1. Introduction

Ecological risk refers to the degree of risk faced by an ecosystem in response to natural
or human interference [1]. When the introduction of sustainable development was proposed
in 1972, the international community began to pay attention to ecological risk assessment [2].
In 1992, the U.S. Environmental Protection Agency acknowledged the concept of ecological
risk assessment and established a relevant assessment framework, which has since been
continuously developed and improved [3]. Ecological risk assessment research has been
influenced by the geographic research of ecologization and the macrocosm of ecological
research and has rapidly expanded from the ecosystem scale to the landscape scale. Its
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evaluation object has been expanded from a single type of ecosystem to a spatial mosaic of
multiple ecosystems [4]. Landscape ecological risk assessment refers to the process that
starts with the mosaic of landscape elements, landscape pattern evolution, and landscape
ecological processes, by analyzing the response of ecosystems to intrinsic risk sources and
external disturbances. It is an important component in ecological safety assessment, which
can reflect the spatial distribution of regional risks in an integrated manner and clarify
the degree of disturbance to ecosystem structure and function caused by changes in land
use types [4]. The landscape consists of heterogeneous elements whose heterogeneity is
closely related to the disturbance capacity, recovery capability, stability, and diversity of
the ecosystem. Due to the high heterogeneity of the landscape, the process of changing its
overall structure and dynamics is slow. However, the spatial components that make up the
landscape can change at different rates and intensities when they are disturbed. Therefore,
ecological risk evaluation can measure the key elements of risk receptor range and hazard
status through the slow variation of the landscape [5,6]. In general, compared with a single
evaluation index and a single evaluation method, ecological risk assessment can evaluate
the security and stability of ecosystems from a comprehensive and global perspective,
and can more comprehensively reflect the complexity and diversity of ecosystems [7,8].
Meanwhile, the study of land use pattern status in the ecological restoration process from
the perspective of landscape ecology can accurately represent the heterogeneity within
regions and the correlation between regions [9].

Currently, scholars mainly study and assess landscape pattern functions and regional
ecological security [10]. The main assessment methods include the Landscape Index
Method and the Relative Risk Model [11]. The Landscape Index Method constructs ecologi-
cal risk indices and develops assessment models by selecting different types of landscape
pattern indices [12]. Based on remote sensing images, the land use transfer matrix, and
the Ecological Risk Index (ERI), and combined with GIS spatial analysis and Fragstats
4.2.1, the models are widely used in contemporary research to assess regional ecologi-
cal risk from multiple perspectives, including macro-regional, “production-life-ecological
space”, and “natural-social-landscape pattern”, studying the areas of land type, water-
shed, and urban landscape [13–16]. Scholars have thoroughly explored the influencing
factors, driving mechanisms, and spatial and temporal differentiation of ecological risks
in landscapes and related ecological safety patterns. These studies have provided the
theoretical foundation for the mechanisms of maintaining the functional stability and in-
tegrity of ecosystems [17–20]. However, current ecological risk evaluation studies still take
administrative units as evaluation units and ignore the grid-scale (vector) ecological risk
evaluation that could better reflect the spatial heterogeneity of the results. In recent years,
due to disturbance by natural or human factors such as population growth, irrationalization
of industrial structure, unbalanced regional development, and continuous expansion of
construction land, the structure and function of the ecosystem have changed, ecological and
environmental pressures have increased, and ecological and environmental effects have
fluctuated significantly, leading to frequent problems of ecosystem degradation, prominent
ecological risk problems, and significant spatial and temporal differences [21]. Since 1999,
China has implemented ecological restoration projects such as reforestation of barren moun-
tains and the return of cultivated land to forest or grass, and the vegetation restoration of
these projects has played a significant role in maintaining ecological security and control-
ling sustainable land use in the source area of the Yellow River, ensuring that the regional
landscape pattern; soil erosion; land use layout; and structure of agriculture, forestry, and
animal husbandry is scientifically improved, and the quality of the ecological environment
has been effectively enhanced [22–25]. Therefore, studying the land use pattern situation in
the ecological restoration process from the perspective of landscape ecology can accurately
indicate the heterogeneity within the region and the inter-regional correlation.

At present, studies on landscape ecological risks are mostly focused on larger river
basins or coastal economic development zones where human activities are intense. How-
ever, the landscape risk status of natural areas with more fragile ecology, such as grasslands,
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has yet to be further investigated. The high-altitude topography of the Yellow River source
area leads to its unique climatic characteristics, human activities, and spatial pattern of
ecological landscape. With the rapid development of the regional economy and global
climate change, land use types are changing drastically, with strong spatial heterogeneity
in the regional ecological risk. Therefore, the evaluation of landscape ecological risk in this
region has strong regional characteristics and typicality. This study takes the ecologically
fragile Yellow River source area as the research object. Referring to land use data in 2000,
2010, and 2020, Fragstats 4.2 software is used to calculate the landscape grid index and
constructed an ecological risk evaluation model by combining the landscape fragility index.
The hierarchy and spatial and temporal divergence patterns of ecological risks are analyzed
by grid scale; in addition, the response relationship between land use intensity and ecolog-
ical risks is explored, along with the spatial and temporal aggregation characteristics of
ecological risks and the evolution pattern of cold hot spots. The study provides theoretical
support for erosion control, biodiversity cultivation, vegetation landscape continuity, and
rational layout in the Yellow River source area. From a spatial and temporal perspective,
this study analyzes in detail land use changes, landscape ecological risk changes, land use
and ecological risk linkages, and the spatial distribution changes of local ecological risk in
the Yellow River source area. The analysis provides theoretical support for erosion control,
biodiversity cultivation, the continuity of vegetation landscape, and reasonable layout in
the Yellow River source area.

2. Materials and Methods
2.1. Study Area

The Tibet Plateau is an important strategic place of water resources and an ecological
security barrier in China. The Yellow River source area, located in the northeast end
of the Tibet Plateau, 32.5◦~36.5◦ N, 95◦~103.5◦ E, across the three provinces of Qinghai,
Gansu, and Sichuan, is the largest flow-producing area of the Yellow River Basin and
is an extremely important recharge area of freshwater resources and ecological function
area in China. It has a total area of 130,000 km2, and the terrain is high in the west and
low in the east. The average elevation is 4500 m, the highest point is 6265 m above sea
level (located in Animaqing Mountain), and the lowest point is 2418 m above sea level
(located near Longyangxia Reservoir). The Yellow River source area is mainly a plateau
continental climate with dry and wet seasons, long sunshine hours, low vegetation cover,
and precipitation decreasing from east to west. The land use type is mainly grass, and the
rest of it is unused land. It has Zaling Lake and Eling Lake in the West. The industrial
structure in the Yellow River source area is simplex; animal husbandry is the main industry.
In recent years, global warming has become increasingly significant, where the permafrost
is rapidly melting, and the watershed water has increased. These phenomena result in soil
erosion, land degradation, ecosystem damage, etc.

2.2. Data Sources

This paper uses land use/land cover data for 2000, 2010, and 2020, with datasets from
GlobeLand30 (http://www.globallandcover.com, accessed on 10 January 2023). The classi-
fied images used for data development are mainly 30-m multispectral images, including
the US Land Resources Satellite (Landsat) TM5, ETM+, OLI multispectral images, and
Chinese Environmental Disaster Reduction Satellite (HJ-1) multispectral images, and the
2020 version of the data also used 16-m resolution High-Fraction-1 (GF-1) multispectral
images, with a spatial resolution of 30 m, an overall accuracy of 85.72%, and a Kappa
coefficient of 0.82 [26]. According to the ecosystem environment and land resource use at-
tributes in the study area, and concerning the Standard for Current Land Use Classification
(GB/T 21010-2017) [27], the land use types were classified as farmland, woodland, grass-
land, wetland, water, construction land, and unused land (Table 1).

http://www.globallandcover.com
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Table 1. Land use type classification and intensity.

Macro LULC Classes Micro LULC Classes Information Level of Intensity

Construction land
Surface formed by man-made construction activities,
including various residential areas, industrial mines,

and transportation facilities in towns.
7

Farmland Land used for growing crops, including paddy fields,
dry land, vegetable fields, pastureland, orchards. 6

Woodland

The land is covered by trees with crown coverage over
30% and the land covered by shrubs with shrub

coverage over 30% are forest, shrub land, open forest
land, and immature forest land.

5

Grassland
The land covered by natural herbaceous vegetation
with coverage higher than 10% includes grassland,

meadow, savanna, and desert grassland.
4

Wetland Land with shallow water or over-wet soil, including
inland marshes, lake marshes, and shrub wetlands. 3

Water Liquid water covered areas and ice-covered areas,
including rivers, lakes, glaciers, and beaches. 2

Unused land
Naturally covered land with less than 10% vegetation

cover, including saline, sandy, bare rock,
and bare tundra.

1

2.3. Land Use Transfer Matrix Model

The land use transfer matrix is a two-dimensional matrix constructed based on the
relationship between land use changes in the study area at different times [28]. It can reflect
in detail the dynamic information of the interconversion of the area of various land types
in the study area at the beginning of the study period and at the end of the study period,
and can not only indicate the area data of various land types in the study area at a certain
point of time but also reveal the information of the area transfer out of various land types at
the beginning of the period and the area transfer in of various land types at the end of the
period [29]. In this study, the land use change in the Yellow River source area from 2000 to
2020 was made into a Sankey diagram to show the land use change. The land use transfer
matrix equation is as follows:

Aij =


A11 A12 · · · A1n

A21
...

An1

A22
...

An2

· · · A2n
. . .

...
· · · Ann

 (1)

In the formula, Aij represents the state of ecological land from the early to the end of
the study and n represents the number of ecological land types.

2.4. Division of Evaluation Unit

In order to spatially express the regional heterogeneity of ecological risk in the land-
scape, the study area was divided into ecological risk evaluation units. Referring to
the relevant standard of national grid GIS, Geographic Grid (GB12409-2009) [30], and
some scholars’ research, it is appropriate to use 2~5 times the average patch area for the
grid [31,32], and according to the area of the study area, a square grid of 10 km × 10 km
was selected to divide the study area in this paper, and a total of 1785 ecological risk cells
were obtained (Figure 1). In each cell, the Ecological Risk Index (ERI) was calculated, and
the results were assigned to the center point of the evaluation cell.
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2.5. Landscape Ecological Risk Index Evaluation

In this paper, the landscape ecological risk index of the Yellow River source area was
constructed using the landscape disturbance index and the landscape fragility index from
the proportion of landscape components in different years, respectively. This index reflects
the relationship between landscape pattern and ecological risk in the Yellow River source
area based on land use [33–35], which is calculated as follows:

ERIk =
N

∑
i=1

Aki
Ak
×Di ×Vi (2)

In the formula, k is the risk plot, i is the landscape type, N is the number of landscape
types, Aki is the area of landscape types i in k risk plots, Ak is the area of the first risk plot,
Di is the landscape disturbance index, and Vi is the landscape fragility index. The higher
the ERI value, the higher the ecological risk. The specific formula and explanation are
shown in Table 2.

Table 2. Calculation method of landscape pattern index.

Index Symbol Formula

Landscape
fragmentation Fi

Fi =
ni
Ai

In the formula, ni is the number of patches of landscape
type i, Ai is the area of landscape type i.

Landscape
Separation Si

Si = li × A
Ai

,li = 1
2

√
ni
A

In the formula, li is the distance index of landscape type
I, A is the total area of landscape type i

Landscape
fractal dimension FDi FDi =

2ln
(

Pi
4

)
ln Ai

In the formula, Pi is the perimeter of the landscape type i
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Table 2. Cont.

Index Symbol Formula

Landscape
disturbance degree Di

Di = aFi + bSi + cFDi
In the formula, a, b, and c are the weights of the

corresponding landscape indices, and a + b + c = 1

Landscape
Vulnerability Vi

The vulnerability index of each landscape type itself
after normalization after scoring by experts are

farmland, 0.14, woodland, 0.07, grassland, 0.11, wetland,
0.18, water, 0.21, construction land, 0.04, and unused

land, 0.25

Landscape
loss degree Ri Ri = Di ×Vi

2.6. Regional Ecological Risk Analysis

Based on the calculation of ERI indices of each risk assessment unit, the regional
ecological risk analysis was achieved using geostatistical methods and GIS technology.
The ERI were assigned to the center points of the risk assessment units, and the ERI
spatial distribution map of the whole study area was obtained by ordinary kriging inter-
polation. The natural breakpoint method was used to classify the ecological risk of the
landscape into five levels, namely, high-risk area (ERI > 0.03826), medium-high-risk area
(0.03259 < ERI ≤ 0.03826), medium-risk area (0.02818 < ERI ≤ 0.03259), medium-low-risk
area (0.02472 < ERI ≤ 0.02818), and low-risk area (≤0.02472).

2.7. Exploratory Spatial Data Analysis

In this paper, we adopt an exploratory spatial data analysis method, based on the
distribution pattern of spatial data, aiming to discover the spatial aggregation pattern and
association pattern of data in the study area to reveal the spatial heterogeneity characteris-
tics of data [36]. Specifically, two methods, local spatial auto-correlation analysis and local
hotspot analysis, are used to explore the spatial aggregation and correlation of ecological
risks in the study area. In this paper, Moran’s I, LISA, and Getis-Ord G*

i were used to
characterize the spatial relationships of ecological risks in the study area [37].

Moran’s I statistic, as a spatial auto-correlation statistic, is used to reflect the degree of
similarity between the genus values of spatially adjacent or similar units. The formula is:

I =
n∑i ∑j ωij

(
Yi − Y

)(
Yj − Y

)(
∑i 6=jωij

)
∑i
(
Yi − Y

)2 (3)

In the formula, Yi, Yj is the value of the variable in the adjacent paired spatial units,
ωij is the spatial weight matrix, and Y is the mean of the attribute values. I takes values
between [−1, 1]. When I > 0, it indicates that the observations of the study unit tend to be
spatially aggregated and spatially positively correlated, when I < 0, it indicates a discrete
spatial distribution and spatially negatively correlated, and when I = 0, it indicates spatially
uncorrelated.

The LISA index, also known as the local Moran’s I, can reflect the degree of difference
and significance between a region and its neighboring regions. The formula is:

Ii =
Yi − Y

S2 ∑n′

j 6=i ωij
(
Yj − Y

)
(4)

S2 =
1
n′∑

(
Yi − Y

)2 (5)

In the formula, n′ is the number of samples, i.e., the number of study units, and S2 is
the variance of the statistic. When Ii > 0, it means that a region with high (low) observations
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is surrounded by a region with high (low) observations, i.e., “high–high (“low–low”)
aggregation, when Ii < 0, it means that a region with high (low) observations is surrounded
by a region with low (low) observations, i.e., “high–low” (“low–high”) aggregation, and
when Ii = 0, it means that the observed region is not associated with the adjacent region,
i.e., not significant.

The local spatial association index (Getis-Ord G*
i ) is used to study the local spatial

aggregation patterns and locations of high- and low-value elements. The formula is:

G*
i =

∑n
j=1 ωi,jxj − X∑n

j=1 ωi,j

S

√ [
n∑n

j=1 ω
2
i,j−
(

∑n
j=1 ωi,j

)2
]

n−1

(6)

X =
∑n

j=1 xj

n
(7)

S =

√
∑n

j=1 xj

n
−
(
X
)2 (8)

In the formula, xj is the attribute value of element j, ωi,j is the spatial weight between
elements i and j, and n is the total number of elements. To simplify it, it is necessary to

normalize G*
i : Z

(
G*

i

)
= G*

i − E
(

G*
i

)
/
√

Var
(

G*
i

)
. E
(

G*
i

)
and Var

(
G*

i

)
are taken as the

mathematical expectation of G*
i as well as the number of variances, respectively. When

Z
(

G*
i

)
> 0 and the test is significant, it indicates that the ecological safety index around the

region within the study area is relatively high, which is a hot spot area within the region;
when Z

(
G*

i

)
< 0 and the test is significant, it indicates that the ecological safety index

around the region i within the study area is relatively low and is a cold spot area within the
region.

2.8. Pearson Correlation Analysis

The Pearson correlation coefficient can reflect the linear relationship between two
variables, X and Y. This paper studies the degree of correlation between land use intensity
and ecological risk index, which facilitates the understanding of the link between land use
change and ecological risk [38]. The formula is:

r =
∑n

i=1
(
Xi − X

)(
Yi − Y

)√
∑n

i=1
(
Xi − X

)2
√

∑n
i=1
(
Yi − Y

)2
(9)

In the formula, the range of values of r is [−1, 1], when r = 0, X, Y are independent.
When 0 < r ≤ 1, r is a positive correlation. When −1 ≤ r < 0, r is a negative correlation.
The more |r| is closer to 1, the stronger is the correlation between X and Y.

3. Results and Analysis
3.1. Land Use Changes

The spatial distribution and area changes of land use in the Yellow River source area
from 2000 to 2020 are shown in Figure 2. As a whole, grassland, unused land, and wetland
are the main landscape types in the Yellow River source area with wide distribution, and the
three together account for more than 95% of the total area of the study area. Water areas are
concentrated in the western and northern parts of the Yellow River source area, farmlands
are concentrated in the northern and eastern parts, and wetlands are concentrated in
the eastern part. The land use types in descending order of area are grassland, unused
land, wetland, farmland, water area, woodland, and construction land. Each land use
type showed different degrees of changes during the study period; the area of woodland
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and grassland decreased, among which the area of grassland decreased the most, with
an average decrease of 2053.35 km2 every 5 years. The area of other land use types was
increasing, with large increases in unused land, wetland, and farmland, which increased
by 2930.27 km2, 1094.93 km2, and 1712.06 km2, respectively in 20 years. Unused land is the
land use type with the largest increase in the area of the Yellow River source area during the
study period, showing a sporadic distribution, Figure 2c, with an average annual increase
of 146.51 km2; grassland degradation is the most severe, with a decrease of 6160.04 km2 in
20 years.
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The interconversion of each land use type was further analyzed by the land use change
transfer matrix (Figure 3). More area was transferred between 2010 and 2020 than between
2000 and 2010, with grassland being the land use type with the largest area transferred
out (1992.44 km2). The areas transferred to wetland, unused land, farmland, and water
area were 1187.20 km2, 1038.67 km2, 658.99 km2, and 303.06 km2, respectively, followed by
wetland, which was transferred to grassland the most, at 516.21 km2. Unused land, water
area, farmland, and woodland were turned out to 425.93 km2, 234.06 km2, 157.61 km2,
and 131.71 km2, respectively. During the period from 2010 to 2020, the area of grassland
transferred out increased by 1981.01 km2 compared with the previous 10 years, and the
conversion to unused land, farmland, wetland, construction land, and woodland was
2918.77 km2, 1278.67 km2, 655.22 km2, 189.25 km2, and 58.42 km2, respectively. The area
transferred from unused land, wetland, and water to grassland are 602.60 km2, 218.99 km2,
and 153.43 km2, respectively. In short, as time goes on, the land resource structure and
landscape pattern of the Yellow River source area gradually become unstable; the main
land use type (grassland) is continuously degraded, while the unused land, farmland, and
construction land are expanding. However, the wetland and water area maintain stability.
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3.2. Changes in Ecological Risk in the Landscape

The natural discontinuity method in the ArcGIS 10.8 software was used to classify
the size and spatial distribution of the ecological risk index of the Yellow River source
area for 2000–2020 in five classes, and the results are shown in Figure 4. In 2000, low-risk,
medium-low-risk, medium-risk, medium-high-risk, and high-risk areas of the Yellow River
source area accounted for 54.75%, 21.75%, 12.87%, 8.62%, and 2.01% of the total area of the
study area, respectively. In 2010, the low-risk, medium-low-risk, medium-risk, medium-
high-risk, and high-risk areas of the Yellow River source area accounted for 52.75%, 21.96%,
13.67%, 9.37%, and 2.25% of the total area of the study area, respectively. In 2020, the low-
risk, medium-low-risk, medium-risk, medium-high-risk, and high-risk areas of the Yellow
River source area accounted for 36.35%, 31.74%, 17.53%, 11.18%, and 3.2% of the total area,
respectively. The spatial distribution of the overall ecological risk level in the Yellow River
source area shows low-risk in the central part, high-risk in the west, medium-risk in the
north, and medium-high-risk in the east. From 2000 to 2020, the medium-high-risk area in
the eastern part of the Yellow River source area is expanding, and the high-risk area has
shrunk significantly. The ecological risk level in the west shows an increasing trend, and
the high-risk area and medium-low-risk area have increased significantly. The ecological
risk level in the north has the most significant changes. The change in ecological risk level
is most pronounced in the north, where the low-risk zone changes to a medium-risk zone
and medium-high-risk.
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The Pearson correlation test between land use intensity and ecological risk index was
used through Matlab R2021b according to scholars by assigning land use intensity classes
(Table 1) [39]. The results of the correlation analysis (Figure 5) showed that there was a
significant negative correlation between land use intensity levels and ecological risk levels
for almost the entire study area during the period from 2000 to 2020, which indicated that
land use intensity was decreasing as ecological risk levels increased, and vice versa. The
areas that show positive correlations in Figure 5c are mostly land types with high land use
intensity levels such as farmland and construction land, and these areas show an increase
in ecological risk with increasing land use intensity.
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3.3. Local Spatial Auto-Correlation Analysis

In the three periods of 2000, 2010, and 2020, the Moran’s I of ecological risk index is
positive, and the Z and p values are significant in the confidence interval. From 2000 to 2020,
the spatial correlation of ecological risk in the landscape of the Yellow River source area
and the aggregation pattern are mainly of “high–high” type and “low–low” type (Figure 6),
i.e., there is an aggregation relationship between high-risk areas and high-risk areas, and an
aggregation relationship between low-risk areas and low-risk areas. Meanwhile, Moran’s
I of ecological risk index showed a trend of first increasing and then decreasing as time
goes on, reaching a maximum value of 0.720 in 2010 and a minimum value of 0.681 in 2020,
indicating that the spatial aggregation of the ecological risk index in the source region of
the Yellow River first increased and then decreased, and the local difference first decreased
and then increased.
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The local spatial autocorrelation LISA plot (Figure 7) shows that the overall spatial
aggregation of ecological risk indices is mainly “high–high” and “low–low” aggregation
(positive correlation pattern), which is also consistent with the Moran’s I scatter plot results
of ecological risk indices in the Yellow River source area. The “high–high” aggregation type
is mainly distributed in the west (near the water area), the center (near the unused land),
and the east (near the wetland). The “low–low” aggregation type shows a fragmented
distribution. Statistics show that the “high–high” aggregation area accounted for 12.58% of
the total study area, and the “low–high” aggregation area accounted for 0.47% of the total
study area. The “low–low” aggregation accounted for 13.06% of the total study area. In
2010, the “high–high” aggregation accounted for 12.52% of the total study area, and the
“low–high” aggregation accounted for 0.47% of the total study area. The “low–high” ag-
gregation accounted for 0.34% of the total study area, and the “low–low” aggregation
accounted for 15.68% of the total study area in 2010. In 2020, the “high–high” aggrega-
tion area accounted for 13.32% of the total study area, the “high–low” aggregation area
accounted for 0.13% of the total study area, and the “low–high” aggregation area accounted
for 0.34% of the total study area. From 2000 to 2020, there were some spatial differences in
the characteristics of the aggregation areas of various ecological risk indices. Among them,
the area of “high–high” and “low–low” aggregation zones decreased by 3.16%. The area of
“high–high” and “low–low” clusters changed significantly, increasing by 0.74% and 2.42%,
respectively; the area of “high–low” clusters increased slightly by 0.13%.

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 16 
 

Figure 6. Moran’s I scatter diagram. 

The local spatial autocorrelation LISA plot (Figure 7) shows that the overall spatial 
aggregation of ecological risk indices is mainly “high–high” and “low–low” aggregation 
(positive correlation pattern), which is also consistent with the Moran’s I scatter plot 
results of ecological risk indices in the Yellow River source area. The “high–high” 
aggregation type is mainly distributed in the west (near the water area), the center (near 
the unused land), and the east (near the wetland). The “low–low” aggregation type shows 
a fragmented distribution. Statistics show that the “high–high” aggregation area 
accounted for 12.58% of the total study area, and the “low–high” aggregation area 
accounted for 0.47% of the total study area. The “low–low” aggregation accounted for 
13.06% of the total study area. In 2010, the “high–high” aggregation accounted for 12.52% 
of the total study area, and the “low–high” aggregation accounted for 0.47% of the total 
study area. The “low–high” aggregation accounted for 0.34% of the total study area, and 
the “low–low” aggregation accounted for 15.68% of the total study area in 2010. In 2020, 
the “high–high” aggregation area accounted for 13.32% of the total study area, the “high–
low” aggregation area accounted for 0.13% of the total study area, and the “low–high” 
aggregation area accounted for 0.34% of the total study area. From 2000 to 2020, there 
were some spatial differences in the characteristics of the aggregation areas of various 
ecological risk indices. Among them, the area of “high–high” and “low–low” aggregation 
zones decreased by 3.16%. The area of “high–high” and “low–low” clusters changed 
significantly, increasing by 0.74% and 2.42%, respectively; the area of “high–low” clusters 
increased slightly by 0.13%. 

 
Figure 7. Aggregation and outlier analysis graphs. (“High–High Cluster” shows as high values 
around high values, “High–Low Outlier” shows as low values around high values, “Low–Low 
Cluster” shows as low values around low values, “Low–High Outlier” shows as high values around 
low values). 

Overall, the Yellow River source area from 2000 to 2020 is mainly dominated by hot 
spot areas, with increasing sub-cold spot areas and fewer cold spot and sub-hot spot areas 
(Figure 8). The area of hot spot areas accounted for 11.78%, 11.37%, and 11.44% of the 
study area in 2000, 2010, and 2020, while the area of sub-hot spot areas accounted for 
4.17%, 4.51%, and 5.25% of the study area. The area of the cold spot area accounts for 
0.61%, 3.23%, and 9.35% of the study area. In terms of spatial distribution, the land types 
in the hot spot area are mainly water, unused land, and wetland, showing a high value 
aggregation pattern of ecological risk index. The sub-cold spot area has gradually 
increased since 2010, and its main land types are grassland, showing a low value 
aggregation pattern of ecological risk index. The cold spots, sub-cold spots, sub-hot spots, 
and hot spots of ecological risk in different areas of the Yellow River source area in the 
three time periods are still in the process of continuous transformation. The hot spot areas 
in the west are in a stable state, the hot spot areas in the north increased significantly in 
2020, and the hot spot areas in the east are shrinking. In 2020, compared with 2000, the 
proportion of hot spot and sub-hot spot areas to the area of the study area increased by 
0.74%, the proportion of cold spot and sub-cold spot areas to the area of the study area 
increased by 8.75%, and the area of sub-cold spot areas increased significantly. The above 

Figure 7. Aggregation and outlier analysis graphs. (“High–High Cluster” shows as high values
around high values, “High–Low Outlier” shows as low values around high values, “Low–Low
Cluster” shows as low values around low values, “Low–High Outlier” shows as high values around
low values).

Overall, the Yellow River source area from 2000 to 2020 is mainly dominated by hot
spot areas, with increasing sub-cold spot areas and fewer cold spot and sub-hot spot areas
(Figure 8). The area of hot spot areas accounted for 11.78%, 11.37%, and 11.44% of the study
area in 2000, 2010, and 2020, while the area of sub-hot spot areas accounted for 4.17%, 4.51%,
and 5.25% of the study area. The area of the cold spot area accounts for 0.61%, 3.23%, and
9.35% of the study area. In terms of spatial distribution, the land types in the hot spot area
are mainly water, unused land, and wetland, showing a high value aggregation pattern
of ecological risk index. The sub-cold spot area has gradually increased since 2010, and
its main land types are grassland, showing a low value aggregation pattern of ecological
risk index. The cold spots, sub-cold spots, sub-hot spots, and hot spots of ecological risk
in different areas of the Yellow River source area in the three time periods are still in the
process of continuous transformation. The hot spot areas in the west are in a stable state,
the hot spot areas in the north increased significantly in 2020, and the hot spot areas in the
east are shrinking. In 2020, compared with 2000, the proportion of hot spot and sub-hot
spot areas to the area of the study area increased by 0.74%, the proportion of cold spot
and sub-cold spot areas to the area of the study area increased by 8.75%, and the area of
sub-cold spot areas increased significantly. The above indicates that the ecological risk
cold spot and hot spot areas are still in an unstable fluctuating state, and further rational
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adjustment of land use types and structures by anthropogenic or natural means should
achieve the security and stability of the regional landscape ecosystem.
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4. Discussion

Located in the southwest of China, the Tibet Plateau is an important ecological barrier
protection key area in China due to its functions of water containment, soil conservation,
wind and sand control, carbon fixation, and biodiversity conservation [40–42]. The Yellow
River source area (YRSA) is on the southeastern edge of the Tibet Plateau and is the origin
of the Yellow River basin, which plays an irreplaceable role in terms of water sources and
has a very fragile ecological environment. Land use change is the most direct manifestation
pattern of the interaction between human activities and the natural environment. The
land itself is a macroscopic representation of the surface landscape, and its compositional
structure or pattern changes are highly correlated with the spatial and temporal distribution
and dynamics of ecological risks in the landscape. Therefore, the landscape pattern-based
evaluation method is free from the inherent paradigm of traditional ecosystem evaluation
to a certain extent. The method evaluates Landscape Ecological Risk (LER) directly from
the spatial pattern at the regional scale, and the risk receptor changes from a single element
in the ecosystem to the ecosystem itself that makes up the heterogeneous landscape [4].
There is growing evidence that environmental change has a strong influence on ecosystem
processes and services on the Tibetan Plateau [43–46]. Climate change and land use change
contributed positively to water supply between 2000 and 2008, with a 61% increase in the
contribution of land use to increased water supply [47]. Due to the combined action of
global warming and human activities, natural phenomena and anthropogenic behaviors
can be seen as the main factors that cause desertification in the YRSA, with the increase in
construction land and farmland in the north leading to increased desertification [48]. The
average pH and NPP values of soils in the YRSA from 2000 to 2021 were low and showed a
decreasing trend, indicating that the area has a weak carbon fixation capacity, and it was not
conducive to the growth of vegetation [49,50]. The land use types in the YRSA are mainly
grassland, including alpine grassland, degraded meadow, alpine meadow, and swampy
meadow, and the changes in spatial structure are random and structural [51,52]. The
grassland is constantly shifting to other land use types, and its transferred area is increasing
as time goes on (Figure 3). The study shows that the land use types change more drastically
after 2010 than before 2010, and the increase in the area of farmland and construction land is
particularly obvious, with an increase of 228.40 km2 and 1712.06 km2, respectively, in 2020
compared to 2000. The area of unused land has increased by 2930.27 km2 in 20 years, which
is due to the degradation and desertification of grassland caused by rampant rodents. As
the water source of the Yellow River Basin, the source area contains many lakes and marshes
and nurtures a variety of typical alpine ecosystems. The wetlands are the most important
ecosystems in the source area, and they have the most biodiversity with a strong water-
conserving capacity. Studies have shown that the water area and wetlands in the YRSA
over the past 20 years have steadily increased by 260.89 km2 and 1094.93 km2, respectively.
This phenomenon has secured the water supply of the Yellow River basin. Woodland plays
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an important role in the stability of the regional ecosystem, and protecting woodland can
effectively protect biodiversity and water-catching capacity. However, because the natural
environment of the YRSA is not conducive to the growth of woodland [53], woodland has
the least area in the YRSA, with only 272.91 km2 in 2020. Over the past 20 years, the area of
woodland first decreased, but then increasing.

In the 1980s, the land use mechanism in western cities was rigid, and the reform
process lagged behind. With no unified land use management policy system. During
this period, urban buildings showed low density with a low plot ratio and low yield
of land. The emergence of the phenomenon of “enclose land for gardening” and the
disorderly expansion of urban space made a great impact on the landscape pattern. Due to
lack of attention to ecosystems by urban managers, natural landscapes such as farmland
and grasslands have been encroached upon and destroyed by artificial landscapes, urban
landscapes are fragmented, and the quality of natural ecosystems is reduced [54]. The
study shows that the overall ecological risk in the YRSA is gradually increasing. There are
differences in the changes in ecological risk values between regions. The ecological risk
level in the northern region continues to rise because of the more frequent human activities
in this region and the most construction land. As time goes on, the low ecological risk zone
in the central part of the YRSA gradually upgrades to a medium-low ecological risk zone.
During the study period, the land use type in such areas changed from grassland to unused
land due to the intertwined effects of hydraulic and wind erosion in the YRSA, which led to
the degradation and desertification of grassland. This phenomenon further exacerbates the
rodent problem by destroying the living conditions of the rodents’ natural enemies. The
decrease in the eastern high-risk area is due to the increase in wetlands, while the increase
in the medium-high-risk area is due to the increase in farmland. Human activities and land
use intensity in the YRSA are key factors contributing to the increase in ecological risk [55].
Figure 5 shows that ecological risk and land use intensity are positively correlated in areas
where the area of construction land and farmland have increased significantly. Another
way to state this is by saying that the ecological risk to the region increases significantly as
the intensity of land use increases. The ecological risks in the YRSA show a clear spatial
correlation; the main aggregation patterns are seen as “low–low” and “high–high”. The
overall characteristic is high-risk and high-value. The “low–low” pattern has a fragmented
distribution, where the landscape type is mainly grassland, far from construction sites and
roads and other landscape stressors with low landscape separation and fragmentation,
and a low intensity of anthropogenic disturbance. This pattern shows a low-risk value
agglomeration and a relatively intact habitat. However, these areas have a low value of
ecosystem services [56]. “The ‘high–high’ type has a concentrated distribution, where
the landscape type is mainly water area, wetlands, and farmland with a high intensity of
human and biological activities, and shows a high-risk agglomeration pattern. However,
these areas have a high value of ecosystem services. After 20 years of change, from the view
of the aggregation degree of cold and hot spots of ERI in the YRSA, the spatial distribution
of high-value aggregation areas is stable with a small increase in the north, while there is
a small decreasing trend in areas of high ERI in the east and west. The area of low-value
aggregation areas increased by 8.75% in 2020 compared with 2000, showing a trend of
year-on-year increase. In general, the spatial aggregation of the ERI in the YRSA gradually
increased in terms of time scale, and the local variability gradually decreased. The risks
of cold and hot spot areas are constantly changing, and the LER is still in an unstable
fluctuation state. It is necessary to further adjust land use types and structures to enhance
the stability of the regional landscape ecosystem.

5. Conclusions

In the last two decades, the ecological risk zones in the YRSA have been mainly low-
risk, with a wide range of distribution and grassland being the main land use type. The
high-risk areas are mainly water areas, unused land, and wetlands. In 2020, there were
significant fluctuations in the size of the different levels of ecological risk zones, with a
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significant increase in the size of areas changing from low-risk to low-medium-risk and an
increasing trend in LER. It is worth noting that ecological risk increases (Figure 5c) in areas
where land use intensity increases (Figure 5a). The ERI cold spot areas show a significant
increase in 2020 and are scattered, which was mainly due to the high altitude of the area,
the predominantly grassland land, the low separation and fragmentation of the landscape,
and the low intensity of human disturbance. In contrast, the ERI hot spots are concentrated,
and their spatial distribution remains fixed. The land use types in the hot spot areas are
mainly construction land, farmland, wetland, and water areas; the intensity of human
activities is high, and the disturbance is strong. Therefore, it showed a concentration of high
ecological risk values. In general, the ERI of the YRSA is increasing in the cold spot areas,
while the hot spot areas are on a stable trend. However, the ecosystem landscape pattern in
the study area is still unstable, and it is necessary to strengthen the control of the expansion
of unused land and the intensity of human activities. This is to firmly implement ecological
restoration policies such as afforestation and reforestation for stable ecosystem functions.

This paper intended to establish the link between changes in land use and landscape
pattern and regional ecological risk by building up an evaluation index of landscape ecolog-
ical risk and transforming landscape spatial structures into ecological risk variables through
the spatial grid sampling method. This paper measured the degree of ecological risk in the
Yellow River source area only from the perspective of landscape spatial structure without
involving other natural or socio-economic factors. Therefore, there is no absoluteness
regarding the calculated ecological risk values. However, the method of constructing an
ecological risk index based on landscape pattern is feasible and effective to study the spatial
pattern and dynamic changes of ecological risk in the watershed.
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