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Abstract: Landscape ecological risk assessment can reflect the impact of landscape pattern on ecolog-
ical processes and functions, and has become an important method for predicting and measuring
the quality and dynamic evolution of the ecological environment. Studying the trend of landscape
ecological risk evolution is important for optimizing the regional landscape pattern and maintaining
the sustainable development of the ecological environment in ecologically fragile areas. Ningxia Hui
Autonomous Region is a typical agro-pastoral region in northern China, which is facing prominent
ecological and environmental problems such as soil erosion and land desertification. With the environ-
mental problems becoming more and more serious, the ecological risk also poses increasing potential
danger, which becomes one of the bottlenecks restricting regional economic development. This paper
selects Ningxia Hui Autonomous Region as the study area. Based on land use data in 2000, 2005, 2010,
and 2015, the landscape ecological risk assessment model is built from the perspective of landscape
ecology, and combines the spatial statistical analysis method and the gravity shift model to explore the
spatial–temporal evolution of the spatial distribution characteristics of landscape ecological risk. The
results showed that: (1) During the study period, the area of farmland and grasslands has decreased,
and the area of forest, water, and settlement has increased; (2) The transformation of land-use types
is mainly distributed in the central northern plain and the south valley, where human activities are
intensive. The transfer relationship among different land-use types is mainly between grasslands and
farmland; (3) The hotspots and aggregation area of landscape ecological risk are mainly distributed
along the city belt and irrigated agricultural areas along the Yellow River in the northern Ningxia
Plain; (4) From 2000 to 2005, the landscape ecological risk level decreased, and from 2005 to 2015,
the landscape ecological risk index continued to rise. We conclude that the natural environment of
Ningxia determines the characteristics of the spatial distribution of landscape ecological risk, while
the use and modification of land through human activities are the main driving factors of landscape
ecological risk change. The results of landscape ecological risk assessment at different scales based
on the landscape index will provide support for regional environmental management.

Keywords: landscape ecological risk; ecological assessment; hotspot analysis; landscape pattern;
Ningxia Hui Autonomous Region

1. Introduction

Ecological risk refers to the uncertain impact of events or disasters on the ecosystem
and its components, especially on non-human organisms, populations, and ecosystems [1].
Ecological risk assessment is the process of estimating the likelihood that a particular
event will occur under a given set of circumstances [2,3], aiming to provide a quantitative
basis for balancing and comparing risks associated with environmental problems and
a systematic means of improving the estimation and understanding of those risks [4,5].
Ecological risk assessment can clearly define the main ecological factors and processes that
restrict regional ecological sustainability. As a basis for understanding and controlling
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ecological risk [6], coping with the integrated management of social ecosystems has become
a research hotspot in the fields of physical geography and macroecology [7,8]. Early
research on ecological risk assessment mainly focused on the impact of pollutants such
as environmental pollution on the ecosystem and its composition, and the assessment
research was mainly carried out at a relatively micro level; with the development of remote
sensing and geographic information system, remote sensing technology has become widely
used in the field of ecosystem evaluation, including ecological risk assessment [9,10]. At
present, ecological risk assessment focuses more on the macro level, mainly including the
relative risk assessment method (RRM) [11–13], the hierarchical patch dynamic paradigm
(HPDP) [14,15], “a procedure for ecological tiered assessment of risks” (PETAR) [16], and
other ecological risk assessment models and methods.

In the process of rapid urbanization and land use/cover change, ecological risks come
from complex natural processes and human activities, which greatly change the ecosystem
structure and service functions [17]. How to measure the ecological risk effect caused by
landscape pattern change is an urgent question to be answered. Landscape pattern is the
process of the combination and arrangement of patches of different shapes and sizes in
the spatial scope, and it is also the result of the interaction of the spatial heterogeneity
of landscape elements and their ecological processes [18]. Ecological risk assessment is
the basis for judging the adverse effects of human activities, natural disasters, and other
disturbances on the function and structure of regional ecosystems, while landscape pattern
is the result of many ecological impacts, including external disturbances, acting together at
different spatial scales [19]. The study of landscape pattern change and its evolution pattern
can reveal the structural characteristics and change patterns of regional ecosystems, which
is widely applied in comprehensive regional ecological evaluations. It is widely used in the
comprehensive assessment of regional ecology, providing new ideas and new perspectives
for the study of regional ecological risk, and it has become an important method for the
assessment of regional landscape ecological risk [20,21]. Compared with other ecological
risk assessment methods that focus on the comprehensive overlapping of multiple risks,
landscape ecological risk assessment places more emphasis on the impact of landscape
pattern on ecological processes or functions. The emphasis on scale is an important feature
that distinguishes landscape ecological risk assessment from other risk assessment methods.
The study of ecological risk based on a multi-scale landscape pattern change perspective
can capture the cumulative effects of various potential ecological types and landscapes [22],
thus providing a more reliable basis for regional ecological conservation decisions [23].

The agro-pastoral region in northern China is a coupled area of traditional agriculture
and animal husbandry which is extremely sensitive to changes and disturbances in the
external environment; the regional ecosystem has outstanding vulnerability and sensitivity
characteristics [24]. In recent years, with global climate change and regional economic de-
velopment, regional ecological stability has declined, and regional ecological environment
protection and social and economic development are facing severe challenges compared
with other regions. The rapid and accurate identification and management of ecologically
fragile ecological risk areas such as agro-pastoral region can be realized through landscape
ecological risk assessment based on the perspective of land use change [25]. As the highest
administrative level to implement the national planning regional development strategy in
China, the provincial scale landscape ecological risk assessment study has an important
guiding role in national spatial planning at the city and county level. At present, common
objects of ecological risk assessment are those more concentrated in single typical ecological
areas, such as lakes [26,27], watersheds [28–30], and coastal zones [31,32]. However, the
smaller scope of assessment units leads to relevant studies often ignoring spatial hetero-
geneity, i.e., the heterogeneity and complexity of ecological and social spatial patterns in
spatial distribution. The elements of the ecosystem are generally connected and interact
with each other [33], so more attention should be paid to the integrity and the systematic na-
ture of the ecosystem in relevant research. At present, landscape ecological risk assessment
research pays less attention to composite ecosystems with ecosystem vulnerability, and



Land 2022, 11, 1829 3 of 23

there is a lack of ecological risk assessment and application research in large spatial scale
areas. It is difficult for the research results to provide strong support for the adjustment
of ecological spatial structure and ecological risk prevention and control at the provincial
level.

Ningxia Hui Autonomous Region (hereinafter referred to as “Ningxia”) is located in
the arid, semi-arid, and agro-pastoral region of western China. The ecological environ-
ment of Ningxia is sensitive and fragile, and economic and social development is highly
dependent on resource development. Under the background of the Western development
strategy, the quantity and intensity of resource development in Ningxia are increasing,
which causes various potential ecological risks. It is urgent to carry out ecological risk
assessment in Ningxia, which is rich in ecosystem types complex geomorphic features;
the spatial heterogeneity of natural resource endowment conditions and socio-economic
development level in Ningxia provide a case basis for assessing and analyzing the spatial
differentiation of landscape ecological risks from the perspective of landscape ecology.
This paper takes Ningxia as the study area, and takes the land use data of 2000, 2005,
2010, and 2015 as the data source. Based on the assessment model from the perspective
of landscape ecology, this paper constructs a multi-functional ecological risk assessment
model based on the landscape pattern index to assess the ecological risks in the study area,
and uses geographic information system technique to analyze and visually express the
dynamic changes of the spatial and temporal patterns of the ecological risk. The research
results will provide a theoretical basis for the win-win management decision-making of
regional development and ecological protection, provide data support for ecological risk
control measures, and have important practical significance for the healthy and sustainable
development of regional ecological environments. This study will also provide reference
for ecological environmental protection, ecological risk prevention, and the sustainable
development of ecosystems in other similar ecologically fragile areas in China.

2. Study Area

Ningxia is located in northwestern China (35◦14′ N~39◦23′ N, 104◦17′ E~107◦39′ E),
in the middle and upper reaches of the Yellow River, bordering the Inner Mongolia Au-
tonomous Region in the west, north and northeast, Shaanxi Province in the East, and Gansu
in the southeast and southwest. The terrain in the study area is high in the south and low
in the north. The terrain tilts from south to north, and the landform transits from fluvial
landform to wind-erosion landform from south to north. Ningxia’s territory is long and
narrow from north to south, with a distance of 450 km from north to south and 250 km from
east to west (as shown in Figure 1). The total land area is about 66,400 square kilometers,
accounting for about 0.54% of China’s total area. The Ningxia ecosystem is rich in variety
and has many important ecological functions, such as windbreak and sand fixation, the
maintenance of biological diversity, water and soil conservation, etc. It is the important part
of the “Loess Plateau-Sichuan-Yunnan” ecological barrier and the northern sand control
belt in China’s “Two-screen and three-belt” ecological security pattern, which ensures the
ecological security of the upper and middle reaches of the Yellow River and north and
northwest China. The ecological location of Ningxia is very important [34–36].
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Ningxia is a typical agro-pastoral interlacing region in northern China. The main
land use type in Ningxia region is grassland and farmland, of which grasslands are widely
distributed in the central hilly area and the southern mountainous area of the study area,
and farmland is mainly distributed along the Yellow River, Qingshui River, and Kushui
River. It is located in the eastern monsoon region and the northwest arid and semi-arid
region, and exists in the transitional zone between desert and grasslands, with an extremely
fragile ecological background and poor ecosystem stability. Ningxia provides rare survival
resources for the development of farming and nomadic economy in the surrounding areas,
which makes the regional social and economic development dependent on the development
of resources. On one hand, with the increasing intensity of resource development in
Ningxia, various ecological risks such as land desertification and salinization, water and
soil loss, and shrinking lake area have emerged, and the fragile ecological environment is
a barrier to rapid economic development. On the other hand, with the implementation
of regional projects such as returning farmland to forest or grasslands and ecological
migration, large-scale human activities are disturbing the natural evolution of regional
ecological environment under the influence of socio-economic environment and policy
drive.

3. Materials and Methods
3.1. Materials

The land use data used in this paper came from the Resource and Environment
Science and Data Center of the Institute of Geographic Sciences and Nature Resources
Research (https://www.resdc.cn/ (accessed on 24 June 2021)). The data are generated
by manual visual interpretation with Landsat TM/ETM remote sensing images of each
period. The spatial resolution of the land use data is 30 × 30 m, and the classification
system includes six primary classes and twenty-five secondary classes. It has been verified
that the classification accuracy of the primary classes of the data reaches more than 94.3%,
which meets the application requirements. This paper selects four periods of land use data
in 2000, 2005, 2010, and 2015. According to the ecological environment in the study area
and the main research contents of this paper, based on the administrative vector boundary
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of the study area, the land use data were clipped and reclassified into six types of land use:
farmland, forest, grasslands, water and wetland, settlement, and desert.

3.2. Division of Ecological Risk Assessment Unit

The assessment unit is the smallest unit for regional ecological risk assessment, which
can objectively reflect the spatial differentiation characteristics of the regional ecological
environment. In order to enable the ecological risk index to represent the ecological risk
status brought about by landscape changes in a certain area, and to better visualize the
degree of ecological risk in a space, according to the basic requirements and principles of
landscape ecology for a sample grid area (the area of the sample grid is 2~5 times of the
average patch area), and based on the full consideration of the study area and the spatial
heterogeneity of the landscape, 3528 ecological risk assessment units were divided into
4 km × 4 km square grid in ArcGIS 10.2 software (ESRI, Redlands, CA, USA) by using
the Create Fishnet tool with the equidistant sampling method (as shown in Figure 2). In
ArcGIS and Fragstats 4.2 software (McGarigal, K., USA) [37], the landscape ecological risk
(LER) assessment model is used to calculate the ecological risk index of each assessment
unit, and the ecological risk index was assigned to the central point of each assessment
unit. Taking the point data as the interpolation sample data, Kriging spatial interpolation
method was used to interpolate the ecological risk in ArcGIS [38,39].
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3.3. Methods

In order to study the temporal and spatial variation characteristics of landscape
ecological risk in Ningxia, the workflow is as follows (Figure 3). Based on the land use data
in 2000, 2005, 2010, and 2015, the land use transfer matrix was used to explore the land use
change in Ningxia. A landscape ecological risk assessment model based on the landscape
pattern index was constructed to assess the landscape ecological risk in Ningxia at grid
scale, county scale, and regional scale. Then, the spatial and temporal distribution and
change characteristics in Ningxia were analyzed by using the hotspot analysis method, the
spatial autocorrelation method and the geographic gravity center model. Finally, combining



Land 2022, 11, 1829 6 of 23

the characteristics of land use change and the distribution of land use within each ecological
risk level, the possible sources of landscape ecological risk in Ningxia were analyzed from
the perspective of landscape ecology.
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3.3.1. Land Use Transfer Matrix

The land use transfer matrix can quantitatively show the transformation between
different system states at each time. In this paper, it is used to simulate the transfer
direction of land use types and ecological risk levels. The calculation formula is as follows:

Sij =


S11 S12
S21 S22

· · · S1n
· · · S2n

· · · · · ·
Sn1 Sn2

· · · · · ·
· · · Snn

 (1)

where S is the area; Sij is the area of land type or LER level i transformed into land type or
LER level j; n is the number of land use types or LER level, and i and j represent the land
use types or LER level before and after transformation, respectively.

3.3.2. Landscape Ecological Risk Assessment Model

According to the relevant literature [22,40–42], this study uses landscape disturbance
and landscape vulnerability to build a landscape ecological risk assessment model to calcu-
late the landscape ecological risk index of each assessment unit. The relationship between
landscape structure and ecological risk can be established through the landscape ecological
risk index, which can quantitatively reflect the correlation between landscape pattern and
ecological risk. The spatial structure of the landscape can usually be transformed into
spatialized ecological risk variables through resampling methods based on the landscape
ecological risk index (LERI). The calculation formula is as follows:

LERIi =
N

∑
i=1

Aki
Ak

Ri (2)

where Ri is the landscape loss index of landscape type i; Aki is the area of landscape type i
in the LER assessment unit k; Ak is the area of the landscape ecological assessment unit k;
N is the number of landscape types in the study area; and LERIi is the LER index value of
the LER assessment unit k. The higher the LERI, the higher the ecological risk degree of the
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corresponding ecological risk assessment unit. The calculation formulas of each landscape
index and points of ecological significance are shown in Table 1.

Table 1. Calculation formula of each landscape index and corresponding ecological significance.

Landscape Index Calculation Formula Ecological Significance

Landscape
fragmentations index

(Ci)
Ci =

ni
Ai

(3)

Ci is the landscape fragmentations index, which indicates
the process of the convergence of the landscape from a
single homogeneous and continuous whole to a complex,
heterogeneous, and discontinuous patch mosaic under the
effect of natural or human activity disturbances, reflecting
the degree of the fragmentation of a landscape type at a
given time; ni and Ai are the patch number and patch area
of landscape type i, respectively.

Landscape
separation index (Si)

Si =
A

2Ai

√
ni
A

(4)
Si is the landscape separation index, which indicates the
separation degree of the distribution of different patches
in a landscape type; A is the total area of the study area.

Landscape
dominance index

(Di)
Di =

Qi+Mi
4 + Li

2 (5)

Di is the landscape dominance index, which indicates the
advantage of a patch type in the landscape, and is usually
used to reflect the distribution degree of one or more
landscape components in the landscape structure; Qi is
the ratio of the number of ecological risk assessment units
which includes landscape type i in the total number of
ecological risk assessment units; Mi is ratio of the patch
number of landscape type i to the total patch number in
the study area; Li is the ratio of the area of landscape type
i to the area of the LER assessment unit.

Landscape
disturbance index

(Ei)
Ei = aCi + bSi + cDi (6)

Ei is landscape disturbance index, which is mainly used to
reflect the loss degree of different areas after being
disturbed; a, b, and c are the weights of the corresponding
landscape indices and the sum of a, b and c is 1. According
to expert opinions, a, b, and c are usually assigned as 0.5,
0.3, and 0.2, respectively.

Landscape
vulnerability index

(Fi)
Expert consultation method

The landscape vulnerability index indicates the ability of
different landscape types to resist external interference,
which is mainly used to reflect the sensitivity of different
landscape types to external interference. The larger the
landscape vulnerability index is, the lower the ecosystem
stability is. In this paper, based on the general situation of
the study area, the expert evaluation method is used to
assign the landscape vulnerability index of the various
landscape types. Settlement, forest, grasslands, farmland,
water and wetland, and desert are assigned values from 1
to 6, respectively, and are normalized under the restriction
that the sum is 1.

Landscape loss index
(Ri)

Ri = Ei × Fi (7)

The landscape loss index indicates the degree of loss of
the natural properties of the ecosystem when it is
disturbed by both natural and human activities. It can be
expressed by the product of the landscape disturbance
index and the landscape vulnerability index
corresponding to each landscape type.

3.3.3. Hotspot Analysis

Hotspot analysis can identify the distribution pattern of coldspots and hotspots of
ecological risk in the study area, and reveal the spatial differences of ecological risk in the
landscape. Relevant studies show that the Gi statistical method is superior to, and more
scientific than, other hotspot mapping methods, as it can classify statistical significances
and the connectivity of cold and hotspots. This tool can be used to identify the statistically
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significant spatial clusters of high (hotspots) and low (coldspots) ecological risk indices [7].
The z-value of each pixel can be calculated using the Getis-Ord Gi* tool in ArcGIS software.
The higher (or lower) the z-score, the more intense the clustering. A z-score close to zero
indicates no apparent spatial clustering [43,44]. The calculation formula is as follows:

G∗i =
∑n

j=1 wijxj − x ∑n
i=1 wij

s

√[
n ∑n

j=1 w2
ij −

(
∑n

j=1 wij

)2
]

/(n− 1)

(8)

where Gi is the output statistical z-score, xj is the attribute value of element j; wij is the
spatial weight between elements i and j, x and S are the mean value and standard deviation
of the corresponding element, respectively, and n is the number of elements.

3.3.4. Spatial Autocorrelation Analysis

Spatial autocorrelation analysis refers to the degree of similarity between the val-
ues of a spatial variable and those of its neighbors. The aggregation and differentiation
characteristics of spatial units and adjacent units can be accurately grasped by using this
method [45,46]. In this paper, spatial autocorrelation is used to characterize the correlation
degree of ecological risk between ecological risk assessment units and adjacent assessment
units. The univariate local Moran’s I and LISA values were calculated in GeoDa 1.18 soft-
ware (Anselin et al., USA) [47] to reflect the spatial distribution of the landscape ecological
risk index in the study area. According to the level of spatial autocorrelation significance of
Moran’s I, the study area can be divided into four categories: high-high, low-low, high-low
and low-high. The calculation formula is as follows:

Moran′s I =
n ∑n

i=1 ∑n
j 6=1 wij(xi − x)

(
xj − x

)(
∑n

i=1 ∑n
j=1 wij

)
∑n

i=1(xi − x)2
(9)

where n is the number of landscape ecological risk assessment units; xi and xj represent the
LER value of spatial units i and j, respectively; wij represents the space weight matrix. x
represents the mean of the LER index. The value of I ranges is from −1 to 1. If it is greater
than zero, it is a positive correlation, and if it is less than zero, it is a negative correlation.
The greater the absolute value, the more obvious the correlation of landscape ecological risk
spatial distribution. If the value of I is greater than zero, this indicates a positive correlation,
whereas a value less than zero indicates a negative correlation. When the absolute value of
I approaches zero, it indicates that the landscape ecological risk index is spatially randomly
distributed.

3.3.5. Geographic Gravity Center Model

The geographic center of gravity model is a weighted average of the geometric barycen-
tric coordinates of a group of spatial objects and some corresponding elements, that is, the
mean value of the spatial elements, which is the statistical description of the spatial pattern
of the elements. It’s used to describe the center of gravity and the change trajectory of the
landscape ecological risk level. The calculation formula is as follows:

x =
∑n

i=1 Pixi

∑n
i=1 Pi

, y =
∑n

i=1 Piyi

∑n
i=1 Pi

(10)

where Pi is the value of the spatial element, here referring to the landscape ecological
risk level; xi and yi are the abscissa and ordinate of the geometric center of grid point i,
respectively; x and y are the abscissa and ordinate of the gravity center of the landscape
ecological risk level, respectively. The Standard Deviation Ellipse (SDE) can also be used to
analyze the directional characteristics of the evolution of the landscape ecological risk level.
The spatial range of the ellipse can represent the main area of the spatial distribution of the
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landscape ecological risk level, the center of the ellipse can represent the relative position
of the landscape ecological risk level in the two-dimensional space, the direction angle can
reflect the main trend direction of the distribution, and the long axis indicates the degree of
dispersion of the landscape ecological risk level in the main trend direction. The formulas
for calculating the main parameters of SDE can be found in the relevant literature [48] and
will not be explained here.

4. Results and Analysis
4.1. Land Use Pattern Changes

It can be seen from Table 2 that from 2000 to 2015, the areas of forest, water, and
settlement in the study area increased, and the areas of grasslands, farmland, and desert
decreased. The area of settlement increased significantly during the study period. From
2000 to 2015, the area of settlement increased continuously from 0.1300 km2 to 0.2600 km2,
an increase of 99.84%. The area of forest also increased significantly, from 3100 km2 in 2000
to 3600 km2 in 2015, an increase of 16.00%. The area of water increased slightly, with an
increase of 5.17%. The area of farmland first decreased and then increased; from 2000 to
2005, the area of farmland decreased to at least 22,500 km2. Although the area of farmland
increased later, it still decreased by 3.61% compared to the beginning of the study period.
Contrary to the change trend of farmland area, the area of grasslands and desert increased
first and then decreased. On the whole, the area of grasslands and desert decreased by
1.98% and 5.91%.

Table 2. Area and proportion of land use in Ningxia from 2000 to 2015 (10 thousand km2, %).

Land Use Types
2000 2005 2010 2015 Change Rate

of AreaArea PCT Area PCT Area PCT Area PCT

Farmland 2.37 35.72 2.25 33.85 2.28 34.28 2.29 34.43 −3.61
Forest 0.31 4.64 0.34 5.13 0.36 5.38 0.36 5.38 16.00

Grasslands 3.05 45.94 3.09 46.47 3.02 45.52 2.99 45.03 −1.98
Water and wetland 0.12 1.82 0.12 1.86 0.12 1.88 0.13 1.91 5.17

Settlement 0.13 1.95 0.15 2.28 0.22 3.27 0.26 3.9 99.84
Desert 0.66 9.94 0.69 10.42 0.64 9.67 0.62 9.35 −5.91

The transfer direction of land use type is shown in Figure 4 and Table 3. The trans-
formation of land use types is mainly distributed in the central Northern Plain and the
South Valley, where human activities are intensive. The transformation is mainly between
grasslands and farmland. In terms of the relationship between land use types transferred
in and out, the reduced grasslands are mainly transformed into farmland (1431.67 km2),
mainly distributed in the plain areas in Hongsibao District and Zhongning County in the
central of Ningxia and the mountainous areas in Shapotou District, Haiyuan County, and
Xiji County in the west of Ningxia. The reduced farmland was mainly converted into grass-
lands (1607.40 km2) and settlement (722.16 km2), of which the grasslands transferred from
farmland are mainly distributed in Hongsibao District in the central of Ningxia and Yanchi
County and Lingwu County bordering with the Inner Mongolia Autonomous Region in
the east of Ningxia, and the settlement transferred from farmland is mainly concentrated in
the Jinfeng District of Yinchuan City and Dawukou District of Shizuishan City in northern
Ningxia. The reduced desert was mainly transformed into grasslands (433.56 km2) and
farmland (371.75 km2), of which the grasslands were mainly distributed in Lingwu County
and and Yanchi County of Wuzhong City in western Ningxia and Pingluo City of Shizuis-
han City in northern Ningxia; farmland was mainly distributed in Shapotou District and
Hongsibao District in central Ningxia. Since the areas of settlement, forest land, and water
are relatively small, the direction of their transfer out and in is not described in detail here.
In 2015, the new settlement, forest, and water were all from grasslands and farmland, of
which the new settlement was mainly distributed in the plain area in north central Ningxia,
especially in Yinchuan City and Shizuishan City. The new forest was mainly distributed in
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Tongxin County in the border between southern Ningxia and Gansu Province. The new
water was mainly distributed in the tributaries of Yellow River in northern Ningxia, located
in Yinchuan City and Shizuishan City.
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Table 3. Land use transfer matrix in Ningxia from 2000 to 2015 (unit: km2).

Land Use Types
2000

Total
Grasslands Farmland Settlement Forest Desert Water and

Wetland

2015

Grasslands 27,737.30 1607.40 8.56 55.92 433.56 55.56 29,898.31
Farmland 1431.67 10,717.42 89.49 111.18 371.75 137.33 22,858.84
Settlement 415.39 722.16 1190.37 46.99 194.78 21.08 2590.77

Forest 385.62 206.50 3.75 2840.71 126.47 7.53 3570.57
Desert 414.97 308.58 1.43 13.92 5419.82 48.25 6206.97

Water and
wetland 117.40 152.11 2.82 9.54 50.26 936.70 1268.83

Total 30,502.35 23,714.17 1296.42 3078.26 6596.65 1206.45 66,394.29

4.2. Landscape Pattern Index

According to Formulas (3)~(7), the landscape pattern indices of each landscape type
in Ningxia in 2000, 2005, 2010, and 2015 were calculated based on Fragstats, ArcGIS, and
Excel 2016 (Microsoft, Redmond, WA, USA). The results are shown in Figure 5.
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For grasslands, which are the main landscape type in the study area, the change trend
of patch number and landscape area changed in opposite trends throughout the study
period. Therefore, from 2000 to 2005, the degree of grasslands fragmentation and landscape
separation decreased. From 2005 to 2015, with the continuous reduction of grasslands
area and the increase of the number of grasslands patches, the degree of grasslands frag-
mentation and landscape separation index increased. The landscape disturbance index of
grasslands also increased. During the study period, the patch number and landscape area
of farmland decreased initially, followed by an increase. Compared with other ecological
land such as forest, grasslands, and water, the formation and change of the farmland spatial
pattern are more vulnerable to human activities. Therefore, the spatial distribution of the
farmland landscape is more concentrated and the landscape disturbance index continues
to decrease, that is, the degree of loss after disturbance gradually decreases.

The landscape area and patch number of forest, water and wetland, and settlement all
increased. Since the growth of settlement tends to spread outward around central urban
areas, even if the patch number of settlement increases in the process of urban expansion,
the patch area of the central urban area is relatively concentrated. So, the landscape
fragmentation index and landscape separation index of settlement are significantly less,
and the landscape disturbance index is also reduced. Although the change of landscape area
and patch number of water is the same as that of settlement, the increase of patch number
is more significant than that of landscape area. Therefore, the landscape fragmentation
index of water has deepened, the landscape separation index has intensified, and the
landscape loss index has continued to grow. The forest land expanded rapidly from 2000
to 2010. The growth rate of landscape area was faster than the patch number, so the
landscape fragmentation index and landscape separation index of forest land decreased in
this period. Additionally, the change of landscape area of forest land nearly stopped from
2010 to 2015; in contrast, the patch number increased significantly. Therefore, the landscape
fragmentation index and landscape separation index of the forest area rose slightly, and the
landscape disturbance index also increased.

Since the landscape vulnerability index is obtained by using the expert scoring method,
the landscape vulnerability index of various land use types is a constant. In the mathemati-
cal expression, the landscape loss degree is the product of the landscape disturbance index
and landscape vulnerability index. So, the relative magnitude of the landscape loss index
among various land use types is basically the same as the landscape vulnerability index,
that is, the landscape loss index of desert is the largest, while the landscape loss index of
settlement is the smallest, and its change trend is consistent with the landscape disturbance
index.

4.3. Temporal and Spatial Variation of Landscape Ecological Risk
4.3.1. Spatial Distribution Characteristics of Landscape Ecological Risk

Based on the result of the landscape multifunctional index of each landscape type, the
LERI of each landscape ecological risk assessment unit in the study area can be calculated
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using Formula (2). In ArcGIS 10.2 software, the Hot Spot Analysis tool (Getis-Ord Gi*)
was used to calculate the hot maps of LERI at the grid scale. Figure 6 shows the detailed
spatial distribution of hotspots and coldspots of LERI in the study area at the grid scale,
in which hotspots represent the high-value and high-value gathering areas of LERI, and
coldspots represent the low-value and low-value gathering areas of LERI. From the results,
it can be seen that most of the areas (69.76%) in the study area in 2015 belonged to not
significant areas, and a total of 7.75% of the areas belonged to highly significant hotspot
areas, mainly in the Ningxia plain in northeastern Ningxia; 4.54% of the areas belonged to
highly significant coldspot areas, mainly in the ridge area of Helan Mountain in the border
between northwestern Ningxia and Inner Mongolia and a few areas in southern Ningxia.
During the study period, the hot and cold areas of the LERI at the grid scale in the study
area decreased significantly. The hotspot area mainly shrinks along the main stream of the
Yellow River, while the coldspot area decrease is still distributed in the high-altitude areas
in northern and southern Ningxia.
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4.3.2. Spatial Autocorrelation of Ecological Risk

The assessment results of LER units in Ningxia were processed in GeoDa 1.18 using the
univariate local Moran’s I tool to discern LER aggregation patterns in Ningxia. As shown
in Figure 7, the global Moran’s I for 2000, 2005, 2010, and 2015 were 0.653252, 0.632229,
0.575585, and 0.551034. During the study period, the global Moran’s I of LERI are all
greater than 0 and the number of points in quadrants 1 and 3 is significantly greater than
that in quadrant 2 and 4. This indicates that the number of grids with “high-high” and
“low-low” LER aggregation characteristics is higher than that of “low-high” and “high-low”
grids, which means that the LERI is spatially positively correlated and there is a certain
spatial aggregation. Furthermore, the aggregation characteristic of LERI at the grid scale in
Ningxia gradually decreases from 2000 to 2015.

It can also be seen from the LISA aggregation map that the analysis result of global
Moran’s I is basically consistent with the hotspot analysis result. The “high-high” aggre-
gation area is mainly distributed along the main stream of the Yellow River and its main
tributaries in Yinchuan City and Shizuishan City in northern Ningxia, and the area covered
by the Hulu River (a tributary of the Weihe River in Xiji County) in southern Ningxia,
which is mostly the plain area topographically. The “low-low” aggregation area is mainly
distributed in the Helan Mountain Range in the northwest of Ningxia and the border with
Inner Mongolia Autonomous Region, and the ridge area of Liupan Mountain in Jingyuan
County in southern Ningxia, which is the mountainous high-altitude area topographically.
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On the whole, the number of positive correlation grids passing the significance test
(p > 0.01) is decreasing. The spatial aggregation characteristics of LER in Ningxia are
weakening, and the aggregation structure characteristics tend to be flat rather than three-
dimensional.

4.3.3. Landscape Ecological Risk Level and Spatial Transfer

(1) Assessment result of LERI

Figure 8 shows the assessment results of LER units in Ningxia from 2000 to 2015.
It shows that the high value areas of LER on the grid scale are mainly concentrated in
the northern part of Ningxia, mainly around the main stream of the Yellow River and
its main tributary (Qingshui River) longitudinally, showing obvious linear distribution
characteristics in space. The areas with low values of LERI do not have obvious spatial
shape characteristics and are widely distributed in the central and southern parts of the
study area.
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The assessment results of LERI on the grid scale are interpolated by using the Kriging
interpolation tool of ArcGIS 10.2 software, and the grid zoning statistical tool of ArcGIS
10.2 software is used to calculate the average value of LERI of each county, city, or district.
As shown in Figure 9, the landscape ecological risk indices of cities and counties in the
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central and southeastern Ningxia region are relatively low, specifically including Dawukou
District, Shapotou District, Zhongning County, Hongshibao District, Lingwu City, Yanchi
County, Jinyuan County, Yuanzhou District, and Pengyang County; meanwhile, the land-
scape ecological risk indices of several cities and counties in the north are relatively high,
including Yongning County, Jinfeng District, Xingqing District, Helan County, and Pingluo
County.
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(2) LER level transfer analysis

In ArcGIS 10.2 software, the interpolation result of LERI were classified accord-
ing to the equal interval classification method using the reclassification tool, and were
divided into the following five levels: lowest LER area (<0.0153394), lower LER area
(0.0153394~0.0179685), medium LER area (0.0179685~0.0205975), higher LER area
(0.0205975~0.0232265) and highest LER area (>0.0232265). The area and spatial distri-
bution of each LER level in Ningxia from 2000 to 2015 are shown in Figure 10 and Table 4.
The high LER level areas (higher and the highest) are the main areas of concern in this
study, and are mainly distributed in northern Ningxia, with the highest LER level areas
distributed in northwestern Ningxia, bordering Inner Mongolia.
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Table 4. Area and proportion of each landscape ecological risk level in Ningxia from 2000 to 2015
(unit:km2 %).

Year
Lowest Level Lower Level Medium Level Higher Level Highest Level

Area PCT Area PCT Area PCT Area PCT Area PCT

2000 1008.16 1.52 23,746.12 35.75 32,390.09 48.76 8969.15 13.5 314.96 0.47
2005 1277.66 1.92 27,749.19 41.77 31,212.23 46.99 6132.52 9.23 56.81 0.09
2010 1258.56 1.89 25,923.44 39.02 32,778.88 49.34 6327.47 9.53 140.06 0.21
2015 1233.95 1.86 25,042.72 37.70 33,519.06 50.46 6388.12 9.62 244.57 0.37

The study period can be divided into two phases according to the spatial distribution
and area change of each LER level. From 2000 to 2005, the overall landscape ecological risk
level of the study area markedly weakened, and the areas of higher and highest LER levels
decreased significantly. In 2005 in particular, the area covered by the highest LER level only
accounted for 0.9% of the total study area. The area covered by LER levels increased, and
the area covered by higher landscape ecological risk levels in the southern part of the study
area almost disappeared, while the area of lower LER levels increased, and the coverage
area of higher LER levels in the south of the study area almost disappeared. From 2005 to
2015, the overall LER level in the study area rebounded, with the medium LER, higher LER,
and highest LER areas maintaining increasing trends of change. On the whole, the areas
of the highest and higher LER levels in the study area in 2015 had decreased compared to
2000. However, there is a trend of change, in that the areas of highest and higher LER levels
in the study area have grown and will continue to increase in coming years.

A Sankey diagram is a kind of visual diagram to illustrate flow direction and the flow
of elements. It can clarify quantitative information such as flow, flow direction, and the
transfer relationship of different elements in a system. Its most obvious feature is that the
sum of the branch widths of each element at the beginning and end is equal [49]. In this
paper, a Sankey diagram is used to represent the characteristics and transfer direction of
LER level at the grid scale in Ningxia from 2000 to 2015.

Figure 11 reflects the transfer characteristics of the LER level in the study area. In
terms of the outflow direction, 62.24% and 0.17% of the areas in the highest LER level were
converted to higher LER and medium LER levels, respectively. Totals of 11.45%, 42.65%,
and 2.91% of the areas in the higher LER level were converted to the highest, medium, and
lower LER levels, respectively, which meant that the higher LER level mainly converted
to the medium LER level. Totals of 4.40% and 17.15 of the areas in the medium LER level
were converted to the higher and lower landscape ecological index level, respectively, and
18.04% and 1.38% of the areas in the lower LER level were converted to the medium and
lowest LER level, respectively. The outflow direction of the lowest LER level is relatively
single, and only 10.15% of the areas were converted to the lower LER level. In terms of the
inflow direction, more than half (53.12%) of the areas in the highest LER level in 2015 were
converted from the higher LER level. A total of 3.49% of the areas in the higher LER level
are converted from the highest LER level (3.17%) and the medium LER level (0.32%), and it
can be said that the LER characteristics of the areas in the medium level are more stable. A
total of 24.20% of the areas in the medium LER level are converted from the higher LER
level (11.41%) and the lower LER level (12.78%). The added lower LER level areas are
mainly converted from the medium LER level, accounting for 22.18%. A total of 26.85% of
the area in the added lowest LER level was converted from the medium LER level.
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Overall, the landscape ecological risk level mainly shifted from the highest LER level
to the higher LER level and from the higher LER level to the medium LER level from 2000
to 2005. Although some LER levels also convert to higher levels, the main transfer direction
of each LER level is from “high” to “low” in the same level. From 2005 to 2015, the direction
of LER level shift was from “low” to “high”. From the cross sections of 2015, it can be seen
that the main sources of new additions to the highest LER level are the higher risk level
and some medium LER level. Similarly, the new addition of the higher LER level originates
from the medium LER level. The area change of the lower LER level and the lowest LER
level is relatively stable, mainly transferring and flowing within their adjacent landscape
ecological risk levels.

(3) Shift of gravity center of LER level

In order to analyze the spatiotemporal changes of LER levels in Ningxia, the gravity
center shift model was used to calculate the spatial location and spatial move of the gravity
center of each landscape ecological risk level in each year, and the results are shown in
Table 5 and Figure 12. For the lowest LER level, its gravity center shifted an average
distance of 79.02 km, wherein the gravity center shifted 113.56 km to the south from 2000
to 2005, followed by a continuous shift of the gravity center northward from 2005 to 2010
and from 2010 to 2015, with a shift distance of 88.52 km and 34.97 km, respectively. For
the lower LER level, its gravity center shifted an average distance of 13.50 km, wherein
the gravity center shifted most significantly from 2000 to 2005, moving a total of 26.78 km
to the south, and then the position of gravity center did not change significantly. For the
medium LER level, the location of its gravity center continues to shift northward, with
an average shift distance of 15.81 km. For the higher LER level, its gravity center shifted
an average distance of 51.95 km, and the gravity center of the higher LER level shifted
significantly, spatially, with the overall shift to the north and the trend to the west. The
gravity center finally shifted from Haiyuan County in central and southern Ningxia to
Qingtongxia County in northwest Ningxia. The gravity center of the highest LER level is
concentrated in the northern Ningxia, and the average distance of the gravity center shift is
32.25 km.



Land 2022, 11, 1829 17 of 23

Table 5. Gravity center coordinates of different landscape ecological levels in Ningxia from 2000 to
2015 (Unit: km).

Year
Lowest Level Lower Level Medium Level Higher Level Highest Level

X Y X Y X Y X Y X Y

2000 119.29 4021.37 107.55 3995.00 119.17 3946.91 86.77 3930.26 124.54 4140.52
2005 122.76 3907.86 105.22 3968.32 121.51 3960.11 93.67 4027.56 148.93 4186.36
2010 124.09 3996.37 109.36 3967.25 125.20 3983.23 84.07 4062.23 118.49 4157.49
2015 112.72 4029.44 104.37 3975.28 121.04 3993.00 67.20 4047.61 119.06 4154.67
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On the whole, in addition to the highest LER level, the gravity center of other landscape
ecological risk levels is located in central Ningxia. The gravity centers of the medium LER
level and the higher LER level move from south to north, and the gravity centers of the
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lowest LER level and the lower LER level move south, then north. The gravity center of the
highest LER level is located in northern Ningxia, and its moving direction is north then
south.

4.4. Analysis of Landscape Ecological Risk Sources

Generally, the sources of regional LER mainly include the ecological background and
the use and transformation of land as a result of human social development. The fragile
ecological foundation determines that Ningxia has potential ecological risks, while the
change of regional land use types under the influence of human production and life over
a short period of time is a direct source of ecological risk. Land use is a comprehensive
reflection of natural conditions and human activities. It can be used to analyze the source
and spatiotemporal variation of LER.

Based on the proportion of ecosystem types in each LER level, the contribution of
ecosystem types to LER was analyzed. As can be seen from Figure 13, during the change
of LER level from low to high, the main ecosystem types in each landscape ecosystem
risk level change from natural ecosystem to semi-natural ecosystem. Taking 2000 as an
example, forest (48.76%) and grasslands (48.34%) were the main ecosystem types in the
lowest LER level. In the lower landscape ecological risk level, grasslands (65.10%) were the
main ecosystem type, while the proportion of forest decreased significantly. In the middle
LER level, grasslands (42.96%) account for the same proportion as farmland (42.57%), that
is, natural ecosystems and semi-natural ecosystems are dominant. Meanwhile, in the higher
LER level and the highest LER level, the farmland of the semi-natural ecosystem is the main
LER source of the corresponding LER level, accounting for 73.71% and 71.85%, respectively.
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From 2000 to 2015, the area proportion of forest and grasslands in each LER level
remained basically unchanged each year, while farmland was still the main risk source of
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each LER level. For other ecosystem types, desert was mainly distributed in the lower and
medium ecological landscape risk levels in 2000, and then the area proportion gradually
expanded in the higher and highest LER levels, becoming one of the main sources of
LER in Ningxia. In contrast to desert, the area proportion of settlement in the higher and
highest LER levels decreased, and the area proportion in the medium LER level, lower
LER level, and lowest LER level increased. As the second largest source of LER in the
highest landscape ecological risk level, the area proportion of water in the highest LER
level continues to grow.

5. Discussion
5.1. Spatial–Temporal Evolution Analysis

According to the LER grading results, the regions with the highest LER level are mainly
concentrated in the urban belt and irrigated agricultural areas along the Yellow River in the
north of Ningxia, which is surrounded by the Ulan Buh Desert, the Tengger Desert and the
Mu Us Desert. There are obvious climate differences among northern, central, and southern
Ningxia, including the temperate semi humid region in the south, the temperate semi-arid
region in the middle, and the temperate arid region in the north. The climate characteristics
of Ningxia being cold in the south and warm in the north, and wet in the south and dry
in the north leads to great differences in hydrothermal conditions between the north and
the south. Moreover, 83% of the groundwater in Ningxia is concentrated in the Yinchuan
Plain in northern Ningxia, with only 17% in the central and southern mountainous areas,
which account for 85% of the total area of Ningxia. Therefore, the natural geographical
characteristics, climate and environmental characteristics, zonal differences in vegetation
distribution, and uneven spatial distribution of water resources in Ningxia lead to various
human activities mainly concentrated in northern Ningxia, resulting in high ecological
risks in northern Ningxia compared with other regions.

According to the spatial distribution characteristics of land use type change, it can
be found that the regions of ecosystem type change and the regions of high landscape
ecological risk level are highly coincident. Since the region is the main flow area of
the Yellow River, which brings abundant water resources to the semi-arid deserts, the
geographical concentration of the population in the north is much higher than in other
regions. People in this area have developed irrigated agriculture based on abundant
water resources. According to the Ningxia water resources bulletin, the Ningxia statistical
yearbook, and other relevant data, Ningxia’s agricultural irrigation water intake accounts
for more than 90% of the annual water intake, and the water consumption per 10,000 yuan
of GDP is much higher than the national average. Therefore, the unreasonable utilization
structure of water resources and the inefficiency of water resource development pose
serious threats to the ecological stability of northern Ningxia, which is also the main force
causing ecological risks.

Since 2000, the urbanization process in Ningxia has been accelerating. In the process
of outwardly expanding urban construction, adjacent farmland is affected by the develop-
ment of land, and farmland areas have decreased. As the main landscape ecological risk
source of high landscape ecological risk level, the decrease of farmland area has caused
the overall decline of the landscape ecological risk level in Ningxia. In 2008, China put
forward the concept of permanent basic farmland and proposed the implementation of the
permanent protection of basic farmland. Therefore, areas of farmland continued to rise after
2005. Subsequently, due to the increasing intensity of land development and construction
activities such as mineral resource development and urban construction in north Ningxia
bordering with Inner Mongolia and Shaanxi, mineral resource development activities have
intensified, which has had a prominent impact on the fragile ecological environment, re-
sulting in the increase of soil water erosion and land desertification. Meanwhile, in the
process of urban development and construction, Ningxia has continuously strengthened
ecological protection and restoration, and carried out ecological restoration projects such
as afforestation, returning farmland to forest, mountain closure and grazing prohibition,
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natural forest protection, and ecological migration. Therefore, the forest been effectively
protected and the area has continued to grow. However, due to the small coverage of forest
in the study area, the LER level of Ningxia increased as a whole under the background of
grasslands degradation.

5.2. Innovation and Limitation

At present, research on landscape ecological risk assessment is mainly conducted on
geographical units, such as a single ecosystem type or at municipal and county spatial
scales, while there are fewer studies on landscape ecological risk assessment for composite
ecosystems and provincial scales. Research on landscape ecological risk assessment within
a single ecosystem type or small region does not allow for the full benefit of a landscape
ecological risk model in a heterogeneous landscape. Compared with other studies, this
paper comprehensively analyzes the transformation characteristics and change trends of
ecosystem distribution in Ningxia on different spatial scales. Additionally, based on the
calculation and grading of LERI, the flow direction and flow distribution of each LER
level in the study area is visualized with a Sankey diagram, and the main sources of LER
are analyzed based on the spatial and temporal changes of land use pattern. The results
of this study will provide a decision basis for the ecological environmental protection,
ecological risk prevention, and ecological spatial pattern optimization in Ningxia, which
will help to promote the construction of ecological civilization and effectively contribute
to the sustainable socio-economic development of Ningxia. At the same time, this study,
based on the application of an ecological landscape risk assessment model in typical
ecologically vulnerable areas in China, will play an important guiding role in regional
rational development and ecological protection, and will provide a reference for the study
of landscape ecological risk assessment in other ecologically vulnerable areas in northwest
China.

However, this paper has some limitations. The analysis and diagnosis of LER sources
based only upon the changes of land use in the study area may be subjective to a certain
extent, and cannot reflect the mechanism of human activities on ecological risk changes.
Future research may therefore require the selection of specific indicators based on the
characteristics of regional environmental and industrial structures to analyze the driving
factors of LER and to quantify the influence of human and natural factors on regional LER
in combination with GeoDetector [50] and other models, so as to provide a framework
for the prevention and management of regional landscape ecological risk. At the same
time, as the regional ecological environment changes and the social economy develops, the
relevant elements are in a state of dynamic change. In recent years, the FLUS model [51],
PLUS model [52], and other models that can be used to explore the driving factors of land
expansion and to predict the patch level evolution of land use have become more mature
and widely used. Therefore, the dynamic modeling of regional landscape structure and
landscape ecological risk through the modeling of future land use change scenarios to
effectively prevent and avoid regional ecological risk is an important area of landscape
ecological risk assessment.

6. Conclusions

Based on the four periods of land use data in 2000, 2005, 2010, and 2015, this paper
constructs a LER model based on the landscape index to quantitatively assess and analyze
the landscape ecological risk level of Ningxia from the grid scale, county scale, and regional
scale. Based on the assessment results, the flow direction and temporal change characteris-
tics of regional internal landscape ecological risk level are revealed. Finally, combined with
the transfer characteristic of land use and the regional ecological foundation of Ningxia, the
reasons for the temporal and spatial evolution of LER are explained. The results show that:

(1) During the study period, the areas of forest and settlement continued to increase, while
the areas of farmland and grasslands decreased as a whole. The transfer relationship
among different land use types is mainly between grasslands and farmland, and the
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change areas of land use types are mainly concentrated in the Yellow River irrigation
area in northern Ningxia. The landscape fragmentation index and landscape distur-
bance index of grasslands and water increased, while the landscape fragmentation
index and the landscape disturbance index of farmland, forest land, and settlement
decreased.

(2) There is a significant spatial aggregation of LER. The hotspot area and the “high-high”
aggregation area are mainly distributed along the main stream of the Yellow River in
central and western Ningxia, and the plain area in northern Ningxia. The coldspot
area and “low-low” aggregation area are mainly distributed in the mountainous areas
in the north and south of Ningxia.

(3) The high-value areas of LERI are mainly concentrated in northern Ningxia, including
Yongning County, Jinfeng District, Xingqing District, Helan County, and Pingluo
County. The low-value areas of LERI are mainly in central and southern Ningxia,
including Dawukou District, Shapotou District, Zhongning County, Hongshibao Dis-
trict, Lingwu City, Yanchi County, Jinyuan County, Yuanzhou District, and Panyang
County.

(4) On the whole, the LER in the study area has increased. From 2000 to 2005, the transfer
direction of LER level was from “high” to “low”. From 2005 to 2015, the transfer
direction of landscape ecological risk level was from “low” to “high”. The area of
natural ecosystem accounts for a large proportion of the relatively low LER level,
and the area of artificial ecosystem and semi natural ecosystem accounts for a large
proportion in the relatively high LER level. The LER in the study area mainly comes
from farmland, water, and settlement.
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