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Abstract: To solve grid-scale problems and evaluation indicator selection in landscape ecological
risk index (LERI) evaluation, this paper takes the Bailong River Basin in Gansu Province (BLRB) as
an example. The LERI evaluation formulae and optimal grid scales were determined by screening
landscape indices and area changes in the LERI at different grid scales. The evaluation indices
were finally obtained according to the landscape characteristics and the correlation analysis of the
landscape index value. Through the statistical analysis of the area of the LERI at the grid scale of
1–6 km, the optimal grid scale was determined to be 5 km. There was little change in land use
patterns, with the most significant increases in artificial surfaces at 3.29% and 3.58%, respectively.
Cultivated land was the only land use type to decrease by 184.3 km2. The LERI drops with the
reduced cultivated land area; the landscape ecological medium risk area and cultivated land keep
the same spatial distribution. Due to the limitation of the topography, cultivated land is generally
distributed below 2500 m altitude, so 2500 m becomes the turning point in the spatial distribution of
the LERI. The medium risk below 2500 m dominates the LERI type. Reduced cultivated land was
the leading cause of reduced ecological risk according to an overlay analysis. The study of LERI
evaluations provides a theoretical basis for sustainable and ecological environmental protection in
the BLRB.

Keywords: landscape index; scale effect; land use; Spearman correlation coefficient; landscape
ecological risk

1. Introduction

Landscape ecology is a new branch of environmental science, geography, and ecology
that can be used to study the relationship between ecological processes and regional ecosys-
tems at different landscape scales and spatial patterns, and by policy organisations [1].
It reflects the influence of other landscape features on the changes in spatial patterns [2].
Climate change and human activities pose increased risks to ecosystems and sustainable
development [3,4]. The ecological environment is a prerequisite for social and economic
development and a necessary safeguard for human survival [5]. The LERI reveals un-
favourable consequences arising from natural or human activity [6]. Meanwhile, the LERI
reflects changes in ecosystem characteristics resulting from changes in landscape hetero-
geneity [7]. The LERI can indicate the extent to which ecosystem function and structure
have been disturbed.

The LERI is evaluated in terms of regional landscapes, which is a creative idea for the
study of spatial heterogeneity and landscape pattern–process mutual feedback, which are
the concerns of landscape ecology [8]. Xie used spatial autocorrelation and semi-covariance
methods to analyse spatial distribution and gradient differences in the LERI in Poyang
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Lake [9]. The LERI method used the CLUE-S model to study the land type changes’ future
characteristics and explored the LERI response to land use changes [10]. Jin assessed the
regional ecological risk from the spatial pattern perspective, based on the land use changes
in Delingha City [11]. Most studies have evaluated landscape ecological risk from no view,
and few have been innovative in their evaluation methods.

LERI assessment requires selecting reasonable evaluation grids to obtain optimal
evaluation results. Landscape pattern characteristics are sensitive to the size of the grid on
which they are sampled, so the results of a LERI assessment may also be sensitive to the
grid size [12]. Subdivided evaluation grids are a common method in LERI assessment [13].
When using the grid as an evaluation unit, the scale of the grid is mainly dependent on
the actual situation of the study area and the researcher’s experience. Later, to specify
the evaluation grid on an optimal scale, Karimian used 2–5 times the average area of the
patches in the study area as the evaluation grid [14]. In addition, Liu and Yang attempted
to search for the optimal scale magnitude by fitting the semi-variance function results of
landscape indices with different scales [15,16]. GS+ software was used to analyse the values
of landscape indices at different grid scales, and the optimal scale was considered to be
2150 m by the block-to-base ratio analysis. Chen analysed the LERI at different grid scales
by creating a square grid of 4–10 km and fitting a semi-variance function, concluding that
the optimal grid scale was 7 km [17]. Based on this, Zuo [18] tested the results of the LERI
under different magnitudes with a semi-variance function by taking into account 2–5 times
the patch area in the traditional study, and the optimal grid scale was 4 km. When the
evaluation grid is not determined accurately, the evaluation results may not reflect the
spatial heterogeneity of the LERI in a realistic way, so it is necessary to resolve the optimal
scale before the evaluation [19].

Strengthening the evaluation of LERI, preventing and resolving major ecological and
environmental risks, and improving the early warning ability of LERI are priority tasks
for the construction of ecological civilization [20]. In general, commonly used assessment
methods for the LERI are the risk source and sink method and the landscape index method,
which are fundamentally based on the probability multiplied by the loss to calculate the
risk. The landscape source and sink method is represented by a complex function of the
superposition of multi-factor LERI, and the function relationship is unclear, so it is difficult
to distinguish the mutual influence of the issues between the different factors [21]. The
landscape index method focuses on the degree of deviation of the landscape mosaic relative
to the optimal pattern [13]. The current mainstream LERI evaluation method remains
the landscape index method. To solve the problems of the confusing use of landscape
indices and scale selection of evaluation grids in previous studies, we innovated the LERI
evaluation formula by re-screening landscape indices and determining the optimal scale.

The BLRB has a unique geographical location, belonging to the transition area from
the Tibetan Plateau to the Loess Plateau. The topography and geomorphology affect the
whole basin, with severe landscape fragmentation and a fragile ecological environment.
The ecosystem disturbance in the BLRB has recently increased yearly. The LERI is high
in the BLRB, which is affected by natural disasters such as landslides and mudslides [22].
Therefore, the study of landscape ecological risk in the BLRB, on the one hand, reveals the
mechanism of regional landscape pattern change and the regional characteristics of the
LERI. Meanwhile, it can innovate the LERI evaluation method and solve some problems
existing in previous studies.

In light of these considerations, this research commences its investigation by delving
into landscape characteristics. It includes compiling, selecting, and examining landscape
indices that meet the criteria for constructing the LERI evaluation formula. Following the
analysis of alterations in the spatial extent of landscape ecological risk across different
grid scales, the study attempts to ascertain the most optimal grid. The selection of the
landscape index and the determination of the optimal scale will help to optimise the LERI
evaluation formula further. The study of the LERI will provide substantial support for
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resolving land use conflicts and contribute to the future landscape management of the
ecosystem in the BLRB.

This study analyses land use change and the LERI across the basin from the sustain-
ability perspective of the entire basin. Specifically, the research objectives are three: (1) to
solve the current problem of confusion in the use of evaluation indexes in the LERI and to
determine the optimal landscape index in LERI evaluation; (2) to explore the optimal scale
for grid division in LERI evaluation; and (3) to construct a LERI evaluation index and to
analyse the temporal and spatial changes in the LERI pattern of the study area from 2000
to 2020, to identify the main landscape types that influence LERI changes and adopt the
most effective and sustainable methods to protect the environment. This study’s results
will help explore the mechanism of landscape pattern change and the characteristics of the
LERI in the basin, providing a scientific basis for sustainable development and ecological
governance in other basins.

2. Materials and Methods
2.1. Overview of the Study Area

The BLRB (32◦36′~34◦24′ N, 102◦48′~105◦30′ E) is located in the southern part of
Gansu Province (Figure 1). It is an essential ecological barrier area in the upper reaches
of the Yangtze River. It mainly includes Wudu District, Diebu County, Zhouqu County,
Tanchang County, and Wen County.
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Figure 1. Topography of the BLRB.

The terrain shows a high northwest and low southeast. The study area is a moun-
tainous region with limited cultivated and artificial surfaces, and the population is mainly
concentrated within the Bailong River Valley. The basin belongs to the transition area from
a subtropical to a warm temperate area, with high temperatures and rain in summer and
warm with little rain in winter, with an average annual precipitation of 400~850 mm. The
rainy season is mainly concentrated between May and October, and the average yearly
temperature is about 6~14.9 ◦C. The land use types in the study area are dominated by
forest and grassland. At the same time, the BLRB is also the main production area of
Chinese herbal medicine and olive oil and enjoys the reputation as “the hometown of
thousand-year-old medicine” and “the city of olives”. In recent years, due to population
relocation and urban development, the ecology has changed significantly, and how to
evaluate the LERI through the optimal scale has become one of the research hotspots at
the intersection of geography and landscape ecology. The flow of the study is shown
in Figure 2.
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2.2. Data Sources and Pre-Processing

Land use data for 2000, 2010, and 2020 were obtained from the website of the Resource
and Environmental Science and Data Centre of the Chinese Academy of Sciences (https://
www.resdc.cn, accessed on 3 April 2022). The spatial vector data and elevation data of the
study area were obtained from the website of the National Basic Geographic Information
Centre of China (https://ngcc.sbsm.gov.cn, accessed on 5 April 2022) and the Geospatial
Data Cloud website (https://www.gscloud.cn, accessed on 5 April 2022). The land use
data were classified into six major types: cultivated land, forest, grassland, water bodies,
artificial surfaces, and bare land.

2.3. Attitudes towards Land Use Change

Land use dynamics refers to the rate of change of different types of land under
the action of natural and human activities [23]. It is usually divided into the following
two categories:

(1) The degree of dynamic change in a single land use type. The rate of change in a
particular land use type can be studied to quantitatively analyse the spatial pattern of
land change, with the formula:

K =
Sb − Sa

Sa
× 1

T
× 100% (1)

where K is the dynamic degree of a land use type; Sa is the area of a land use type at
the beginning of the study; Sb is the area of a land use type at the end of the study;
and T is the study period.

(2) The degree of dynamic change in integrated land use types. It can measure the
difference in the overall speed of regional land use change with the formula:

SU =
∑n

i=1 ∆LCi−j

2∑n
i=1 LCi

× 1
T
× 100% (2)

https://www.resdc.cn
https://www.resdc.cn
https://ngcc.sbsm.gov.cn
https://www.gscloud.cn
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where LC is the comprehensive land use degree of a region during the study period;
∆LCi is the area of i land use type at the starting time; ∆LCi−j is the absolute value of
the size of i land use type converted to the other land use types during the monitoring
period; and T is the study period.

2.4. Landscape Index Selection

The landscape index is a simple quantitative index that can highly condense the infor-
mation on landscape patterns and reflect its characteristics, such as structural composition
and spatial structure [24]. Firstly, the existing landscape indices are counted according to
patch level, type level, and landscape level, and there are 75 patch-level indices, 109 type-
level indices, and 115 landscape-level indices. To use landscape indices to construct the
LERI evaluation formula combines the ecological meaning of landscape indices, selects
the corresponding landscape indices, and then the correlation analysis of the results of
all the risky grids of the landscape indices finally determines the landscape indices that
have strong representativeness and weak correlation to construct the LERI evaluation
model. Since landscape indices reflect ecological conditions that vary at different landscape
scales, determining the optimal study scale is the basis for LERI evaluation. According
to the terrain characteristics such as connectivity, stability, fragmentation, dominance,
separateness, aggregation, diversity and evenness, the landscape indices that reflect the
landscape characteristics are selected as the optimal indices for calculating the LERI. A
total of 15 landscape indices were chosen at the type level and 6 at the landscape level.

Considering the redundancy between indicators, it is necessary to carry out correlation
tests for related indicators to ensure the independence of indicators. In the initial selection
of evaluation indicators (Table 1), there is a duplication in indicator selection between the
patch level and type level in the adjacent index, CONTIG, the fractal dimension index,
FRAC, and the shape index, SHAPE, so when doing the correlation test, it is sufficient
to consider only the indicators of the type level and the landscape level. The correlation
between the indicators was calculated in Origin using the Spearman rank correlation
method, which does not consider the assumption of normal distribution of the data. For
land with a two-by-two correlation of landscape indices less than 0.8, the landscape index
with a more negligible correlation with other landscape indices was selected for retention,
considering the correlation of the index with other landscape indices [25]. All the indices
were calculated based on the landscape analysis software, Fragstats 4.2. The ecological
significance and calculation formula can be found in the operating instructions of the
software or book, and the analysis results are shown in Tables 2 and 3.

Table 1. Optimal landscape index.

Landscape-Scale Landscape
Features Primary Index Index of Passing

the Test

Patch metrics
Contiguity CONTIG —

Stability FRAC, SHAPE —

Class metrics

Crumbliness PD PD
Dominance LPI LPI

Stability LSI, SHAPE_MN, FRAC_MN,
nLSI LSI

Connectivity CONTIG_MN, CONNECT,
PLADJ, IJI

CONTIG_MN,
CONNECT

Separability DIVISION, SPLIT SPLIT
Aggregation COHESION, AI, CLUMPY —

Landscape metrics Diversity SHDI, SIDI, MSIDI SHDI
Evenness SHEI, SIEI, MSIEI SHEI



Water 2023, 15, 3777 6 of 18

Table 2. Landscape indices correlation test.

PD LPI LSI CONTIG_MN CONNECT SPLIT SHDI SHEI

PD 1
LPI −0.42 1
LSI 0.5 −0.73 1

CONTIG_MN 0.2 −0.5 0.78 1
CONNECT 0.076 −0.17 0.23 0.18 1

SPLIT 0.11 −0.25 0.48 0.61 0.16 1
SHDI 0.37 −0.65 0.73 0.64 0.16 0.17 1
SHEI 0.19 −0.39 0.17 −0.048 0.021 −0.44 0.63 1

Table 3. Landscape indices and ecological implications.

Landscape-Scale Features Index Name Units Range Ecological Implications

Class metrics

Crumbliness Patch density pcs/100 hm2 >0
The greater the PD, the greater the landscape

fragmentation and the higher the LERI of
the landscape.

Dominance Largest patch
index % (0, 100]

LPI represents the degree of dominance, with
a larger LPI indicating that the dominant type
in the landscape is more prominent and poses

less LERI risk to the landscape.

Stability Shape index — ≥1

LSI stands for stability, and a larger LSI
indicates that the more complex the shape of
the landscape component, the more unstable

its structure, and the higher the LERI of
the landscape.

Intra-patch
connectivity

Average
adjacency index — [0, 1]

CONTIG_MN stands for patch internal
connectivity; the more significant the value,
the better the connectivity within the patch

and the lower the LERI of the
formed landscape.

Inter-patch
connectivity Connect Index % [0, 100]

CONNECT represents the connectivity
between patches. The larger the connectivity

index, the better the connectivity between
patches and the lower the LERI of

the landscape.

Separability Split index — ≥1

SPLIT represents the degree of separation of
the same type of patches. The greater the
splitting index, the greater the degree of

separation between the same kind of patches,
resulting in a higher LERI of the landscape.

Landscape metrics

Diversity Landscape
diversity index — ≥0

The SHDI reflects the diversity of the
landscape; the more significant the landscape
diversity, the higher the LERI of the landscape.

Evenness Landscape
evenness index — [0, 1]

The SHEI reflects the degree of homogeneity
of the landscape; the more significant the

landscape homogeneity, the higher the LERI of
the landscape.

After the screening of landscape indices and correlation tests, six type-level indices
and two landscape-level indices were obtained.

2.5. LERI Assessment Model Construction

As the indices were selected to facilitate the comparison and formula construction
of landscape indices in different value ranges at a later stage [26], all the indices are
standardised here with the following formulae:

X f =
Xi − Xmin

Xmax − Xmin
, Xr =

Xmax − Xi
Xmax − Xmin

(3)
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where Xf is a positive indicator; Xr is a negative indicator; Xmax is the maximum value in
the data; Xmin is the minimum value; and Xi is the data to be standardised.

Referring to previous studies, the independent weighting method [27] was chosen to
assign values to obtain the LERI evaluation model with the following formula:

ERI = 0.16PD + 0.05LSI + 0.05CONTIG_MN + 0.32CONECT + 0.06LPI + 0.27SPLIT + 0.04SIDI + 0.05SIEI (4)

According to the divided grid, each grid as an independent risk grid calculates each
risk grid’s LERI index. The calculation results were assigned to each grid centroid for
kriging interpolation to obtain the spatial distribution of LERI in the BLRB.

2.6. LERI Grid Determination

In previous studies, the designation of risk grids is generally 2–5 times the average
patch area of the study area [28,29]. This method does not specify the size of the LERI
evaluation grid, and the risk grid size selection is uncertain. To solve the problem of risk
grid size selection, the study area was divided into six types of square grids of 1 km, 2 km,
3 km, 4 km, 5 km, and 6 km through the equal spacing method, and the LERI indices under
different grid scales were calculated respectively.

The change in the average area of patches under different grid scales (Figure 3) and
the middle area of patches shows a change process of decreasing and then increasing. The
central location of patches of landscape components shows an increasing trend with the
increase in the grid scale (Figure 4), among which the forest is most affected by the change
in scale, and the construction land is least affected by the change in scale. Figure 5 shows
the evolution of the average value of the LERI with the shift in the grid scale, and the
LERI shows an increase and then tends to stabilise. This shows a trend of increasing and
stabilising, and 5 km is the study scale at which the change in the LERI tends to stabilise.
Since the LERI is an index determined by multiple indicators, it is challenging to decide
on the optimal scale for LERI research by simply finding the optimal research scale for
a certain number of landscape indices [30]. The optimal scale of the LERI is determined
by studying the change in the LERI area under different scales. The changes in risk areas
under different grid scales (Figure 6), which show the trend of lower risk areas decreasing
and then increasing, and the size of medium risk areas increasing and then reducing by
5 km, belongs to the turning point of the area change of the LERI. At the same time, 5 km
is the turning point of the LERI, which tends to be stabilised. Figure 7 shows the spatial
distribution of risk areas at different scales. Therefore, it is determined that 5 km is the
optimal scale for evaluating LERI.
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2.7. Spatial Autocorrelation Analysis

GeoDa software was used to describe the spatial dependence of things to explore the
spatial correlation of each risk grid in the study area of BLRB in different years through
Moran’s I and local autocorrelation LISA significance maps [31].
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3. Results
3.1. Analysis of Land Use Distribution and Its Dynamics

According to the degree of population concentration and topographic conditions of the
study area, the BLRB is divided into six types according to altitude, namely, less than 1500 m,
1500–2000 m, 2000–2500 m, 2500–3000 m, 3000–3500 m, and more than 3500 m. Grassland
and forest are the primary types, with grassland accounting for 37%. The proportion of
grassland has been stable for three consecutive periods at 37%, and it is distributed in all
the altitude ranges. Water bodies and artificial surfaces are mainly concentrated at less
than 1500 m altitude. The artificial surfaces are distributed primarily in the altitude range
below 2500 m and show a decreasing distribution trend in length. The proportion of forest
increases with elevation in less than 3500 m spatial coverage. The space above 3000 m is
mainly dominated by grassland and forest, and a small amount of bare land is distributed
above 3500 m. The land use trend of the BLRB is as follows (Figure 8).

The land use dynamics of the BLRB are shown in Table 4 below, and the dynamics of
artificial land are the highest in the study period, which are 3.29% and 3.58%, respectively,
and belong to the type of land that increases continuously, with a total increase in artificial
surfaces of 56.01 km2. Cultivated land has the lowest degree of change and belongs to
the type of land that decreases continuously and dynamically, with a total decrease of
184.3 km2. Bare land shows a dynamic process of reducing and then increasing, but it is
expanding, with a total increase of 10.91 km2. The rest of the land use types are dynamically
growing. The integration of dynamic attitudes was 0.07% and 0.04% in the whole study
area in 2000–2010 and 2010–2020, respectively. The total emotional attitude has not changed
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much and has slightly decreased with time. The main difference is shown in the area of
cultivated land reducing, the size of grassland and artificial surface increasing, and the
overall dynamic change in land use is more evident from 2000 to 2010.
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Table 4. Land use dynamics.

Type
2000–2010 2010–2020

Area
Changes/km2

Homogeneous
Attitude/%

Area
Changes/km2

Homogeneous
Attitude/%

Cultivated land −116.03 −0.38 −68.27 −0.23
Forest 14.93 0.02 5.58 0.01

Grassland 88.59 0.13 0.36 0
Water bodies 1.69 0.20 6.54 0.76

Artificial surface 22.90 3.29 33.11 3.58
Bare land −11.77 −0.30 22.68 0.6

Integration of dynamic
attitudes 0.07 0.04

3.2. Analysis of Spatial and Temporal Changes in LERI

To more intuitively reflect the distribution of the LERI, spatial interpolation was carried
out in ArcGIS software, based on the LERI values of each risk grid, and the study area
was divided into low risk (0 ≤ LERI < 0.2), lower risk (0.2 ≤ LERI < 0.4), medium risk
(0.4 ≤ LERI < 0.6), higher risk (0.6 ≤ LERI < 0.8), and high risk (0.8 ≤ LERI < 1). The values
of the LERI in the three years were 0.24–0.58, 0.21–0.51, and 0.24–0.48, which showed that
the distribution of the LERI was more concentrated and distributed in the medium- and
lower-risk areas (Figure 9). During the study period, the maximum value of the LERI
gradually decreased by year, and the LERI showed a contraction state. The LERI type is
divided into medium and lower risk. The lower risk was 6374.4 km2, and the medium risk
was 12026.22 km2. In 2010, the lower risk was 11496.03 km2, and the medium risk was
6904.59 km2. From 2000–2010, the medium risk decreased by 5121.63 km2, and the main
areas of risk reduction are located in the northwestern part of the upper BLRB and the
Minjiang River Basin. In 2020, the lower risk was 13792.1 km2, and the medium risk was
4608.52 km2. From 2010 to 2020, the medium risk decreased by 2296.07 km2, and the risk
reduction was in the middle reaches of the BLRB and the two sides of the Baishui River.
The LERI generally shows a decreasing trend from top to bottom along the BLRB on the
time scale.

In Figure 10, it can be seen that the BLRB is the leading distribution area of medium
risk below 2500 m altitude, with an area of 7759.64 km2 accounting for 42.17% of the basin.
Above 2500 m above sea level is the main presence of the lower-risk areas, with an area of
4035.89 km2 accounting for 21.93% of the total area of the basin. Therefore, the LERI shows
noticeable spatial distribution differences in the altitude gradient, and 2500 m is the turning
point in the spatial distribution of the LERI. The spatial distribution of LERI has changed
over time from top to bottom. From 2000 to 2010, the medium-risk areas above 2500 m
altitude decreased by 2687.88 km2, accounting for 63% of the medium-risk areas in the
region. The medium-risk areas below 2500 m altitude decreased by 2387.38 km2, accounting
for 30.77% of the medium-risk area. Therefore, the medium-risk area distribution shows a
noticeable gradient difference. By 2020, the medium risk is still distributed, accounting for
25% of the basin. The distribution in the LERI is not significantly affected by altitude, and
the size of the lower-risk area is more dominant in high-altitude areas.

3.3. Spatial Autocorrelation Analysis

Moran’s I of the BLRB in 2000, 2010, and 2020 was 0.378, 0.329, and 0.262, respectively.
The degree of LERI aggregation decreased over time. The distribution of local LISA clusters
obtained by cluster analysis is shown in Figure 11. The types of aggregation are categorised
as high-high aggregation(H-H), high-low aggregation (H-L), low-high aggregation (L-H),
low-low aggregation (L-L), and no sign (NS). The LERI is dominated by H-H and L-L. The
H-L is mainly distributed around the L-L, and the L-H exists more around the H-H. In
2000, there were 136 H-H grids distributed primarily in the northeastern and southeastern
regions of the basin, and 110 L-L grids distributed mainly in the southwestern and western
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boundaries of the basin (Table 5). By 2010, the H-H and L-L in the northwestern and
northeastern parts of the basin decreased, while the H-H in the northeast part of the
Baishui River in the middle and lower reaches of the basin increased. By 2020, L-L in the
northwestern part of the basin increased, and H-H decreased to 100, with presence only
in the southeastern and northern regions. LERI clustering is dominated by H-H and L-L.
The degree of spatial aggregation gradually decreases with time evolution, the number of
H-H and L-L decreases, H-L and L-H gradually increases, and the number of grids of NS
increases.
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Table 5. Spatial autocorrelation aggregating statistics.

Types
Years

2000 2010 2020

High-high 136 132 100
Low-low 110 105 89
High-low 18 21 24
Low-high 8 19 26
No sign 579 574 612

4. Discussion
4.1. Landscape Indices and Scale Effects

In LERI evaluation, the previous researchers mainly selected several indices to charac-
terise urban or basin LERI and its spatial characteristics based on a specific evaluation scale,
and different studies obtained entirely different conclusions. The inconsistency between
index selection and evaluation scale may be an essential reason for such results [32]. This
study confirms that the response relationship between different landscape indices and the
evaluation scale is also inconsistent, as shown in Figure 12.
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Figure 12. Changes in mean landscape index under different scales.

Overall, the maximum patch index, LPI, and the landscape diversity index, SHDI, are
more affected by the grid scale, which means that the LERI evaluation results are more
likely to be affected by changes in the scale effects of the LPI and SHDI. Landscape indices
such as maximum patch index, LPI, adjacent index, CONTIG, and connectivity index,
CONNECT, were negatively correlated with the LERI, consistent with previous study
findings. The four indices of fragmentation, separation, dominance, and fragility were
selected for LERI evaluation in traditional studies, and the stability, connectivity, diversity,
and evenness of the landscape were also taken into account, based on the previous research,
so new indices were added in constructing the LERI evaluation formula. The evaluation
formula of the vulnerability index and the evaluation formula of the LERI in many types
of research have contradictions and similarities [33,34]. So, landscape vulnerability is not
considered separately in constructing the new LERI evaluation formula. Through the
calculation of the LERI under different scales, using the change curve of the mean value of
the LERI and the change rule of varying LERI areas, the optimal grid scale for studying the
LERI of BLRB was determined to solve the problem of the selection of the optimal scale
grid in the calculation of the LERI.

4.2. Land Use and LERI Response Relationships

The distribution characteristics of land use reflect the space and extent of human
activities. As an important ecological barrier area, BLRB is dominated by forests at a high
altitude, and low-altitude areas are mainly located in the Bailong River Valley, which is
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mostly dominated by cultivated land and artificial surfaces, with drastic anthropogenic
disturbances showing noticeable altitudinal differences. Thus, the LERI shows obvious
gradient differences in the spatial gradients. During the study period, artificial interference
land use significantly increased, closely related to urbanisation development and regional
industrial characteristics. In the past two decades, areas unfavourable to agricultural
production and human life have been restored under national policies, such as returning
farmland to forests and ecological migration [35]. The corresponding cultivated land
has been returned to forests and grasslands. The cultivated land has been continuously
reduced in the study period, which is the main reason for the continuous reduction in
the LERI. However, part of the cultivated land in the favourable natural environment has
been encroached into by artificial surfaces. This is the main reason why some areas are
medium-risk areas. The bare land is mainly concentrated in the space above 3500 m, and
the new land expanded on the original basis during 2010–2020, increasing the area of bare
land. The bare land is located at high altitudes and has poor natural conditions, with
limited artificial intervention, which is difficult for regional LERI management.

In the study period, the overall change in land types is insignificant, but the mutual
transformation between types is more prominent. The land use types and the overlap
analysis of the LERI results are shown in Figure 10. It is found that there is a big gap
between the distribution ratio of land types in different LERI types, the LERI of the same
land use type changes more obviously in the study period, and the overall performance is
that the lower-risk area increases, and the medium-risk area decreases. The medium-risk
ratio of the basin, artificial surfaces, and cultivated land decreased from 94.86%, 93.41%,
and 87.13% in 2000 to 35.05%, 31.63%, and 32.26% in 2020. This indicates that implementing
land improvement and ecological management policies in the country recently has reduced
the LERI and strengthened ecological protection. The study area’s LERI of forest land and
bare land is relatively stable. The LERI of cultivated land, grassland, water bodies, and
artificial surfaces is susceptible to changes due to human activities [36].

H-H and L-L decreased in the study area, and H-L and L-H increased around the L-L
and H-H, respectively. It reflects that the type of LERI aggregation in some areas changed
from the previous H-H to L-H, and the size of the high value of LERI started to decrease
from outside to inside. In some areas, the type of LERI aggregation changed from the
previous L-L to H-L, and the size of the low value of the LERI started to increase from inside
to outside. In addition, the uncorrelated number of grids further increased, reflecting that
the aggregation characteristics of the LERI decreased with time evolution. In general, with
the transformation of the land use pattern, the spatial aggregation of the LERI gradually
changed from the original H-H and L-L to H-L and L-H, which reflects the reduction in
the LERI.

4.3. Applications and Shortcomings

Identifying the LERI based on different grid scales is conducive to systematically
understanding the characteristics of varying landscape indices. This provides the basis for
selecting evaluation scales for other landscape ecology studies. Although the evaluation
of LERI is affected by different landscape indices and research scales [37], when the land-
scape’s chosen indices are constructed into the LERI evaluation formula, the average value
of the LERI will eventually converge into a stable state with the changes in the research
grids, which is of great significance in determining the optimal grid scale.

In this study, based on the previous research grid division [38,39], 1 km, 2 km, 3 km,
4 km, 5 km, and 6 km were used as the research scales to explore the scale effect of the LERI
evaluation, which can provide a reference for the selection of landscape indices and the
understanding of the LERI evaluation mechanism in the subsequent research. However,
the effect of spatial resolution was not considered. At the same time, previous studies have
confirmed that the difference in spatial resolution also affects the results of the landscape
index and LERI, which will have an impact on the study’s results to a certain extent [40].
Meanwhile, to systematically reflect the scale characteristics of landscape indices and avoid
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omitting important indicators affecting the LERI, this study carried out the preliminary
selection of ecological meanings and Spearman correlation analysis to identify the leading
landscape indices affecting the LERI, which can ensure the scientific validity of the study.
However, the core patch index, contrast-weighted edge density, edge contrast and similarity
indices, and their practical significance for landscape spatial configuration are not easy to
understand. There is no unified conclusion on the edge effect between different land use
types, so this study does not use such indices for the time being; they need to be further
explored in future research with practice. In addition, the BLRB is rich in land use types
and has a characteristic spatial distribution. The study can evaluate the LERI scientifically
by using the BLRB as a sample basin. However, because of the unique characteristics of the
landscape pattern and territory of the BLRB, the study’s findings cannot directly explain the
changes in LERI in other study areas with significantly different landscape characteristics.
More samples of different types of basins need to be considered in future studies.

5. Conclusions

In sustainable development and ecological restoration, this study explores the influ-
ence mechanisms of land use and spatial characteristics of the LERI. Unlike the traditional
landscape index method, it realises the LERI evaluation of the BLRB based on four aspects,
including the ecological meaning of the landscape index, Spearman correlation analysis,
grid-scale evolution, and spatial autocorrelation analysis. The innovation of this study is
not only to introduce the grid-scale evolution into the LERI evaluation study but also to
point out the new direction of the grid-scale selection study, to enrich the methods and
criteria of grid selection, and to provide a universal theory contribution to LERI evaluation.
In terms of a specific operation, the study first selected suitable indices to measure the
LERI in the ecological meaning and correlation analysis of landscape indices. Secondly,
the evolution of the LERI at different grid scales was analysed to determine the optimal
scale for the study of LERI evaluation using the analysis of the mean value of the grid risk
and the change in the landscape risk area. Finally, based on the results of the comments,
recommendations are provided for the sustainable development of the basin. The study
draws the following four conclusions: (1) By analysing the changes in the mean value of
the LERI and the changes in the LERI areas at different grid scales, it is believed that 5 km
is the optimal grid scale for studying the LERI. (2) The land use type of BLRB is dominated
by forest and grassland. Cultivated land is mainly distributed below 2500 m. It is the
only land use type that decreases continuously. The change in cultivated land is the main
factor for the decrease in the LERI area. (3) The LERI shows a decreasing trend from 2000
to 2020. The proportion of the risk area and the degree of risk aggregation in the valley
is significantly higher than that in other areas of the basin. Subject to the proportion of
the area distribution of cultivated land on the altitude gradient, the altitude of 2500 m is
the spatial turning point of the LERI. The lower-risk area is dominant in the space above
2500 m. The rate of reduction in the lower-risk area is more significant above 2500 m.
(4) From 2000 to 2020, Moran’s I index declined slightly but was more critical than 0.2, and
the LERI had a positive correlation and dispersed trend. The types of LERI aggregation are
mainly dominated by H-H and L-L, with a relatively high significance level.

Based on the above conclusions, the following recommendations are made for the
ecological protection and sustainable development of the basin: (1) Different measures
should be taken for different risk types and spatial areas in ecological protection and
restoration work. (2) Medium-risk areas are susceptible to external environmental distur-
bances, which can bring about a series of ecological restoration or reconstruction difficulties.
In medium-risk areas, it is necessary to actively promote the restoration of damaged
ecosystems and rationally plan land use. The mode and scale of development of cul-
tivated land and artificial surfaces should be strictly controlled to avoid the continued
expansion of medium-risk areas. (3) Sustainable economic, social, and ecological benefits
develop through the establishment of a sound ecological compensation mechanism in
lower-risk areas. In the future, quantitative research should be carried out on the factors of
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LERI changes while focusing on the deteriorating LERI and further deepening risk early
warning research.

As valuable evaluation results, the findings of this study can be directly used to
support decision-making processes. In a broader context, this work benefits those seeking
similar assessments, mainly when conducting landscape assessments in ecological scale
effects, as it reduces assessment uncertainty through a novel approach. However, there are
some limitations to this study. Firstly, this study mainly considered the impact of different
grid scales and ignored the result of grain size effects on LERI assessment. Secondly, the
correspondence between other landscape indices and the LERI was not discussed. In
addition, more detailed effects of land use change on the LERI in the western mountainous
region are worth analysing. These will be explored in further research work, but they are
unlikely to influence the main conclusions of this study.
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