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Abstract: As a typical ecologically fragile area, the ecological security of the Loess Plateau has been
seriously threatened. Ecological security patterns (ESP) have gradually become an effective method
for protecting ecological security and supporting the management and sustainable development of
ecosystems. Therefore, this study constructed a novel ESP based on ecological “function-structure”,
utilizing minimum cumulative resistance (MCR) to identify ecological source areas and corridors.
Additionally, time scales were introduced into the ESP, allowing for a comprehensive analysis of
the spatiotemporal heterogeneity of ecological security in the Loess Plateau. The study revealed
that the number of ecological sources decreased from southeast to northwest, with 27, 41, and
77 sources covering total areas of 4263.810 km?, 18,566.034 km?, and 113,209.595 km? from 2000 to
2020, respectively. Similarly, the number and complexity of ecological corridors increased over the
same time period, with 64, 85, and 105 corridors totaling lengths of 4579.326 km, 6526.996 km, and
7015.174 km, respectively. The expansion of ecological security zones was mainly observed in the
southeast part of the Loess Plateau. Overall, the ESP of the Loess Plateau saw an improvement, with
the southeastern part showing better ecological security than the northwestern part. These findings
hold great significance for regional ecological security evaluations and are crucial for promoting
ecological management and healthy development in the Loess Plateau.

Keywords: ecological security pattern; spatiotemporal evolution; ecological “structure—function”;
MCR model; Gravity model; ecological security zone

1. Introduction

The global ecological crisis, stemming from imbalances in natural, social, and economic
systems, poses a substantial threat to ecological security [1]. Ecological security is essential
for safeguarding and managing ecological processes, which in turn reflect the health of the
ecosystem [2-5]. Ecological security patterns (ESPs) are established through the rational
arrangement of natural resources, creating a spatial pattern consisting of points, lines, and
polygons. They aim to protect and restore the diversity and integrity of ecosystems, ulti-
mately enhancing ecological security [6]. ESPs have provided an efficient spatial pathway to
achieving ecological security. Therefore, it is essential to perform quantitative and dynamic
analysis of the current status and spatial distribution of ESPs. This is crucial for developing
policies concerning regional sustainable development and ecological management.

Recent studies have significantly contributed to our understanding of ESPs [7,8]. The
minimal cumulative resistance (MCR) model has become the main method for constructing
ESPs. This method involves visual analysis and is easy to calculate. The process of this
model includes the identification of ecological source areas, the determination of ecological
corridors, and ultimately, the creation of a security pattern. For example, Liu et al. identified
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ecological sources and potential ecological corridors using morphological spatial pattern
analysis (MSPA) and minimum cumulative resistance models (MCR) in Qingdao, China [9].
Similarly, in another study, an MCR model was established based on landscape ecological
risk, and a comprehensive network system for the ecological source—corridor-node system
was designed in the Yellow River Basin, China [10]. In addition, research on ESP has
primarily centered on urban areas, focusing on various perspectives such as ecological
sensitivity [11,12], ecosystem services [13,14], and various ecological models [15-17]. These
approaches provide a scientific foundation for ESP; however, they may not be suitable for
ecologically fragile regions. Therefore, this paper proposed a new approach, focusing on
ecological structure and function, to construct an ESP in the Loess Plateau.

The Loess Plateau, known for its unstable ecosystem structure and harsh natural
conditions, is recognized as one of the most severely eroded regions on Earth [18]. Over the
past few decades, environmental issues in this region have aroused extensive concern from
the Chinese government and academics. National environmental protection policies, such
as the Natural Forest Protection Project, the Grain for Green Policy, and the Yellow River
Basin’s Ecological Protection and High-quality Development Plan, have played a crucial
role in safeguarding the ecosystem of the Loess Plateau. Several studies about landscape
ecology in the Loess Plateau have deeply explored ecological vulnerabilities [19], ecological
risk [20], and ecosystem service functions [21,22], revealing substantial changes in both the
ecological structure and function of the Loess Plateau over time. Moreover, previous studies
have examined the ESP of the loess Plateau, but have solely concentrated on nature reserves
and croplands [23,24], or have discussed the security pattern for a particular year [25]. These
results are not sufficient to capture the overall situation of the entire plateau, and ignore
the dynamics and evolution of the ESP. Therefore, there is an urgent need to construct
an ESP across the whole Loess Plateau, revealing its spatial and temporal changes. The
main scientific questions in this study are: (1) What is the ESP of the Loess Plateau, and
does it exhibit spatial-temporal variations? (2) How can ecological security be optimized
in this region? Taking into account the limitations of previous research and the unique
characteristics of the Loess Plateau, this study offers an ecological structural and functional
perspective and utilizes the MCR model to construct the ESP. Moreover, time scale data are
incorporated into ESP analysis for the first time, enabling the examination of spatial and
temporal characteristics from 2000 to 2020 in the Loess Plateau. This study offers a creative
and scientific approach for the dynamic monitoring of ecological security, with potential
applications in arid regions and areas of significant soil erosion. The results provide a
scientific foundation for ecological environmental management in the Loess Plateau.

2. Study Area and Methods
2.1. Study Area

The Loess Plateau (33°45'-41°16’ N, 100°54’-114°33’ E) is located in northwest China,
spanning approximately 640,000 km? and encompassing seven provinces, including Shanxi,
Ningxia, northern Shaanxi, middle and eastern Gansu, northeastern Qinghai, the Hetao
Plain and Ordos Plateau of Inner Mongolia, and the western hilly areas of Henan (Figure 1).
The primary landforms consist of tablelands, ridges, hillocks, and valleys with different
levels of erosion. Loess tablelands are large, flat platform areas with weak erosion, whereas
loess ridges and loess hillocks are the result of runoff erosion and slope cutting. Hillocks
develop from ridges under further erosion, and the slope is up to 15-25°. The majority
of the plateau lies in the semi-humid and semi-arid transitional zone, with an average
annual temperature ranging from 4.3 °C to 14.3 °C. Rainfall is highly uneven, mainly
concentrated in the months of July to September, with 200 mm in the northwest and
750 mm in the southeast over this period. Six major soil types have been identified in the
plateau: cultivated loessial soils, cinnamon soils, loessial soils, dark loessial soils, cumulated
irrigated soils, and aeolian soils. Their properties are influenced by climate, topography,
and other environmental factors [18].
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Figure 1. Geographical location and elevation of the Loess Plateau.

2.2. Data Sources

The land use data for the years 2000, 2010, and 2020 were obtained from the Glo-
beLand30 dataset, which utilizes an integrated approach based on pixel and object-based
methods combined with computer classification and expert knowledge [26]. The land
use types were extracted by combining Landsat TM5/ETM + data and HJ-1. The data
from 2020 used GF-1 images at a 16 m resolution [27]. The overall accuracy of the data
was 83.51% (kappa = 0.82 m) [28]. The land use data were corrected using Google Earth.
The DEM dataset used in the study, developed from SRTM and with a resolution of
30 m, was made available by the Resource and Environmental Science and Data Center
(https:/ /www.resdc.cn/, accessed on 10 April 2024), and the degree of relief factor was
calculated using DEM via focal statistics. The soil texture data, with a spatial resolution
of 30 m, were supplied by the Harmonized World Soil Database (https://iiasa.ac.at, ac-
cessed on 10 April 2024). Meteorological sites data covering the study area were derived
from the China Meteorological Data Service Center (http://data.cma.cn/, accessed on
10 April 2024). The precipitation and temperature data were interpolated using ANUS-
PLIN with latitude and longitude as independent variables and elevation as a covariate to
convert point data into raster data with a spatial resolution of 30 m. Monthly 500 m resolu-
tion NDVI MODNDI1M products for the same years were acquired from the Geospatial
Data Cloud Gateway (https://www.gscloud.cn/sources, accessed on 10 April 2024).

2.3. Research Framework

The basic and common structure of ESPs created from an MCR model comprises
“sources—resistance surface—corridors”. Ecological sources play a crucial role in enhancing
ecological security by serving as the foundation of ESPs. These sources should meet the
following requirements: maintaining the integrity of the ecological process; ensuring the
sustainability of ecosystem functions; and preventing various ecological problems [29].
The resistance surface should simulate the challenges faced by species during migration
in the real environment. Corridors act as pathways for energy and material transfer,
which are a key component in guaranteeing ecological flow processes and functions [30].
The framework for constructing and optimizing the ESP in this study involved three
steps (Figure 2): identifying ecological sources based on ecological “structure—function”
relationships and revising the resistance surface using disturbance and sensitivity indices,
then determining potential corridors via MCR modeling using Linkage Mapper. Finally,
the ESP was optimized using the Gravity model. This framework was developed through
comprehensive studies (Table 1) [31-34].
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Figure 2. The framework used to construct and optimize the ESP.

Table 1. Evaluation index system for the ESP and weight.

Identification Dimension Criteria Layer Index Layer Weight  Tendency

Ecological Diversity SHDI 0.4 +

cologica Landscape fragmentation Fragmentation index 0.2 -

Ecological structure Connectivity Integral index of Connectivity 0.4 +

cologica Vegetation index NDVI 0.4 +

source Ecological Precipitation Annual total precipitation 0.1 +

ESP )

function Temperature Annual average temperature 0.1 +

Ecosystem services Habitat quality 0.4 +

. Assigned by land Disturbance Construction land disturbance 0.4 —

Resistance use type, DEM Soil erosion sensitivity 0.5 -
surface ype, / Ecological sensitivity ’

soil texture

Desertification sensitivity 0.5 -

2.4. Identifying Ecological Sources with Ecological “Structure—Function”

Given the distinctive natural landscape features and intricate ecological processes
of the Loess Plateau, we identified the ecological sources from ecological structure and
function. The common landscape indicators are shown in Table 2 [35,36].

Ecological structure refers to the internal rules of the ecosystem characteristics, con-
stricting the mechanism of action between the various features (including size, perimeter,
shape, number, richness, spatial arrangement, and configuration) of a landscape patch. The
most serious problems of ecological structure in the Loess Plateau are landscape fragmen-
tation and poor connectivity between patches, which has further impacted on ecological
diversity [37]. Guaranteeing suitable habitats and enabling organism dispersal in the land-
scape are key factors in ecosystem structure [18]. Therefore, fragmentation, connectivity,
and SHDI were selected to describe ecosystem structure. Fragmentation is characterized by
an increased number of patches, irregular shape, and reduced habitat area, which are often
considered to have negative effects on ecological structure. Connectivity measures the de-



Land 2024, 13, 570

50f 16

gree of species movement and dispersal among patches, with a more connected ecological
network facilitating more frequent exchanges. SHDI reflects landscape heterogeneity and
richness, which is more sensitive to the distribution of different patch types.

Table 2. The common landscape indicators for structure and function.

Indicators

Structure Function

Heterogeneity; connectivity; patchiness;  Disturbance processes (frequency,

porosity; fragmentation; configuration; period, predictability, intensity;
Regional juxtaposition; contrast; patch size; sensitivity); nutrient cycling rates;
Landscape frequency distribution; perimeter-area energy flow rates; rates of erosion
ratio; pattern of habitat layer and geomorphic; hydrologic
distribution; grain size; spatial linkage processes; human disturbance

The degradation of ecological function in the Loess Plateau is primarily influenced by
climatic and biological factors. To quantify ecological functions, the NDVI, precipitation,
temperature, and habitat quality were measured. Vegetation plays a significant role in soil
and water conservation, with increased vegetation cover promoting organism migration,
optimizing spatial patterns, and preventing soil erosion [38]. Habitat quality reflects the
biodiversity function from the spatial distribution [39]. Climate is crucial for plant growth,
land erosion, and landscape structure in the Loess Plateau [40].

The formula of each index was defined as follows:

(NP x TE)
FR= 1
TA x 10,000 @

where FR represents the ecological fragmentation index, NP is the number of patches, and
TE and TA are the total edge length and area, respectively. Fragmentation was calculated
as a value between 0 and 1.

Yty Yl Cijk

CONNECT = W (2)

i=1

where CONNECT is the connectivity index, cjy is the critical distance among patches i, j,
and k, and n; is the patch number of each type in the landscape. The value of the index is
between 0 and 1.

SHDI=—Y " p; xInp; 3)

where SHDI is the diversity index, and p; indicates the area ratio of the patch.

Habitat quality, as one of the most vital ecosystem service functions, is often used to
assess the effectiveness of biodiversity conservation. We calculated habitat quality using
the InVEST model.

The framework system was calculated as follows:

STRU = SHDIw; + CONNECTw, — FRws 4)

FUN = NDVIwy + HQws + Pwg + Twy (5)
STRU + FUN

FW = (STRU + FUN) ;L ) (6)

where STRU and FUN indicate ecological structure and function, respectively, FW is
CONNECT, FR denotes the connectivity index and fragmentation index, respectively,
and HQ, P, and T are the habitat quality, mean annual precipitation, and temperature,
respectively. The w is the weight. The weight is determined by AHP. The importance of each
index was assigned using a 1-9 scale method, referring to the related literature [41,42] and
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expert opinions. Then, a judgment matrix was built using SPSS (the weight determination
methods in this paper were the same), where w; = 0.4, wy = 04, w3z = 0.2, wy = 04,
ws = 0.4, wg = 0.1, and wy = 0.1. Ecological sources were identified with FW > 0.6.

2.5. Revising Ecological Resistance Surface Using Disturbance and Sensitivity

Ecological disturbance and sensitivity in the Loess Plateau are the most prominent
factors acting as resistance surfaces. Human construction activity represents a major and
severe form of disturbance in this region, impeding organism migration, material circu-
lation, energy flow, and diminishing natural purity. This directly impacts the ecological
security pattern [43]. Ecological sensitivity denotes the likelihood and potential for regional
ecological issues, with regions of higher sensitivity being more prone to ecological envi-
ronmental problems. The essence of ecological sensitivity assessment is to clearly identify
the potential ecological risks within the current natural environment. The Loess Plateau
faces serious soil erosion and desertification, negatively affecting its natural ecosystems
and social economy [44]. Therefore, the ecological resistance surface was revised using
disturbance and sensitivity indices. The resistance coefficients were assigned values as
shown in Table 3, based on a previous study [45].

Table 3. The index system of the ecological resistance coefficients.

Resistance D . Index Resistance Coefficients (Weight) Weight
imension
Surface System 1(0.05) 2(0.1) 3(0.2) 4(0.25) 5(0.4)
Clav loam Sandy loam Sand
Soil texture Clay Silty ca Loam Sandy clay Loamy sand 0.4
ycay Sandy clay loam Silt loam
sg‘:i;fjfy“ S(IESQ 0-20 21-50 51-100 101-300 >300 0.2
Ecological Water bodies Bush land Bare land
sensitivity Vegetation Wetland Forest land ush A Cultivated land Artificial 0.4
. Grass land
Glacier surface
Forest land
e . Bush land
Dessei's’ig‘c]eil:;on Latr;i:se Wﬁg (r)lc(liles Artificial Grassland  Cultivated land Bare land 0.5
Glacier St
. Construction Artificial
Disturbance land disturbance surface / / / / / 04

A disturbance index was established using the following formula:

CLA
DIS = —— 7
TA 7)
where DIS is the disturbance index, CLA is the area of construction land, and TA is total area.

The ecological sensitivity index is expressed as follows:

SE = 213:1 (SiWi) ®)
DE =Y, _ (GWi) 9)
SEN = SEJF% (10)

where SE, DE, and SEN represent soil erosion sensitivity, desertification sensitivity, and
ecological sensitivity index, respectively. S; is the sensitivity index of i, including soil
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texture, slope, and vegetation, Cy is the land use type, and W is the weight. Therefore, the
ecological resistance surface is expressed as:

RES = 0.4DIS + 0.6SEN (11)

where RES, DIS, and SEN represent the ecological resistance surface, disturbance index,
and ecological sensitivity index, respectively.

2.6. Extracting Potential Corridors Using the MCR Model

MCR refers to the cost of movement from a source to a destination [46,47], and was
revised by Yu (1999) [48]. The model considers three factors: ecological sources, distances,
and landscape features. It is mathematically expressed as follows:

MCR = fmin Y "™ (Dj; x R (12)
=n )

where Dj; is the spatial distance of a species from source j to patch i, and R; represents the
resistance coefficient of matrix i.

2.7. Optimizing ESP via the Gravity Model

The Gravity model was used to distinguish ordinary corridors and primary corridors
and construct a hierarchy of ecological corridor networks, which in turn calculated the
interactions between nodes. The equation of the Gravity model can be calculated as follows:

NaxNp  L2..In(Sy xSp)
Gap = 5 = 5
Dy, L3 X Pa x Py

(13)

where G}, denotes the interaction between sources a and b; N, and Ny, represent corre-
sponding weights; Dy, is the standardized cumulative resistance of the corridor between
these nodes; L, is the cumulative resistance of the corridor between sources a and b; Liyax
refers to the maximum value of cumulative resistance; S, and S, are the standardized sizes
of these sources; and P, and P}, indicate the corresponding source weights.

2.8. Ecological Security Zone

The ecological security zone was established by creating a 10 km buffer zone around
ecological sources and primary corridors. These zones were further divided into a high-
security zone (distance cost < 1000) and a medium-security zone (1000 < distance cost < 3000).

3. Results
3.1. Ecological Sources in the Loess Plateau from 2000 to 2020

The study identified a total of 27, 41, and 77 ecological sources, covering areas of
4263.810 km?, 18,566.034 km?, and 113,209.595 km? from 2000 to 2020, respectively. The
number and area of ecological sources decreased from southeast to northwest, with the
maximum areas covering 1334.332 km?, 5766.378 km? and 13,162.947 km? in 2000, 2010,
and 2020, respectively (Figure 3 and Table 4). In 2000, ecological sources were primarily
distributed in the southern Loess Plateau, with the largest number found in Henan, while
Shaanxi had the maximum total area of ecological sources (1573.262 km?) (Figure 3a).
In 2010, 17 ecological sources were distributed across Gansu, covering a total area of
12,547.432 km?. Ningxia and Henan each had two ecological sources, of which the total
areas were 1341.986 km? and 1679.187 km?, respectively. In Qinghai, four ecological sources
were identified; the areas of these were the smallest at 464.522 km? (Figure 3b). In 2020,
there was a significant increase in ecological sources in Shanxi, with 28 ecological sources
identified, covering a total area of 42,236.743 km?2. A few ecological sources were identified
in Qinghai and Ningxia, covering areas of 2715.901 km? and 2979.969 km?, respectively
(Figure 3c).
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Figure 3. The spatial pattern of the ecological sources in the Loess Plateau from 2000 to 2020.

Table 4. The number and area of ecological sources in the Loess Plateau from 2000 to 2020.

2000 2010 2020
Province
Number Total Area (km?) Number Total Area (km?) Number Total Area (km?)
Shanxi 9 344.892 7 2787.956 28 42,236.743
Shaanxi 7 1573.262 11 1312.133 13 34,891.863
Qinghai 0 / 4 464.522 9 2715.901
Ningxia 1 1015.665 2 1341.986 10 2979.969
Inner Mongolia 0 / 8 792.578 14 7506.349
Henan 14 973.902 2 1679.187 6 5854.184
Gansu 2 356.088 17 12,547.432 14 17,562.792
Total 27 4263.810 41 18,566.034 77 113,209.595

3.2. The Ecological Resistance Surface in the Loess Plateau from 2000 to 2020

The average ecological resistance coefficients in the Loess Plateau were 0.156, 0.140,
and 0.136 in 2000, 2010, and 2020, respectively, exhibiting a decreasing trend (Figure 4). In
2000, the ecological resistance coefficient ranged from 0.050 to 0.313, with high resistance
areas scattered in the northwestern (west, north of inner Mongolia), southwestern (Gansu
and Ningxia), and southern (south of the junction of Shaanxi and Henan) parts of the Loess
Plateau (Figure 4a). In 2010, ecological resistance reductions were observed, mainly in
Ningxia, northwestern Shanxi, and inner Mongolia, with values ranging from 0.048 to 0.277.
Regions of low resistance were found in middle Shaanxi and Shanxi. Moreover, in 2020,
the minimum and maximum values were 0.046 and 0.241, respectively (Figure 4b). The
highest values were concentrated in central Shanxi, northern inner Mongolia, and southern
Shaanxi, with the ecological resistance coefficient being significantly reduced in the western
region (Figure 4c).
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Figure 4. The spatial and temporal characteristics of ecological resistance surfaces in the Loess Plateau.

3.3. Potential Ecological Corridors in the Loess Plateau from 2000 to 2020

The number of corridors significantly increased from 2000 to 2020 (Figure 5 and
Table 5). In 2000, there were 64 potential corridors, with a total length of 4579.326 km. The
length of each corridor varied from 8.783 km to 304.375 km, with an average length of
71.552 km (Table 5). The spatial pattern of the ecological corridors was clustered in the
southern part of the study area, spanning through Gansu, Shaanxi, Shanxi, and Henan
(Figure 5a). The distance cost ranged from 0 to 100,003, declining from north to south and
from west to east. Furthermore, 95 potential corridors were extracted in 2010, totaling
6526.996 km in length, and with an average length of 76.788 km. The longest corridor was
747.333 km, while the shortest was 1.174 km (Table 5). One vertical corridor extended from
southwest to northeast, and the other corridors were mostly clustered together around the
study regions, which resembled reticulation. The maximum distance cost was 42,239.9,
which was found in the northwest region (Figure 5b). In 2020, the number of potential
corridors increased to 105, with a total length of 7015.174 km, ranging from 1.624 km to
258.197 km (Table 5). The spatial pattern in 2020 exhibited a network-like structure, with
vertical corridors intersecting due to enhanced ecological connectivity in the central and
northwestern regions, resulting in shorter average corridor lengths. The highest distance
cost was 23,286.8, and two high-cost regions were located in east inner Mongolia and north
Gansu (Figure 5c¢).

W%E
(> 2000

Distance cost

W High: 10,003 Distance cost

W High: 42,239.9,
s Low:0

Legend
D Boundary of study area

: Provincial boundaries

0 75 150 300 450 600

I Ecological sources Km
Potential corridors

Figure 5. The spatial distribution of potential corridors in the Loess Plateau.
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Table 5. The number and length of potential corridors in the Loess Plateau.

Potential Corridors (km)

Year Number Min Max Sum Average
2000 64 8.783 304.374 4579.326 71.552
2010 85 1.174 747.333 6526.996 76.788
2020 105 1.624 258.197 7015.174 66.811

3.4. The Temporal and Spatial Characteristics of ESP in the Loess Plateau

The number and length of primary ecological corridors increased from 2000 to 2020,
and then decreased (Figures 6 and 7). In 2000, there were 35 primary ecological corridors
and 29 secondary ecological corridors. The primary corridors covered a total length of
1261.513 km and were distributed in the center of corridor network, running from southeast
to northwest (Figure 6a). In 2020, the number of primary ecological corridors was 58, with
a total length of 2495.551 km. These corridors were clustered in the southwest (Qinghai and
the junction between Gansu and Shaanxi) and northeast (inner Mongolia and north Shanxi)
regions (Figure 6b). In contrast, there were only 18 primary corridors in 2020, covering
a length of 1120.536 km. These were concentrated in the southwest region (Qinghai,
Gansu, and Ningxia) (Figure 6¢). In addition, the risk zone area, as identified by ecological
resistance coefficient, declined from 2000 to 2020.
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Figure 6. The temporal and spatial characteristics of ESP in the Loess Plateau.
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Figure 7. The ecological sources and corridors in the Loess Plateau from 2000 to 2020. (a): The area of
ecological source, (b): The length of corridors.
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3.5. Ecological Security Zone in the Loess Plateau from 2000 to 2020

The ecological security zone exhibited an expanding trend, encompassing a total
area of 5048.6355 km?, 162,579.375 km?, and 360,882.5625 km? in 2000, 2010, and 2020,
respectively (Figure 8). From 2000 to 2010, the high security zone had a smaller area
compared to the medium security zone. Specifically, the areas of high and medium security
zones in 2000 were 1783.20 km? and 3265.44 km?, respectively (Figure 8a). In 2021, these
areas had expanded significantly to cover 74,832.36 km, and 87,747.01 km?, respectively
(Figure 8b). Notably, in 2020, the area of the high security zone was 1.82 times larger than
that of the medium security zone (Figure 8c).

2000 2010 2020

¢

§ {

Y, Shanxi N ghanxi
: S

“Y_Ningxia {  Shaanxi /

S M 4

Shaanxi /

Legend

[ 8oundary of study area

[ Provincial boundaries 0 75 150 300 450 600
e —— —
[ High security zone
Medium security zone

Figure 8. The ecological security zone from 2000 to 2020 in the Loess Plateau.

4. Discussion
4.1. Ecological Security Pattern in the Loess Plateau

The ESP in the Loess Plateau showed significant improvement from 2000 to 2020, with an
observed increase in ecological sources, corridors, and security zones (Figures 3, 5, 6 and 8).
These findings are in line with previous studies by Sun et al., 2015, Su et al., 2022, and
Shi et al., 2023 [49-51], suggesting an overall enhancement in the ecological environment
in the region over the past two decades. This improvement can be attributed to initiatives
such as the ‘Grain to Green’ restoration program, the 3-North Shelter Forest Program, and
the ecological conservation and high-quality development strategy in the Yellow River
Basin, which have led to notable achievements on the Loess Plateau. For example, the
soil conservation rate in the area has increased to 63.44%, and the forest coverage rate has
risen to 19.55% [52,53]. These significant enhancements in agricultural productivity and
vegetation coverage may have further affected the ESP [54].

The high and medium security zones are primarily located in the southeastern part of
the Loess Plateau, corresponding closely to the landscape distribution in the Loess Plateau.
The northwest region features a desert steppe landscape, primarily caused by wind erosion,
transportation, and accumulation processes. The central part is composed of temperate
semi-arid grassland and forest grassland landscapes, which are mainly affected by fluviatile
erosion. In the southeast area of the Loess Plateau, there is a warm temperate semi-humid
deciduous broad-leaved forest landscape. The landscape differentiation gradient in the
Loess Plateau extends from southeast to northwest [55,56]. Additionally, the ecological
security pattern is intricately linked to the ecological zoning of the region. These ecological
zones were established based on “The Comprehensive Management Plan Outlined for the
Loess Plateau’ (https:/ /www.gov.cn/zwgk/2011-01/17 /content_1786454.htm, accessed on
10 April 2024) [57]. Previous studies have indicated that the eastern river valley plain region
and earth-rocky mountainous areas exhibit the lowest ecological vulnerability, followed by
the loess hilly and gully region in the center, while the agricultural irrigation region and
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sandy desert region in the west display the highest vulnerability. This further supports our
initial conclusion.

The ecological sources in 2000 were mainly distributed across the junction of Guyuan
city and Pingliang city, including Jingyuan county, Zhuanglang county, Longde county,
Yuanzhou county, and Huating county (Figure 3a). This region is situated in the eastern
part of Liupan mountain and boasts numerous national forest parks, nature reserves, abun-
dant water resources, and favorable climatic conditions. The relatively pristine original
environment and the protection of natural forests contributed to the initial accumulation
of ecological sources. Furthermore, in 2010, the ecological sources were predominantly
concentrated in Tongchuan city (Yijun county), Xianyang city (Xunyi county), and South-
ern Yan’an city (Luochuan county, Huangling county, and Fuxian county), all located in
the loess hilly-gully area. Previous studies have revealed that the land use structure of
Huangling county and Fuxian county mainly comprises forest land, and the southern part
of Yan’an city has the lowest ecological risk [58]. The ecological security of Tongchuan
city has been gradually improving [6], which aligns with our findings. In addition, some
studies have suggested that forest land in the northern and central parts of Yan’an expe-
rienced rapid growth after 2010, leading to a significant decrease in soil erosion rates in
the Beiluohe basin [59,60]. Moreover, the implementation of desertification control projects
and comprehensive management of sloping croplands in the Shaanxi Loess Plateau has
optimized the quality of the ecological security barrier, leading to the sustained and positive
transformation of the ecosystem. This has resulted in the expansion of ecological sources in
Yan’an from south to north between 2010 and 2020. Likewise, significant improvements in
ecological sources have been observed in Shanxi, particularly in south-central Changzhi
city and northeast Xinzhou county. In 2020, the largest ecological sources were identified in
Qinyuan county and Anze county of Changzhi city. These were characterized by abundant
water resources, a forest coverage rate of 57%, and designation as a national ecological
demonstration area and provincial forest park [61]. Notably, some ecological sources
have also accumulated in the central and southern parts of inner Mongolia, especially in
Wuchuan county, Tumd Left Banner, and Tumd Right Banner. These areas are flat with
fertile soil, which is the main producing unit of grains and crops [62]. In addition, the shape
and structure of ecological corridors became more complex from 2000 to 2020, impacting
ecosystem functionality and stability (Figures 5 and 6). A dense ecological corridor net-
work promotes species interactions and energy flow, ensuring the continuity of ecological
processes and services [63]. The increased connectivity and closure of ecological corridors
has facilitated species migration and diffusion in the Loess Plateau.

4.2. Optimizing ESP in the Loess Plateau

ESP could speculate on the regularity of environmental changes, strengthen the sus-
tainable utilization of regional natural resources, and promote high-quality ecosystem
development. While the ecological security of the Loess Plateau has shown improvement,
it is crucial to recognize that regional ecological construction is a dynamic and continuous
process. Therefore, forward-thinking ecological management is essential. Considering
current landscape characteristics, urban development, and ecological construction in the
Loess Plateau, it is essential to establish a long-term optimization plan for the ESP. Specifi-
cally, the optimization of the ESP should prioritize the construction of ecological sources.
This involves safeguarding existing ecological sources, creating new ecological land, and
expanding the reach of ecological sources. In the Beiluohe basin, ecological sources were
concentrated, necessitating the protection of existing sources and the enhancement of water
resource utilization and flood control facilities. In the northwest of the Loess Plateau,
where ecological sources are scarce, the focus of landscape ecological construction should
be on establishing shelter belts to restore the grassland landscape. Furthermore, drought
monitoring should be conducted in a timely manner to mitigate climate factor-related
damage to the ecological environment. The mineral development process in the Loess
Plateau has caused surface stripping and ground collapse. The coal fields in this area are
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mainly located in Qinshui county, Hexi county, Xishan county, Hedong county, Weibei
county, and Huanglong county. It is essential to restore vegetation in mining areas, and in
some cases, ecosystem reconstruction may be necessary based on specific circumstances.
When constructing corridor networks, it is important to enhance the protection of existing
corridors and optimize the ecological green space along them, while minimizing construc-
tion on agricultural land. It is advisable to establish appropriate buffer zones along the
potential ecological corridors to reduce human intervention. In the process of urbanization,
the increasing environmental needs of urban residents should be addressed by leveraging
the various functions of green spaces, including cultural, aesthetic, and recreational aspects.

4.3. Limitation

Our study considered climate, soil, vegetation, topography, and biodiversity to con-
struct ESP. This approach is well-suited for regions sharing ecological characteristics with
the Loess Plateau. Nevertheless, due to the vast expanse of the Loess Plateau, this method
may encounter limitations in smaller-scale areas, which can be addressed by adjusting
index types and weights based on specific conditions. In cases of significantly high or
low disturbance levels, adaptations must be made to the method to ensure applicability.
For example, in forested regions with high ecological quality, greater emphasis should
be placed on biodiversity, vegetation functions, and climate impacts on security patterns.
Conversely, in mining areas with delicate ecosystems, priority should be given to human
activities and geological factors. In future research, it is imperative to comprehensively
consider various factors such as social, economic, ecological, natural, and biological as-
pects in order to fully grasp the complexity of the ecosystem and the effects of human
activities on the ecological security pattern. Furthermore, by conducting field surveys and
analyzing data, scientific ecological protection policies and measures can be developed to
promote sustainable development of the ecological environment and foster a harmonious
coexistence between humanity and nature.

5. Conclusions

Overall, this study constructed a novel and comprehensive ESP based on ecological
“function—structure”, taking into account key factors influencing the ecological environment
of the Loess Plateau, such as climate, soil, vegetation, topography, and biodiversity. The
MCR model was utilized to identify ecological sources and corridors, integrating a time
scale into the ESP to examine the spatiotemporal heterogeneity of ecological security.
Targeted recommendations for enhancing ecological security in the Loess Plateau were
proposed based on spatial patterns. Results indicated overall improvement in the ESP, with
the southeastern region showing better ecological security compared to the northwestern
region. These findings offer a creative and scientific framework for dynamic monitoring and
evolution of ecological security, contributing to the advancement of ecological management
in the Loess Plateau.
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