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Abstract: With the implementation of human activities, such as logging, reclamation, and construc-
tion, the increasing fragmentation of ecological space and the increasing blockage of biological
migration corridors cause many threats to biodiversity conservation. In this study, we used the
Northwest Beijing Ecological Containment Area as the research area. Based on an integrated circuit
theoretical model, we identified functional connectivity networks and analyzed the spatial and tem-
poral changes of ecological blockage patterns in the region from 1998–2018 in terms of the landscape
connectivity, ecological breakpoints, pinch points, and barriers, respectively. The results show that the
average remote sensing ecological index had a trend of decreasing and then increasing, and a total of
33, 34, and 63 habitat core areas and 70, 74, and 152 ecological corridors were identified in 1998, 2010,
and 2018, respectively. The regions with high ecological blockage were mainly in the central part of
Yanqing District, the southwest corner of the study area, and the eastern urban area. Although the
number of potential ecological corridors gradually increases with the probability of migration in the
study area, the blockage status and vulnerability of the ecological corridors continue to increase due
to the conflict between land uses. The ecological status of the study area reflects the comprehensive
effectiveness of the capital’s high-quality development under the strategic deployment of ecological
civilization. In the context of habitat fragmentation, the effective protection and restoration of the
ecological conditions in the ecological function areas is of great importance in guaranteeing the
ecological quality and sustainable development of the country.

Keywords: circuit theory; remote sensing ecological index; ecological blockage; dynamic; land
use; fragmentation

1. Introduction

Continued human activity alters the land use and land cover of a region, resulting
in landscape fragmentation, which is considered to be a key driver for the loss of natural
habitat, the spread of patches, and the reduction in biodiversity [1,2]. With population and
economic growth, the human impact on the surface landscape, including the phenomenon
of urban sprawl and the continued extension and networking of artificial corridors such
as roads, has increased dramatically [3–5]. The meaning of ecological blockage in the
ecological sense includes, in addition to geospatial distance blockage (geographic isolation),
migration and blocked isolation of genetic exchange and movement among individuals
or populations of organisms caused by changes in subsistence conditions, such as climate
temperature, moisture, and food, as well as by shifts in land use types. Landscape connec-
tivity is generally used to measure the degree of isolation of the gene flow by the landscape
pattern [6]. Under the dual threats of climate change and the expansion of modified ecosys-
tems, the protection and the restoration of landscape connectivity by creating effective
ecological networks have become core strategies for nature conservation [7–9].
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Landscape fragmentation changes the structural connectivity of a region that empha-
sizes the characteristics of landscape heterogeneity and is usually harmful to the natural
and semi-natural environment [10,11]. It often affects critical ecosystem services and human
health and creates obstacles to the ecological flow of native species [12–14]. In these con-
texts, fragmentation undoubtedly represents the basic element as a quantitative description
of the landscape structure and organization. The landscape fragmentation process affects
biodiversity in two main ways: the decrease in the area of habitat patches and the rein-
forcement in the isolation between patches [15,16]. The former mainly changes a series of
microevolutionary processes by reducing local populations, such as by the bottleneck effect,
inbreeding decline, random drift, etc. Additionally, the latter mainly leads to blockage of
the gene flow between local populations, the weakening of the “rescue effect”, and even
loss, increasing the risk of local extinction [17,18].

Studies have shown that changes in environmental gradients (e.g., topographic slope,
elevation, moisture conditions, etc.), vegetation type, and community structure can sig-
nificantly affect population dispersal routes and gene flow connectivity [19,20]. In con-
trast, studies on landscape fragmentation have also shown that linear landscape elements
(e.g., highways) exhibit a significant segregation of the genetic structure and gene flow for
animal populations on both sides [21,22]. Previously, the distance isolation model based
on linear distance (IBD) was generally used as the null model to analyze the least-cost
path of gene flow [23]. However, the adaptability of this metric is limited and does not
reflect the full range of biological transport processes [24]. Later, McRae proposed the
concept of isolation-by-resistance to integrate the isolation effects of space, environment,
and landscape [25]. Since 2006, McRae et al. have introduced circuit theory to the field of
ecology and conservation biology through a series of seminal papers [12,25,26]. Circuit
theory has been widely used in biodiversity conservation research, both domestically and
internationally, due to the theory’s innovative provision of a process-driven model to
simulate gene flow and the movement of organisms in heterogeneous landscapes that is
stable at a variety of scales [27–32]. Circuit theory can identify all the potential ecological
corridors available for species or ecological processes within the landscape and extends
the identification of pinch points, barrier areas, etc. [29]. Meanwhile, the widely used
connectivity measurement method is the least-cost path (LCP), based on the resistance
plane. The LCP is an excellent model for measuring functional connectivity despite its
inherent drawbacks: it only simulates the path with the least accumulated resistance,
but only considering the diffusion of a single optimal path will underestimate the impact
of habitat fragmentation on the connectivity between populations or patches because local
fragmentation may not affect the optimal path, but it may, rather, reduce the overall quality
of the landscape [33–35]. The combined application of the two techniques for building
ecological networks and restoring connections between isolated patches can complement
each other and help to better reflect the migratory exchange of organisms in heteroge-
neous landscapes as well as the barriers [27,30]. In addition, the construction methods
of resistance planes in circuit theory and the least-cost path are similar and have better
compatibility when combining the two models.

During the “Eleventh Five-Year Plan” period, Beijing planned to form four major urban
function areas and put forward the concept of the “ecological connotation development
area”. In the same period, the “Beijing Urban Master Plan (2004–2020)” clearly proposed
the functional area of the “Northwest Ecological Containment Area”. The new “Beijing
Urban Master Plan (2016–2035)” further defines this area as the ecological development
guarantee area and the comprehensive service center in northwest Beijing, which is the key
area for guaranteeing the sustainable development of the capital. In recent years, with the
rapid population and economic growth and ecological construction, the land use status of
the Northwest Beijing Ecological Containment Area (NBECA) has changed dramatically,
and the ecosystem pattern has changed significantly. It is important to assess the degree
of damage to the ecological space and ecological functions and to analyze the impact of
the fragmentation changes presented by the habitat sites. Although Chinese scholars have



Remote Sens. 2022, 14, 1151 3 of 25

gradually carried out some studies on the ecological cultured areas [36–38], there are still
relatively few relevant studies, especially on ecological network protection and restoration,
for which there is no relevant literature; thus, it is of great significance to evaluate the
status of the ecological function blockage in the NBECA. There are many mature studies on
ecological networks and ecological integrity restoration [39–43], but most of them are based
on single-period analysis of ecological conditions. They provide restoration suggestions
but less on the overall evolution of ecological patterns in a long time series.

In this paper, we take the NBECA as the study area and select three phases of remote
sensing images to calculate the remote sensing ecological index (RSEI) for ecological quality
evaluation, with the integration of the importance of the patches in identifying core habitat
areas. Ecological resistance surfaces were constructed by selecting factors such as land
use types, habitat quality, slope, elevation, water density, road density, population density,
and mining site density. Based on the Circuitscape platform and Linkage mapper software,
we aim to analyze the spatial and temporal changes of the ecological blockage with habitat
fragmentation in the northwest cultured area of Beijing over the past 20 years. We expect
to provide an ecological planning basis for biodiversity conservation and nature reserve
management in Beijing and to provide a reference scheme for planning managers in the
ecological protection and restoration of an important ecological function area (IEA).

2. Materials and Methods
2.1. Study Area

The Northwest Beijing Ecological Containment Area (NBECA) is an important ecolog-
ical function area in the Beijing-Tianjin-Hebei region, as well as an important ecological
security barrier and water connotation area and a key area for guaranteeing the ecolog-
ical environment quality and sustainable development of the capital, Beijing (Figure 1).
The research area is located at 115◦24′57”~116◦20′42”E, 39◦30′20”~40◦37′44”N, with a
total area of 5185 km2, covering the whole district of Mentougou, most areas of Fangshan,
Yanqing, Changping, and Shijingshan, as well as the local areas of Haidian and Fengtai.
Its climate belongs to the mid-latitude continental monsoon climate, and the climate dif-
ference between the western mountainous area and the eastern plain is obvious, with
an average annual temperature of 8 ◦C–19 ◦C. Precipitation in the region is focused on
the period from June to September, with an average annual rainfall of about 555 mm
and the highest annual rainfall of 630 mm in the area of Xiayunling in Fangshan District.
The topography of the study area is predominantly mountainous, with the highest point
located at Ling Mountain in the northwestern part of Mentougou District at an elevation of
2287 m.

The study area is rich in tree species, including natural oil pine forest, larch, birch,
etc., and spans the Chaobai River, the Yongding River, and the Rejected River basins.
The Yongding River runs through the entire study area, and the rich climatic diversity and
habitat diversity nurtures a rich diversity of wildlife. There are a large number of forest
parks, wetlands, important wind and sand management areas, and nature reserves in the
study area, including two national nature reserves, Songshan and Baihuashan. According to
the Beijing Statistical Yearbook 2018, the population in the study area was about 1.42 million
at the end of 2017. Furthermore, the population density increases from the mountainous
area in the northwest to the plain area in the southeast. It is crucial to solve the contradiction
between the protection of the ecological environment and the economic development and
to establish the compensation mechanism for ecological construction benefits.



Remote Sens. 2022, 14, 1151 4 of 25
Remote Sens. 2022, 14, x FOR PEER REVIEW 4 of 26 
 

 

 

Figure 1. Geographic location of study area: (a) in China and (b) in Beijing. (c) The remote sensing 

image of study area. 

The study area is rich in tree species, including natural oil pine forest, larch, birch, 

etc., and spans the Chaobai River, the Yongding River, and the Rejected River basins. The 

Yongding River runs through the entire study area, and the rich climatic diversity and 

habitat diversity nurtures a rich diversity of wildlife. There are a large number of forest 

parks, wetlands, important wind and sand management areas, and nature reserves in the 

study area, including two national nature reserves, Songshan and Baihuashan. According 

to the Beijing Statistical Yearbook 2018, the population in the study area was about 1.42 

million at the end of 2017. Furthermore, the population density increases from the moun-

tainous area in the northwest to the plain area in the southeast. It is crucial to solve the 

contradiction between the protection of the ecological environment and the economic de-

velopment and to establish the compensation mechanism for ecological construction ben-

efits. 

2.2. Data Sources and Processing 

The data used in this study are as follows: (1) the land cover data of 5 m resolution 

in 1998, 2010, and 2018 and the vector boundary of the study area were all obtained from 

the Beijing Municipal Science and Technology Project “Research on the Technical Meth-

odology of Investigation and Assessment of Damaged Ecological Space and Ecological 

Integrity Restoration in Northwest Cultured Area”. The land cover data were obtained 

with an accuracy of more than 85%, which could be used in this research. The main land 

Figure 1. Geographic location of study area: (a) in China and (b) in Beijing. (c) The remote sensing
image of study area.

2.2. Data Sources and Processing

The data used in this study are as follows: (1) the land cover data of 5 m resolution in
1998, 2010, and 2018 and the vector boundary of the study area were all obtained from the
Beijing Municipal Science and Technology Project “Research on the Technical Methodology
of Investigation and Assessment of Damaged Ecological Space and Ecological Integrity
Restoration in Northwest Cultured Area”. The land cover data were obtained with an
accuracy of more than 85%, which could be used in this research. The main land use types
obtained were water body, arbor forest, shrubland, grassland, cropland, bare ground, built
area, gravel pit, and ore heap (Figure 2). (2) The socio-economic, demographic and climatic
data were obtained from the statistical yearbook information of each district in Beijing
and the related literature. (3) The administrative zoning map data were obtained from
the Geospatial Data Cloud. (4) The DEM data are raster map with a 90 m resolution from
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the Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences.
In addition, the slope map of the study area was calculated in ArcGIS 10.6 using the digital
elevation model. (5) The water density data and mining site density data of the study area
for 1998, 2010, and 2018 were obtained based on land cover data through the Kernel Density
module in ArcGIS 10.6 software. (6) The road network data were obtained from the Peking
University data platform. The road density data were also obtained through the Kernel
Density module. (7) The population density data were from the high-precision Worldpop
population density database: 2000–2020 Chinese population density dataset. The unit
is the level of population per square kilometer, and the spatial reference system is the
geographic coordinate system WGS 84 with a spatial resolution of 100 m [44]. (8) The spatial
distribution of the nature conservation sites is from OpenStreetMap. The details of the data
sources used in the study are shown in Table 1.
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Figure 2. Land use types of the study area in 1998, 2010, and 2018.

Table 1. Datasets used in this study.

Data Data Type Resolution Data Source

Land cover data Raster 5 m Beijing Municipal Science and Technology Project
(Z181100005318003)Vector boundary of the study area Vector -

Socio-economic, demographic,
and climatic data Statistical - Yearbook data, etc.

Administrative zoning map Vector - Geospatial data cloud
(http://www.gscloud.cn, accessed on 30 July 2021)

DEM data Raster 90 m
Data Center for Resource and Environmental Sciences,
Chinese Academy of Sciences (http://www.resdc.cn,

accessed on 12 April 2021)

Road network data Vector - Beijing University Data Platform
(http://geodata.pku.edu.cn, accessed on 30 July 2021)

Population density data Raster 100 m High precision Worldpop population density dataset
(http://www.worldpop.org, accessed on 30 July 2021)

2.3. Methods
2.3.1. Remote Sensing Ecological Index

In this study, the remote sensing ecological index (RSEI) created by Hanqiu Xu [45]
was used to evaluate the habitat quality in the study area, which consists of the normalized
vegetation index (NDVI), the wetness component of the tasseled cap transformation (WET),
and the land surface temperature (LST) and the normalized difference built-up and soil

http://www.gscloud.cn
http://www.resdc.cn
http://geodata.pku.edu.cn
http://www.worldpop.org
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index (NDBSI), coupled to reflect the greenness, wetness, heat, and dryness that are closely
related to human activities [46]. The index to assess the spatial and temporal variation of
ecological quality has been widely used at different scales [47–49]. In recent years, some
researchers have started to apply it to ecological network construction, and the validity
and accuracy have been verified to some extent [50–52]. We calculated the index based
on the Google Earth Engine platform and extracted the RSEI for 1998, 2010, and 2018 by
processing such as de-clouding, water body masks, calculating indicators, overlaying to
extract median values and mosaic, etc. The remote sensing data source used was Landsat
TM/OLI images with a spatial resolution of 30 m (Table 2). All the image data were selected
from the summer season (June–September) to avoid the influence of seasonal differences.

Table 2. The details of Landsat images.

Target Year 1998 2010 2018

Sources Google Earth Engine

Number of image
views 21 21 27

Datasets Landsat 5 TM datasets
1984–2012 (30 m)

Landsat 8 OLI and TIRS datasets
2013–2018 (30 m)

Name LANDSAT/LT05/C02/T1_L2 LANDSAT/LC08/C02/T1_L2

Description Surface reflectance data

Season Summer (June–September)

(1) Calculation of greenness index

The normalized vegetation index is undoubtedly the most widely used vegetation
index, which is closely related to plant biomass, leaf area index, and vegetation cover. It is
calculated as follows [49]:

NDVI =
ρNIR − ρred
ρNIR + ρred

(1)

where NDVI is the normalized vegetation index of the study area. ρred and ρNIR are,
respectively, the reflectivity of the red band and the near-infrared band corresponding to
the TM image and the OLI image.

(2) Calculation of wetness index

The wetness component reflects the moisture content of water bodies and soil and
vegetation, which is closely related to ecology. The wetness is calculated as follows [49]:

WET(TM) = 0.0315ρblue + 0.2021ρgreen + 0.3102ρred + 0.1594ρNIR − 0.6806ρSWIR1 − 0.6109ρSWIR2 (2)

WET(OLI) = 0.1511ρblue + 0.1972ρgreen + 0.3283ρred + 0.3407ρNIR − 0.7117ρSWIR1 − 0.4559ρSWIR2 (3)

where WET is the surface moisture index. ρblue, ρgreen, ρred, ρNIR, ρSWIR1, and ρSWIR2 are,
respectively, the reflectivity of the ground objects in the blue, green, red, near-infrared,
short-wave infrared 1, and short-wave infrared 2 bands corresponding to the TM image
and the OLI image.

(3) Calculation of heat index

In this study, the inverse surface temperature was used to characterize the heat index.
The calculation equation is shown below [49]:

LST = Ai
Tb
ε
+ Bi

1
ε
+ Ci (4)
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
εwater = 0.995 (NDVI ≤ 0)

εbuilding = 0.9589 + 0.086× Fveg − 0.0671× F2
veg (0 < NDVI < 0.7)

εnatural = 0.9625 + 0.0614× Fveg − 0.0461× F2
veg (NDVI ≥ 0.7)

(5)

where LST is the surface temperature index. Tb is the reflection value of the top atmosphere
of the TIRS channel, ε is the surface emissivity, and the coefficients Ai, Bi, and Ci are
determined by linear regression. It is the radiation transmission simulation of 10 types of
TCWV (i = 1, . . . , 10) [53]. Fveg represents the vegetation coverage.

(4) Calculation of dryness index

The dryness index can be synthesized from both the surface bare soil index SI and the
surface building index IBI [49]:

NDBSI =
SI + IBI

2
(6)

SI =
(ρSWIR1 + ρred)− (ρblue + ρNIR)

(ρSWIR1 + ρred) + (ρblue + ρNIR)
(7)

IBI =
2ρSWIR2/(ρSWIR1 + ρNIR)−

[
ρNIR/(ρred + ρNIR) + ρgreen/

(
ρSWIR1 + ρgreen

)]
2ρSWIR2/(ρSWIR1 + ρNIR) +

[
ρNIR/(ρred + ρNIR) + ρgreen/

(
ρSWIR1 + ρgreen

)] (8)

where NDBSI is the dryness index of the study area. ρblue, ρgreen, ρred, ρNIR, ρSWIR1,
and ρSWIR2 are, respectively, the reflectivity of the ground objects in the blue band, green
band, red band, near-infrared band, short-wave infrared 1 band, and short-wave infrared
2 band corresponding to the TM image and OLI image.

(5) Construction of comprehensive ecological index

Finally, the range of standardized removal dimensions is adopted for a single index,
and the remote sensing ecological index is constructed according to the principal component
transformation (Equation (9)) [49].

RSEI = PCA[f(NDVI, WET, NDBSI, LST)] (9)

To facilitate comparison, we standardize the RSEI to [0, 1] and divide the RSEI into
the five levels of low (0–0.2), lower (0.2–0.4), medium (0.4–0.6), higher (0.6–0.8), and high
(0.8–1.0) [54].

2.3.2. Circuit Theory

Circuit theory combines circuitry in physics with ecology through random walk theory,
where the landscape is treated as a conductive surface during species migration or dispersal,
with high permeability landscapes having low resistance and low permeability landscapes
having high resistance [27]. The circuit theory combined with the random walk theory gives
the model more explanatory power by identifying multiple diffusion paths with a certain
width, showing corridor redundancy and determining the relative importance of habitat
patches and corridors by the strength of the currents between the source sites [12,25,26].
At the same time, the circuit theory simulated corridor can meet the demand of multi-
species migration, which is more in line with the real situation of species movement and
can be used for conservation planning and predicting the ecological and genetic effects
of spatial heterogeneity and landscape change [24,32]. The physical terms and explicit
ecological meanings associated with the circuit theory model are listed in Table S1. See
more in Supplementary Materials.

1. Simulation of circuit connectivity

In this paper, we used Circuitscape 5.0 [55] software to identify the potential corridor
distributions by simulating species migration paths or gene flow. The current density
values (the magnitude of the current through a single image element) obtained from the
simulations characterize the probability values of organisms passing through the area as
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they move between ecological node patches. Circuit theory complements the least-cost path
approaches because it considers the effects of all the possible pathways across a landscape
simultaneously [25,26]. The current density values for the entire study area, obtained by
running Circuitscape 5.0 in Julia pairwise model calculations, provide a more intuitive
picture of the overall connectivity of the area and where it is constrained.

2. Identification of ecological break points

Meanwhile, based on the circuit theory, we used the Linkage Mapper plug-in tools of
ArcGIS to extract the path with the least resistance to connect two ecological source sites
as ecological corridors [56]. Ecological corridors are bridges between ecological sources
and low-resistance ecological channels for ecological flows between neighboring ecological
sources. The Linkage Pathways tool is used to map the linkages among “core areas”
of habitat on a landscape. First, we calculate the cost-weighted distance (CWD) of all pixels
on the integrated ecological resistance surface to the source. The cost-weighted distance
(CWD) of all the pixels on the integrated ecological resistance surface to the source is created,
and then, the CWD grid is overlaid with the source to calculate the cumulative cost paths
between sources. The least-cost distance (LCD) is formed by the minimum value of the
path, the corresponding paths are the least-cost path (LCP), and finally, the critical corridors
and potential corridors are obtained. Large traffic roads affect landscape fragmentation
and cause blockage to ecological corridors; thus, we overlayed the traffic road map with
the ecological corridor map for analysis to identify the ecological breakpoint areas.

3. Identification of ecological pinch points and barriers

The Linkage Mapper tools also allow for the identification and analysis of source site
centrality, corridor “pinch points”, and barrier areas in landscape connectivity. Based on the
minimum cost corridor extracted by Linkage Pathways, we set the “width” of the ecological
corridor to 50,000 [29,57] in order to facilitate the calculation and better display the pinch
points in the corridor. We used the Centrality Mapper [58] tool and the Pinchpoint Map-
per [59] tool to analyze centrality and identify the pinch point areas within the minimum
cost corridor by running the Circuitscape program. Centrality can be used to quantify the
importance of the core areas and least-cost paths in maintaining the overall connectivity of
the corridor network system [58]. The pinch point (a.k.a. bottlenecks or choke points) area
between adjacent habitats represents a “bottleneck” area affecting the corridor between two
adjacent habitats and is important for maintaining corridor connectivity. We also used the
Barrier Mapper [60] tool to detect the important obstacles that affect the flow of the corridor.
Ecological barrier areas are areas of high resistance to species movement between source
sites, and their removal can improve connectivity between source sites and enhance species
migration success [60]. The areas with high improvement scores can be rehabilitated to
improve multiple corridors in the study area.

2.3.3. Grid Analysis Method

In this paper, we used grid analysis to divide the NBECA into grids with 1 km × 1 km
grid measurement cells. Additionally, based on the land cover data, we calculated the
landscape fragmentation index for each grid using Fragstats 4.2 software and the zoning
statistics tool in ArcGIS. The landscape fragmentation index (Fi) is calculated as follows:

Fi =
Ni
Ai

(10)

where Ai is the area of the landscape component, Ni is the number of patches, and i is
the certain land use type. Meanwhile, we used the zoning statistics tool in ArcGIS 10.6 to
extract the average fragmentation index of each grid of the ecological corridor.

2.3.4. Creation of a Landscape Resistance Layer

The absolute size of the resistance value does not have a significant effect on landscape
connectivity for the same type of assignment [61]. We assign five levels of resistance values,
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with resistance values of 1, 250, 500, 750, and 1000 [35,61]. The higher the resistance value,
the greater the ecological resistance, which is less conducive to the flow of information
between species. Combining the natural background of the study area, we selected eight
natural or human factors, such as land use, elevation, slope, RSEI, water density, population
density, road density, and mining site density to construct the resistance surface from the
sensitivity and risk considerations. The forests and the water sources have high ecological
service value in the region; not only do they have high ecological quality, but they also
play an important role in regional material and energy circulation [51]. The selection of
areas with high ecological services and suitable habitats for species as ecological source
sites will enable the ecological environment to develop in a healthy direction and to better
serve the ecosystem. Mining and sandy areas are prone to many ecological problems, such
as soil environmental damage and soil erosion, making their ecological service value the
smallest and thus their resistance coefficient the largest compared to the other types [62].
The terrain factor classification is based on the distribution of vegetation types in the study
area. Meanwhile, we use the natural interruption point method in ArcGIS 10.6 to reclas-
sify, respectively, the water density factor, population density factor, road density factor,
and mining site density factor. The resistance surface is analyzed uniformly at a landscape
grain size of 30 m. For the setting of the resistance value weights, we have, on the one hand,
based our results on the opinion of experts in this study area and, on the other hand, have
referred to previous studies [51,52,62,63] (Table 3).

Table 3. Assignment table of resistance factors in the study area.

Aspect Evaluation
Factor

Resistance Value
Weights

1 250 500 750 1000

Natural
Factors

Land use
types

Water body,
Arbor Forest

Shrubs,
Grasslands

Cultivated
land, Bare

land
Building area Gravel pit,

Ore pile 0.3

Elevation (m) <500 500–800 800–1200 1200–1600 >1600 0.1

Slope (◦) 0–8 8–15 15–25 25–45 >45 0.1

RESI = f
(ndvi, wet,
ndbsi, lst)

0.8–1 0.6–0.8 0.4–0.6 0.2–0.4 0–0.2 0.2

Water source
density >200 100–200 50–100 10–50 <10 0.05

Human
Factors

Mining site
density <50 50–300 300–1800 1800–5400 >5400 0.05

Population
density 0–10 10–50 50–100 100–200 >200 0.1

Road density 0–1 1–3 3–5 5–10 >10 0.1

2.3.5. Selection of Habitat Core Areas

The habitat core area is generally located in the center of the nature reserve and
is less subject to human interference, with rich wildlife resources and good ecological
environment quality. Natural ecological patches in the landscape with better habitat quality
are usually selected as ecological source sites. In this study, by using the 5 m spatial
resolution land cover data decoded from remote sensing images and the calculated remote
sensing ecological index, we selected, respectively, tree forests with an area larger than
1 km2 and excellent habitat quality and more stable natural ecological patches of water
bodies with an area larger than 1 km2 as ecological nodes. Usually, the radiation range
of fine-grained patches is limited; the 1 km2 habitat patches are sufficient to cover the
radiation range [51,62,63]. In addition, we used Circuitscape 5.0 software to combine the
ecological nodes with the conductivity surfaces to perform all-to-one model operations
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to obtain the relative importance size of the ecological patches. We used the natural
interruption method to grade the obtained current density values and selected patches
with greater importance (excluding those with the least degree of relative importance)
and finally obtained, respectively, a total of 33, 34, and 63 patches as core habitat areas in
1998, 2010, and 2018. There were, respectively, 28, 30, and 59 arboreal woodland patches
and 5, 4, and 4 water patches in the HCAs in 1998, 2010, and 2018. The number of patches
in the HCAs showed an increasing trend during 1998–2018 (Figure 3), which was closely
related to the increasing habitat quality in the study area on the one hand and influenced
by the fragmentation of habitat patches on the other hand.

Figure 3. Selected habitat core areas of the study area and their importance level in (a) 1998; (b) 2010;
and (c) 2018.

The increase in habitat core patches was mainly concentrated in the southwestern part
of the study area, as well as the nature reserves and forest parks and wetland parks in the
northwestern, central western, and eastern urban areas. It indicates that the nature reserves
and forest parks, etc., have been effectively restored and protected, forest coverage has been
improved, and the ecological environment quality has become significantly better with the
increased protection efforts during 1998–2018. The changes in the scope of Baihuashan
National Nature Reserve, Songshan National Nature Reserve, and Wild Duck Lake Wetland
National Nature Reserve are particularly obvious, which indicates that the construction of
nature reserves has positively contributed to the maintenance of the ecological circulation
paths and the construction of the ecological spatial networks. The ecological red line in
Beijing is a safety bottom line to protect ecological functions and environmental quality.
The screening effect of habitat core areas is shown in the Table 4.

Table 4. Parameters of habitat core areas.

Year 1998 2010 2018

Number of patches 33 34 63

Areas (ha) 36,961.1 33,109.3 42,953.3

Percentage of redline area (%) 54.49 60.03 60.59
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3. Results
3.1. Spatio-Temporal Analysis of Ecological Quality Pattern

Among the correlation coefficients between the RSEI and each subindex, NDVI and
WET were positively correlated with the RSEI, and the NDBSI and LST were negatively
correlated with the RSEI, indicating that the larger the RSEI value, the better the eco-
logical environment quality [48,49]. The ecological environment quality grades were
classified into five grades of low [0–0.2], lower (0.2–0.4], medium (0.4–0.6], higher (0.6–0.8],
and high (0.8–1], with 0.2, 0.4, 0.6, and 0.8 as intervals, based on the reference of related
studies [45–49] and the Technical Specification of Ecological Environment Condition (HJ
192–2015). The evaluation results show that the average values of the remote sensing eco-
logical index in 1998, 2010, and 2018 are 0.6538, 0.5862, and 0.7487, respectively. The mean
values of the RSEI in the study area showed a brief downward trend during 1998–2010,
followed by an increase during 2010–2018.

As can be seen from Figure 4, the areas with good ecological environment quality are
mainly located in the western mountainous areas, with forested land as the main distribu-
tion type. The spatial distribution of habitat quality is consistent with the characteristics of
woodland distribution and the topographic characteristics of the study area at three levels:
the mountainous area, the plain area, and the urban construction area. It can be seen that
the ecological quality of the study area is better in the western mountainous areas and
worse in the plain urban areas such as Haidian District and Fengtai District. The results in
Figure 4 show that the ecological degradation over the three years was more severe in 2010.
As shown in the Table 5, the increase in the area of low-quality areas in 2010 compared
to 1998 may be related to the urban expansion of the site and the increase in the area of
built-up land, whereas the area of high-quality areas increased significantly in 2018.
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Table 5. Proportion of ecological quality of five grades in the study area from 1998 to 2010.

Level RESI
Proportion of Different Quality Levels in Different Years (%)

1998 2010 2018

Low (0–0.2) 1.84 2.17 1.90
Lower (0.2–0.4) 9.13 18.85 7.35

Medium (0.4–0.6) 26.01 32.80 12.66
Higher (0.6–0.8) 28.27 18.27 5.65
High (0.8–1.0) 34.75 27.90 72.44
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Overall, the ecological environment quality in the northwest cultured area of Beijing
has gradually improved in recent years with the managers’ attention to the ecological
environment and the adoption of relevant protection measures. However, individual places
such as built-up areas, especially those with a high population density, have been subject
to increasing environmental degradation due to interference from human activities.

3.2. Spatio-Temporal Analysis of Ecological Blockage Pattern

By analyzing the spatial and temporal evolution of the overall landscape connectivity
in the study area with the use of the current density maps to reflect the migration probability
between any two source sites, we found that the number and location of the habitat core
areas played a dominant role in influencing the overall connectivity of the study area
(Figure 5), and the magnitude of current values increased year by year from 1998 to 2018,
which indicates that the landscape permeability became higher and the landscape matrix
connectivity improved year by year. The great improvement in landscape connectivity in
2018 compared to 1998 and 2010 may be related to the national emphasis in recent years on
the construction of ecological civilization. The ecological environment has been improved
through effective management of nature reserves; for example, the improved ecological
environment of Songshan National Nature Reserve, located in the upper northwest corner
of Yanqing District, has led to enhanced connectivity above the study area in Figure 5.

Figure 5. Maps of current flow based on circuit theory: (a) year 1998; (b) year 2010; and (c) year
2018. From top to bottom, the administrative districts are Yanqing, Changping, Haidian, Mentougou,
Shijingshan, Fengtai, and Fangshan.

In 1998, more than 50% of the study area was dominated by low to very low current
values (Figure 5a), implying that the mobility of organisms in the habitat landscape was
greatly impeded. However, the areas with high ecological connectivity in 2018 make up
most of the study area and are concentrated in the central and most of the southern areas
(Figure 5c), which are covered mainly by trees, shrubs, and grasslands. Overall, there was
no significant change in functional connectivity status in 2010, with a total current of 33.24,
compared with 1998, with a total current of 34.18, but the situation was significantly better in
2018, with a total current of 65.83 (Figure 5), especially in regions with increased green areas.
As shown in the Figure 5, the area with low current density (i.e., high landscape resistance)
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is concentrated in the southeast, which is dominated by construction areas and ore piles,
gravel pits, etc., with high human activities that hinder the communication between
ecological species, followed by the central northwest corner, which is distributed with water
sources, cultivated land, construction areas, etc. The areas with high currents and relatively
low resistance were mainly concentrated in Xishan, Yanqing, and Changping Districts, the
Baihuashan and Lingshan Biodiversity Reserves, and Mentougou and Fangshan Districts,
where human activities were low, further indicating that migration resistance was related
to human disturbance.

The potential distribution of ecological corridors can be reflected by the overall con-
nectivity. The comparison of 1998–2018 (Figure 5) reveals that areas with high connectivity
are more likely to be restored. We use the natural break method to classify circuit connec-
tivity into levels, and the areas and those counted from 1998–2018 are shown in Figure 6.
Mentougou District has the largest area of high connectivity, and Yanqing and Fangshan
Districts have larger areas of low connectivity. The Haidian, Yanqing, and Shijingshan areas
have very little current passing through, probably related to urban construction and strong
human activity.

Figure 6. Zoning area statistics for high connectivity and low connectivity areas: (a) area of the
high current density value region in different zones from 1998–2018; (b) area of the low current
density value region in different zones from 1998–2018. In the vertical coordinate, abbreviation FS for
Fangshan District; FT for Fangtai District; SJS for Shijingshan District; MTG for Mentougou District;
HD for Haidian District; CP for Changping District; and YQ for Yanqing District.

According to the simulation results (Figure 7) of Linkage Pathways, a total of 70, 74,
and 152 active least-cost paths and ecological corridors were finally identified in 1998,
2010, and 2018, respectively. The proportion of ecological corridors in the 1–10 km range is
gradually increasing, and the ecological corridors are becoming more numerous and shorter.
As can be seen from Figure 7, the ecological network is becoming more and more complete
and basically covers the entire study area, indicating that the distribution of ecological
source sites is becoming more and more rationalized. The inactive LCPs are mainly located
around the study area. We used the calculated current flow centrality (which identifies
the most important links for maintaining connectivity between networks) to select the top
10 important ecological corridors (>1 km) for analysis [29,40]. In addition, the smaller the
ratio of cost-weighted distance to least-cost path distance, the stronger the connectivity of
the ecological corridors, which leads to the conclusion that ecological corridors are more
critical [29,31]. These corridors are distributed as shown in Figure 7. It can be seen from
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Figure 7c that the high centrality corridors are mainly located in the middle and narrow
part of the study area, where important mountains and forests are distributed, and play
an important role in maintaining ecological network connectivity, which should be an
important priority target for biodiversity conservation.
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Traffic roads can hinder the communication of organisms. Ecological breakpoints
are obtained through the intersection of ecological corridors and traffic roads in Beijing.
The distribution locations of the break points are shown in Figure 7, and we obtained,
respectively, 51, 44, and 73 ecological breakpoints in 1998, 2010, and 2018. With the im-
provement of functional connectivity in the study area, the interference of traffic roads
with ecological networks and the blockage of ecological corridors gradually increased.
Analyzing the number of ecological breakpoints in terms of major traffic road types, 19,
19, and 34 were located on railroads, 2, 1, and 14 on expressways, and 30, 24, and 25 on
national highways in 1998, 2010, and 2018, respectively (Table 6). In 2018, the traffic road
was well developed in the study area, resulting in the most fragmented habitat corridors,
as shown in the Figure 7. Although the corridor connectivity between the central network
and the eastern network of the study area has improved over the years due to the construc-
tion of riverine protection forests and road forest networks, there is a lack of intermediate
nodes. For example, the passage of the railroad in the vicinity of HCA 11 in 1998 (Figure 7a)
caused a serious break in the connecting corridor and deepened the habitat fragmentation,
resulting in the destruction of the ecological network structure and the loss of intermediate
connecting nodes.
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Table 6. Statistical metrics of ecological corridors and breakpoints.

Year 1998 2010 2018 1998–2018

Active LCPs (strips) 70 74 152 82

Corridor areas (km2) 774.63 856.84 1170.50 395.87

Percentage of corridors (%) 15.03 16.63 22.72 7.68

Inactive LCPs (strip) 13 13 22 9

Number of break points 51 44 73 22

Number of
breakpoints

(by type of road)

Railroad 19 19 34 15

Expressway 2 1 14 12

National
highway 30 24 25 −5

The top ten least-cost paths for current centrality ranking in 1998, 2010, and 2018
were selected, respectively, for analysis, as shown in Table 7. From the results, it can be
found that the maximum values of the first ten currents by centrality, as well as the overall
average values, are gradually increasing. These centrality values were particularly high
in the associations between HCA 16 and 21 in 1998 (Figure 7a), HCA 12 and 15 in 2010
(Figure 7b), and HCA 28 and 32 in 2018 (Figure 7c). The HCA 16 of 1998, the HCA 15 of
2010, and the HCA 28 of 2018 are all connected with the highest centrality links (Table 7),
and the fact that these three core areas are located in one place suggests that the habitat and
links in this region play a key role in maintaining connectivity and may provide important
stepping stones for connectivity and that any disturbance could disrupt connectivity.
The CWD describes how resistance accumulates as it traverses the landscape outward from
the HCA. The CWD/LCP represents the average resistance between optimal paths with
multiple pairs of LCPs moving relative to each other. When the CWD/LCP values are
larger, species suffer greater resistance to migration or dispersal through this least-cost
pathway, and the landscape connectivity is poorer. The comparison revealed that links
with high centrality may also have large CWD/LCP values (Table 7), such as the link of
HCA 16 and 21 in 1998, indicating that species suffer from greater resistance to migration
or dispersal through this least-cost pathway, resulting in reduced connectivity, which needs
to be protected to maintain the link connectivity levels. When analyzed in conjunction with
the land use type map, it was found that most of the paths with high consumption passed
through land use types with high resistance surfaces such as built-up areas, bare land,
and industrial and mining areas.

Based on the run-out CWD and the size of the habitat core area, we chose 50 km [29]
as the corridor width for the ecological corridor, and this width is the size of the cost-
weighted distance. The results of calculating the adjacent pair pinch points using Cir-
cuitscape are shown in Figure 8; unconstrained to highly constrained areas were allowed to
move along the connection. The areas with high current values represent bottlenecks in the
corridor and are likely to be the most vulnerable, with a potential risk of separating habitat
core areas. The pinch points in 1998 were mainly concentrated in the northwestern and
eastern parts of the study area and the perimeter of the habitat (Figure 8a). Compared with
1998, the ecological pinch points in the central and western part of the study area increased
significantly in 2010 (Figure 8b), which may be related to the fragmentation of the habitat
patches and the deterioration of the surrounding ecological environment. As is shown in
the Figure 7a, the large number of pinch points distributed near HCA 11 in 1998, indicates
that the water source area plays a key role in landscape connectivity and is vulnerable to
damage and loss.

Although the overall connectivity of the study area was greatly improved in 2018
(Figure 8c), the areas of fragile and narrow pinch points became more numerous. The highly
restricted pinch points may be due to the expansion of traffic roads and the high-density
built-up areas, and the lack of potential low-cost pathways in the vicinity of some link areas.
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Despite the potential importance of these pinch points for maintaining the connectivity of
the ecological network integrity, however, the narrow nature of these connections means
that they are fragile and may not persist with future land use changes. For example,
the pinch points between HCA 16 and 12 in 1998 (Figure 8a), HCA 15 and 12 in 2010
(Figure 8b), and HCA 28 and 21 in 2018 (Figure 8c) change significantly as the surrounding
land use is strongly disturbed by anthropogenic interference, surrounded mainly by the
Yongding River, Miaofeng Mountain Park, Laobadi Scenic Area, and so on. Figure 8 shows
that there is a large number of pinch points within the Baihua Mountain Nature Reserve,
such as between HCA 18 and 22 (Figure 8a), HCA 17 and 20 (Figure 8b), and HCA 29 and
34 (Figure 8c), and a large number of pinch points also exist in the southern part of the
study area (Figure 8). The encroachment of urban development may destroy the already
weak connectivity and further reduce the “pinch points”; so, the pinch point area should
be a priority area to protect the connectivity.

Table 7. Characteristics of the 10 current flow centralities sorted by decreasing order.

Year Habitat Core
Areas (A–B) 1

Cost-Weighted
Distance (CWD) (m) LCP Distance (m) CWD/LCP 2 Current Flow

Centrality (amps)

1998

16–21 1,243,684.9 4751 261.77 94.8

12–13 254,030.9 1215 209.08 84.1

16–20 1,288,180.4 4556 282.74 68.6

4–6 3,358,211.3 13,473 249.25 62.3

12–16 2,366,038.0 10,306 229.58 60.1

5–7 4,711,881 16,202 290.82 59.8

12–15 2,550,988.3 10,824 235.68 55.5

6–9 5,611,562 23,819 235.59 53.5

6–7 2,801,278.8 12,230 229.05 52.8

6–8 2,008,986.6 8425 238.46 50.8

2010

12–15 3,287,091.3 15,107 217.59 111.4

10–12 5,363,715 25,300 212.00 83.6

25–28 292,513.3 1190 245.81 76.6

16–17 423,946.3 1744 243.09 72.7

14–17 319,338.9 1332 239.74 70.7

15–18 1,085,680.1 5108 212.55 70.2

7–8 564,652.9 3947 143.06 69.1

6–9 2,714,221.5 13,432 202.07 67.7

11–12 6,246,280 27,155 230.02 66.1

8–17 13,488,987 65,391 206.28 65.6

2018

28–32 813,206.4 4214 192.98 234.4

17–18 1,117,795 5485 203.79 224.2

14–16 3,962,851 2,3101 171.54 219.9

18–29 467,855.4 2256 207.38 187.0

14–19 3,389,893.5 22,811 148.61 185.8

21–28 2,262,608.5 12,000 188.55 183.0

31–33 1,259,569 7282 172.97 177.9

8–10 2,232,187 13,236 168.65 173.6

13–19 4,281,318.5 28,036 152.71 172.3

41–44 270,386.3 1555 173.88 171.5

1 A–B indicates the 2 connected HCAs. 2 Provides the resistance per unit of length along least-cost path corridors.
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In order to better maintain and improve landscape connectivity, it is particularly
important to precisely identify the barrier zones for making further planning. Considering
the heterogeneity of urban areas, in this paper we set a variable search radius of 300–900 m
for the identification of barrier areas in the study area. It can be seen from Figure 9
that a total of 11, 14, and 25 barrier points were identified, respectively, in 1998, 2010,
and 2018. Overall, most of the high barrier areas were mainly located in the southwest
corner of the study area, and gradually increased with the increase in ecological source
sites. The barriers with the highest impact scores in 1998 were mainly between HCA 21 and
28 (Figure 9a), linked along the connection line, indicating their potential to significantly
improve connectivity; the barriers with the highest impact scores in 2010 were mainly
around HCA 27, 29, 30 (Figure 9b), and the barriers with the highest impact scores in 2018
were mainly between HCA 45, 46, and 53 (Figure 9c). The comparison (Figure 9) revealed
that in some places, the original barrier areas were restored, and the connectivity was
improved. Some new ecological source areas have improved the landscape connectivity of
the study area, but there are more obstacle points due to their own conditions as well as
those of the unstable surroundings. Fragmented forest core areas show more connectivity
issues. As shown in Figure 9a, HCA 6 in 1998 gradually fragmented, which may be related
to an unlikely altered state highway and the surrounding traffic roads. The state highway
passes between HCA 9 and 10 in 2010 and creates a truncation of the ecological corridor
between them, creating high barrier points. The same applies to HCA 10 and 12 (Figure 9c),
but the barriers were somewhat repaired in 2018 compared to 2010.

3.3. Trend Analysis of Spatial Fragmentation of Corridor Habitats during 1998–2018

A series of irrational human developments and utilization, such as indiscriminate
logging, uncontrolled mining, and expansion of built-up areas, leads to a higher degree of
spatial fragmentation in the NBECA, which in turn can affect the weakening of biodiversity
functions. We calculated the landscape fragmentation index Fi to reflect the change of
fragmentation degree of each landscape type, as was shown in Figure 10. Between 1998
and 2018, the bare land and water fragmentation was the most obvious in the study
area, and there was also an overall upward trend in the fragmentation of tree forest,
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shrubland, and cropland. The fragmentation of these landscapes is strongly associated
with human activities. The fragmentation of built-up areas and mining sites is reduced,
and the fragmentation of grasslands is relatively recovered, indicating that construction
of urban areas is becoming more concentrated, and the ecological environment of mining
sites and grasslands is effectively restored. Among all land use types, the fragmentation of
water body patches is the most serious, possibly affecting the spatial distribution pattern of
ecological corridors as well as ecological nodes.
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The changes in land use in the study area from 1998 to 2018 are closely related to
the relevant policies and regulations promulgated by the government. For example, the
promulgation of “the Beijing Urban Master Plan 2004–2020” actively promoted the con-
struction of green areas and the protection of ecological conservation areas in Beijing, which
led to the improvement of forest coverage and the improvement of developed areas with
serious ecological damage. During the 12th Five-Year Plan period (2011–2015), Beijing
carried out three comprehensive watershed management projects to accelerate the construc-
tion of the green ecological development zone of the Yongding River, thereby promoting
the development of the waterfront economy in the southwestern region. The ecological
service functions of the Yongding River basin, such as wind control and sand fixation, water
connotation, soil conservation and climate regulation, have been effectively enhanced.

The trends in the structure and fragmentation of the ecological corridors show that
policy changes have an impact on the composition of land use types in the corridor. Neg-
ative values in the table indicate a decrease in the share of land use types in the corridor.
As is shown in Table 8, the share of arbor forest and shrubland continues to increase while
the share of cropland and ore heap continues to decrease. The proportion of both water
body and bare ground shows a decreasing trend followed by an increasing trend, while
grassland, built-up area, and gravel pit show the opposite trend of increasing followed by
decreasing. The composition of land use determines the quality of ecological corridors and
the appropriate corridor width. With the possible further fragmentation of ecological corri-
dors, it is important to develop appropriate land use plans for biodiversity conservation.

Table 8. Trends in the structure and fragmentation of ecological corridors.

Land Use Type 1998–2010 2010–2018 1998–2018

The rate of
change in the
proportion of
corridors (%)

Water body −3.24 0.88 −2.36

Arbor forest 3.92 1.46 5.38

Shrubland 0.35 2.97 3.32

Grassland 0.44 −0.28 0.16

Cropland −3.38 −3.81 −7.19

Bare ground −0.34 0.01 −0.33

Built area 2.10 −0.99 1.11

Gravel pit 0.21 −0.19 0.02

Ore heap −0.02 −0.06 −0.08

Landscape fragmentation index 0.04 0.04 0.08

4. Discussion

Analyzing the evolution characteristics of the ecological blockage status of the region
based on a time series helps to reveal the mutual influence relationship between human
activities and regional ecological functions in nature conservation areas, which is of great
significance for promoting the construction of ecological civilization and effectively coor-
dinating the relationship between economic development and ecological environmental
protection. In this paper, representative time points are selected to compare the changes.
The year 1998 was a period of low economic development and prone to disaster in Bei-
jing, while 2010 to 2018 coincided with the period when Beijing vigorously promoted its
conservation policies. Although the interval is different, it still highlights the significantly
changed situation.

Our study verified the scientific accuracy and credibility of using the remote sensing
ecological index to identify habitat core areas [51,52]. Although the accuracy we obtained
is not very high, it still has great potential for application. Firstly, the selection of remote
sensing images as the data source is more objective and avoids the subjectivity of human
interference; secondly, the remote sensing ecological index includes four indexes, greenness,
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wetness, dryness, and heat, which are more comprehensive than a single index table and
can effectively identify the core areas of nature reserves with less human interference.
The remote sensing ecological index can well describe the quality of the regional ecological
environment, and it is more objective to use remote sensing image data for evaluation than
other data sources [46].

4.1. Correlation Analysis

Despite the regularity of the decreasing and then increasing ecological sensing index
in recent years, the overall ecological sensing index in the study area has continued to
develop in a positive direction. In general, the ecological environment quality of the region
has been in a good and stable state. The area of high-quality areas increased significantly
in 2018, which may be related to the increase in urban green areas in the study area,
the return of farmland to forests, and the repair of eco-damaged areas such as gravel pits
and ore piles. The results of the circuit model show the level of human impact on habitat
connectivity and other ecological flows (e.g., dispersal and gene flow), which is determined
by the interaction with the landscape of the intensity of human activities, the temporal
span of such activities, the biophysical vulnerability, and, particularly, habitat loss and
fragmentation [64]. Pinchpoint Mapper is based on a current flow model derived from
circuit theory and can identify pinch points (or bottlenecks), i.e., segments of a link that limit
animal movement due to unfavorable land cover, construction, traffic, human disturbance,
or a combination of these factors. Ecological pinch points characterize the “necessary
paths” in the flow of species, where damage and degradation reduce the connectivity of
the ecological network and whose dynamics closely influence the state of the ecological
corridor blockage. The most serious fragmentation of water bodies in the northwest
ecological connotation area in recent years may be related to the factors of precipitation,
climate, and human interference, which cause the separation of water patches and thus
the formation of scattered patches. Figure 5 shows that ecological planning in Beijing has
yielded significant outcomes in recent years, with the emphasis on ecological protection,
the commitment to the planning of the green space system network, and the establishment
and planning of the expansion of nature reserves, forest parks, wetlands, and wind and sand
management areas, resulting in the effective protection of wildlife and typical ecosystems.
By analyzing the evolution of land cover and ecological patterns, we know that land
policies, such as reforestation, control of urban development, and the implementation
of nature-conservation-related policies and regulations, have the greatest impact on the
ecological blockage status of the NBECA. The zones with greater ecological blockage
are often located in areas with high anthropogenic disturbance, such as built-up areas,
cultivated land, and land destruction areas. Therefore, the approach of remote data analysis
in the identification of habitat areas could be useful in land use and land cover detection
and prediction research [65,66].

4.2. Suggestions for Improvement and Restoration of Ecological Blockage Conditions

In consideration of the ecological blockage situation in the northwest ecological con-
tainment area of Beijing, we propose the restoration proposals of prioritizing the protection
of ecological pinch point areas, prioritizing the restoration of ecological barrier point areas,
enhancing the maintenance of ecological break point areas, and improving the habitat
quality in low ecological quality areas to prevent the continuous deepening of the damage
and, for the areas with low overall connectivity, appropriately increasing the green space
coverage. For habitat core areas, patches with a high degree of ecological importance should
be continuously maintained, and priority should be given to restoring habitat patches that
are continuously fragmented and to strengthening the protection of new patches. As for
the ecological corridors, in addition to dredging areas that block ecological communication,
corridors with high resistance should be maintained and improved, and attention should
be paid to those with high fragmentation. Furthermore, we propose a reference scheme for
zoning for ecological protection and restoration. As shown in Figure 11, (1) Yanqing Forest
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and Ecological Function Maintenance Area; (2) Yanqing Water Containment and Ecological
Function Restoration Area; (3) West Hill Soil and Water Conservation Restoration Area;
(4) Mentougou Soil and Water Conservation and Forest Restoration Area; (5) Hundred
Flowers Mountain-Ling Mountain Biodiversity Reserve; (6) Southern Fangshan Biodi-
versity Conservation and Forest Restoration Area; (7) Comprehensive Improvement and
Ecological Restoration Area: Fengtai; Haidian; Shijingshan and the part of the Fangshan
and Changping District.

Figure 11. Zoning protection and restoration based on the study area.

4.3. Research Limitations and Future Further Research

Due to the complexity and low feasibility of acquiring high-precision data, this study
used a large quantity of data at different spatial scales and different resolutions, which
may lead to statistical noise from combining data at different spatial scales. More attention
needs to be paid to this problem in future studies. We selected arboreal woodlands as
well as water patches as habitat core areas for the land use status of the study area and
analyzed a blocking change in good forest-water corridors. In this study, we overlook the
species information, which made a loss of great significance for the ecological corridors.
Follow-up studies should further investigate the selection of focal species and habitat
modeling for the conservation areas. In terms of the resistance assignment, we refer to
the relevant literature for rank assignment and use the combination weights proposed by
experts for weighted superposition of impact factors to obtain the landscape resistance
surface of the study area, which is scientific but somewhat subjective. In the future, we
should consider the construction of ecological resistance surfaces from a more objective
perspective. In this paper, the ecological corridor width is set according to the size and
cost-weighted distance of the ecological source sites, without reference to the conservation
and migration of specific species, and the physical width of their migration corridors still
needs to be studied in depth. Exploring the effective threshold of corridor width will help
to build a more scientific and targeted ecological blocking pattern. In addition, from the
perspective of ecological services, the Northwest Ecological Containment Area is not an
independent system; woodlands, watersheds, and mountains are all interconnected and
should be further improved in the future, such as by adding buffer zones at the boundary of
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the study area to strengthen the connection with the surrounding ecological environment.
The above shortcomings will need further in-depth research in the future.

5. Conclusions

This paper takes the northwestern ecological cultured area of Beijing as the study
area and analyzes the spatial and temporal patterns of the ecological blockage status of
the ecological functional areas in terms of overall connectivity, ecological breakpoints,
ecological pinch points, and ecological barrier points based on the circuit theory model and
explores the impact of anthropogenic activities on the landscape function and structure
of ecological cultured areas, while making a relevant discussion for the changing trend
of corridor habitat fragmentation. In addition, specific remediation and optimization
suggestions are made based on the land use situation in 2018 in terms of ecological blockage
restoration, network maintenance, and protected area management planning. The main
conclusions are as follows,

(1) The average RSEIs calculated from the study area were, respectively, 0.65, 0.59,
and 0.75 in 1998, 2010, and 2018, indicating that the ecological quality was at a good level
and showed a trend of first decreasing and then increasing. The 33, 34, and 63 HCAs with
good stability were, respectively, identified by ecological quality and patch importance
in 1998, 2010, and 2018 and mainly distributed in the central and southwestern part
of the study area. The number of ecological corridors and their shared areas show a
gradually increasing trend with the probability of migration in the study area. The 70, 74,
and 152 ecological corridors were identified in 1998, 2010, and 2018, respectively. On the
whole, the overall connectivity of the study area has improved to some extent with the
effectiveness of the comprehensive management of the capital, but some urban areas have
been relatively low in connectivity, with relatively strong ecological blockage conditions.

(2) While the corridor ecological break points, ecological pinch points, and barriers
increase year by year, the overall positive trend does not mean that all places are positive.
In places with many traffic roads, places with many human activities, vulnerable places,
etc., the ecological blockage is relatively serious or even worse over time. The increase
in the number of ecological breakpoints is related on the one hand to the change in the
distribution of the potential corridors and the increase in their number, which is inseparably
linked to the increase in connectivity and, on the other hand, to the increase in the number
of traffic roads, which seriously affects the biological exchange and requires priority restora-
tion and protection. Ecological pinch points are more concentrated in the central part of
Yanqing District. There is a continuous increase in the number of ecological barriers in the
southwestern part of the study area, which is inseparable from the increased fragmentation
of the forest area. Water fragmentation was the highest among all the habitats, and habitat
fragmentation greatly influenced the change of blocking status in the study area. In the
future, we should take further restoration and protection measures in response to the
blockage status and fragmentation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/rs14051151/s1, Table S1: Common terms, units and ecological significance in circuit theory.
Circuit theory relates circuits to ecology through random wander theory, where the landscape is
considered as a conducting surface during biological communication and the probability of migration
during random wandering is consistent with the current equation I = U/R [26]. The regional
ecological network is considered as a circuit structure, using the landscape resistance surface as a
resistance and running a current through the structure with a constant voltage.
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