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Abstract: Urban ecological security is the basic principle of national ecological security. However,
analyses of the spatial and temporal dynamics of ecological security remain limited, especially
those that consider different scenarios of urban development. In this study, an integrated method
is proposed that combines the Conversion of Land Use and its Effects (CLUE-S) model with
the Pressure–State–Response (P-S-R) framework to assess landscape ecological security (LES) in
Huangshan City, China under two scenarios. Our results suggest the following conclusions:
(1) the spatial and temporal dynamics of ecological security are closely related to the urbanization
process; (2) although the average values of landscape ecological security are similar under different
scenarios, the areas of relatively high security levels vary considerably; and (3) spatial heterogeneity
in ecological security exists between different districts and counties, and the city center and its vicinity
may face relatively serious declines in ecological security in the future. Overall, the proposed method
not only illustrates the spatio-temporal dynamics of landscape ecological security under different
scenarios but also reveals the anthropogenic effects on ecosystems by differentiating between causes,
effects, and human responses at the landscape scale. This information is of great significance to
decision-makers for future urban planning and management.

Keywords: landscape ecological security; scenarios; CLUE-S; Pressure–State–Response (P-S-R)
framework; spatio-temporal dynamics

1. Introduction

Urbanization has profoundly changed land use around the globe [1]. Notable landscape
fragmentation and decreased ecosystem stability have become common as various elements and
structures have been created in original ecological landscapes [2–4]. As a result, many ecological
and environmental problems have worsened, such as global climate change [5], urban flooding [6],
and surface water pollution [7]. The increased vulnerability of urban landscapes to large-scale
environmental changes that arise from urbanization threaten the ecological security in urbanized
areas [8]. Therefore, it is important to determine the effects of urban land use change on ecosystems
and quantify the relationships between urban land dynamics and ecological security. This knowledge
can improve urban planning and policy making for sustainable urban development [9,10].

Ecological security was first proposed by the government of the United States [11], and it included
natural, economic, and socio-ecological security, as well as human well-being [12,13]. It refers to
an ecological and environmental state that is indispensable to the safe development of a society or
country [14,15]. The theory of ecological security has gradually matured [16]. Recently, a variety of
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studies have focused on landscape ecological security (LES) and relative evaluation approaches for
it [17–19], as spatial landscape analyses can be performed to understand complex ecological processes
and link land use and its ecological impacts [20]. It is reported that the provision of ecosystem services
could be significantly impaired by the landscape fragmentation, configuration, and diversity [21].
Urban growth at an unprecedented scale and rate, has given rise to substantial impacts on the
landscape pattern suggested by the landscape metric analyses [22]. The Pressure–State–Response
framework (P-S-R) and its evolved frameworks, have been utilized in landscape ecological security
evaluations [23–26], due to its capacity for presenting information in a causal manner that differentiates
between causes, effects, and human responses and reflects the extent of anthropogenic impacts on
ecological systems. For instance, Driver–Pressure–State–Impact–Response (D-P-S-I-R) framework
applied in coastal megacities indicated that the factors, including rapid development, high population
densities and high consumption rate have significant impact on environment degradation [27]. These
works are significant for analyzing the spatial and temporal dynamics of landscape ecological security.

Urban areas are highly intricate and dynamic ecosystems comprising natural, social, and
economic entities that influence urban ecological security [28,29]. These factors must be considered in
evaluations of landscape ecological security in urban areas, which would be significant in supporting
decision-making for future urban planning and management. Some models and methods have been
used to describe the dynamics of ecological security, such as the CA (Cellular automaton) model
and early warning method [25,30]. Nevertheless, evaluations of ecological security under different
scenarios of urban development remain limited. However, scenario analysis can provide useful insight
for exploring the uncertainties and dynamics of urban development.

Scenario analysis can be used to evaluate future ecological security through exploring and
comparing the consequences of assumed changes under different scenarios of urban development [31].
Thus, the approach can help urban planners improve sustainable development and balance rapid
urbanization and environmental protection [32]. Land use simulation is a key step in scenario analysis.
Various models of land use simulation have been developed, such as Markov chains [33], system
dynamics (SD) models [34], cellular automata (CA) models [35], and the Conversion of Land Use and
its Effects at Small regional extent (CLUE-S) model [36]. The CLUE-S model can effectively simulate
complex processes by accounting for both socio-economic and natural factors. Additionally, it explores
the competition between different types of land use based on system theory and produces spatially
explicit distributions of land use [37]. It has been widely used in landscape studies in various regions
around the world, such as mountainous areas, hydrologic basins, cultivated areas, mining cities,
and urban agglomerations [32,38–41]. However, the CLUE-S model could not provide the land use
demands, which should be calculated by other models. Thus, the Markov model is usually combined
with CLUE-S model to simulate spatial-temporal land use changes under different scenarios [42].
The Markov–CLUE-S model is able to simulate changes of different land use types simultaneously,
and integrate land use policies and urban plans into its setting, which could provide useful information
for urban management. Ecological security is affected by complex social and natural processes, and
it is closely related to land use change. Thus, combining the CLUE-S model with landscape spatial
analyses may be appropriate for evaluating landscape ecological security by illustrating the associated
spatial and temporal dynamics.

In this study, Huangshan City in Anhui Province, China, is selected as a case study to illustrate
the integrated method of combining the CLUE-S model and the Pressure–State–Response (P-S-R)
framework to evaluate landscape ecological security. Huangshan City experienced rapid urbanization
from 2000 to 2010, and the future ecological security in 2020 is simulated and assessed using our
proposed method. The principal objectives of this study are as follows: (1) couple the CLUE-S model
and P-S-R framework at the landscape scale to create a new approach for ecological security evaluation;
(2) describe the dynamic spatial and temporal changes associated with landscape ecological security;
(3) determine the anthropogenic impacts on ecosystems by differentiating among causes, effects, and
human responses; and (4) provide useful information for urban planners and decision makers.
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2. Materials and Methods

2.1. Study Area

Huangshan City, which is located in southern Anhui Province, China (117◦12′–118◦53′E,
29◦24′–30◦31′N), comprises 4 counties (She, XiuNing, Yi, and QiMeng), 3 districts (TunXi, HuangShan,
and HuiZhou) and 101 towns. It covers approximately 9776.01 km2, and 90% of the total area is
hilly and mountainous terrain, with an elevation ranging from −3 m to 1826 m [43] (see Figure 1).
Huangshan City has a typical temperate humid monsoon climate, with annual average temperature at
approximately 15–16 ◦C and annual average rainfall at approximately 1670 mm, both of which exhibit
clear seasonal variations. The dominate soil types are yellowish red soil and paddy soil, which are
suitable for forestry and tea and rice cultivation [44].
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1.95 million tourists visited the city in 2015, generating close to 40.07 billion CNY in revenue [47]. 
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The Xinanjiang River and Taiping Lake are the main water resources in Huangshan City. The river
dissects the urban area from east to west, and the lake is located in the northern part of the study area.
Both are considered national regions of water resource conservation [45,46]. The primary land use
type in the study area is forestland, which covers over 80% of the area. Due to rapid urbanization, the
area of construction land has expanded, and the population has considerably increased since 2000.
Huangshan City is also one of the most famous tourism cities in China, and 1.95 million tourists visited
the city in 2015, generating close to 40.07 billion CNY in revenue [47]. However, these pressures from
economic and social development have resulted in significant changes in land use and the associated
landscape patterns, and these changes are threating the ecological security of the region. Therefore,
simulating urban landscape patterns and forecasting the urban ecological security can provide insight
into future development and planning in Huangshan City.

2.2. Data Processing

The land use data used in this study were obtained by remote sensing interpretation from Landsat
TM/ETM imagery (from 2000) and HJ-1 CCD imagery (from 2010) at a resolution of 30 m. The global
accuracies of the 2000 and 2010 images were 86% and 94%, respectively. Based on the land use
classification of the Intergovernmental Panel on Climate Change (IPCC) [48] and the objectives of
this study, six types of land use were classified in this analysis: shrubland, forestland, construction
land, farmland, grassland, wetland, and bareland. Other spatial and non-spatial data used in this
study are shown in Table 1. In addition, preliminary analyses of different grid resolutions (including
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50 m × 50 m, 100 m × 100 m, 200 m × 200 m, and 500 m × 500 m) in the CLUE-S model indicated that
the most suitable grid resolution was 100 m × 100 m in Huangshan City. Thus, all types of data were
transformed to this grid resolution using the same projection coordinates.

Table 1. List of input data used in the analyses.

Variable Description Resolution Source

DEM Spatial data used to generate
the elevation, aspect, and slope 30 m

The Geospatial Data Cloud of
the Chinese Academy of

Science [49]

Administrative
boundaries

Spatial data at the national,
provincial, and city levels used
to generate the administrative

map of Huangshan City

Cartographic scale
of 1:400,000 at the national and

provincial levels

The National Geometrics
Center of China (NGCC) [50]

Cartographic scale
of 1:200,000 at the city level

The Department of
Urban-Rural Planning,

Huangshan City

Roads
Level 1–2 traffic network

distribution
(highway and railway)

Cartographic scale of 1:200,000 Same as above

Rivers River network distribution Same as above Same as above

Administrative center
Level 1–3 administrative center
distribution (urban, town, and

rural settlement centers)
Same as above Same as above

Population Seven counties and towns from
2000–2010 / Huangshan City Statistical

Yearbooks

GDP Seven counties and towns from
2000–2010 / Same as above

Ecological function
zones

Map used to determine the
implementation degree Cartographic scale of 1:10,000

The Department of
Environmental Protection,

Huangshan City

2.3. Methods

2.3.1. Scenario Assumptions

Scenario analysis provides an approach for studying alternative future land systems through
projections [51]. Two scenarios, named the natural trend scenario (NTS) and ecological protection
scenario (EPS), are assumed to examine the land use change and landscape ecological security in
2020. Under the NTS, the changes in land use and population in Huangshan City are predicted
according to historical development trends from 2000 to 2010. Under the EPS, we assume that land
use change in 2020 is affected by state and local policies that focus on ecological and environmental
protection. Due to the assumed decrease in urbanization, the rate of expansion of construction land
will decrease. The area of wood land, including shrubland and forestland, will increase based on the
state policy of “Grain for Green” [52], and the bareland area will decrease based on the state policy
of “Land Reclamation” [53]. In addition, wetland areas will be preserved, and areas within 300 m of
the Xinanjiang River and its branches and within 500 m of Taiping Lake are deemed water protection
regions to strictly control the land use transition [32]. According to “Urban Planning of Huangshan
City (2000–2020)”, the population growth rate will decrease to lower than 50% of the historical growth
rate from 2000 to 2010.

2.3.2. Specific Settings in the CLUE-S Model

The CLUE-S model includes a non-spatial demand module and a spatially explicit module of land
use allocation. In this study, the following three elements are considered: land use demands, location
characteristics and suitability, and specific conversion settings for each land use type [54]. The Kappa
coefficient [55] is used to validate the accuracy of the simulated results prior to the 2020 simulation by
comparing the initial simulation results to the actual land use map from 2010.
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(1) Land Use Demands

The Markov model is used to predict the land use demands in 2020 based on the probability
matrix of land use transition between 2000 and 2010. Then, a linear interpolation algorithm is used to
interpolate the land use demands in the 10 years before 2020 [41].

(2) Location Characteristics and Suitability

An empirical analysis is conducted to estimate the contributions of different location
characteristics to the suitability of a specific type of land use by logistic regression [40]. The logistic
regression is used to determine the probability that a certain grid cell is associated with a land use
type given a set of potential driving factors [56]. These parameters generally consider demographic,
socioeconomic, infrastructure, geomorphologic, and environmental variables [57]. In this study,
11 variables are selected, as shown in Figure 2: distance to the urban center, distance to district and
county centers, distance to town centers, distance to highways and railways, distance to water, slope,
aspect, elevation, population density, and GDP per capita. Moreover, the values of relative operating
characteristics (ROCs) are used to validate the selected variables [55]. The spatial distributions of all
land use types can be well explained by the selected driving variables, as indicated by the high ROC
values (>0.7) [58].
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(3) The Specific Conversion Settings of Land Use Types

In each scenario, the specific conversion settings of land use types are defined and implemented
based on the relative elasticity for change (ELAS) [59]. The relative elasticity ranges between 0 and 1.
The higher the defined elasticity is, the more difficult it is to convert that type of land use. Based on
previous studies [54] and the specific requirements of each scenario in 2020, the ELAS values of each
land use type are shown in Table 2.

Table 2. The ELAS values used in the CLUE-S model for two scenarios.

Scenarios Shrubland Forest Construction Land Farmland Grassland Wetland Bareland

NTS 0.6 0.7 1 0.5 0.4 0.4 0.7
EPS 0.7 0.8 0.9 0.5 0.5 0.9 0.3

2.3.3. Spatial Evaluation of Landscape Ecological Security

(1) Spatial Sampling

The equally spaced sampling method is used to obtain units for evaluating landscape ecological
security. Based on the extent of the study area, 423 units with square sample areas of 25 km2 are
established, as shown in Figure 3. The value of the central point in each unit is regarded as the evaluated
result of each sampling unit. The Kriging spatial interpolation technique is used to interpolate the
value of each central point in the entire study area [60].
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(2) Pressure–State–Response Framework for Evaluating LES

In this study, the P-S-R framework is applied to evaluate the landscape ecological security with
three dimensions, the pressure of landscape change, the state of the landscape ecology system, and
the human response to landscape change. Five indicators are selected for the analyses and spatially
quantified, including the development intensity of construction land, population density, structure
state, function state, and implementation degree of urban ecological function zoning [25,61]. Then,
these indicators are divided into two types based on their effects on ecological security: positive factors
(+) and negative factors (−). Table 3 provides the definitions and weights of the indicators. All weights
proposed in this study are calculated using the Delphi method [62]. Eighteen experts were recruited to
participate in the Delphi panel, including ten researchers from the Chinese Academy for Environmental
Planning and universities (i.e., Fudan University, East China Normal University and HuangShan
University), four policy makers from government agencies (i.e., Huangshan Environmental Protection
Bureau and Huangshan Urban and Rural Planning Bureau), and four local residents. Four rounds
were carried out to achieve a consensus among these experts.
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Urbanization is a spatial and temporal process related to land use transformation and population
shifts from rural to urban areas [63]. The development intensity of construction land and the population
density are selected as the pressure indicators in the P-S-R framework. The landscape structure, which
includes various landscape parameters at multiple scales, and the landscape function, which is the
capacity of a landscape ecosystem to provide sustainable resources and services to society, were defined
as the basic characteristics of a landscape ecosystem [64]. Thus, the state of landscape ecological system
in this study includes both structure and function states. The landscape structure state comprises the
landscape disturbance degree and vulnerability degree. The degree of the disturbance is described by
the landscape fragmentation, isolation, and dominance indices. Landscapes with high vulnerability are
characterized by high risks of structure change and function loss in the face of external disturbances,
especially anthropogenic activities [65,66]. The various values that define the landscape structure state
are calculated according to the equations in Table 4 by FRAGSTATS [67], and all the landscape indices
are normalized. In this study, fragmentation and isolation indices are calculated at the class level, and
the dominance index is calculated at the landscape level. Based on the study of [68], the ecosystem
service value of each land use type is selected to reflect the landscape function state.

In addition, due to the different units and magnitudes of the selected indicators in the P-S-R
framework, the value of each indicator is standardized before calculating the associated value of
landscape ecological security [69]. The LES equation is as follows:

LES =
n

∑
j=1

Xj ×wj (1)

where LES is the landscape ecological security value, which ranges from 0 to 1; Xj is a standardized
value of indicator j; wj is the weight of indicator j; and n is the number of selected indicators.
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Table 3. The indicators selected to evaluate landscape ecological security and their associated weights.

Dimension (Weight) Indicator (Weight) (±) Equation Description

P-Pressure of landscape
change (0.4)

P1-Development intensity of construction land (0.6) (−) U(i,j) =
SBi,j
Si,j

SBi,j is the construction land area and Si,j is the total area
of the evaluation unit (i, j).

P2-Population density (0.4) (−) Pdi =
Ni
Si

Ni is the total population and Si is the total area of the
i-th county. The value of each evaluation unit (i, j) is
obtained by interpolating the value of counties into the
entire study area.

S-State of the landscape
ecological system (0.5)

S1-Structure state (0.6) (−) Landscape disturbance degree
and vulnerability degree LSI(i,j) =

N
∑

i=1

Aki
Ak

(Di ×Vi)

Aki is the area of the i-th landscape in the kth unit, Ak is
the area of the kth unit, Di is the index of the landscape
disturbance degree of the i-th landscape, and Vi is the
vulnerability index of the i-th landscape.

S2-Function state (0.4) (+) Ecological service value ESV(i,j) =
n
∑

i=1
Xi ×Vi

Xi is the area of the i-th type of land use and Vi is the
ecosystem service value of the i-th type of land use.

R-Human response (0.1) R-Implementation degree of the ecological function zoning (1.0) (+)
This index is based on the eco-functional zoning in Huangshan City and values
recommended by researchers, urban administrators, and local residents using the Delphi
method (see Appendix A).

Table 4. Calculation methods for the landscape structure state.

Name Equation Introduction

Landscape disturbance degree Di = w1 × Fi + w2 × Ii + w3 ×DO
ni is the number of patches in the i-th landscape, Ai is the area of the i-th landscape, A is the
area of all the landscapes, Pi is the proportion of the landscape occupied by the i-th landscape
patch, and m is the number of landscape classes. The weights of the landscape indices are 0.5,
0.3, and 0.2 for w1, w2, and w3, respectively [65].

Landscape fragmentation index Fi =
ni
Ai

Landscape isolation index Ii = A×
√

ni/A/2Ai

Landscape dominance index DO = −
m
∑

i=1
(Pi × lnPi)

Landscape vulnerability degree The associated values are as follows: Shrubland (0.2), Forest (0.1), Construction land (0.6), Farmland (0.4), Grassland (0.3), Wetland (0.5),
and Bareland (0.7) [70,71].
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3. Results

3.1. Retrospective Analysis of Historic Land Use Change

Retrospective analyses reveal the characteristics of historic land use change. Table 5 shows the
transition matrix of land use change from 2000 to 2010 in our study area. Obvious conversions occurred
between construction land and farmland, forestland and farmland, and shrubland and grassland.
The area of construction land significantly increased by 58.59%, and almost all of the increase was
associated with conversion from farmland (4166.04 ha). This change may have been resulted from
farmland acquisitions under the urbanization during this period. The area of forestland increased
by 307.42 ha via farmland conversion. This change may have been influenced by the “Grain for
Green” policy that was established in 1999, which encouraged the conversion of farmland to forestland
for ecological restoration. Additionally, the area of grassland and wetland decreased by 6.73% and
1.17%, respectively.

Table 5. The matrix of land use transition from 2000 to 2010 (unit: ha).

2000
2010 Shrubland Forestland Construction

Land Farmland Grassland Wetland Bareland

Shrubland 32,342.02 71.35 4.01 1.28 0 0.07 0
Forestland 3.26 784,250.68 32.88 12.27 0 4.06 0

Construction land 0 0.09 7199.08 0.46 0 0.79 0
Farmland 81.25 288.07 4166.04 115,252.74 0.17 732.50 0
Grassland 1127.67 0.22 0.01 0.75 15,654.83 0.46 0
Wetland 0.00 0.15 17.04 896.00 0.01 14,123.65 0
Bareland 0 0 0.02 0 0 0 1392.63

Net gain/loss 1135.46 307.42 4218.65 −4357.27 −1128.92 −175.33 −0.02
Change rate 3.50% 0.04% 58.59% −3.62% −6.73% −1.17% −0.00%
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The spatial dynamics of land use change from 2000 to 2010 are shown in Figure 4. The conversion
from farmland to construction land mainly occurred in three highly urbanized regions: the central



Sustainability 2016, 8, 1242 10 of 20

site, northern site, and western site. The central site encompasses the center of TunXi District (the
administrative center) and its surrounding area, including southern HuiZhou District, eastern XiuNing
County and western She County. The northern site is located in the center of HuangShan District, and
the western site is located in the center of Yi County. In addition, the expansion of construction land
was concentrated along the Xinanjiang River. Moreover, most conversion from grassland to shrubland
occurred in the QiMeng District, and there was a small increase in construction land simultaneously.
This observation reflects the spatial and temporal heterogeneity in land use change between districts
and counties during the historical period.

3.2. Spatial and Temporal Analysis of Land Use Simulation under Different Scenarios

The ROC values and Kappa coefficient are calculated to assess the validity of the CLUE-S results.
The ROC values of the logistic regression range between 0.783 and 0.977, as shown in Table 6. Based
on these values, the selected driving factors can effectively represent the location suitability for all land
use types and can be further applied in the simulation of land use change. Additionally, a comparison
of the simulated land use map and actual map from 2010 yielded a Kappa coefficient of 0.913. This
value suggests that the model exhibited satisfactory accuracy in simulating land use change and can
be used to predict future land use in the study area.

Table 6. ROC values of the logistic regression.

Shrubland Forestland Construction Land Farmland Grassland Wetland Bareland

ROC 0.837 0.783 0.876 0.868 0.788 0.950 0.977

Based on the land use change from 2000 to 2010, the Markov model and linear interpolation
algorithm are used to predict the future demand associated with each land use type. Table 7 shows
the demand variations of each land use type under different scenarios. A comparison of the NTS and
EPS yielded significant differences in the demands for various land use types. Under the NTS, the
trends from 2000 to 2010 remain the same for all land use types. Notably, the areas of construction
land, forestland, and shrubland are projected to increase by 36.11%, 0.032%, and 3.22%, respectively,
while the areas of farmland, grassland, and wetland will decrease accordingly. Additionally, the area
of bareland remains constant. Under the EPS, the area of construction land will only increase by 10%.
Additionally, the forestland and shrubland areas will increase by 0.8% and 5.0%, respectively, due to
the “Grain for Green” policy. The wetland area will stop shrinking due to the prohibition of wetland
conversion, and the area of bareland will considerably decrease due to the “Land Reclamation” policy.

Table 7. The land use demands in different scenarios (units: ha).

Year Land Use Type 2010
2020 Change Rate

NTS EPS NTS EPS

Shrubland 33,512 34,580 35,180 3.22% 5.0%
Forestland 784,423 784,709 790,637 0.032% 0.8%

Construction land 11,385 15,490 12,523 36.11% 10.0%
Farmland 116,338 112,113 109,357 −3.64% −6.0%
Grassland 15,712 14,653 14,924 −6.71% −5.0%
Wetland 14,842 14,665 14,842 −1.23% 0.0%
Bareland 1389 1389 138 0.0% −90.0%

The spatial distribution of simulated land use in 2020 is shown in Figure 5 for both scenarios.
Under the NTS (Figure 5a), construction land is concentrated in several previously urbanized areas,
especially in the center of TunXi District where the construction land gradually encroaches upon the
surrounding forestland and farmland. This might cause fragmentation and isolation of the ecological
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landscape. Meanwhile, construction land will continue to expand along the Xinanjiang River. Under
the EPS (Figure 5b), construction land will moderately expand around the original urban area. Bareland,
which is concentrated in the north-central portion of the study area, will be significantly transformed
to forestland or shrubland. By overlaying the land use maps of the NTS and EPS scenarios, Figure 5c
shows that under the NTS, more forestland will be transformed to farmland around Taiping Lake and
more construction land expansion will occur in TunXi District and the water protection region.
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3.3. Spatial and Temporal Changes in Landscape Ecological Security Based on the P-S-R Framework

3.3.1. Analysis of the Pressure, State, and Response of Ecological Security

The P-S-R framework is used to assess the effects of land use change on landscape ecological
security by investigating the pressure (development intensity of construction land and population
density), state (landscape structure and function state), and response (implementation degree of
ecological function zoning) of landscape ecological security in Huangshan City. Based on the results, a
classification is established with five equal intervals between the minimum and maximum cell values.
These intervals are labeled in increasing order as follows: extremely low, low, medium, high, and
extremely high.

Figure 6 shows the spatial variations in landscape ecological security based on the P-S-R
framework in Huangshan City from 2000 to 2020. Although the pressure associated with landscape
ecological security generally remains at a low level, it exhibits clear spatial heterogeneity. The pressure
increases in highly urbanized areas, especially in the center of TunXi District. This might be associated
with urban sprawl, the expansion of construction land, and population growth. The state of landscape
ecological security generally remains at a high level, except in the three highly urbanized areas. The
relatively low level of the state of landscape ecological security in these areas might be associated
with the fragmentation and isolation of the ecological landscape, as well as the loss of landscapes with
high-value ecological services during the process of urbanization. Moreover, the overall response level
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gradually increases from 2000 to 2020, and areas with the large increase in high response level are
likely due to the increased awareness regarding environmental protection.
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Under the EPS, the areas with extremely high levels of pressure will decrease in 2020, especially
in the urban center. Controlling urban expansion can reduce the pressure of human activities on
ecosystems. The areas with state levels categorized as extremely high will substantially increase under
the EPS, mainly in the area surrounding Taiping Lake and the northern-central parts of the city, where
a large number of bareland was originally concentrated. Our results suggest that the state policies
such as “Grain for Green” and “Land Reclamation”, as well as several water resource protection
projects, effectively promote landscape recovery from fragmentation and improve the landscape
ecosystem services.

3.3.2. Spatial and Temporal Analyses of Landscape Ecological Security under Different Scenarios

The temporal variations in landscape ecological security are analyzed under different scenarios
from 2000 to 2020. As shown in Table 8, although the average value of LES slightly decreases, obvious
variations are observed in the area percentages of different security levels from 2000 to 2010. The areas
of high and extremely high security levels decrease, while the areas of low and extremely low security
levels increase, which result in an overall decline in the level of landscape ecological security in the
study area. Under the future scenarios of NTS and EPS, the average values of LES are 0.748 and 0.767,
respectively. The relatively high LES under the ecological protection scenario is mainly caused by the
significant increase in the percentage of the extremely high level from 45.40% to 54.84%, as well as the
decrease in the percentage of the extremely low level from 0.73% to 0.07%.
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Table 8. The LES values in different years and scenarios.

Year Scenario Average Value
(No Units)

Area Percentage (Unit: %)
Extremely Low Low Medium High Extremely High

2000 0.760 0 2.34 5.35 49.32 42.99
2010 0.751 0.1 3.58 5.92 49.27 41.13

2020
NTS 0.748 0.73 3.92 5.43 44.51 45.40
EPS 0.767 0.07 3.79 5.06 36.25 54.84

The spatial variations in the level of landscape ecological security in our study area from 2000
to 2020 are shown in Figure 7. Although the LES generally remains at a high level, obvious spatial
variations exist. Most western portions of the study area are classified as extremely high levels of
security, as these hilly areas are unsuitable for urban development and water resource policies limit
human activities. Unfortunately, low levels of security occur in the three highly urbanized areas (see
Section 3.1), especially in the city center, which has a relatively low LES. As shown in Figure 7a,b,
little variations occur in these areas from 2000 to 2010. An area with an extremely low security level is
observed in the city center, and the total area of the low security level increases in 2010. Meanwhile, the
area of the extremely high security level expanded in the eastern parts of the city, potentially because
of the implementation of urban ecological function zoning.

Under the NTS, the area of the extremely low security level will expand to cover almost all TunXi
District in 2020 due to the distinct increase in LES pressure, as shown in Figure 7c. TunXi district
and the surrounding area may face serious ecological security issues in the future if no measures are
adopted to improve the ecological security. Under the EPS, the area of the extremely high security
level will increase in the northern, north-central, and eastern parts of the city, as shown in Figure 7d.
This increase may be caused by restricting land use conversion and bareland reclamation near Taiping
Lake. The area of the extremely low security level clearly decreases in TunXi District under the EPS
compared to that under the NTS. This might suggest that controlling rapid urbanization can reduce
the degeneration of regional ecological security.
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4. Discussion

4.1. The Integrated Method of Ecological Security Evaluation

General methods of ecological security research have focused on detecting trends according
to historical development [72,73]. Currently, relevant forecasting studies of ecological security are
limited [30,74], while the uncertainty and dynamics of urban ecosystems must be considered. Our
study explores the uncertainty and dynamics of urban ecological security by providing alternative
future scenarios of urban development. CLUE-S provides a comprehensive understanding of the
processes that determine changes in the spatial patterns of land use and explores future land use
change [31]. Two land use scenarios are simulated based on CLUE-S in our study. It should be
noted that various state policies, including “Grain for Green”, “Land Reclamation”, and several water
resource protection policies, have been emphasized under the EPS in this study. These policies slow
the rate of urbanization and protect key ecological resources such as forestland and wetland. Thus,
analyzing such policies could create an optimal distribution of land use in a city. Moreover, we
assess ecological security at the landscape scale rather than at the national or regional scale [28,75,76].
Additionally, rather than using a single landscape fragmentation indicator [77,78] or complex but
ineffective socioeconomic statistical indicators that are spatially averaged [79,80], we develop a holistic
indicator system using the P-S-R framework to evaluate ecological security based on landscape theory
and spatial analysis. Various elements, including construction land development, population density
change, and the implementation of eco-function zoning are included in our evaluation system to
emphasize the dominant effects of human activities in urban areas. Spatial analyses of landscape
pattern indices are combined with simulations of land use change to illustrate the spatio-temporal
dynamics of ecological security variations.

Overall, the integrated method proposed in this study has two advantages for ecological security
evaluation. First, simulating land use scenarios by using the CLUE-S model provides an alternative
assessment for future urban development. Second, the integration of landscape pattern indices in
the P-S-R framework can visually reveal the anthropogenic impacts on the internal structures and
functions of ecological systems by differentiating among causes, effects, and human responses at
the landscape scale. However, additional studies must be performed to improve the accuracy of
population density estimation and to integrate more response indicators into the evaluation system
in the P-S-R framework. Natural disturbances, e.g., climate change, should also be included in the
evaluation for long-term prediction and evaluation. Furthermore, the nonlinear relationship among
the pressure, state, and response should be considered in future studies.

4.2. Implications of the Spatio-Temporal Dynamics of Ecological Security under Different Scenarios

The rapid urbanization has resulted in considerable environmental and ecological problems
worldwide [81,82]. A considerable number of studies have focused on characterizing the
ecological consequences of urbanization, such as the effects on land quality [83], water quality [84],
biodiversity [85], soil sealing [86], and greenhouse gas emission [87]. In this study, a synthetic method
is proposed to quantify the complex relationship between urbanization and ecological security. Our
results indicate that the dynamics of landscape ecological security are closely related to the process
of urbanization and the associated land use change in Huangshan City. High pressure and low state
regions of landscape ecological security are mainly concentrated in highly urbanized areas, especially
in the city center. The rapid expansions of construction land and population growth in the process of
urbanization have caused landscape fragmentation and habitat isolation, which was also suggested
by other studies [79,88]. Meanwhile, these processes increase the pressure on the stability of the
landscape structure and function, weaken the ability of the landscape ecosystem to resist external
disturbances, and ultimately decrease the regional ecological security in urbanized areas. As such,
optimizing the configuration and distribution of land use and landscape patterns is essential for
improving the regional ecological security [18]. However, it is reported that the city proper dominated
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by an aggregated urban growth pattern has a relatively smaller impact on ecosystem fragmentation
and service than the surrounding region dominated by a leapfrog or a liner growth pattern [89].

The spatial heterogeneity of ecological security exits between regions and this should be
considered in future urban planning. The area of insecurity and rapid degradation are mainly located
industrial development area [25] and densely populated area [90]. In our study area, QiMeng County,
Yi County, and Huangshan District, which are located in the northwestern part of the city, generally
remain at a high level of landscape ecological security, as shown in Figure 8. Other districts and
counties, especially TunXi District, remain at a low level of landscape ecological security in 2020. Thus,
the regional ecological security must be addressed in these areas. Urban planning should consider
the spatial heterogeneities in ecological security to balance development in districts and counties and
decrease ecological security degradation in densely populated and urbanized areas. For example,
we assume low rates of construction land expansion and population growth in TunXi District in
2020 under the environmental protection scenario in our study. As a result, the landscape ecological
security in the entire region is distinctly improved, and less area is classified as an extremely low level
of ecological security. This information is of great significance to decision-makers for future urban
planning and management.
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5. Conclusions

In this study, the spatial and temporal dynamics of landscape ecological security in Huangshan
City are evaluated using the proposed integrated method under different scenarios. The integrated
method provides a predictable, causal, and visual evaluation of regional ecological security based on
a multiple land use simulation using the CLUE-S model, a multi-variable analysis using the P-S-R
framework, and a spatial analysis based on selected indicators of landscape patterns. The integrated
method reveals the dynamic changes in ecological security and provides an alternative viewpoint to
support decision making and future urban development.

The evaluation results suggest that an overall decline in ecological security will occur in the future
based on the increase in the total area classified as an extremely low level of security. This decline is
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closely associated with urbanization and the associated land use changes. The urbanization intensity
differences between regions result in spatial variations in ecological security, as confirmed by our
analysis of ecological security at the administrative division level. TunXi District and the surrounding
area, which have experienced relatively rapid urbanization, will potentially face serious ecological
security issues in the future. Therefore, reasonable and appropriate measures must be established via
future urban planning and management to reverse the decline in ecological security in the city and
address the imbalance between regions. Under the ecological protection scenario proposed in this
study, the ecological security levels of the city and TunXi District tend to be improved. The implication
of importance of future ecological protection can greatly benefit future urban planning.
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Appendix A

Table A1. Implement degree of ecological function zoning in Huangshan City.

Ecological Function Zoning
Change in the Implementation Degree Index
2000 2010 2020 NTS 2020 EPS

Ecological headwater protection zone 0.7 0.8 0.9 1
Ecological environmental resilience zone 0 0.5 0.7 0.9

Ecological tourism development zone 0.3 0.4 0.5 0.6
Ecological economic development zone 0 0.3 0.4 0.5
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