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Abstract: The famous “world’s factory” city, Dongguan, like many other places in China, is a typical
beneficiary of China’s Reform and Opening-up Policy. However, rapid urban sprawl and economic
growth are at the expense of the destruction of the local environment. Therefore, it is of great
importance to establish an ecological security network for sustainable development. InVEST models,
effective tools to measure sensitivity and intensity of external threats to quantify habitat value, are
used to calculate habitat quality of water and land. By combining structural connectivity and the
Least-Cost Path model (LCP model), in which corridors are determined based on the minimum
accumulative cost path between each critical point, ecological security patterns were calculated.
According to the results, the northwest region of Dongguan, having a large quantity of farmlands
and water and therefore many corridors and critical patches, is the most essential area in the overall
security of ecological environments, which should be protected first. If developed, it should be
dominated by eco-tourism and eco-agriculture. We hope that research on the ecological network,
which includes critical patches and corridors formed by greenland and rivers, will lead toward
better-informed proposals for local urban planning and regional sustainable development.

Keywords: InVEST models; LCP model; critical patches; corridors; network; Dongguan Water Village;
ecological security

1. Introduction

Human activities are the primary cause of habitat loss, fragmentation, and degradation [1,2],
which increases the pressure to further urban development [3,4]. Especially in China, since reform,
rapid economic development has led to a trend of regional ecological destruction, disintegration
of ecological structures, and development of ecological functional disorders in some areas [5–7].
As Forman and Collinge [8] said, “the future is not just what lies ahead; it is something that we create”.
In order to avoid causing irreparable ecological damage in the process of urbanization, the topic of
ecological security has attracted increasing attention in urban planning [9–12].

The definition of ecological security is broad, and includes the improvement of ecosystem
services [13], maintenance of ecosystem health [14], and more [15–17]. In cities, ecological security
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tends to focus on two aspects of security: the security of the urban environment and the security of the
city’s future development [18]. In other words, from the standpoint of ecology, a secure ecosystem
should not only be able to maintain its structure over a certain time scale but also be resilient to
stress [19,20].

The concept of an ecological security pattern is derived from the theory and methods of landscape
ecology. It refers to the pattern composed by strategic landscape elements, positions, and spatial
connections that are critical to the security and health of ecological processes [21]. The form of
ecosystem security pattern is to exert people’s subjective energy, ensure active intervention over the
optimization and allocation of elements in the human–environment system, promote healthy and
sustainable development of the system, and improve the condition of local ecological security [22].

Thus, compared to other identifications of critical patches and corridors, ecological security
patterns are more systematic and holistic. It integrates multiple factors and can make suggestions
with strong spatial characteristics to promote the harmonious development of local economy and
ecosystems [23]. The foundation of the form of ecological security pattern lies in the identification of
critical elements and connections. These components can exchange energy, material, and information
in a fragmented landscape [24], which is the ecological security patterns’ basic function. Therefore, the
identification and protection of these components can increase habitat connectivity, preserve effective
population size, maintain gene flow, and facilitate regular migration [25]. Until now, researchers
have observed the indicators of network connection and accessibility [26] and combined graph theory
and network analysis [27] to study ecological security and find methods of sustainable development,
such as designing a greenway augmentation plan [28].

Chinese planning and implementation mostly followed a “top-down” approach, which, it has
been argued [29], is necessary for establishing the ecological network to provide a scientific basis
for planning. In this study, a combined model is established in which the Integrated Valuation of
Environmental Services and Tradeoffs (InVEST) models are used to identify the critical patches as
the source of the ecological security pattern, taking into account the dense river network, and the
Least-Cost Path model (hereafter, LCP model) is used to identify corridors. Together, the two model
types lead to complete ecological security patterns, which aim to improve the scientific methods of
land-use planning.

2. Materials and Methods

2.1. Study Area

Dongguan is located in the Pearl River Delta, which is one of the most economically developed
urban regions in China. Over three decades, the average economic growth rate was more than 20%
(calculated based on GDP data from a local official website [30,31], which makes the “Dongguan
Model”, a model of economic development, known worldwide. However, in such a region, the
phenomenon of industrial zones alongside residential zones and an industrial model that favors high
consumption and low output cause a significant impact on land space, energy, and water.

The study area, often called the Dongguan Water Village, is located northwest of Dongguan with
a total area of approximately 510 km2, encompassing ten towns (Zhongtang, Daojiao, Wangniudun,
Machong, Hongmei, Wanjiang, Shilong, Shijie, Gaobu, and Shatian) and Humen Port (Figure 1).
It is an advantageous location with the necessary land for transportation between Guangzhou and
Hong Kong, and it promotes local economic development.
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Figure 1. The location of the study area.

Rivers are densely distributed throughout the area, creating a complex web of waterways in
the region. The main waterways are the north river of Shiziyang, the Dongjiang North River, the
Machong waterway, the Daoyunhai waterway, the Hongwuwo waterway, the Chijiaokou River, the
Dongjiang South River, and the Zhongtang waterway. The total area of water is approximately 63.7 km2.
In addition, the total river density is about 1.9 km/km2.

Because of the dense river network, the study area is also an important agricultural production
zone. However, in such an area, the woodlands and grasslands are distributed sparsely. In addition,
the distribution of industrial and residential zones is intense and messy, which significantly affects the
ecological landscape.

2.2. Methods

When we think about the future of economic development, first, we need to adhere to the
ecological bottom line, to balance the economic development and ecological protection. For the
purposes of this paper, taking into account the characteristics of the dense water network and the
sensitive ecological system, we chose to divide the ecological landscape into two classes: blue landscape
and green landscape.

These two categories encompass the landscapes that most benefit human beings. Not only can
they provide a variety of raw materials and products for our survival, including food, water, oxygen,
wood, and fiber, but they can also regulate climate, mitigate pollution, and provide other services
such as the biodiversity conservation and disaster mitigation. In short, these two landscapes are very
important for maintaining a good environment for human survival and development [32] (Table 1).
Therefore, in this paper, we need to focus on these two important natural elements to construct
ecological security patterns separately for each.
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Table 1. The functional characteristics of the ecological landscape categories.

Class Constituents Functional Characteristics [18,30]

Blue Landscape Water such as rivers,
lakes, seas.

Climate regulation, cleaning environment, water
supply for agriculture and industry, navigation,

aquatic production, entertainment, etc.

Green Landscape Urban green spaces,
gardens, woodlands, etc.

High ecosystem service value and function, carbon
sequestration, oxygen releasing, soil and water

conservation, cleaning environment, noise reduction.

According to the theoretical basis of ecological security patterns, large patches with high-quality
resources should be protected first. These patches, providing a large variety of ecosystem services,
provide habitat for diverse species. These are known as critical patches or, within ecological security
patterns, sources. In addition, a certain width and number of corridors are reserved for the movement
of species. Therefore, when we set out to construct an ecological security pattern, identifying critical
patches and corridors is the most important step in the process.

The research framework is shown in Figure 2. We integrated InVEST models and the LCP model to
establish the ecological network. This approach involved (1) using InVEST models to test the biological
and anthropological influences and estimate the habitat quality; (2) synthesizing the results of the
habitat quality assessment and the size of the patches to identify the critical areas; (3) establishing
the cost surface for each landscape according to the characteristics of blue and green landscapes;
and (4) combining the cost surface results using a geographic information system (GIS)-based LCP
model to identify the corridors that form the network. Each step is described in detail below. The
land use data we used includes information on railways, main streets, residential streets, settlements,
factories, harbors, farmlands, and more. This data was obtained from local government field survey
data updated in December 2012.

Figure 2. The research framework.

2.2.1. InVEST Model-Based Habitat Quality Estimation and Identification of Critical Patches

Critical patches with high-quality resources and large size always have better ecological service,
and they play an important role in conserving biodiversity and maintaining the stability and integrity
of ecosystems. In order to identify the critical patches, we realized that the patches with large
size and high habitat quality were the ones that we needed to pick up as the key patches of the
ecological security pattern. In this paper, we had two steps for identification of critical patches: first,
through calculating the density of natural elements, we identified the distribution of large patches that
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consistently exhibited high density; second, we used InVEST models to assess the habitat quality of
the landscape.

The InVEST model, Integrated Valuation of Ecosystem Services and Tradeoffs in short, is a
family of tools used to value the services from nature, which are essential for sustaining and fulfilling
human life [33]. This model, developed by Stanford University, the World Wildlife Fund (WWF),
and The Nature Conservancy (TNC), is based on certain land-use scenarios to quantify the goods
and services from nature that contribute to sustaining and fulfilling human life, which can provide
scientific suggestions for decision-makers weighing the benefits and impacts of human activities.

The model “Biodiversity: Habitat Quality & Rarity”, from the InVEST model set, is the tool
we used to calculate the habitat quality, as it can measure sensitivity and the intensity of external
threats to obtain the qualitative value of the habitat. In this model, the value of the habitat quality
index represents degree of habitat fragmentation and the resistance ability of the patch to the habitat
degradation caused by the disturbance of human activities. The index is designed to reveal the impact
of risk factors and represent the quality of habitat. Moreover, the model assumes that if the habitat
quality is good, then the biodiversity is high, which means that the concept of habitat quality is
equivalent to the concept of biodiversity [34].

The habitat quality index is calculated as follows:

Qxj “ Hjr1´ p
D2

xj

D2
xj ` k2

qs (1)

In this formula, Qxj is the habitat quality index of grid x in land use and land cover j; Dxj is the
habitat stress level of grid x in land use and land cover j; Hj is the habitat suitability of land use and
land cover j; and k is half saturation constant.

In this study, the indexes we want to put into this model are based on the parameters of existing
case studies [35–42].

The data required included the land-use data and the distribution of threat sources such as
railways, main streets, residential streets, settlements, factories, harbors, and farmlands. The model
also takes into account assessments of the accessibility and the weight of the threat source in order to
fully depict anthropological influences.

2.2.2. LCP Model-Based Identification of Corridors

Since the travel cost of an organism’s movement in a landscape is correlated with landscape
connectivity [43], it is convenient to use this index to represent travel cost [44]. The distance between
habitat patches is often chosen to measure travel cost based on connectivity. The most commonly
used method is calculating nearest-neighbor-distance based on ordinary Euclidean distance, which
equals the linear distance between two nearest habitat patches [45,46]. However, this method not
only does not take into account habitat patches’ shape and internal variability and ignores individual
organisms’ suitability for certain habitat patches and permeability of the landscape matrix [47,48].
In recent years, researchers have found that cost distance based on LCP is an effective way to make
up for the deficiencies of Euclidean distance and measure the travel cost of organisms in a landscape.
Cost distance based on LCP emphasizes points’ spatial relativeness instead of actual distance, which is
calculated based on an organism’s resistance coefficient when moving through different landscape
units. Greater cost distance indicates higher resistance for the organism to overcome.

LCP analysis is based on graph theory, and it uses a raster-based algorithm that weighs the
minimal cost path between a source and a target cell. Cost-path represents the cost involved in
moving through any particular cell in a given landscape, which can be viewed as a qualitative
description of landscape pattern. Moreover, accumulative cost-path provides information on the
interaction of landscape types or units, for example, the rate or speed of exchange of energy, materials,
and information.
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GIS based-LCP models are regarded as one of the most effective methods for calculating minimum
accumulative travel costs from a source to each cell location within a raster map [49].

Therefore, in this section, we attempted to construct a landscape network similar to the ecological
security patterns. Considering that geospatial changes will bring differences in the cost of movement,
we used accumulative cost path models integrated in the ArcGIS platform to create the minimum cost
path between each critical point as the corridors.

The first step involved selecting the location of critical patches, which have been previously
identified as specific sources and destination points.

Next, we calculated the minimum accumulated cost surface over the complex resistance surface
from all cells to each source point. Cost surface was used to determine least-cost routes, which revealed
how the landscape facilitates or hinders movement. Coefficient of cost surface was treated as a relative
value, rather than an absolute value [50]. This is because the coefficient does not represent individual
moving speed through certain landscape units but stands for the individual’s intent to move or its
suitability to that unit [44]. Currently, the settings of cost surface and coefficient in LCP are primarily
based on land cover maps [50–53].

The third step involved using selected source points and the accumulative cost surface to construct
the LCP. The results represent the visualized LCP from selected locations to the closest source cell.
Research has showed that the LCP is the corridor with the maximum probability of survival for the
organism’s movement between the source and target patches [50,51], which provides a scientific basis
for the design of regional habitat corridors [53].

3. Results

3.1. The Ecological Network of the Blue Landscape

By analyzing the distribution of patches with better habitat quality calculated by InVEST
models for blue landscapes (Figure 3), combined with practical investigation, we determined specific
intersections of rivers that play important roles in connecting the critical patches. They are located at
the intersections of the Shiziyang and Machong waterways, the Shiziyang and Daoyunhai waterways,
the Hongwuwo waterway and the Dongjiang South River, the Shiziyang and the Dongjiang South
River, south of the Shiziyang, and north of the Dongjiang South River (six critical patches shown in
Figure 5). These with large runoff are the connection points between the main rivers.

Figure 3. The habitat quality of blue landscape.
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The greater the flow of water, the faster the material flow rate. Based on the area proportion of
blue landscape in each 1 km2 grid cell (Figure 4), the cost surface was constructed for spreading from
the source patches. Finally, through a cost path model, the corridor and ecological security patterns
were identified (Figure 5).

As shown in Figure 5, the path is mainly used to connect the Shiziyang with the Dongjiang North
River and the Dongjiang South River. In addition, from the path, we know the Daoyunhai waterway,
the Zhongtang waterway, and the Hongwuwo waterway play important roles in connecting those
areas that should be first protected. These six rivers play a vital role in the maintenance of regional
ecological stability.

Figure 4. The proportion of blue landscape by area in a 1 km2 grid cell.

Figure 5. The ecological security patterns of blue landscape.
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3.2. The Ecological Network Patterns of the Green Landscape

In order to pick the patches with the largest size, we based the choices on the density of ecological
land (Figure 6), as the region with the highest value is the desired result. Figure 7 shows the results of
the calculation of the habitat quality through InVEST Models. These places are surrounded by a large
area of undeveloped land.

Figure 6. The area proportion of blue landscape in a 1 km2 grid cell.

Figure 7. The habitat quality of green landscape.

Finally, combining the results of Figures 6 and 7 the critical patches were identified. The critical
patches were mainly in the northwest of the study area where there is a lot of farmland. This result
was also consistent with information obtained from actual interviews.

Next, we constructed a resistance surface. We took into account the different impacts on species
movement caused by different land-use types. The value of the coefficient is based on existing empirical
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data [52–55]. Typically, if a landscape such as grass or woodland is easily passed through, the resistance
coefficient is 1. A greater value represents greater difficulty in passage. As Table 2 shows, we set the
coefficient between 1 and 300. Finally, after calculating the accumulative cost path, the ecological
security patterns of green landscape were generated, as shown in Figure 8.

Table 2. Resistance factors and coefficients.

Resistance Factor Resistance Coefficient

Woodland, grass 1
Agricultural land 50

Urban green spaces, gardens 70
Unused land 200

Water, construction land 300

Figure 8. The ecological security patterns of green landscape.

As shown in Figure 8, the critical patches are mainly located in Machong, Zhongtang,
Wangniudun, Hongmei, and Daojiao, in the northwest of the study area. Large amounts of paddy,
water, and wetland, which have a high value of ecosystem services, are widely distributed in the
area, which is the most attractive region in Dongguan. Therefore, complying with the principles of
ecological protection, the strategies of eco-agriculture and eco-tourism development can be adopted.
As shown in Figure 7, corridors are made up by the Dongjiang North River, the Chijiaokou River, the
Dongjiang South River, the Dongguan Waterway, and large amounts of undeveloped land in Machong.

3.3. Identification of Ecologically Fragile Areas Impacted by Human Activities

In order to analyze the status of ecological networks, especially the implications caused by human
activities, we calculated the developed area that falls within the scope of the ecological network.
Considering corridors should have a certain width, we set the limit at 100 m for simplification. Then,
we created a 100 m by 100 m grid. After calculating the proportion of construction zone in each square
of the grid, we set 50% as the dividing line; that is, if the developed area is larger than 50%, there has
been serious interference by humans. As shown in Figure 9, 32.6% of all sections of the blue landscape
ecological network had construction over ě50% of their area. Development was mainly distributed
in the northeast of the study area, around Dongjiang North River, which is the main tributary of
Dongjiang River and the most important river of our study area. In the green landscape ecological
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network (Figure 10), 41.5% of the squares had construction over more than 50% of their area mainly
distributed in the east and middle of the study area.

Figure 9. The proportion of construction area falling within the scope of the blue landscape
ecological network.

Figure 10. The proportion of construction area falling within the scope of the green landscape
ecological network.

3.4. Design and Suggestions for the Balance of Ecological Protection and Urban Development

When performing city planning or urban generation, the components of ecological networks,
such as critical patches and corridors, should be protected first. A reasonable approach is relying
on water networks to develop eco-tourism and agro-tourism in order to achieve balance between
economic development and ecological protection. Important actions include establishing greenways,
parks, and other ecological “stepping stones” [24], as well as limiting the development of industries
around the ecological network. Appropriate measures, such as industry transformation and movement
of settlements, should be taken, especially in the northeast of the study area with a more developed
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industry and more settlements that have caused a serious impact on ecological security. Therefore,
in this last section, we designed corridors based on the ecological network developed in this study that
can be developed to form sightseeing routes (Figure 11) to promote ecological protection. As Figure 11
demonstrates, based on the distribution of the river, we designed nine routes. Route 1, located in
Shiziyang, connects points 1, 2, and 3. As for the development of this route, it has the potential for port
development, it can be used to connect to the outside world, and it should be focused on protection
in the process. Points 5, 6, 7, 9, and 11 are concentrated in abundant wetland sources, which can be
developed into wetland parks designed for protection and sightseeing. In addition, points 6, 8, 10,
and 12 aggregate large amounts of cultivated land resources, which can be developed for sightseeing
and ecological agriculture. Routes 2, 3, 4, and 5 represent blue corridors, which are based on the river
network, and they connect to the critical points that attract tourists. Routes 6, 7, 8, and 9 are comprised
of farmland, wetland, and urban green space and can be transformed into greenway. The routes from
1 through 9 not only ensure the movement of species and the flow of energy, but they also connect to
tourist locations that are ecological landscape corridors full of local characteristics.

Figure 11. A network design for the balance of ecological protection and urban development.

4. Discussion

4.1. Advantage of the Method

Whether the landscape is homogeneous or not, the importance of each element in the landscape
is not the same for all ecological processes. Some points and spatial connections play key roles in
the control of ecological processes at the landscape level. These elements, which form the ecological
security pattern as described in this paper, represent existing or potential ecological infrastructure.
In a limited landscape with significant heterogeneity, these elements—the key points and spatial
connections—can be identified by experience. However, in several cases, similar to our case study,
these elements cannot be directly recognized empirically. In this scenario, quantitative methods such
as the InVEST and LCP model we used to construct ecological security patterns for our study area
are necessary to help the local government to take actions for the ecological protection and urban
construction [21].

The models we used also have been proved to be generalizable and can be used in other areas
of research. The combination of these two models can greatly assist us to improve the accuracy of
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analysis to obtain a quantitative result. For example, many researchers have used these models for
their case studies respectively.

As for the InVEST models, we used this to assess the habitat quality of the landscape. Compared
with other models, the InVEST model requires less time spent on data import and produces a large
output of data. This model can simplify the explanation of many complex problems, by using GIS to
quantify ecosystem services and using maps to show an intuitive and visual assessment. The InVEST
model has therefore been successfully applied in the ecosystem assessment of Hawaii, Tanzania,
California, Indonesia and other regions of China [34–42].

As for the LCP model, the least cost path is the corridor with the maximum probability of survival
for an organism moving between the source and target patches [50,51]. Currently, this model is often
used to predict the results caused by landscape changes. For example, Singleton [56] used this model to
investigate the effects of expressway construction on the landscape permeability of four large mammals
(Canis lupus, Gulogulo, Lynx canadensis, and Ursus arctos) in British Columbia and Idaho. Epps [53]
established an LCP model for diffusion of Oviscanadensis nelsoni. Jihong Li [57] also used this model to
construct functional division for the panda nature reserve in the old town of Shanxi.

4.2. Evaluation of the Results

The hypothesis of this study is based on the results of Kongjian Yu [58]. We supposed that there is
some potential landscape pattern formed by a number of points and the relationship between them.
Furthermore, such a pattern has a key role in maintaining and controlling ecological processes. Thus,
based on this hypothesis, we believed that the identification of these elements to construct a reasonable
ecological security pattern could provide some help for local ecological protection and restoration.

Because of insufficient data, we cannot perform quantitative dynamic simulation and evaluation.
However, because of the rationality of our approach, after discussion with the local authorities, there
is a high degree of certainty that our results are reasonable. Specifically, in the ecological security
patterns, the key corridors cover the important rivers and patches with high quality in our study
area. According to the actual field survey, in the identified areas, local species are quite active. Now,
based on the report “Dongguan city of freshwater and estuarine fish color map”, completed in 2011 by
two local agencies—the Fisheries Research Institute of Dongguan and Dongguan Fisheries Technology
Promotion Center Station—the number of fish species has dropped from 134 in 1983 to 98. Our results,
especially the construction of the ecological security pattern, have a significant and practical value in
maintaining and restoring natural ecosystems.

In addition, as Figures 9 and 10 show, we found that many areas, especially in the north and
east of our study area, around the Dongjiang North River, have been affected by human activities
frequently. These, mostly in the range of the Dongjiang River, are the main areas needing urgent
ecological restoration. Another report, “Investigation report on the establishment of Dongguan city
water supply safety guarantee system”, completed by the Dongguan Water Affairs Bureau in 2012,
also confirmed that the water quality of the Dongjiang River has declined year by year and piecewise
from upstream to downstream. More importantly, from our ecological security perspective, we offer
overall consideration to all natural resources, including water systems and green space, to propose an
all-inclusive strategy for ecological protection. Thus, we attempt to meet the challenge identified in
the report “Dongguan city of freshwater and estuarine fish color map” by providing comprehensive
advice for mitigation of phenomena such as habitat destruction, over-exploitation, and pollution.

4.3. Prospects

Because of data limitation, we currently cannot construct multi-scale ecological security patterns.
We hope that in the future, our study area can range from the entire Pearl River Basin to the smallest
river basin. We believe that after breaking the boundaries of administrative jurisdiction, the multi-scale
ecological security patterns can help us more clearly find the importance of each corridor and patch
and propose a further educated policy.
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5. Conclusions

Our study area “Dongguan Water Village”, a brooky area with strong ecological sensitivity,
has been subjected to obvious human interference. In this paper, using the InVEST models and a
GIS-based LCP model, we constructed the blue and green landscape ecological security patterns for
the Dongguan Water Village, which is very important as the basis for the implementation of urban
planning or urban development.

Results of model calculations show the important corridors and patches of this area, which should
be protected first in the future. These elements are the main rivers, wetlands, and green spaces in
the region: the rivers, including Dongjiang North River, Chijiaokou River, Dongguan Waterway,
Daoyunhai Waterway, Zhongtang Waterway, and Hongwuwo Waterway, are the main tributaries of
the Dongjiang River, playing important roles in the migration of species and the flow of energy; and in
the north and west part of the study area, there are a wide range of critical patches, which are made up
of paddy, water, wetland and farmland, with high value of ecosystem services. In addition, according
to the identified corridors and critical patches, the reasonable ecological security patterns are designed
for the balance of ecological protection and urban development. Such places, including nine routes
and thirteen patches, should be protected first and, if developed, should be dominated by eco-tourism
and eco-agriculture. Particularly, Machong and Daojiao have abundant wetlands, which are superior
tourist resources. In addition, the northern and eastern regions, which are greatly disturbed by human
beings, should be the main areas of ecological restoration in the future.

Because of insufficient data, we cannot perform quantitative dynamic simulation and evaluation.
However, after referring to the on-the-ground investigation and the discussion with the local authorities
and experts, our results have proved to be consistent with the actual local needs and to have profound
implications for the sustainable development of this region. We are also convinced that, in the future
with the increase of data, we can use the same methods to do multi-scale research and in-depth
discussion that can help us to make further detailed recommendations.
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