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Abstract: Analyzing evolution characteristics of landscape ecological risk patterns would help
establish ecological risk early warning mechanism, reduce the ecological risk probability and promote
coastal landscape pattern optimization. In this study, landscape pattern indices were first calculated
by using multitemporal Landsat TM images acquired in years 1990, 2000 and 2010, then landscape
ecological risk pattern evolution models and the spatiotemporal evolutions of ecological risk patterns
of coastal zones in Zhejiang province, China were constructed and analyzed. The results demonstrate
that (1) greater changes have taken place in landscape structures during the two decades, and (2) the
areas of cropland, sea, woodland and water surface have decreased significantly, while the areas
of built-up land, unused land and aquaculture land have increased. In 1990, coastal landscapes
were mainly occupied by extremely low and low ecological risk areas. However, by 2010, the low
ecological risk area apparently decreased compared to that in 1990, while extremely high and high
ecological risk areas increased significantly, occupying spatial regions where originally the extremely
low and low ecological risk zones located. Transition rates of ecological risk grades in the second ten
years (2000–2010) were significantly lower than in the first ten years (1990–2000). The result suggests
that people who originally urged to accelerate coastal landscape exploitation and development
have started to concern the ecological environment protection and to pursue a mode that economic
development and ecological protection are synchronously conducted.

Keywords: landscape pattern; ecological risk assessment; spatial analysis; coastal zone; risk
transfer matrix

1. Introduction

Risk refers to a possibility or probability that causes some negative effects under certain
circumstances that expose some specific environmental pressures [1,2]. The risk pattern evolution is
a complicated system process and is affected by various factors, such as nature, society and economy.
Different impact factors make different effects on the risk evolution process from their functions, impact
ranges and extents. These factors can interact at different spatial scales, which can result in a complexity
and unpredictability of an ecological risk revolution. A scientific ecological risk assessment and risk
pattern evolution analysis may provide an important reference for establishing an ecological risk
early warning mechanism, reducing an ecological risk probability and promoting a coastal landscape
pattern optimization [3]. As an object of human activities and resources and environment exploitations,
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the landscape is a concern of ecological researchers. Per the landscape ecological risk pattern evolution
analysis at a regional scale, the possibility and impact magnitude caused by human activities, natural
disasters and environmental pollution on ecosystem structure and function can be measured and
evaluated [4]. Consequently, various potential ecological environment impact factors, processes and
their cumulative consequences can be comprehensively evaluated through the landscape ecological
risk pattern evolution analysis.

Existing studies on ecological risk assessment boomed in 1970s. Of them, the United States
was one of the first countries that were interested in studying the ecological risk [5,6]. Initially,
research was only conducted on a toxicological study on effects of a single chemical pollutant on the
environment and human health. By the end of 1980s, scholars had gradually changed from studies
of toxicological risk to ecological risk assessment at different scales. The ecological risk assessment
based on a regional scale had become a research topic in the field of ecology and geography. In 1998,
the US Environmental Protection Agency (EPA) officially promulgated an “Ecological Risk Assessment
Guide” [7], which symbolizes that the ecological risk assessment has reached a mature stage. After that,
a series of studies were conducted by many researchers on impacts of the ecological risk assessment
framework and chemical toxic on the ecological risk [8,9]. Many scholars were focusing on in-depth
studies of regional ecological risk at different spatial scales, such as lakes [10], river delta [11,12],
and watershed basin [9,13,14] and different land use/cover types [15–18]. Major risk assessment
models consist of the Relative Risk assessment Model (RRM) [19], the Hierarchical Patch Dynamics
Paradigm (HPDP) [20] and the Procedure for Ecological Tiered Assessment of Risk (PETAR) [21].

Along with the development of ecological risk assessment, an ecological risk assessment focusing
on landscape ecological process and spatial pattern in an interrelated perspective became an important
branch of regional ecological risk assessment in 1990s [22]. The concept of landscape was first proposed
by German geographer Carl Troll [23] in the interpretation of remote sensing images in East Africa.
As a complex of the natural surface, the landscape is of a spatial heterogeneity of a regional ecosystem
collection. It consists of various heterogeneous elements. Due to the nature of high heterogeneity
of the landscape change, the change of its whole structure and dynamic process is relatively slow,
but spatial components of the landscape can be changed in different speeds and intensities when
disturbed. Thus, an ecological risk assessment method can be used to evaluate the key factors of
ecological risk assessment, the risk receptor range and the damage status, etc. by quantifying such
a slowly changing amount of the landscape [24]. The landscape itself is a resource of human economic
activities and an object of human exploitation. The economic activities of human beings are mainly
carried out at a landscape level. The landscape has become an appropriate scale to study the impact
of human activities on the environment. Compared with the regional ecological risk assessment
that focuses on a comprehensive assessment of multiple risks and on an overall risk quantitative
assessment of ecological environment, the landscape ecological risk assessment lays more emphasis on
the effect of landscape pattern on ecological processes or functions. To a certain extent, an evaluation
method based on a landscape pattern can get rid of the inherent mode of the traditional ecosystem
evaluation; it evaluates the landscape ecological risk directly from the spatial pattern at a regional
scale. With the evaluation method, a risk receptor is no longer a single element in a regional ecosystem,
but rather ecosystem itself that makes up heterogeneous landscapes. Risk sources are also no longer
environmental pollutants, natural disasters or human interference, but ecological risk effects to evaluate
the degree of deviation from an optimal pattern of a landscape mosaic.

A landscape index is frequently used to measure the landscape pattern at a region scale, and thus
in a study of landscape ecological risk assessment, it is involved in the landscape ecological risk
assessment framework. A landscape ecological risk index is often constructed by using data of regional
land use and landscape structure derived from remote sensing images. It is an integrated ecological
risk index that is spatially variable, assessed by using a systematically sampling method, and finally,
a semivariogram analysis tool of the ecological risk index can be carried out. This method was adopted
in this study.
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Compared with the ecological risk assessment of some regions where human activity is intense,
a study area selected in natural areas such as forest, grassland and other natural areas is relatively rare.
This is consistent with a development trend of macro ecology in recent years, which emphasizes the
impact of human activities on an ecosystem, and focuses on the study of ecological environment-social
economic complex [25]. Meanwhile, a landscape ecological risk assessment conducted in natural
areas that are ecologically fragile and have a strong response to global change still needs to be further
studied. Such natural areas include the coastal zone [13], the wetland [26], the loess hilly region,
the agro-pastoral ecotone and the desert oasis. The overall landscape pattern in these areas is relatively
fragmented and has a poor stability and resilience, and the pattern’s changes is rapid and obvious
under pressures of both human activities and natural disturbance. Therefore, these areas will be a focus
of future research on landscape ecological risk assessment.

As major interfaces of mainland, atmosphere and ocean systems, a coastal zone is one of the
most frequent and concentrated regions for material, energy and information exchange. Due to rich
resources, superior natural conditions, excellent geographical location and unique characteristics of
land and sea, the coastal zone is one of the most active and concentrated regions [27,28]. Meanwhile,
a conflict between resources and environment leads to primary problems caused by increasing human
activities, and the coastal zones have transformed to sensitive regions where various hazards and
risks occur frequently [28–30]. Since the International Council for Science (ICSU), the International
Geosphere-Biosphere Programme (IGBP) and the International Human Dimensions Programme (IHDP)
on Global Environmental Change programs identified the Land Ocean Interactions in the Coastal
Zone (LOICZ) as one of their core programs in 1986, many researchers have conducted various studies
on analyses of coastal zones from the landscape pattern [31,32], the ecological risk [33,34] and the
land-use and land-cover change [35]. However, few studies have actually addressed issues on the
dynamics of spatial and temporal risk pattern evolution, and studies that focus on assessing coastal
ecological risk pattern evolution are even scarcer. The coastal zone ecological risk pattern is a dynamic
process that is characterized by continuous updates and changes. Further, the risk factor, environment
and tolerance can significantly affect the ecological risk pattern in the coastal zone [36].

Along with the economic development in the world, especially developing countries per China
as a representative, the speedy urbanization, the problems of population density, traffic congestion,
shortage of resources, environmental pollution and ecological deterioration and so on have become
foci of attention of the whole human society in the process of urbanization in the coastal zone [37].
The impact of human activities on the change of the Earth system is beyond the natural force
and cannot be ignored. Rapid urbanization leads to a large reduction in arable land, destruction
of habitat, extinction of species, and reduction of net primary productivity. Due to the speedy
urbanization, the impact of human activities on the environment will directly change the original
land use pattern and cause the change of land use/cover, thus profoundly affecting the Earth’s
ecosystem [38]. As a macroscopic representation of land surface, the change of structure and pattern of
the land affects the characteristics of landscape pattern, which results in the fragmentation of landscape
patches and the ecological degradation. Human activities leading to the change of landscape pattern
include urbanization, excessive deforestation, cultivation and unreasonable afforestation measures, etc.
Among them, there are two main factors that cause the change of landscape pattern: urbanization
and farming.

Coastal zones in Zhejiang province, China have been disturbed seriously by a long history of
various exploitations and frequent anthropogenic activities. In recent years, the development and
utilization of the coastal zones in Zhejiang Province have become a hotspot of economic development
there. The hotspot of economic development mainly includes river dam construction, reclamation,
coastal tourism, marine aquaculture, coastal mining, and pollutant emissions. Along with the rapid
economic development in Zhejiang coastal zones, the coastal population pressure also increases.
Human excessively plunders biological resources, and the exploitation and utilization activities
of open land resources also intensified. The shortage of resources and deterioration of ecological
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environment are becoming more and more serious, which mainly reflect in the excessive reclamation
of tidal flat and wetland, the decrease of cultivated land caused by urbanization and the decrease of
natural vegetation coverage. As the change of landscape pattern, landscape types, such as cultivated
land, sea area, forestland, water surface and so on, are replaced by construction land and farmland,
and the scale of salt and sea aquaculture continues to expand, which leads to an increase in ecological
risk sensitivity and vulnerability in coastal areas. Moreover, the degree of ecological risk increases,
and coastal areas are exposing to a variety of hazards, such as sea level rise, seawater intrusion,
coastal flooding and waterlogging, etc. caused by climate change. Thus, it is urgent to study and
understand environmental changes in Zhejiang coastal zone [39]. Therefore, the primary goal of this
study is to investigate the evolution characteristics of coastal ecological risk in Zhejiang province,
China. The specific research objectives include (a) constructing landscape ecological risk indexes by
using Landsat TM image data acquired in years 1990, 2000 and 2010 and landscape ecological metrics;
(b) developing evolution models of landscape ecological risk pattern; and (c) analyzing spatiotemporal
variation of the landscape ecological risk patterns in the coastal zones during the period of 1990–2010
in the study area.

2. Data and Methods

2.1. Study Area

The study area is located in the coastal zones of Zhejiang Province, China (27◦12’–31◦31’N,
118◦00’–123◦00’E) (Figure 1) and is controlled by the tropical ocean air mass and polar continental
air mass alternately. The coastal zones are located in the transition zone of tropical and subtropical
climates. The terrestrial area of the province encompasses 101,800 km2 that is one of the smallest
provinces in China (only 1.06% of total area in China). However, the province possesses an extensive
sea area and includes seven coastal cities (including Jiaxing, Hangzhou, Shaoxing, Ningbo, Taizhou,
Wenzhou and Zhoushan, Figure 1). More than 3061 islands (each with a land area of ≥500 m2) are
distributed in this coastal area. The study area has a coastline of 2253.7 km while the total coastline in
the Zhejiang province has 6500 km (including all offshore islands) and is approximately 20.3% of total
coastline in China.
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By considering the integrity of administrative divisions, the study area could be defined by
relevant coastal villages, towns and streets (27◦12’–30◦44’N, 120◦23’–122◦08’E) (Figure 1, filled in grey),
which cover approximately 10,000 km2. The study area has an average elevation of 5.67 m, and ranges
from 4 to 6 m. This region has a sub-tropical monsoon climate, with a clear division of four seasons
and abundant sunshine. Average annual temperature is 15–18 ◦C with a January mean of 3–8 ◦C and
a July mean of 25–29 ◦C, and annual mean precipitation varies from 980 to 2000 mm. The coastal
zones are important economically-developed regions in Zhejiang province and located on the southern
wing of Yangtze River Delta, China. Their northeast is adjacent to international metropolis The City
of Shanghai, China. The study area faces the Pacific Ocean and enjoys the advantages of the ocean,
which is of great benefit to conduct regional technology and resources cooperation and exchanges at
home and abroad.

2.2. Data Sets and Processing

In this study, Landsat TM images acquired in the years 1990, 2000 and 2010 were used as primary
data resources (acquired between June and October covering a vegetation-growing season). Other data
sources mainly include: (a) The administrative map of Zhejiang province; (b) land use map and
land use history data that were collected from Land and Resources Department of Zhejiang Province;
(c) the topographic map of Zhejiang province (1:250,000); and (d) GPS field survey data collected for this
project. Remote sensing TM image processing was done using ERDAS software [40], including image
geometric correction, image mosaicking, and masking out the study area. By referring to the national
land resources classification system [41,42] and existing land use condition in different study periods,
the landscape in the study area was determined into eight types (incl. woodland, cropland, built-up
land, water surface, aquaculture land, tidal flat, unused land, and sea area). Then, these landscape
types were modified and verified by using eCognition Developer 8.7 (Trimble, Sunnyvale, CA, USA)
and ArcGIS 10.0 software (ESRI, Redlands, CA, USA) [43], and the landscape-type maps of years 1990,
2000, and 2010 (in vector format) were created. In this study, the eight landscape types in different
periods were treated as the coastal zone ecological risk receptors and the ecological risk indexes were
constructed for them as well. The coastal ecological risk spatial distribution maps were compiled by
using Geostatistical Analyst Tools in ArcGIS [42]. Finally, with these available spatial data sets and
spatial analysis tools and techniques, characteristics of landscape ecological risk pattern evolution of
the coastal zones in Zhejiang province were investigated.

2.3. Dividing Ecological Risk Subarea

By referring to the method by Zeng et al. [44,45] and considering the spatial heterogeneity of the
study area and patch size for spatializing the ecological risk index, the coastal zones were divided
into subareas at an 11.35 km × 11.35 km cell size by using equidistance sampling method. As a result,
there were about 155 grid cells (risk subareas) included in the study area (Figure 2). On the basis of
these subareas, integrated ecological risk indexes for each grid were first constructed, then these risk
indexes were identified as the centroid value of each specific ecological risk subarea grid.
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2.4. Constructing Ecological Risk Indexes

Accounting to previous studies associated with basin, landscape and wetland ecological risk
assessments [46,47], it is suggested that the analysis of coastal landscape risk pattern evolution caused
by human activities would be functional expressions of coastal landscape ecological vulnerability and
the degree of risk receptor responding to a risk source (such as anthropogenic impacts on landscape
exploitation). By referring to previous studies [42,45] and considering characteristics of the study area
and impacts of human activities on coastal landscapes, a landscape disturbance index, a fragility index,
and a loss degree index were selected in order to finally build an integrated index that may be used
for assessing coastal landscape ecological risk pattern evolution (Table 1). In Table 1, definitions and
expressions of landscape ecological risk assessment indices were summarized.

Table 1. Indices of landscape ecological risk assessment.

Index Definition Expression

Landscape
disturbance
index (Ei)

It represents the degree of an ecosystem disturbed by
external factors, is constructed by weighting three
landscape ecological indices, including the landscape
fragmentation index (Ci), the landscape isolation
index (Ni) and the landscape dominant index (Di)
to characterize the ecosystem affected by
external disturbance.

Ei = aCi + bNi + cDi
where, a, b and c are the weighted coefficients
(a + b + c = 1). Based on previous studies [40] and the
experts’ suggestions, coefficients with 0.5, 0.3,
and 0.2 were respectively set for a, b, and c. In addition,
for unused land, a = 0.2, b = 0.3, and c = 0.5 were
specially set because of their possessing regional
and specific landscape features [42].

Landscape
fragmentation

index (Ci)

It is defined as the degree of fragmentation of the entire
landscape or one certain type of landscape at a specific
time and in a specific nature. The greater the Ci is,
the poorer the stability within a landscape [48].

Ci =
ni
Ai

where, ni is the number for ith land (land use and land
cover) type, and Ai is the total area of the ith land type.

Landscape isolation
index (Ni)

It refers to the degree of dispersion of different patches
in a type of landscape. The greater dispersion degree
means more separate from different patches in the
landscape and thus more complicated of the landscape
distribution [41].

Ni =
A

2Ai

√
ni
A

where, A is the landscape total area; Ai is the area of ith
land type; and ni is the number of patches of ith
land type.
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Table 1. Cont.

Index Definition Expression

Landscape
dominant index (Di)

It represents the importance of certain patches in the
entire landscape, directly reflecting effects of patches on
landscape pattern formation and change.

Di =
(Pi+ fi)

4 +
Li
2

where, Pi is the patch density (Pi = the number of
patches of ith landscape type/total number of patches);
fi is the patch frequency (fi = the number of samples of
ith landscape type/total number of samples); and Li is
the patch ratio (Li = the area of samples of ith landscape
type/total area of samples).

Landscape fragility
index (Fi)

It mainly refers to the vulnerability of ecosystem
structure within different landscape types, reflecting
the resistance ability of different landscape receptors to
the disturbance of the external risk resources.
The weaker the resistance ability of a landscape risk
receptor to the external risk resources, the greater the
fragility, and thus the greater the ecological risk.

In this study, based on the characteristics of the study
area and previous studies [49,50], the vulnerability of
different landscape types was first divided into eight
levels from low to high, i.e., built-up land, woodland,
cropland, water, sea area, aquaculture land, tidal flat,
and unused land. The landscape fragility index of
various landscape types was then normalized to
obtain final Fi values of different landscape types.

Landscape loss
degree index (Ri)

It represents the loss severity of ecosystem’s natural
properties of different landscape types when suffering
disturbances from the external risk sources (including
natural and anthropogenic factors). It is derived by the
superposition of the landscape disturbance index (Ei)
and the landscape fragility index (Fi).

Ri = Ei × Fi
where, Ri is the ith landscape loss degree index; Ei is
the ith landscape disturbance index; Fi is the ith
landscape fragility index.

Landscape
ecological risk
index (ERIi)

It represents the relative degree of comprehensive
ecological losses in a sample plot so that the landscape
spatial pattern is transformed to a spatialized ecological
risk variable using sampling method. In the process,
a concept of area proportion of different landscape
components is introduced.

ERIi =
N
∑

j=1

Akj
Ak

Rj

where, ERIi is the ith subarea’s ecological risk index;
Rj is the jth landscape loss degree index; Akj is the jth
landscape’s area in the kth region; and Ak is an area of
kth region.

2.5. Spatial Analysis Method

The ecological risk index, as a spatial variable, has characteristics of structure and heterogeneity
in spatial change. Geostatistics Analyst Tools can be used to test, simulate and assess the spatial
correlation and distribution patterns of various spatial variables. Thus, in practice, the semi-variance
analysis method is frequently adopted to investigate regional ecological risk. In this study,
different models of semi-variance function were used to optimally fit the sampling point data,
and spatial analysis of the regional ecological risk was conducted by using Kriging interpolation.
The semi-variance formula is given as:

Y(h) =
1

2N(h)

N(h)

∑
i=1

[Z(xi)− Z(xi + h)]

2

(i = 1, 2, . . . , N(h)) (1)

where, Y(h) is the semi-variance function; h is the step length (i.e., interval distance); N(h) is the number
of samples within the interval distance h; Z(xi) and Z(xi + h) are the observed value of ecological
risk index at the spatial location of xi and xi + h, respectively [51]. In this study, the semi-variogram
was first created, then it was fitted with an optimal model, and finally a spatial distribution map of
ecological risk index was created by summating, sampling and ordinary Kriging interpolating, etc.
using functions of spatial analysis and Geostatistics Analyst Tools of ArcGIS 10.0 [42].

3. Results and Analyses

3.1. Evolution Characteristics of Landscape Types

The numbers of patches and areas of all landscape types in years 1990, 2000 and 2010 were
calculated by using ArcGIS10.0 and Fragstats3.4 software [42]. Referring to the formulas in Table 1,
landscape pattern indexes of all landscape types in the study area for the three years were calculated
and summarized in Table 2.
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Table 2. Landscape risk pattern indices summarized from the study area.

Year Type Ci Ni Di Ei Fi Ri

1990

woodland 0.08 0.22 0.42 0.19 0.06 0.01
Sea area 0.22 0.85 0.20 0.41 0.14 0.06

Cropland 0.09 0.24 0.46 0.21 0.08 0.02
Construction land 2.23 4.74 0.26 2.59 0.03 0.07

Tidal flat 0.35 1.18 0.23 0.57 0.20 0.11
Water 0.66 1.78 0.23 0.91 0.11 0.10

Aquaculture land 1.05 4.16 0.14 1.80 0.17 0.30
Unused land 0.64 5.01 0.06 1.66 0.22 0.37

2000

woodland 0.10 0.26 0.41 0.21 0.06 0.01
Sea area 0.34 1.26 0.17 0.58 0.14 0.08

Cropland 0.15 0.32 0.46 0.26 0.08 0.02
Construction land 1.67 2.82 0.30 1.74 0.03 0.05

Tidal flat 0.41 1.20 0.23 0.61 0.19 0.12
Water 1.23 2.58 0.25 1.44 0.11 0.16

Aquaculture land 1.12 2.90 0.21 1.47 0.17 0.25
Unused land 0.94 4.1 0.11 1.48 0.22 0.33

2010

woodland 0.10 0.27 0.39 0.21 0.06 0.01
Cropland 0.29 0.48 0.45 0.38 0.08 0.03

Construction land 1.03 1.34 0.39 0.10 0.03 0.03
Tidal flat 0.30 1.16 0.17 0.53 0.19 0.10

Water 1.34 2.81 0.25 1.56 0.11 0.17
Aquaculture land 0.72 1.64 0.23 0.90 0.17 0.15

Unused land 0.42 1.79 0.14 0.69 0.22 0.15

Note: Ci is the landscape fragmentation index; Ni is the landscape isolation index; Di is the landscape dominant
index; Ei is the landscape disturbance index; Fi is the landscape fragility index; and Ri is the landscape loss
degree index.

The results in Figure 3 show that the landscape structure and proportion of areas in coastal zones
in Zhejiang province changed significantly during the period of 1990–2010. The landscape types
of cropland, sea area, woodland, and water area decreased constantly, while the areas of built-up
land, unused land and aquaculture land showed increasing trends in the study periods. During the
20 years, the first area (type) decreasing is the sea area (by 767.61 km2) compared to all other landscape
types. This is because more and more sea area would be accelerated to transfer into various artificial
landscapes. The next landscape type decreasing is the cropland (by 632.39 km2). The cropland annually
reduced by 31.62 km2 in 1990–2010, and the area reduction rate in 2000–2010 was six times of the rate in
1990–2000, which appeared an accelerating reduction trend. The increase of built-up land area was the
greatest among all landscape types, which annually increased by 58.80 km2. In addition, from 1990 to
2010, the aquaculture land area also increased by 5.2% (annually increased by 4.24 km2), and the area
increasing rate in 2000–2010 was nearly 2.5 times of that in previous decade.
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Figure 3. Changes in landscape structure and proportion of areas in coastal zones in Zhejiang province
from 1990 to 2010.
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The numbers of patches of all landscape types increased significantly during the period of
1990–2010 (Figure 4). There were about 2108 patches in 1990. However, the number increased to
4035 patches in 2010 (increased by approximately 91% compared to that in 1990). The number of patches
of built-up land significantly increased (548 patches in 1990 and 1459 patches in 2010, increased by
1.6 times). Meanwhile, the landscape indexes of various landscape types were also significantly
altered during the observed 20 years (Table 2). The landscape fragmentation index and the isolation
index of woodland, sea area, crop land and water area increased significantly. These results indicate:
(1) The geographical distribution of the four landscape types tended to be scattered; (2) the random
decentralization continued to be intensified; and (3) the landscape dominance gradually weakened.
Thus, their landscape dominant index constantly decreased. With a rapid pace of industrialization
and urbanization, the area of built-up land continued to increase, and thus the landscape isolation
index decreased, but its landscape dominant index increased. The landscape of built-up land tended
to concentrate on a certain geographical distribution. In general, the coastal ecological risk probability
showed an increasing trend in the study area, which could be because the area of natural landscape
decreased, while the area of artificial landscapes continuously increased.
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Figure 4. Changes in numbers of patches of landscape types in coastal zones in Zhejiang province from
1990 to 2010.

3.2. Spatiotemporal Differences of Landscape Ecological Risk Patterns

The ecological risk index for the 155 landscape risk subareas (grids) in the years 1990, 2000,
and 2010 in the study area was calculated based on the landscape indexes in Table 2 and using the
formulas of ecological risk index (ERIi). By optimally fitting the theoretical models of semi-variance
analysis, the results show that the spherical model was better for years 1990 and 2010 while the
Gaussian model was better for the year 2000. On the basis of these models, the Kriging interpolation
method was then used to interpolate the ecological risk index (ERIi) for the years 1990, 2000, and 2010
using Geostatistical Analyst Tools in ArcGIS 10.0 software [42]. To conveniently analyze evaluation
characteristics of coastal ecological risk index during the two different periods in the study area,
the ecological risk index values of subareas were divided into five grades by using natural break point
and a relative index method (at an interval of 0.016). If ERIi < 0.031, then the ecological risk grade is
extremely low. If 0.031 ≤ ERIi < 0.047, then the ecological risk grade is low. If 0.047 ≤ ERIi < 0.063,
then the ecological risk grade is medium. If 0.063 ≤ ERIi < 0.079, then the ecological risk grade is high.
If ERIi ≥ 0.079, then the ecological risk grade is extremely high. Base on the detailed risk grade division
standard, the coastal ecological risk grade maps covering the study area were generated (Figure 5),
then a statistical analysis for different graded areas for the 155 ecological risk subareas in the study
area was conducted (Figure 6).
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Figure 6. Changes in the areas of different ecological risk grades from1990 to 2010.

The results indicate that the distribution areas of extremely low and low ecological risk grades
were 4991.08 km2 (50.30% of the study area) and 3565.92 km2 (35.94% of the study area) in 1990,
respectively (Figures 5 and 6). The extremely low ecological risk grade area mainly distributed in
the midwest and southern study region, which include the Xiangshan county and Ninghai county of
Ningbo city. The low ecological risk grade area mostly located in the eastern and northern coastal
zone in Jiaxing city. Woodland and cropland were the dominant landscape types in year 1990, and the
ecological risk level was relative low in these landscape regions. The medium ecological risk grade
areas mainly distributed in the southern Hangzhou Bay and the Oujiang estuary coastal zones,
which occupied 882.65 km2 (accounting for 8.90% of the total study area) in1990. The relevant
landscape types were obviously characterized by plain terrains, well-developed society and economics,
and high population densities. Urban, industrial and mining lands widely distributed in these regions,
which showed a greater degree of patch isolation and fragmentation. The areas covered with high
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and extremely high ecological risk grades were relatively small and occupied 329.00 km2 (3.32% of
total study area) and 153.77 km2 (1.55% of total study area), respectively. The ecological region
mostly distributed in the estuary of Qiantang River with a large mass of reed wetlands and tidal flats
with a higher landscape sensitivity and vulnerability distributing there and thus the region showed
a relatively higher ecological risk grade.

Compared to 1990, the spatial distributions of ecological risk grades changed significantly in
2000. The extremely low ecological risk grade area decreased by 1522.72 km2. Meanwhile, the low
ecological risk area decreased slightly from 35.94% to 33.33% of the total study area. With time going,
in general, the low ecological risk areas shrank to landward and were occupied by the previous
relatively lower ecological risk regions. These spatial distribution changes were obvious in the
central coastal zone. As the development of urbanization and industrialization, human activities
mainly focused on reclamations of mountains with gentle slope, woodlands in the piedmont region,
and grasslands, and the previous woodland landscape was replaced by the cropland and built-up
land which usually have had a higher ecological vulnerability index. The medium ecological risk
area obviously increased from 882.65 km2 in 1990 to 1961.52 km2 in 2000, with a proportion increased
by 11%. The spatial distribution of the medium ecological risk area has expanded to the southern
Hangzhou Bay. The large amount of the medium ecological risk areas in 2000 occupied the previous
relatively lower ecological risk areas in 1990, mostly close to the Linhai City and Yuhuan County.
In addition, from 1990 to 2000, the extremely high and high ecological risk grade areas increased
slightly from 3.32% to 5.99% and 1.55% to 5.95%, respectively, mostly occurring in the estuary of
Qiantang River and Wenzhou city regions. In the southern bank of the Hangzhou Bay, the tidal flat
landscape constantly silted, and large sea areas were occupied by tidal flat and aquaculture landscapes.
Consequently, the fragmentation index increased while the dominance index decreased, and thus the
corresponding ecological risk index increased. In the Oujiang estuary and Fieyun estuary coastal zones
of Wenzhou city, the cropland reclaimed in plain terrain, and the area of built-up land continuously
increased. Thus, in this region, the landscape was becoming more fragmented and isolated, which led
to the ecological risk index increasing.

Compared to 2000, the extremely low ecological risk grade areas in 2010 in the study area
decreased significantly from 34.95% to 28.47%, and the low ecological risk areas increased slightly
(only 0.8% of total study area). The extremely high and high ecological risk area proportions
continuously expanded from 5.99% in 2000 to 8.60% in 2010 and 5.95% in 2000 to 10.79% in 2010,
and the areas increased by 258.93 km2 and 480.02 km2, respectively. The spatial distributions of
ecological risk areas significantly changed in the southern Hangzhou Bay, the Sanmen Bay, and the
eastern coastal plain terrain regions from Linhai to Wenling City. All the three coastal zones were
characterized by intertidal mudflat, vast sea area and marine fishery resources. With the continuous
development of the society and marine economy, more and more muddy coasts and croplands were
converted into ponds, which were used for aquaculture industry. To 2011, the mariculture area in
Zhejiang province has already reached to 908.39 km2. In addition, the medium ecological risk grade
area in 2010 reduced slightly compared to 2000.

3.3. The Ecological Risk Grade Shifting Analysis

In the study periods, the areas of various landscape ecological risk grades frequently changed.
If using traditional area statistics, shifting areas of different ecological risks were not efficiently
identified. Thus, an ecological risk transfer matrix was employed to analyze changes of different
ecological risk areas. With a spatial overlay analysis method, the spatial distribution maps of ecological
risk grade for years 1991, 2000, and 2010 were first overlaid, and then the direction and area changes of
the ecological risk grade shifting were quantitatively analyzed for the three time periods (1990–2000,
2000–2010, and 1990–2010) (Tables 3–5).
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Table 3. Transition of ecological risk in the coastal zones in Zhejiang province from 1990 to 2000 (km2).

Year 1999
Year 2000 Extremely Low Low Medium High Extremely High Total

Extremely low 3420.34 1564.95 5.80 0 0 4991.08
Low 48.02 1742.30 1660.91 114.69 0 3565.92

Medium 0 0 294.81 480.14 107.70 882.65
High 0 0 0 0 329.00 329.00

Extremely high 0 0 0 0 153.77 153.77
Total 3468.36 3307.25 1961.52 594.82 590.47 9922.42

Table 4. Transition of ecological risk in the coastal zones in Zhejiang province from 2000 to 2010 (km2).

Year 2000
Year 2010 Extremely Low Low Medium High Extremely High Total

Extremely low 2145.25 1163.85 142.57 16.69 0 3468.36
Low 631.35 1677.18 659.36 249.82 89.54 3307.25

Medium 41.44 501.34 802.33 346.80 269.61 1961.52
High 6.67 43.85 168.37 129.26 246.67 594.82

Extremely high 0 0 14.61 111.18 464.67 590.47
Total 2824.71 3386.22 1787.25 853.75 1070.49 9922.42

The results in Table 5 show that the total area transferred from low to high ecological risk level
was 5176.41 km2 (summing all numbers in upper triangular elements in Table 5; it was 52.17% of the
study area) during the period of 1990–2010 in the study area, but the total area transferred from high
to low ecological risk level was only 2.50% in area (summation of all numbers in lower triangular
elements in Table 5). The shifting area from extremely low to low ecological risk level was 1855.91 km2

and held the biggest change in the transfer matrix (Table 5). These conversions mostly occurred in
the interlaced zones of piedmont regions and coastal plains. The woodlands of higher ecological
risk were shifted into croplands and built-up lands continuously in pace with the exploitation of
gentle slope area. In addition, the total area transferred from low to medium ecological risk grade
was 1255.42 km2, and these conversions mainly concentrated on the plain and offshore areas in the
study area. Along with the development of urbanization and industrialization, human activities and
unreasonable exploitation and utilization of land resources obviously influenced the nature during the
past 20 years in the coastal zones in Zhejiang province. Consequently, the coastal ecological risk levels
showed a rising trend generally, even though it declined in some areas.

Table 5. Transition of ecological risk in the coastal zones in Zhejiang province from 1990 to 2010 (km2).

Year 1990
Year 2010 Extremely Low Low Medium High Extremely High Total

Extremely low 2677.13 1855.91 333.72 114.44 9.88 4991.08
Low 141.18 1430.13 1255.42 472.98 266.21 3565.92

Medium 6.39 100.17 198.11 227.22 350.75 882.65
High 0 0 0 39.12 289.88 329.00

Extremely high 0 0 0 0 153.77 153.77
Total 2824.71 3386.22 1787.25 853.75 1070.49 9922.42

The results in Table 3 suggest that a total of 4263.18 km2 (43% of the study area) of lands was
converted into higher ecological risk levels during the period of 1990–2000, while the shifted areas
changed to 3184.91 km2 (32.1% of the study area, Table 4) during the second ten years. Such a lower
rate of conversion during the period 2000–2010 compared to the previous ten years might be because
people began to pay attention to the ecological environment protection while exploiting the coastal
zones. The degraded areas of ecological risk levels were 48.02 km2 during the 1990–2000, whereas
1518.82 km2 during the period of 2000–2010, respectively. In the previous ten years, the major shifted
areas from low to medium ecological risk and extremely low to low ecological risk were 1660.91 km2
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and 1564.95 km2, respectively (Table 3). These conversions mostly located in the piedmont regions and
coastal plains. However, in the second ten years (Table 4), most of the extremely low ecological risk
area shifted into low ecological risk area (1163.85 km2), and the transfer greatly occurred in Xiangshan
Bay and the piedmont plains from Ningbo to Taizhou city.

The results in Table 6 present that annual transition rates of different ecological risk grades
were different between the first ten-year period and the second ten-year period. The transition types
(directions) with ecological risk grades transferred from high or higher to low or lower included low
to extremely low ecological risk grade, medium to extremely low and low ecological risk grades,
high to extremely low and low and medium ecological risk grades, extremely high to medium and
high ecological risk grades, etc. Moreover, such transitions had an accelerated trend for the second ten
years compared to the first ten years although both periods all showed an increasing trend. Meanwhile,
the transition types with greater annual transition rates of ecological risk grades transferred from low
or lower to high or higher were associated with extremely low to low, medium and high ecological
risk grades, low to medium and high and extremely high grades, medium to high and extremely high
grades, and high to extremely high ecological risk grade, etc.

Table 6. Annual transition rates of different ecological risk grades from1990 to 2000 and from 2000 to
2010 (km2/year).

Transfer Direction 1990–2000 2000–2010 Transfer Direction 1990–2000 2000–2010

From extremely low to low 156.49 116.24 From medium to high 48.01 34.68
From extremely low to medium 0.58 14.26 From medium to extremely high 10.77 26.96

From extremely low to high 0 1.67 From high to extremely low 0 0.67
From low to extremely low 4.80 63.13 From high to low 0 4.38

From low to medium 166.09 65.94 From high to medium 0 16.84
From low to extremely high 11.47 24.98 From high to extremely high 32.90 24.67
From low to extremely high 0 8.95 From extremely high to medium 0 1.46

From medium to extremely low 0 4.14 From extremely high to high 0 11.12
From medium to low 0 50.13

4. Discussion

During the period of 1990–2010, landscape ecological risk grades generally increased. Because of
a lack of suitable overall development planning and coordinated arrangements, many aquaculture
ponds were scattered in cropland and sea landscapes. These small-scale ponds occupied many areas of
the landscapes with poorer economic efficiency, which also led to increasing ecological vulnerability,
fragmentation and isolation in this region. Thus, under the process of urbanization, the interests of both
ecosystem and economic development should be comprehensively considered, efficiently conducting
industrial and agricultural productions with organized, planned and suitable guidelines, and finally
realizing the coordinated development of economic growth and ecological environment protection.

The significant ecological risk grade shifting occurred among the different risk grades during
the two study periods. This could be due to the accelerated socio-economic development, industrial
structure adjustment, and transition of various landscape types in the region where the ecological
risk areas significantly changed during the study periods. With the rapid development of economy in
Zhejiang province, urban build-up lands continuously expanded and apparently occupied the large
amount of woodlands and croplands. Moreover, the port terminal, highway and high-speed railway
infrastructure construction have also occupied more lands. The rapid urbanization has promoted the
processes of built-up land expansion into croplands, and more and more farming workers migrated into
cities, which resulted in serious housing problems. Meanwhile, people conducted the land reclamation
at an expense of deforestation in the piedmont regions far away from coastlines, planted crops and fruit
trees to ease the conflict between the rapid cropland reduction and population increment. Consequently,
the ecological risk grades of different landscapes significantly changed during the 20 years.

Although such transition rates of ecological risk grades transferred from low to high for the
two ten-year periods show increasing trends, compared to the first ten years for some important
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transition types, the coastal ecological risk situation during the second ten years was apparently
improved (Table 6). This might be because local governments had started to consider ecological
environment protection and taken some efficient policy to make the paces of deterioration slowed
down during the second ten years. Therefore, this suggests that while people originally were urgent
to accelerate coastal landscape exploitation and development, they currently began to concern the
ecological environment protection, and to pursue a mode that economic exploitation and ecological
protection may be harmoniously conducted.

Overall, human activities have significantly impacted the landscape structure during the period
of 1990–2010. The transfers of landscape types and boundaries between them became more and
more complicated, and the conversions of ecological risk grades became more frequent than before.
This conclusion is generally consistent with the evolution characteristics of landscape structure and
risk patterns caused by the change of a large amount of land use and land cover under the speedy
urbanization and city expansion in other many developing countries [52].However, given the double
characteristic of land and ocean possessed by the coastal zones in Zhejiang province, compared to
an inner land region, the influence factors driving the evolution of landscape patterns are more diverse,
and the evolution mechanism is more complicated.

A coastal zone as a transitional zone between land and ocean is always considered an area
that has a greater protective function than that of production [53]. Thus, in the process of Zhejiang
coastal zone exploitation the governments should gradually increase the productive function of
coastal areas, pay attention to the effects of the port industry, city construction, agricultural
exploitation and the development and consolidation of land reserve resources on coastal ecological
environment, and strengthen coastal land use planning. The governments should also evaluate
coupling relationships between natural resources and ecological environment and socioeconomic
development issues, formulate appropriate planning for regional development, optimize the industrial
structure, and introduce high-tech industries to adjust the current ecological economic development
mode that over-relied on natural resources. The coastal zone is an important natural protection zone
and wetland ecological concentration area. Thus, the governments should strictly control the scale of
construction land, such as ports. The buffer zone must retain in a certain range to protect the ecological
environment [54,55] and to implement the ecological compensation system effectively. As for the
situation of small forestland scale in the study area, the governments should strengthen the construction
of coastal ecological forest. Coastal (beach) resources should be rationally exploited by controlling
their own breeding pollution, improving the water quality of aquaculture area, strengthening the
monitoring of the marine environment quality of key aquaculture areas and strictly controlling the
destruction of coastal shelterbelt behavior that is for the development of aquaculture. Through these
measures above, we can ensure the ecological construction and economic development together in the
study area to finally achieve a sustainable development of the ecological fragile areas.

The methods, developed in this study, used for assessing landscape ecological risk may be applied
to other coastal zones after considering several issues discussed as follows. First of all, landscape
ecological risk assessment based on spatial pattern is more concerned with the influence of the number,
function and combination of landscape elements on ecological risk. It brings the landscape ecology
into a study as the core of evaluation rather than an auxiliary, so that it is suitable for all types of risk
integrative assessment, but not for those that emphasize a specific process. The source-sink landscape
model that seeks a quantitative expression of the coupling of landscape pattern and ecological process
is an integrated way to integrate patterns and process. According to the specific risk of stress and
the role of the object, clearing source-sink landscape types and risk process can effectively avoid
drawbacks of the landscape ecological risk assessment method that only relies on landscape pattern
index. Therefore, the risk assessment based on the source-sink landscape model is an important trend
of landscape ecological risk assessment model in the future.

As for the evaluation unit, the risk cell (grid) is used as the evaluation unit, and the results are
interpolated as the continuous risk spatial distribution value in a study area. However, using the
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risk cell as the evaluation unit is not fully considered as the spatial heterogeneity. To some extent,
it separates the original surface physical geography links, which may interfere with the overall grasp
of a landscape pattern and comprehensive analysis. Therefore, a study of landscape risk assessment
should begin to pay more attention to expression of the geographical significance of the evaluation
unit, which needs further study.

As for the method of weight assignment, the method does not have a universality of the pros
and cons itself, just needs to determine an appropriate weighting method based on substantial risk
assessment objectives. The weight determination in this study was mostly based on the expert
experience and judgment. Although this evaluation method is not objective enough, but generally it
can basically work and reflect the difference of importance between different evaluation indices, and its
applicability and practicality are stronger compared to the objective weighting method. However,
the weight assignment process is still a difficult point in the landscape ecological risk assessment.
This is because using an inappropriate method may directly affect the distribution characteristics of
the evaluation results and significantly increase the uncertainty of the evaluation results.

Finally, a landscape ecological risk assessment is a process of judgment based on experience,
in which there are inevitably incomplete data or random interfences and other uncertainties.
Because this study was not able to establish a direct relationship between the landscape structure and
the type of ecological problems in specific areas, the ecological risk index constructed in this study
was just considered as a comprehensive probability measure of the possibility of ecological problems
occurring without considering other factors, such as the social, economic and ecological environment.
Thus, the results have a certain degree of uncertainty. A landscape ecological risk assessment at
this stage seldom brings uncertainty evaluation into risk assessment, which makes the reliability of
assessment results more difficult to grasp. Therefore, in the future study of landscape ecological risk
assessment, an analyst must pay more attention to the evaluation of the uncertainty of the assessment
results in order to ensure the validity and reliability of the landscape ecological risk assessment results.

5. Conclusions

In this study, with the multitemporal Landsat TM data acquired in the years 1990, 2000 and 2010,
the evolution characteristics of landscape ecological risk patterns of the coastal zones in Zhejiang
province, China were mapped and analyzed. The main conclusions were derived from this study
as follows:

During the study periods, the landscape structures were significantly altered. The landscape
areas of cropland, sea area, woodland and water surface decreased, while the areas of built-up land,
unused land and aquaculture land constantly increased. The landscape fragmentation index and the
isolation index of woodland, sea area, cropland and water significantly increased. The ecological
dominant index decreased and the landscape dominance gradually weakened.

During the past 20 years, temporal evolutions of ecological risk grades occurred significantly.
The spatial distributions of extremely low and low ecological risk grades occupied majority of the
coastal zones in Zhejiang province, and they were 50.30% and 35.94% of the study area in 1990,
respectively. By 2000, the extremely low and low ecological risk areas decreased differentially, while the
medium ecological risk area significantly increased. Until 2010, the extremely low ecological risk area
further reduced, while the extremely high and high ecological risk areas increased apparently.

Moreover, the spatial distributions of ecological risk patterns also changed significantly during
the period of 1990–2010. The extremely low and low ecological risk grade areas showed distinctly
decreasing and landward shifting trends in the period. The extremely high and high ecological risk
areas expanded in the coastal region continuously, occupied areas where relatively lower ecological risk
grades originally located. By 2010, the extremely high and high ecological risk areas were concentrated
in the muddy coasts, and during the 20 years, their areas increased by 524.75 km2 and 916.72 km2,
respectively. Therefore, all those demonstrate that people had been intensifying their impacts on
coastal resources, especially coastline resources.
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There were only about 12 coastal zone ecological risk conversions occurring from 1990 to 2000,
but 22 conversions occurred from 2000 to 2010. During the past 20 years, the total area transferred
from a relatively lower ecological risk grade to a relatively high grade was 5176.41 km2 (52.17% of the
study area), but the transferred from a relatively higher to low level was only247.75 km2 (only 2.50% of
the study area). Such unequal transfers among different ecological risk grades were the major cause
that produced substantial inner changes in ecological risk structural characteristics.

The rate of ecological risk rising during the second ten years was apparently lower than the first
ten years. This indicates that people who originally hoped accelerate coastal landscape exploitation
and development currently began to concern ecological environment protection and to pursue a mode
that economic exploitation and ecological protection may be harmoniously conducted.
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