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Abstract: During 1995–2010, a comparison of the comprehensive effects of four different types of
urban roads on landscape diversity in Shanghai was performed. Remote sensing images from
1995, 2000, 2005, and 2010 and the transfer matrix mathematical model were used to conduct the
research, which focused on studying the rule of land use change in the study area over the past
15 years. Seven different landscape indices (SHDI, SHEI, ED, NP, TE, AWMSI, and MSI) were also
selected to analyze the landscape pattern of Shanghai in three different periods and to explore the
regularity of its dynamic changes and influential factors. Buffer analysis and statistical analyses
were applied to represent the relationship between the distance from different roads quantitatively
(e.g., railway, highway, national highway, and provincial highway) and a series of landscape pattern
metrics (e.g., SHDI, PD, ED, and IJI) thus exploring the influence of transportation routes on the
surrounding ecological environment. The results showed that (1) each type of landscape in the
study area changed considerably during the research periods, a great amount of cultivated land was
transformed into construction land, and the water area largely decreased. (2) The transportation
routes exerted different impacts on the road landscape during different periods, and the effects
were more obvious at the early stage of road construction. (3) The national way and the highway
influenced the patch density (PD) index and edge density (ED) index more clearly, while the national
way and the railway had greater effects on the landscape diversity indices. This study presents
an approach that can be applied to quantitatively describe the impacts of transportation routes on
landscape patterns and has the potential to facilitate route network planning.

Keywords: transportation networks; landscape; land use change

1. Introduction

At present, with the development of China’s economy and society, the connection
between various regions has increased, and people travel more frequently. The country also
began to build its road transportation network vigorously. The development of roads has
promoted the rapid development of the national economy, combining social production
and consumption, and has become one of the important industries in the current economic
structure of the country [1]. In turn, the high rate of road construction undermines the ability
of ecosystems to provide services and causes a variety of ecological problems [2], such as
wildlife habitat fragmentation [3], land and river pollution [4], reduced species diversity,
decreased vegetation productivity [5], water cycle disruption, and local climate changes [6].
It also increases human health risks. Therefore, sufficient scientific references need to be
presented to address the issues of ecological degradation and traffic road construction.

Recently, new research on road construction development in China has focused on
environmental evaluation research of road landscapes. The emergence and development
of landscape ecology theory have brought some new research theories and methods for
the environmental evaluation of road landscapes [7]. In the initial research stage, road
ecology mainly focused on exploring the impact of roads on biodiversity and then gradually
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developed to study the impact of roads on landscape patterns and land space changes
along the route. The theoretical system of road ecology has been gradually improved
and better understood. The conservation of ecological diversity is an important aspect of
ecosystem resilience and an important objective of ecological planning and management
by relevant authorities [8]. Global ecological diversity exists at multiple scales, ranging
from different genes to ecosystem and landscape-scale levels for different species [9].
Landscape diversity is always positively correlated with species diversity indicators [10]
and is therefore considered a measure of ecosystem resilience [11]. Previous studies have
also analyzed the effects of urbanization on ecosystems [12].

For some areas with a relatively fragile ecological environment, try to avoid them
when selecting road routes, while in areas that are difficult to bypass, some measures
are used for the compensatory restoration of the ecological environment. Davide et al.
chose a new highway passing through a canyon in northern Italy as the research object
and adopted four different route selection methods to analyze the ecological landscape
along the route [13]. The results show that because the population of the area passed by
the road line is relatively concentrated, some small natural ecosystems play an important
role in the protection of local species diversity. To explore the law of the impact of roads
on the local ecosystem, several different ecosystems were selected for analysis. However,
due to the scarcity and scattered distribution of natural ecosystems in the alpine valleys,
the difficulty of road route selection is greatly increased. Davide analyzed the changes
in regional landscape diversity and the reduction of landscape area caused by road con-
struction and used Landsat images to classify land use types; by selecting three group
landscape patterns indexes, can quantitatively evaluate the impact intensity of roads on
road landscape changes, and determine the optimal construction plan according to the
evaluation results [14]. Trombulak pointed out that road construction will have a seri-
ous negative impact on fragile ecosystems such as wetlands, and the newly built roads
will change the hydrological characteristics of the local surface, which may lead to the
destruction of wetlands [15]. Arif et al. chose the road traffic network in the suburbs of
Burdwan, India, as the research object, aiming to analyze the impact of road traffic network
changes on the economic, ecological, and social development of the suburban areas [16].
The research results show that the road traffic network is the most important driving force
in the development process of the suburban area. By intervening in the development of
the road traffic network, the interaction of the economy, ecology, and society in different
areas of the suburban area can be further simplified so that the development of the sub-
urban area will be orderly. At the same time, Arif et al. also mentioned that developing
countries are currently facing unprecedented urbanization development, the impact of
such rapid urbanization development will have huge consequences, and the urbanization
development process should be further evaluated through specific indicators to provide
the necessary planning for the sustainable development of urbanization [17]. Therefore,
the construction of roads will have an impact on the landscape pattern of the surrounding
land cover, which will lead to the destruction of the ecological environment, which is not
conducive to sustainable development.

Based on previous research and analysis, this study will explore the impact of road
landscape patterns indexes on the ecological environment, with the purpose of providing a
basis for protecting the ecological environment for future urban and road planning and
serving the sustainable development of the city. More specifically, our research goals are:
(1) Analysis of road landscape patterns indexes in Shanghai; (2) Analysis of the influence of
the Shanghai road network on landscape patterns; (3) Provide constructive suggestions for
the sustainable development of Shanghai.

2. Study Area and Data Description
2.1. Study Area

As the selected study area, Shanghai is one of the most important cities in the
Yangtze River Delta. It is located between longitudes 120◦50′~122◦55′E and latitudes
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30◦40′~31◦55′N and is near the eastern coastal area of China (Figure 1). The subtropical
monsoon climate in the region brings fertile soil and sufficient rainfall, which makes it a
vital ecological protection zone. By 2010, Shanghai had a population of 23,002,000, and its
gross domestic product (GDP) accounted for 4.3% of that of the country (Shanghai Bureau
of Statistics 2010).
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Figure 1. Location of Shanghai.

With the sustained growth of the local economy, the level of urbanization has contin-
uously increased, and residents’ income has steadily improved. Shanghai has gradually
developed into an international shipping center, trade center, and information center. In
the past 30 years, a large transportation network has been established in the eastern coastal
areas of China to meet the increasing demands for logistics and tourism. Moreover, by
2010, the highway mileage in Shanghai had expanded to more than 775 km, and the rail-
way mileage was approximately 697 km (Shanghai Bureau of Statistics 2010). Therefore,
Shanghai could be used as a typical example to analyze the impacts of land use change and
traffic on landscape patterns.

2.2. Data Description

In this study, Landsat Thematic Mapper (TM) images with a spatial resolution of
30 × 30 m from four periods (1995, 2000, 2005 and 2010) in Shanghai were used to extract
land cover (LC) maps of the study area as Figure 2, and most were downloaded from the
USGS website (http://glovis.usgs.gov/ (accessed on 8 April 2022)). To further reduce the
influence of data factors on the research results of this paper, this paper screened the data
to ensure that the selected data dates are close and the cloudiness and other characteristics
are consistent. The data descriptions are as follows in Tables 1 and 2.

http://glovis.usgs.gov/
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Table 1. Introduction of Landsat Thematic Mapper (TM).

Band Wavelength Range (um) Resolution (m)

1 0.45~0.52 30
2 0.52~0.60 30
3 0.63~0.69 30
4 0.76~0.90 30
5 1.55~1.75 30
7 2.08~2.35 30
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Table 2. Introduction of data information.

Year Date Cloudiness

1995 07-04 1.26%
2000 07-06 2.33%
2005 07-08 3.42%
2010 07-03 2.27%

We comprehensively utilized the automatic and manual interpretation of the remote
sensing images and then obtained the vector graphs of land use/land cover (LULC),
which contained five objects: grassland, forestland, construction land, water bodies, and
cultivated land. Before interpretation, all images were processed by geometric correction
and radiometric correction to ensure the accuracy of classification. For each classified figure,
we selected 2000 random points and validated the corresponding features found in Google
Earth and other high-resolution images. Through this method, the kappa coefficient was
calculated as 0.84 for 1995, 0.87 for 2000, 0.87 for 2005, and 0.89 for 2010, and these values
met the minimum standard of 0.7 for the classification of LU [18]. In addition, the traffic
roads were intercepted from the digital traffic data (1:100,000 scale) of Shanghai in 2010.
The digital traffic data is from OpenStreetMap, and the digital traffic data in this period
corresponds to the Landsat data. They consisted of four types: railway, highway, national
way, and provincial road, as shown in Figure 3.

Remote Sens. 2022, 14, x FOR PEER REVIEW 6 of 17 
 

 

 

Figure 3. Spatial distribution of transportation routes in Shanghai. 

3. Methodology 

3.1. Landscape Metric Analysis 

Most landscape metrics can be used to express the landscape composition and spatial 

configuration [19]. In a general sense, they are measurable units of landscape composition, 

which can intuitively reflect the dynamic changes in landscape types and patterns [20]. In 

our research, we have chosen seven metrics as shown in Table 3: the number of patches 

(NP), total area (TA), edge density (ED), area weighed mean shape index (AWMSI), mean 

Figure 3. Spatial distribution of transportation routes in Shanghai.



Remote Sens. 2022, 14, 4060 6 of 13

3. Methodology
3.1. Landscape Metric Analysis

Most landscape metrics can be used to express the landscape composition and spatial
configuration [19]. In a general sense, they are measurable units of landscape composition,
which can intuitively reflect the dynamic changes in landscape types and patterns [20]. In
our research, we have chosen seven metrics as shown in Table 3: the number of patches (NP),
total area (TA), edge density (ED), area weighed mean shape index (AWMSI), mean shape
index (MSI), total edge (TE), Shannon diversity index (SHDI) and Shannon evenness index
(SHEI). Among these metrics, the NP describes the heterogeneity of the entire landscape
as a density indicator, the ED and TE represent the dynamic characteristics of landscape
elements as an edge index, and the MSI and AWMSI measure the complexity of landscape
spatial patterns as a shape index. Moreover, as the most commonly used diversity indices,
the SHDI and SHEI refer to the richness and evenness of a landscape pattern.

Table 3. Introduction of landscape metrics.

Classification Metric Formula Unit Ecological Significance

Density indicator NP NP = ∑ ai n Describe the heterogeneity
of the landscape

Edge indicator ED ED =
∑m

i=1 ∑m
j=1 Pij

A
m/ha

Describe the dynamic
features of

landscape elements
TE TE =

m
∑

i=1

m
∑

j=1
Pij m

Shape indicator MSI MSI = π × P2× A / Measure the complexity of
landscape spatial pattern

AWMSI AWMSI =
n
∑

j=1

[(
0.25pij√aij

)
×

(
aij

∑n
j=1 aij

)]
/

Diversity indicator SHDI SHDI = −
m
∑

i=1
[Pi ln(Pi)] / Describe the richness and

evenness of the landscape

SHEI SHEI = −∑m
i=1[pi ln pi ]

ln m /

Furthermore, landscape metrics are beneficial for evaluating the impacts that trans-
portation routes exert on landscapes. Therefore, we selected four additional metrics Patch
density (PD) indicates the number of patches within a unit area. A high PD value indi-
cates severe landscape fragmentation caused by the separation of cultivated land, water,
construction land, and grassland patches after the roads were built. ED is defined as the
edge length between patches of heterogeneous landscape elements in a unit area, and the
value represents the complexity and succession of features around a road district. The
SHDI is a Shannon index widely used in ecology. It is usually used to describe the richness
and uniformity of landscape types. Because the index can reflect the heterogeneity of the
landscape and is particularly sensitive to the uneven distribution of various patch types
in the landscape, it is often used to evaluate the diversity and heterogeneity of different
landscapes or the same landscape in different periods. In this study, the increase in SHDI
is mainly due to the frequent conversion of unused land to other patch types or simply
due to the further separation of land, arable land, water, construction land, and grassland
patches in a certain area due to road expansion, which further leads to the increase in
patch types in this area or the balanced distribution of patch types in the overall landscape
pattern. The decline may reflect that the study area is usually dominated by a single
category. In addition, the intersection juxtaposition index (IJI) was chosen to describe the
contagion and interspersion between patches. The greater the IJI is, the higher the degree
of proximity between the landscapes, signifying that the features were planned artificially
under urbanization.

These metrics were all calculated by Fragstats (The software is developed by the
Department of Forest Science of Oregon State University in America and the version is 4.2)
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and their associated ecological sense studies [21]. Finally, for further analysis, we calculated
the change rate of landscape metrics using the following Equation [22]:

C =
R2 − R1

R1
∗ 100% (1)

where C reflects the change rate of landscape metrics; R1 refers to the value of landscape
metrics in the former year; and R2 refers to the value of landscape metrics in the latter year.

3.2. Buffer Analysis

Buffer analysis is a classical method used to identify the geographic features within a
specific site [23]. In addition, we applied it here to analyze the relationship between the
distance to roads and changes in landscape metrics [24]. First, we generated a buffer zone
around the road using ArcGIS (The software is developed by the Environment System
Research Institute in America and the version is 10.1) and then selected features according
to whether they were located inside or outside the buffer boundaries. After that, our
landscape metrics at different distances from the routes were calculated, as described in
Section 3.1. However, due to the spatial diversities in policy, ecosystem, population density,
and others, there is no standard available to determine the explicit extent and quantity of
buffer zones [25]. Taking into account the actual topological characteristics and referring
to our experimental results, 10 concentric circles with a diameter from 200 m to 2000 m
were ultimately established for each road type [26]. In addition, to obtain more reasonable
analysis results, the widths of roads and some of the roads under construction during the
study period were not considered. By evaluating the buffer size and landscape pattern
quantitatively, the influence degree and scope of human activity or disturbance on the
surrounding landscape patterns can be discussed more precisely [27].

4. Results and Discussion
4.1. Landscape Metric Analysis in Shanghai

The landscape metric analysis of Shanghai provided evidence of landscape pattern
change over the last 15 years. As exhibited in Table 2, the values of the SHDI and SHEI
were 0.86 and 0.53 in 1995, 0.87 and 0.54 in 2000, 0.91 and 0.56 in 2005, and 0.95 and 0.59
in 2010, respectively, and the most significant changes on in landscape diversity occurred
between 2005 and 2010. The continuous increases in the two diversity indices during the
whole study period suggested that the richness and evenness of the landscape experienced
rapid growth, and the distribution of patch types tended to be balanced in the study area.

In addition to the diversity changes, there were varying fluctuations in the dynamic
characteristics of the edge index, as shown in displayed in Table 4. High heterogeneity and
notable fragmentation were observed, evidenced by the TE and ED values, which obviously
increased in the first two periods from 22,575,064.44 to 24,246,007.88 and from 34.00 to
36.52, respectively, and declined slightly decline afterward. The density index, similar to
but not completely consistent with the changing trends of the edge index, experienced a
sharp increase from 3991 to 4219 in 1995–2000, while after this period, it encountered a
continual decline from 4219 to 3622.

Table 4. Landscape metric changes within Shanghai between 1995 and 2010.

Year Landscape Metric

SHDI SHEI TE MSI NP ED AWMSI

1995 0.86 0.53 22,575,064.44 34.49 3991 34.00 46.41
2000 0.87 0.54 23,299,242.07 35.14 4219 35.10 48.10
2005 0.91 0.56 24,246,007.88 35.75 3885 36.52 50.59
2010 0.95 0.59 24,160,236.49 35.15 3622 36.39 50.60
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The increase in the three indices of TE, ED, and NP showed that the landscape in the
study area had experienced more fragmentation than integration over time. Combined
with the analysis of the land use change maps in 1995, 2000, 2005, and 2010 in Shanghai, a
large amount of cultivated land and water area were replaced by construction land, and
small quantities of grassland and forestland were exploited and became cultivated land.
Accordingly, the newly developed land accessible by human activities formed not only
numerous scattered patches but also more irregular borders, making it more difficult for
animals and plants to inhabit the habitat and thus affecting the diversity of species and the
ability of ecosystem regulation. However, with the further development of urbanization in
Shanghai, the emerging buildings caused the broken forest, cultivated land, grassland, and
water to transition into construction land, resulting in a certain reduction in the edge and
density indices in the later stage. In addition, the shape index is critical in landscape pattern
research. From the comparison of the MSI and AWMSI in each interval, it was found that
both indices reached the highest degree, 35.75 and 50.59, respectively, in 2005. However,
after this year, the AWMSI remained stable, while the MSI began to descend slightly from
35.75 to 35.15. Overall, the shape index roughly presented an upward trend, meaning
that the complexity of the landscape gradually increased, which was closely related to the
process of urbanization in Shanghai. From these results, it can thus be inferred that the
ecosystem was affected by human disturbances, which caused its function and structure to
become more complex and disordered.

4.2. Impacts of Transportation Networks

As displayed in Figures 4–7. above, in the early stage of the research period, subtle
variations and obscure changing rules occurred in the landscape metrics along the regional
roads. At that time, roads were relatively rare in China, and therefore external factors
such as human activities had little impact on landscape patterns. However, with the
development of road construction, the driving forces along the area greatly increased, and
the landscape pattern at different distances in the buffer zones gradually showed obvious
successional laws.
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Figure 4 shows that the changing trend in each period remained roughly consistent
during the quick construction process of the highway, while the change rate presented
some differences. Among these figures, it is obvious that the change ratio of the SHDI
remained positive and drastically increased from 2000–2005, which implied that the land-
scape diversity increased distinctly at the buffer zone scale. Nevertheless, this result is
contrary to previous studies, which believed that the roads would not only hinder the
ecological processes but also lead to a decline in landscape diversity [28]. The promotion of
diversity is related to the change in LU types in the buffer zones and the aggravation of
fragmentation in the initial stage of urbanization. Usually, people are inclined to settle near
roads for convenience [22], and their movement inside the buffer zone occurs frequently.
Dramatic shifts in various features were also common at certain times, so many cultivated
lands or wastelands were converted to profitable cash crops, fishing ponds, industrial land,
and other uses. Moreover, the Shannon diversity indices were sensitive to the existence
of rare LU types. Accordingly, diversity exhibited an uptrend. In addition, our results
indicated that the landscape diversity indices changed notably within the 800 m buffer
zone, buffer zone, while beyond it, the trends of the indices tended to be stable. It can be
inferred that within a certain range, there was greater diversity variation closer to roads.

In every period shown in Figure 4, the PD displayed an extreme difference. During
1995–2000, the PD value increased gradually, while after 2000, it was only within the
400 m buffer zone and then declined quickly beyond this threshold. Such results displayed
apparent discrepancies in distance and time series. For the first period, government capital
and social capital were successively input to speed up the process of highway construction,
thereby leading to the landscape around the rapidly developing routes being divided into
several partitions. Since then, reasonable urban planning has attracted more attention, and
thus, the scattered landscape along the line has been continuously merged. Moreover, the
change tendency of the PD in Figures 5–7 was similar to that in Figure 4. All these results
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revealed that the impacts of roads in diverse stages were in close closely associated with
national policies.

Synthetically analyzing Figures 4–7, we found that, compared with the provincial
roads and railways, the change rate of highways and national roads on the PD value was
more extreme. The national roads and railways showed greater influences on the SHDI than
the other two routes. In addition, considering the threshold, the impacts were strongest at
distances of 600 m for highways, 800 m for provincial roads, and1000 m for national roads
and railways. This result indicated that the spatial range needed to quantify the impact of
roads was wider for railways and national roads than for highways and provincial roads.
In summary, distance, time, and route types constituted the factors influencing the changes
in landscape patterns.

4.3. Analysis of the Impact of Transportation Networks on Landscape

At present, a dense road network has been built in the urban area of Shanghai. When
building a road network in suburban areas in the future, it is necessary to consider the
connectivity of surrounding cultivated land, forest land, wetlands, and grasslands. Because
the fragmentation of cultivated land will make it impossible to mechanize the management
of the cultivated land, which will reduce the planting efficiency, and the fragmentation
of forest land, wetlands, and grassland will lead to the reduction of biodiversity, which
is not conducive to ecological environment protection. This is basically consistent with
previous studies. Mo et al. found that the expansion of the urban road network will directly
lead to the decrease in the landscape dominance of cultivated land, forest land, wetland,
and grassland around the road and the increase in the degree of landscape fragmentation,
which further leads to the decrease in landscape ecological diversity. The connection is even
more alienated and even increases the ecological risk in the urban center [29]. In addition,
the expansion of urban road networks also has significant impacts on abiotic ecosystems
such as air, water, and temperature [30]. Therefore, rational planning of road construction
is a necessary means to protect the ecological environment.

5. Conclusions

According to the data, national roads and highways had a greater impact on the
landscape patch density (PD) index values, while national roads and railways had a more
pronounced impact on landscape diversity. In general, national roads have a wider spatial
extent than that of highways and provincial roads, and this affects their impact on landscape
diversity. In the future, in the process of road network construction, we will make the land
use density, structure, housing, and vegetation along the urban traffic trunk lines more
reasonable and further strive to build an ecological traffic network system.

To promote the healthy development of the city, we have the following three suggestions:

(1) Government policymakers should implement the “green transportation” plan pro-
moted by the state and continuously promote the “integration” of the urban trans-
portation system and urban land use development.

(2) Road designers should consider that the road network has a great impact on the local
ecological environment. Reasonable selection of roads and proper planning of road
engineering paths can reduce the impact of roads on landscape fragmentation and
landscape diversity.

(3) Road construction enterprises should implement the “green transportation” plan
implemented by the state, conduct a detailed analysis and evaluation of the ecolog-
ical environment around the road construction, and minimize the damage of road
construction to the local ecosystem.

The changes in the two periods from 1995 to 2000 and 2005 to 2010 were more obvious
than those from 2000 to 2005, mainly due to the more drastic landscape changes at the
beginning of the road construction. With the development over time, artificial planning
has had a certain influence on landscape change. This suggests that in a rapidly urbanizing
area such as Shanghai, the impact of road construction on the changing landscape pattern
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in the surrounding area is continuous and temporally variable. Within the road buffer zone,
landscape diversity can be used to represent fragmentation, connectivity, and dispersion.

The construction of roads in large urban areas has a nonnegligible impact on their
surrounding ecology. The feedback cycle of ecosystems regulates the construction of
landscape structures and the uptake, release, and storage of materials. Therefore, high
landscape diversity is promoted in most cases to sustain multiple species. However,
the positive correlation between diversity and traffic roads does not imply that road
construction benefits species management. From this perspective, future researchers can
explore the reasons for the positive correlation between biodiversity and traffic roads.

Although this study shows that the changes in Shanghai’s traffic network have a
profound impact on the urban landscape pattern, and reasonable planning of the con-
struction of the urban traffic network can improve the urban landscape pattern, there are
also some limitations. First, due to the influence of data, this paper only analyzes the
changes in the Shanghai traffic network landscape pattern from 1995 to 2010 and does not
conduct a more in-depth study on the data in recent years. In addition, only the Shanghai
traffic network data in 2010 is used as the absolute reference for the other three periods,
which will also interfere with the experimental results of this paper to a certain extent.
In the future, we will make a fuller analysis based on the data in recent years. Second,
this paper does not consider the ecological significance of the landscape pattern index
further. In the research process, only the landscape pattern index of the traffic network
was considered, without considering the impact of other specific factors in the research
field, and no more in-depth research was conducted based on the graph theory results of
network accessibility and connectivity. In the future, more novel methods will be used
to analyze more comprehensively the factors that affect the change in urban landscape
patterns, such as the distribution of settlements and buildings. Third, this paper focuses on
China’s urban expansion, transportation network, land use change, and its consequences,
without more discussion on other developing countries. In the future, we will give more
consideration to the impact of urbanization development in other developing countries on
the landscape pattern to find common laws in the process of urbanization development in
developing countries.
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