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ABSTRACT Rapid urbanization, marked by massive land-use and land-cover change (LUCC) and explosive
population growth, has a significant impact on human activities. To provide a comprehensive understanding
of the characteristics of LUCC in the Zhoushan Archipelago, dynamic monitoring and analysis of LUCCwas
performed using seven Landsat images from 1984 to 2016. The observations and results obtained in this study
include the following: the forest of Zhoushan Island was well protected and had a slight increase in the area,
yet the spatial distribution remained nearly unchanged; the construction land gradually expanded to all of the
coastal plains and southern islands with a trend ‘‘first southward, then eastward and finally northward,’’ and
the area increased by 571.88%; the coastal cropland/grassland surrounding Zhoushan Island was observed
to have been gradually occupied by construction land as noted by a 27.94% decrease in area and the spatial
distribution becoming discrete; the mudflat decreased by 93.39% andwasmainly converted into construction
land; the total land area observed in this study increased by 8.87%, which was achieved primarily by sea
reclamation and conversion to construction land and inland water body. These results provide a better
understanding of the spatial and temporal evolvement features of LUCC in Zhoushan, China, and the
LUCC characteristics that can be expected to significantly support urban management and sustainable
development.

INDEX TERMS Zhoushan island, land-use and land-cover, spatial-temporal pattern, supervised classifica-
tion, accuracy assessment.

I. INTRODUCTION
The land is the material foundation of city development,
the demands of which are always exceeding the supply, so the
sustainable use of land resources will be significantly helpful
for the sustainable development of the regional economy [1].
Collection and updating of the land-use information are the
basic tasks of land management, which also form the basis
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and foundation of scientific decision-making and planning of
land resource use [2], [3]. Traditionally, land-use monitoring
has been conducted by field survey and manual measure-
ment; while this approach is highly accurate, it requires a
lot of time and labor [4], [5]. Comparatively, remote sensing
dynamic monitoring has clear advantages in timeliness, econ-
omy, and accuracy, and it has been widely used in resource
management and land planning [4], [5]. Through the image
superposition analysis method and the multidate classifica-
tion method, remote sensing can be used to quickly obtain
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FIGURE 1. Flowchart of dynamic monitoring and analysis of land-use and land-cover using
multitemporal remote sensing data.

land-use and land-cover (LUCC) information and update the
land-use map; in fact, these methods have been widely used
in land monitoring since the 1970s [6], [7].

Dynamic monitoring and analysis of LUCC based on
remote sensing technology refer to the classification of mul-
tidate remote sensing images to obtain the land-use type and
change information in a certain period for a study area [8].
With long time-series satellite images, remote sensing tech-
nology has been widely used in land-use monitoring by var-
ious regions in China and abroad [9], [10]. Internationally,
the land-use changes of Dakaria in Egypt, a northern region
in Rwanda, Nagadeh in Iran, metropolitan areas of Atlanta,
Georgia, in the United States, and Hue City in Vietnam have
been studied using remote sensing images obtained by satel-
lites, such as Landsat (an Earth observation satellite commis-
sioned by the U.S.) and SPOT (Satellite Pour l’Observation
de la Terre, an Earth observation satellite initiated by
France), [11]–[15]. In China, the dynamic changes of land-
use in Beijing, Shanghai, Guangzhou, Jiaozuo, Wuyishan,
and Jining have been monitored, and the land-use evolvement
procedures of theDongjiangRiver Basin, Pearl River Estuary,
and Yellow River Delta have been analyzed [16]–[18].

The city of Zhoushan, China was established in 1987 and
is the first prefecture-level city of the Zhoushan Archipelago;
in 2011, the ‘‘Zhoushan Archipelago New District’’ was set
up, which also became the first national strategic new district
with the theme of the ocean economy [19], [20]. Zhoushan
is mainly composed of islands surrounded by water, and its
land area is small and scattered; in essence, land resources
are few and insufficient here [7]. The establishment of a new
district pushed Zhoushan’s economy to grow rapidly, and the
permanent population continuously increased. As a result,
a noticeable conflict between supply and demand for land
resources occurred. The island ecosystem has its own unique
vulnerability, which is difficult to recover once it has been
disturbed or destroyed [7]. However, there is little long time-
series information about dynamic change in land-use for the
Zhoushan Archipelago. Therefore, to provide the required
information of LUCC, seven Landsat images of the Zhoushan
Archipelago from 1984 to 2016 are classified in this study,

and the spatial-temporal pattern of land-use in this period are
analyzed for quantity change, space change, and change fea-
tures. The study provides the spatial-temporal pattern of the
evolving features of land-use in the Zhoushan Archipelago,
and timely and accurate monitoring of island LUCC is of
great significance for regional sustainable development.

II. METHODOLOGY
The dynamic monitoring and analysis of LUCC using mul-
titemporal remote sensing images mainly include image
pre-processing, image classification, and pattern evolution
analysis. The flowchart is shown in Fig. 1.

A. REMOTE SENSING IMAGE PRE-PROCESSING
Remote sensing image pre-processing includes three parts:
radiometric calibration, atmospheric correction, and image
cropping. First, the digital quantizing value is converted
into physical radiance value by calibration parameters. Then,
the FLAASH, which stands for the ‘‘fast line-of-sight atmo-
spheric analysis of spectral hypercubes’’ model is used for
atmospheric correction to eliminate the radiance error caused
by atmospheric absorption and scattering. Finally, the images
are cropped according to the required research area to obtain
the required images. As the research area is surrounded by
sea and might expand from time to time, the cropped area
will be slightly larger than the actual margin, including part of
the sea outside of the border, which will be removed in post-
processing to acquire the boundary change of the research
area.

B. CLASSIFICATION
According to the characteristics of the study area, training
samples are selected by the random sampling method, and
supervised classification is carried out by the maximum like-
lihood method. The overall accuracy and Kappa coefficient
are used to evaluate the accuracy of the classification results
to determine the reliability of classification.

C. PATTERN EVOLUTION ANALYSIS
Based on multitemporal of land-use information obtained
by remote sensing image classification, evolution analysis
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FIGURE 2. The study area.

of spatial-temporal pattern is performed from three perspec-
tives: quantity change, spatial change, and land transition.

III. STUDY AREA AND DATA
A. STUDY AREA
The Zhoushan Archipelago consists of 1390 islands and is
located on the east coast of the East China Sea, west of
Hangzhou Bay, north of Shanghai, south of Ningbo, and east
of the Pacific Ocean (Fig. 2). It is a maritime gateway and
channel open to the Yangtze River Basin and the Yangtze
River Delta, so it has substantial geographical advantages [7].
In terms of geographic spatial distribution, the archipelago
belongs to the low mountain and hilly type of landform,
with a large area, high altitude, and dense distribution in the
south and a small area, flat terrain, and sparse distribution
in the north. In terms of climate, the Zhoushan Archipelago
has a monsoon marine climate in the southern margin of the
northern subtropical zonewith an average annual temperature
of 16 ◦C [20]. The Zhoushan Archipelago is located at the
intersection of the Yangtze, Qiantang, and Yong rivers, which
bring to the archipelago a large amount of nutrients, which are
conducive to the habitat and reproduction of various marine
organisms.

The study area covers Zhoushan Island and its adjacent
well-developed islands such as Changzhi Island, Aoshan
Island, Xiaogan Island, Lujiazhi Island, and Diaoshan Island
(inner, middle, and outer of Diaoshan Island). Zhoushan
Island is the first large island in the Zhoushan Archipelago;
it is the administration and economic center of the city of the
Zhoushan Archipelago.

B. DATA
Landsat is a series of land satellites projected by the National
Aeronautics and Space Administration, i.e., NASA, and is
one of the optical remote sensing satellite series with the
longest operational time in orbit. There have been eight satel-
lites in total since 1972 [21]. Landsat5 with ThematicMapper
(TM) and Landsat8 with Operational Land Imager (OLI)
were launched in 1984 and 2013, respectively, and the spatial

resolution of their multispectral bands is 30 m, are particu-
larly suitable for large-scale land-use monitoring [22], [23].

In the study, the original Landsat data is Level 1 Terrain
Corrected (L1T) product, which is radiometrically corrected
and co-registered to a cartographic projection, with correc-
tions for terrain displacement resulting in a standard orthorec-
tified digital image [24]–[26]. According to the current data
source and the needs of this research study, seven imageswere
selected, all with a cloud cover less than 5%. All images have
perfect imaging effect and a time intervals of approximately
5 years. The total period is 32 years. The date each image was
taken is shown in Table 1.

IV. RESULTS AND DISCUSSION
A. RESULTS OF LAND-USE CLASSIFICATION
The land-use type within the study area was first ascer-
tained. Because numerous hills are scattered across the island,
the spatial distribution of objects within the research area is
quite dispersed. Limited by the spatial resolution, the land-
use within the research area was integrated and classified
into six types: construction land, forest, water body, cropland/
grassland, bare land, and mudflat (Table 2).

The images pre-processed by radiometric calibration,
atmospheric correction, and image cropping were classified
by the supervised classification methods. First, the training
sample was selected with a degree of separation above 1.8.
Then, the samples were supervised and classified by the max-
imum likelihood method. Finally, the classified results were
processed, and any classification that was clearly incorrect
was manually modified. The results of the land-use classifi-
cation are shown in Fig. 3.

Accuracy assessment is a crucial step to verify the clas-
sified results. Taking advantage of the historical imaging
function of Google Earth, a new set of samples that were
dated the same period were selected to assess accuracy. The
average value of the overall accuracy and Kappa coefficient
were 82.31% and 0.78, respectively (Table 3). The accuracy
assessment showed that the land-use type in the study is
accurately identified and the results of land-use classification
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TABLE 1. Information of the Landsat satellite images used in the study.

TABLE 2. Land-use types classified in the study.

TABLE 3. Accuracy assessment of classification.

TABLE 4. Area of various types of land-use.

can be used for evolution analysis of the spatial-temporal
pattern.

B. EVOLUTION ANALYSIS OF
SPATIAL-TEMPORAL PATTERN
1) QUANTITY CHANGE ANALYSIS
The area of land-use types in different periods is shown
in Table 4 and Fig. 4.

Within the timeframe of the research study, the area of
construction land within the research area increased continu-
ously, and the area of mudflat decreased continuously. There

were also large variations in areas of cropland/grassland and
forest, that is, the former decreased in general while the latter
increased. The area of water body varied very little before
the year 2011 but increased significantly afterward. Bare land
appeared to increase first but later decreased. These changes
are described in further detail as follows:

(1) The area of construction land continued to increase,
which was presented mainly in two phases according to the
growth rate: one from 1984 to 2005, during which the area
of construction land expanded at a rate of 2.13 km2 per year
with an increase that reached 228.22% within 21 years; and
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FIGURE 3. Results of land-use classification.
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FIGURE 4. Area of land-use types from 1984 to 2016.

another from 2005 to 2016, during which it grew by 6.11 km2

per year and increased by 104.70% in total within 11 years.
Overall, the area of construction land increased by 571.8%,
totaling 111.86 km2; its annual growth rate was 3.50 km2, and
its annual change rate reached 17.8%.

(2) Fluctuation was observed in the area of the forest but
increased as awhole. From 1984 to 2005, the area of the forest
increased in a zigzag pattern by 39.59 km2, corresponding to
an increase of 18.7%. However, from 2005 to 2011, the forest
decreased sharply by 9.3%, corresponding to a total area
of 23.48 km2. From 20011 to 2016, there was no apparent
change. Overall, the area of the forest increased by 16.07 km2,
which was an increase 7.63% within 32 years, and the annual
change rate was 0.20%.

(3) For the water body area, there were a few minor
changes by the year 2011, and then it increased significantly
afterward. Water body area increased by 5.15 km2 from
2011 to 2016, an increase of 85.40%. Overall, the water
body area increased by 5.55 km2, an increase of 98.58%
within 32 years; the annual change rate was 3.0%.

(4) Cropland/grassland showed fluctuation but decreased
as a whole. It decreased by 16.31 km2 from 1984 to 1990,
corresponding to a 7.39% reduction; it had a comparatively
stable increase of 2.92 km2 in total from 1990 to 1999,
whichwas an increase of 1.4%; the area of cropland/grassland
decreased sharply, by 59.41 km2 from 1999 to 2005, which
was a decrease of 28.6%; and increased by 30.21 km2

from 2005 to 2011, which was an increase of 20.43%, then
decreased by 19.07 km2, which was a decrease of 10.71%.
In total, the cropland/grassland decreased by 61.66 km2,
which was a decrease of 27.94%, and the annual change rate
was −0.87%.
(5) The area of bare land fluctuated significantly with a

trend that first increased then decreased. It increased in three
periods, that is, 1984–1990, 1999–2005, and 2011–2016
by 22.62 km2, 27.34 km2, and 4.37 km2, respectively,

with the respective rate of 113.96%, 332.20%, and 27.47%.
It decreased in two periods, i.e., 1990–1999 and 2005–2011
by 34.24 km2 and 19.66 km2, respectively, with the respec-
tive rate of 80.62% and 55.27%. Therefore, the bare land
increased by 0.43 km2, up 2.17%, and the annual change rate
was 0.07%.

(6) The area of mudflat continually decreased. It decreased
by 27.41 km2, which was a decrease of 93.39%
within 32 years, and the annual change rate was −2.92%.

2) SPATIAL CHANGE ANALYSIS
The spatial distribution of ground objects in the seven periods
is shown in Fig. 3. The key features of the spatial distribution
of ground objects in the study area after comparison, analysis,
and summary are as follows:

(1) The expansion of construction land along the seashore
and cropland/grassland tended to be discrete. As shown in
the classification results in 1984, two red dots representing
the construction land appears in the southern coastal plain
of Zhoushan Island and three small points in the northern
interval. This expansion first started from the plain between
the two red dots in the south of the island. Then, construction
land extended to the southwest coastal plain, east shoreline
reclamation area, and the southern islands. Finally, the con-
struction land arrived at the north coastal plain and the north
shoreline reclamation area. Correspondingly, the cropland/
grassland distributed in the vast expanse in the coastal plain
decreased and became discrete. The expansive cropland/
grassland scattered among the plains and intermountain
basins on the coast of Zhoushan Island in the preliminary
stage of the study decreased rapidly after the expansion
of construction land. As shown in the classification results
in 2016, the cropland/grassland was mainly present in the
northwest of the island, southwest coastal plains, and the
interval basins at the end of this research. The overall spatial
distribution tended to be discrete.
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TABLE 5. Transition matrix of land-use type from 1984 to 2016.

(2) Forest spatial distribution changed a little, but bare
land changed a lot. Forests account for the highest proportion
in all of the land featured in the study area, above 40%,
and forests are prevalent in the central hills and mountains
on every island. Due to the large slope, it is difficult and
costly to develop the forest; therefore, it was well protected;
hence, the spatial distribution of the forest changed little.
Bare land, however, is usually regarded as a transition of
land-use function; therefore, the spatial distribution changed
a lot. In the early part of the period of 1984–2016, bare land
mostly located in the hills and intermountain basins, and in
the late part of the period, bare land was mainly in the plains
and coastal area following the forest planting and various
construction projects implementation.

(3) In the coastal areas, the mudflat area was decreasing
and the water body was increasing. In early research, there
were lots of mudflats in the north coasts of Zhoushan Island
and surrounding islands in the north of the research area;
yet, the area of mudflat decreased sharply after 32 years of
reclamation and development. At present, the small remain-
ing mudflat areas are mainly located in the northwest of
Zhoushan Island and west of Xiaogan Island.

In general, water resources in the research area were defi-
cient. Surface runoff was relatively little, water resources
were mainly supplied by a reservoir of rainfall, and ‘‘water
body’’ mainly refers to the reservoir water. In early research,
the water body was mainly within the forest, and part of
the reservoir was located in plains; but after 2011, some
reclaimed land was converted into water body, and the
water body increased in the northwestern and northeastern
coastal area of Zhoushan Island following the speed-up of
reclamation.

3) LAND TRANSITION ANALYSIS
a: TRANSITION AREA ANALYSIS OF LAND-USE TYPE
Based on overlay analysis, the land-use transitionmatrix from
1984 to 2016 is shown in Table 5. In this matrix, ‘‘seawater’’
refers to the sea outside of the boundary of the research area,
which might contain in the boundary abstraction due to the
influence of tides.

Table 5 shows that the areas of construction land and water
body increased in the study area and cropland/grassland and
mudflat decreased significantly. The key features of land-use
transition in the study area include the following: cropland/
grassland and mudflat were converted into construction land,
cropland/grassland were converted to and from mudflat, and
reclaimed sea area was converted into construction land, bare
soil, and water body, the details of which are as follows:

(1) In total, 4.09 km2 of the construction land was con-
verted into cropland/grassland (79.46% for 3.25/4.09), bare
land (16.14% for 0.66/4.09), and other land-use types (4.40%
for 0.18/4.09). In 2016, 45.97% (60.42/131.42) of construc-
tion land came from converted cropland/grassland, 22.74%
(29.88/131.42) from newly added land from reclamation,
and 14.67% (19.28/131.42) from mudflat, showing that the
expansion of construction land was achieved mainly by the
conversion of cropland/grassland and reclamation.

(2) In total, 18.49 km2 of the forest was converted into
cropland/grassland (72.36% for 13.38/18.49), construction
land (19.74% for 3.65/18.49), and other land-use types
(7.90% for 1.46/18.49). About 34.56 km2 of other land-use
types were converted into forests, most of which come from
cropland/grassland (75.90% for 26.23/34.56) and bare land
(22.71% for 7.85/34.56).

(3) In total, 1.40 km2 of the water body was converted
into construction land (46.43% for 0.65/1.40), cropland/
grassland (34.29% for 0.48/1.40), and other land-use types
(19.29% for 0.27/1.40). In 2016, 41.50% (4.64/11.18) of the
water body came from newly added land from reclamation,
14.94% (1.67/11.18) from cropland/grassland, and 3.22%
(0.36/11.18) from mudflat. Thus, the extension of the water
body was mainly a result of reclamation and conversion of
cropland/grassland.

(4) In total, 96.01 km2 of cropland/grassland was con-
verted into construction land (62.93% for 60.42/96.01), forest
(27.32% for 26.23/96.01), bare soil (7.76% for 7.45/96.01),
and other land-use types (1.99% for 1.91/96.01). Also,
34.35 km2 of other land types were converted into cropland/
grassland, in which forest, bare soil, mudflat, construc-
tion land, and other land-use types accounted for 38.95%
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FIGURE 5. Spatial distribution of land transfer.

(13.38/34.35), 25.62% (8.80/34.35), 15.40% (5.29/34.35),
9.46% (3.25/34.35), and 10.57% (3.63/34.35) from newly
added land from reclamation, respectively.

(5) About 28.44 km2 of mudflat was converted into con-
struction land (67.79% for 19.28/28.44), cropland/grassland
(18.60% for 5.29/28.44), bare land (11.08% for 3.15/28.44),
and other land-use types (3.52% for 0.72/28.44).

b: SPATIAL TRANSITION ANALYSIS OF LAND-USE TYPE
The critical spatial transition of land-use type is distributed, as
shown in Fig 5. Because the hilly area on the island is difficult
to develop, the land transition in the research area occurred
mainly in the coastal area of the islands. The conversion of
cropland/grassland into construction land occurred mainly in
the south and north sea coast, central plains of Zhoushan
Island, and coastal plains of other islands. It is greatest
along the southern coast, which was the main distribution
area of the conversion of cropland/grassland into construc-
tion land. The conversion of mudflat into construction land
occurred in the seacoast of all the islands, but large-scale
transition occurred mainly in the north of Zhoushan Island,
Changzhi Island, Xiaogan Island, and Aoshan Island.

The most evident transition between cropland/grassland
and the forest was the marginal area of hills in Zhoushan
Island. On the whole, the forest changes to cropland/
grassland mainly occurred in the south of Zhoushan Island,
while cropland/grassland changes to the forest mainly in the
west of Zhoushan Island.

Seawater being transferred into construction land and bare
soil occurred mainly in east, northeast, and northwest of
Zhoushan Island. The seawater was converted into inland
water body located in the northeast and northwest of
Zhoushan Island and the southeast of Changzhi Island.

4) RECLAMATION ANALYSIS
The land area of the city of Zhoushan is small, and the
land resources are deficient, so reclamation is a crucial
method by which to relieve the supply pressure on the land.
By way of reclamation (including inning of mudflat and

FIGURE 6. Location of reclaimed land from 1984 to 2016.

reclamation after siltation), mudflat in the research area has
been converted into other land-use types, mainly construction
land, and the seacoasts in each island have been extended
toward the sea in various degrees. Within the 32-year period,
the mudflat decreased by 93.39%, totaling 27.41 km2; at the
same time, the newly added land area increased by 8.87%,
totaling 45.28 km2, resulting in a total increase of the study
area. The spatial distribution of newly added land by reclama-
tion is shown in Fig. 6. Noticeable expansion of the seacoasts
of the northwest, north, and east of Zhoushan Island and
the southern islands in the study area occurred. As shown
in Fig. 6, 65.99% of the newly added land was converted into
construction land, 14.44% into bare soil, 10.25% into water
body, and 6.96% into cropland/grassland; mudflat and forest
accounted for 1.88% and 0.49%, respectively.

On the one hand, reclamation provides precious land
sources for the construction development of Zhoushan, alle-
viating the local human–land conflicts and the problems of
economic and social development caused by the lack of land
resources in coastal areas. In turn, it promoted the rapid
growth of the marine economy in the study area, as well as the
promotion of urbanization, industrialization, and population
agglomeration trends. On the other hand, the reclamation
project has a significant impact on the marine ecological
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environment and the nearshore hydrodynamic environment.
Mudflats are habitats and breeding grounds of many species.
Large-scale reclamation may lessen the coastal wetlands and
destroy fish habitat and biodiversity. As one of China’s four
major fishing grounds, Zhoushan’s large-scale reclamation
project has caused local fishery resources to show signs of
decline in recent years. To meet the needs of the construction
of the Zhoushan Archipelago, many harbor industries have
taken root in the longshore of the reclaimed area, and theman-
ufacturing will inevitably result in nearshore water pollution
of varying degrees. The reclaiming project will also change
the dynamic water conditions of nearshore areas, such as the
tides and waves, and then, it will affect the sediment trans-
port pattern and change the seacoast scouring and siltation
tendency.

V. CONCLUSION
Based on the data source from Landsat multitemporal
data, this study compared the land-use information of the
Zhoushan Archipelago in seven periods over 32 years
obtained using the supervised classification method.
As shown in the study, (1) There were large forests in
the research area, which have been protected well dur-
ing the development of the city. In general, the total area
slightly increased, but spatial distribution changed very
little. (2) Construction land continued to increase, and it
increased by 571.88% in total over 32 years. The construc-
tion land gradually expanded to all of the coastal plains
and southern islands with a trend ‘‘first southward, then
eastward, and finally northward’’ from two centers of the
southern plains of Zhoushan Island, using conversion of
cropland/grassland and reclamation from the sea. (3) The
large pieces of cropland/grassland spread across the coastal
plains and intermountain basins were gradually occupied
following the expansion of construction land, and the crop-
land/grassland decreased by 27.94% overall. The existing
cropland/grassland mainly located in the western half of
the seashore plains of Zhoushan Island and the central
intermountain basins, and the spatial distribution was deter-
mined to be discrete. As the quantity of cropland/grassland
decreased, the spatial distribution became more non-uniform.
(4) After reclamation, the mudflat decreased by 93.35%, and
most of it was converted into construction land. Meantime,
newly added land totaled 45.28 km2, and the total research
area increased by 8.87%. Reclamation from the sea is the
key method of city expansion and spatial development of
ZhoushanArchipelago, but doing so results in a huge negative
influence on coastal ecology and the environment.

It needs to be mentioned that this research is still lim-
ited to the image resolution and surface features within the
research area, the cropland and grassland cannot be isolated,
and the classification accuracy of the margin of sea and
land is quite low. Also, since an in-depth discussion of the
influence of land-use change on the regional environment and
socially productive activities was not included, further study
is needed.
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