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Abstract Human activities produced great im-
pacts on wetlands worldwide. Taking Jiangsu
Province, China, as a representative wetland re-
gion subject to extensive human activities, the
aim of this study is to understand the conver-
sion trajectory and spatial differentiation in wet-
land change from a multi-scale perspective. Based
on multi-temporal Landsat images, it was found
that the natural wetlands decreased by 11.2%
from 1990 to 2006 in Jiangsu Province. Transition
matrices showed that the conversion of natural
wetlands to human-made wetlands (mostly aqua-
culture ponds) was the major form of natural
wetland reduction, accounting for over 60% of the
reduction. Percentage reduction and area reduc-
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tion of natural wetlands were respectively quan-
tified within different wetland cover zones using
a moving window analysis. Average percentage
reduction showed a decreasing tendency with in-
creasing wetland cover. The high-cover and mid-
cover zone presented the largest area reduction
at the scales of 1–2 km and 4–8 km, respectively.
Local hotspots of natural wetland reduction were
mapped using the equal-interval and quantile clas-
sification schemes. The hotspots were mostly con-
centrated in the Lixiahe marshes and the coastal
wetland areas. For the area reduction hotspots,
the quantile classification presented larger area
and more patches than the equal-interval clas-
sification; while an opposite result was shown for
the percentage reduction hotspots. With respect
to the discontinuous distribution of the natural
wetlands, area reduction could be more appropri-
ate to represent reduction hotspots than percent-
age reduction in the study area. These findings
could have useful implications to wetland conser-
vation.

Keywords Hotspot · Landsat · Moving window
analysis · Remote sensing · Wetland reduction

Introduction

Although wetlands comprise less than 3% of
the Earth’s surface, they are among the most
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important ecosystems in the world (Mitsch and
Gosselink 2000). Wetlands are integral to a range
of ecosystem processes (Daniels and Cumming
2008), and provide important habitats for wildlife
(Gibbs 2000; Trebitz et al. 2005). Wetlands are
also closely related to human well-being: they
contribute up to 40% of the annual globe’s ecosys-
tem services (Costanza et al. 1997), including
flood protection (Hey and Philippi 1995), wa-
ter quality enhancement (Jeng and Hong 2005),
carbon storage (Mitra et al. 2005), nutrient cy-
cling (Bunn et al. 1999), etc. Unfortunately, wet-
lands are subject to adverse impacts, more than
any other ecosystem type (Millennium Ecosystem
Assessment 2005). Multiple threatening factors
(e.g., climate change, biological invasion, hu-
man reclamation, hydrological modification, and
water pollution) can separately or additively re-
duce ecological functions and services of wet-
lands (Brinson and Malvarez 2002; Mitsch and
Gosselink 2000). Of those, human activities have
been recognized as a major cause of these wetland
problems (Zedler and Kercher 2005).

Natural wetlands are the most important com-
ponent of wetlands. Being biologically produc-
tive, natural wetlands have undergone extensive
exploitations worldwide. From a landscape per-
spective, human exploitations can convert natural
wetlands to agricultural or built-up uses by drain-
ing water. This type of wetland change, accounting
for a primary proportion of global wetland loss,
has been well documented in various geographi-
cal regions (Foote et al. 1996; Moser et al. 1996;
Ladhar 2002; An et al. 2007). Alternatively, with
the persistence of wetland water, natural wetlands
could be converted to aquaculture ponds, reser-
voirs, or other forms of human uses. Such conver-
sion is usually associated with losses of wetland
vegetations, modifications of hydrological pro-
cesses (e.g., via bank constructions), and water
eutrophication, all of which can substantially mod-
ify ecological processes and functions of natural
wetlands. Consequently, the original natural wet-
lands are converted to human-dominated wetland
ecosystems, representing a noteworthy form of
natural wetland reduction. However, it received

less attention relative to wetland drainage since
wetland coverage is rarely reduced.

Human-induced reductions of natural wetlands
could produce significant ecological consequences
(Gibbs 2000). The importance of persistence and
restoration of natural wetlands subject to human
activities is increasingly recognized. Monitoring
wetland change at landscape scale plays a fun-
damental role in wetland conservation. Based on
remotely sensed data, a variety of approaches for
wetland change detection have been developed
to facilitate wetland monitoring and assessment
(Dabrowska-Zielinska et al. 2009; MacAlister and
Mahaxay 2009; Rebelo et al. 2009). With support
of remote sensing technology, wetland change
can be detected with precise spatial information,
which can allow further exploration of patterns
and drivers of the change.

Driven by various factors with spatial het-
erogeneity, landscape dynamics generally present
spatial differentiation (Bürgi et al. 2004). In
this context, some local areas representing sig-
nificantly greater change magnitude than the
other areas, which can be referred to as hotspots
(Nelson and Boots 2008) of landscape change,
could exist in a given landscape. Quantifying the
spatial differentiation and detecting the hotspots
of wetland change at landscape scale can help to
understand the driving mechanisms of the change,
and has useful implications to wetland conserva-
tion. Specifically, such questions as “Where do
the wetlands change faster/slower?” or “Which
wetlands are mostly prone to be reduced?” could
be important concerns of wetland managers.

The complex spatiotemporal patterns of wet-
land change are far from being fully understood.
Although wetland monitoring techniques have
been well studied (Jones et al. 2009), dynamic
wetland inventory at fine resolutions, which is the
basis of wetland change studies, is still lacking in
many regions in the world (Zedler and Kercher
2005). Furthermore, previous studies showed that
the spatial differentiation of deforestation, in as-
sociation with forest cover, could spatially present
some hotspots (Etter et al. 2006). Similar ques-
tions may arise: Does wetland change also tend to
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occur in specific wetland cover zones? How to de-
tect and interpret wetland change hotspots? Ad-
equately addressing these specific questions can
help to better understanding of wetland change.
In addition, it has been increasingly recognized
that landscape studies necessarily require multi-
scale perspectives (Wu et al. 2006). However, to
our knowledge, wetland change patterns have not
been fully explored across spatial scales.

China’s natural wetlands experienced tremen-
dous changes over the past 50 years (An et al.
2007). Jiangsu Province, a representative wetland
region in China, is rich in wetlands in terms of
both coverage and diversity. It is also one of the
most developed regions in China. Understanding
wetland change in Jiangsu Province can provide
supports to future decision making of wetland
conservation in China in the context of rapid so-
cioeconomic development. In this study, wetland
change at landscape scale in Jiangsu Province
during 1990–2006 is characterized using remotely
sensed data. Here we focus on the reduction
of the natural wetlands from a multi-scale per-

spective, and specifically aim to (1) investigate
the conversion trajectory of the natural wetlands;
(2) quantify the reduction magnitude of the
natural wetlands within different wetland cover
zones; and (3) map the hotspots of natural wetland
reduction.

Materials and methods

Study area

Jiangsu Province (116◦21′–121◦56′ E, 30◦45′–
35◦07′ N) is located in Eastern China, covering
an area of 1,030 million hectares (Fig. 1). The
mean annual temperature is about 15◦C; the mean
annual precipitation is about 1,000 mm. Plains and
low hills (with a maximum elevation of 625 m)
account for approximately 85% and 15% of the
province area, respectively. Wetlands (excluding
rice paddies) comprise about 25% of the terres-
trial area of Jiangsu Province (Jiangsu Forestry
Bureau 2000), including considerable wetlands
of global or national significance. Specifically,

Fig. 1 The location of Jiangsu Province, China
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Yancheng coastal wetland (YCW) is the largest
tidal flat in China, and two Ramsar sites (known
as wetlands of international importance) (Ramsar
1987) together covering 0.53 million hectares, are
located within the YCW. Five wetlands have been
designated as wetlands of national importance,
including Tai lake, Hongze Lake, Gaoyou Lake,
Shijiu Lake, and YCW. Of those, Tai Lake is
the third largest and Hongze Lake is the fourth
largest freshwater lake in China. These important
wetlands cover 37% of the total wetland area (9%
of the terrestrial area of Jiangsu Province). In
addition, Yangtze River, the third longest river in
the world, runs through the south part of Jiangsu
Province into the sea; Yangtze Estuary, the largest
estuary in the world, has its north branch located
in Jiangsu Province. At present, there are 26
wetland nature reserves and 14 wetland parks in
Jiangsu Province, protecting 347,000 ha of natural
wetlands, accounting for 12% of the total wet-
land area (Jiangsu Forestry Bureau 2010). Thanks
to effective protection measures, these protected
wetlands remain relatively stable status during the
past two decades (Jiangsu Forestry Bureau 2010).

Jiangsu Province is one of the most important
agricultural and industrial regions in China. It
experienced rapid socioeconomic growth during
the past two decades. At present, Jiangsu Province
is among the most developed regions of China.
In 2008, the total population was about 76 mil-
lion at a density of 748 individuals per square
kilometer (the highest density among China’s
provinces); and the gross domestic production
was over 440 billion US dollars (the second high-
est among China’s provinces) (Jiangsu Statistical
Bureau 2009).

In Jiangsu Province, the coastal wetlands are
increasing with the expansion of the coastal tidal
flats (at a mean annual rate of 50–200 m towards
the Yellow Sea) caused by sedimentary deposition
(Zhang et al. 2006). These newly generated wet-
lands are mostly covered by marine waters, and
have rarely undergone human-induced transfor-
mation during the study period, thus they were not
taken into account in this study. To facilitate spa-
tially explicit change detection, the specific study
area was restricted within the outer boundary of
the tidal flats mapped by the Wetland Inventory
of Jiangsu in 2000 (Jiangsu Forestry Bureau 2000).

Data source and wetland mapping

Landsat TM images were used to map wetland
distribution at a spatial resolution of 30 m in
this study (rice paddies were excluded). The
Landsat data were downloaded from the web-
site of Center for Earth Resources Observation
and Science of US Geological Survey (http://
earthexplorer.usgs.gov). We aim to map wetland
distribution in the three time phases of 1990, 2000,
and 2006. For the purpose of wetland mapping,
the source images need to be cloud-free; mean-
while, they should not be acquired during dry sea-
sons, with respect to seasonal variation of water
cover. Such qualified images were not available
in each year, so we selected 10 scenes of imagery
acquired from the closest dates of the tree target
years (Table 1). The raw images were geometri-
cally corrected (map projection UTM zone 50N,
WGS84 datum) with an accuracy of less than 0.5
pixel root mean square error. The digital numbers
of the images were converted into radiance using

Table 1 The acquisition
dates of the Landsat TM
images used to map
wetland distribution

These cloud-free images
can present the largest
water cover of the
intermittent wetlands
around 1990, 2000,
and 2006, respectively

Path/row Acquisition date

Around 1990 Around 2000 Around 2006

118/038 11 August 1989 14 June 2000 15 August 2005
119/037 2 July 1990 16 February 2001 27 May 2006
119/038 23 July 1991 26 July 2001 7 March 2005
119/039 23 July 1991 11 October 2000 17 October 2005
120/036 21 September 1988 16 September 2000 27 October 2006
120/037 25 October 1988 16 September 2000 20 May 2006
120/038 5 July 1988 28 April 1998 20 May 2006
121/036 13 February 1989 3 April 2001 14 May 2007
121/037 11 August 1988 21 July 2000 24 May 2005
122/036 15 June 1988 14 September 2000 9 October 2006

http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov


Environ Monit Assess (2011) 179:279–292 283

the gain and offset coefficients from the header
files. A second simulation of the satellite signal
in the solar spectrum (the 6S model) (Vermote
et al. 1997) was then employed to make the at-
mospheric correction.

Wetland mapping was conducted with two
steps. Firstly, a supervised classification approach
using maximum likelihood method was employed
to extract the wetlands from the pre-processed
images with the TM bands 1–5 and 7 (the ther-
mal band 6 was excluded). However, we found
this spectral-based classification alone was not
able to effectively distinguish between (1) land
vegetations and high-cover wetland vegetations
(mostly represented as emerged plants) and (2)
non-wetlands and intermittent wetlands at dry
conditions (see Fig. 2 as an example), thus the
area of the wetlands could be substantially under-
estimated. The first type of misclassification was
carefully revised by visual interpretation (using
a pseudo-color combination of TM bands 5, 4,
and 3) (Niu et al. 2009) based on published maps,
high-resolution remotely sensed images, as well as
ground truth survey. The high-resolution images
including aerial photographs in 1990 and SPOT,
IKONOS, and Quickbird images in 2000 and 2006,
serve as a part of reference data of ground truth
as they only cover partial wetland areas in Jiangsu
Province. By comparing images in different dates,
it was found that seasonal variation of wetland

was significant, and selection of images in dry sea-
sons/years could lead to extraction failure of most
intermittent wetlands. To reduce the second type
of misclassification, we compared all available
cloud-free TM images (four images in average for
each path/row) acquired within 2 years from each
target year, and selected those representing the
highest water cover (as listed in Table 1). Further,
the misclassified intermittent wetlands were care-
fully detected and revised visually based on the
abovementioned ground truth data.

The second step is to distinguish the wetland
types. Here we adopted the Ramsar wetland clas-
sification system (Ramsar 1987), which presents
three wetland types, i.e., coastal wetland, inland
wetland, and human-made wetland. In Jiangsu
Province, the dikes covering the complete coast-
line were built in the 1970s, which can separate
the inlands from the influence of tides. Thus the
coastal wetlands can be identified with reference
to their locations relative to the dikes, i.e., the
natural wetlands outside the banks were identified
as coastal wetlands. Human-made wetlands in the
study area are mostly represented as the four
types: aquaculture pond, saltern, reservoir, and
channel (Fig. 3). As they are usually separated
by artificial banks and have linear boundaries,
they can be identified by visual interpretation of
such distinct textures with the support of ground
truth data (Niu et al. 2009). It should be noted

Fig. 2 Illustration of two types of wetlands which can
have classification errors using supervised classification
alone (using a pseudo-color combination of TM bands 5, 4,

and 3). a Represents the wetlands with high aquatic veg-
etation cover; b and c represent intermittent wetlands
with/without water cover
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Fig. 3 Illustration of four
types of human-made
wetlands in the study area
(using a pseudo-color
combination of TM
bands 5, 4, and 3).
a Aquaculture ponds,
b salterns, c reservoirs,
and d channels

that a considerable proportion of the aquacul-
ture ponds were converted from natural wetlands.
Despite the fact that they were originated from
natural wetlands, they were identified as human-
made wetlands in this study because the natural
hydrological and ecological processes have been
substantially modified and they have presented
human-dominated features.

The accuracy of wetland mapping in 2006
can be assessed using our ground truth sur-
vey data covering the whole province obtained
during 2005–2007. However, precise observation
of historical wetland distribution is impossible
as the study period stretches nearly across two
decades. Instead, the abovementioned historical
maps and high-resolution images were used to
derive ground truth data for the 1990 and 2000
wetland maps. In each time phase, 300 sample

points were generated randomly for each wetland
type, and the confusion matrix and the kappa
coefficient (Liu and Mason 2009) were used to
calculate the overall accuracy of wetland mapping.
It should be noted that using the images from
different years for one exact date could bring
some errors to accuracy assessment. However,
according to our observation, wetland change dur-
ing such short periods could be relatively minor,
thus the errors in accuracy assessment could be
small. We compared the accuracies of wetland
extraction before (i.e., only using the supervised
classification approach) and after the revision of
misclassification, and found such revision can sub-
stantially enhance the accuracy of wetland ex-
traction by over 8% for each time phase. Ulti-
mately, the overall accuracy of each wetland map
achieved over 87% (87.8%, 87.5%, and 89.3%
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for 1990, 2000, and 2006, respectively). All image
processing tasks were accomplished in ENVI 4.3
and ArcGIS 9.2 software.

Quantifying the spatial differentiation of natural
wetland reduction

Based on the time-series wetland maps, transition
matrices were calculated to examine the trajectory
of wetland change between the types of natural
wetlands (including coastal and inland wetlands),
human-made wetlands and non-wetlands in 1990–
2000 and 2000–2006. Reduced natural wetlands
(being converted to human-made wetlands or
non-wetlands) in each period were detected pixel
by pixel by overlaying the wetland maps. A mov-
ing window analysis (McGarigal et al. 2002) (re-
ferred to as neighborhood statistics in the ArcGIS
software) was conducted on these reduction maps
to quantify the spatial differentiation in local re-
duction magnitude. Four window sizes of 1 × 1,
2 × 2, 4 × 4, and 8 × 8 km were adopted in this
analysis. Such selection of window sizes was based
on the scales of human activities from the rural
settlements (i.e., village/township), with regard to
that most wetland uses by human occurred in the
rural areas. Specifically, the lower limit scale of
1 km was in accordance with the average scale
of land modification from a single village (Shi
et al. 2008); while the upper limit scale of 8 km
approximately corresponded to that from a single
town in the study area; and 2 and 4 km were
selected as mid scales.

In the procedure of the analysis, the center
of the square windows moved pixel by pixel on
the maps. The edge areas which cannot cover
the full window sizes were removed. Within each
moving window, percentage covers of the nat-
ural wetlands were quantified, thereby the cen-
ter pixels were classified into 10 cover zones
with an equal interval of 10% in each date.
Based on the reduction maps of the natural
wetlands, area reduction and percentage reduc-
tion were respectively quantified within the mov-
ing windows. For each period (1990–2000 and
2000–2006), average percentage reduction and the
summed area reduction were calculated within
each cover zone in the initial date. Moreover,
the hotspots of natural wetland reduction were

detected as the center pixels of the windows rep-
resenting relatively high area or percentage re-
duction. Thus, two kinds of hotspots were rep-
resented, which can be termed as “area reduc-
tion hotspot” (ARH) and “percentage reduction
hotspot” (PRH). The 95% threshold is commonly
adopted as the criterion of hotspot identification
(Nelson and Boots 2008). Here we applied this
threshold in two different data classification
schemes, which were referred to as equal-
interval and quantile in the ArcGIS software.
Using the equal-interval classification scheme, the
areas represented over 95% of the maximum
value of area reduction or percentage reduction
were identified as the hotspots; while the quantile
classification scheme presented classes with an
equal area, and the top-rank class with the highest
area reduction or percentage reduction was iden-
tified as hotspots. Ultimately, we have four types
of hotspot: area reduction hotspot based on equal-
interval classification (ARHE), area reduction
hotspot based on quantile classification (ARHQ),
percentage reduction hotspot based on equal-
interval classification (PRHE), and percentage re-
duction hotspot based on quantile classification
(PRHQ). Three landscape indices, i.e., total area
(TA), number of patches (NP), and mean patch
area (MPA), were used to quantify the patterns
of natural wetland reduction hotspots (McGarigal
et al. 2002).

Results

Conversion of the natural wetlands

The distribution of the wetlands in Jiangsu
Province during 1990–2006 is illustrated in Fig. 4.
The results show that the coastal wetlands contin-
uously decrease by 8.6% (0.08 million hectares),
the inland wetlands continuously decrease by
13.8% (0.13 million hectares), and the overall
natural wetlands decreased by 11.2%. In contrast,
the human-made wetlands continuously increase
by 54.0% (0.31 million hectares). As a net result,
the total wetlands increase by 4.4% (0.10 mil-
lion hectares) in the study area during 1990–2006
(Fig. 5).
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Fig. 4 Wetland
distribution in the
study area in 1990,
2000, and 2006

The transition matrices demonstrate similar
conversion trajectory of the natural wetlands in
1990–2000 and 2000–2006 (Table 2). The conver-
sion from natural to human-made wetlands (over
65% of which are aquaculture ponds across the
study period) is the primary form of natural wet-
land reduction, accounting for over 60% of the re-
duction in each period; while the drained natural
wetlands (i.e., being converted to non-wetlands)
account for less than 40% of the reduction. Also,
there are some newly generated natural wetlands
(being converted from non-wetlands and human-
made wetlands), which offset 10% and 28% of
the reduction in 1990–2000 and 2000–2006, respec-
tively.

Natural wetland reduction by percentage
cover zone

The percentage cover zones of the natural wet-
lands show similar area distribution across the

four investigated scales (Fig. 6a). The 10–90%
zones took small proportions below 10% with a
relatively even distribution, while the 0–10% and
90–100% zones are predominant in area propor-

Fig. 5 Areas of the wetlands in the study area in 1990,
2000, and 2006
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Table 2 Transition matrices of wetland types in the study area during 1990–2000 and 2000–2006

Natural wetlands Human-made wetlands Non-wetlands

Area Percentage Area Percentage Area Percentage
(ha) (%) (ha) (%) (ha) (%)

1990

2000 Natural wetlands 1,671,710 91.3 5,429 0.9 10,797 0.1
Human-made wetlands 108,162 5.9 415,709 72.0 273,605 1.1
Non-wetland 50,197 2.8 156,191 27.1 23,912,944 98.8

2000

2006 Natural wetlands 1,600,005 94.8 10,657 1.3 13,978 0.1
Human-made wetlands 54,947 3.3 586,306 73.5 247,547 1.0
Non-wetlands 32,979 1.9 200,513 25.2 23,857,809 98.9

tion. Also, these two zones (0–10% and 90–100%)
present considerable proportions of area reduc-
tion, especially for the 90–100% zone at the scale

of 1 and 2 km (Fig. 6b). In the zones of 10–90%, a
consistent unimodal distribution of area reduction
is shown, with the largest value falling into the 50–

Fig. 6 Area distribution of the 10 wetland cover zones from 0–100% (a), summed area reduction (b), and average percentage
reduction (c) in the wetland cover zones at the four investigated scales
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Fig. 7 Hotspots of natural wetland reduction in the study
area during 1990–2000 and 2000–2006. a Area reduction
hotspot based on equal-interval classification, b area reduc-
tion hotspot based on quantile classification, c percentage

reduction hotspot based on equal-interval classification,
and d percentage reduction hotspot based on quantile
classification

60% zone at the scales of 4 and 8 km. The average
percentage reduction show a declining tendency
with increasing percentage cover, except the 90–
100% zone at the scale of 1 and 2 km where a
relatively high value is shown (Fig. 6c).

Hotspots of natural wetland reduction

In the two study periods, the hotspots of natural
wetland reduction are mostly concentrated in the
coastal wetland area and the Lixiahe area, central
Jiangsu (Fig. 7). However, the patterns of the
four types of hotspots are quite different (Figs. 7
and 8). Generally, the ARHs show less patch num-
ber (NP) and total patch area (TA), but greater
mean patch area (MPA) than the PRHs at all
four scales. Moreover, classification scheme can
substantially influence hotspot patterns. For the
ARHs, the quantile classification present higher
NP, TA, and MPA than the equal-interval clas-
sification; while for the PRHs, an opposite result
is shown. The landscape indices of the hotspots
show monotonic tendency in response to spatial
scale. NP of all four types of hotspots declines,
while both TA and MPA increase (except for the

ARHEs) along with increasing observation scale
from 1 to 8 km.

Discussion

In China, natural wetlands occupy 3.8% of the
terrestrial area, and provide 54.9% of the an-
nual ecosystem services for the country (An et al.
2007). As a heavy cost of rapid socioeconomic
growth, China has suffered serious environmental
problems, a remarkable one of which is natural
wetland reduction (An et al. 2007). Fortunately,
along with increasing awareness of the critical
importance of natural wetlands, China has carried
out a series of actions, including monitoring wet-
land change, implementing wetland conservation
and restoration projects, and designating “Wet-
land of National Importance” (State Forestry
Administration of China 2000; An et al. 2007).
Fine-scale national/regional wetland datasets can
play an important role as a basis of these com-
prehensive actions. However, such datasets are
limited yet (Niu et al. 2009). Jiangsu Province is
recognized as one of the most important wetland
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Fig. 8 Landscape indices of the hotspots of natural wetland reduction at the four investigated scales, a patch number,
b total area, and c mean patch area, note that the y-axes are in geometric proportion

region in China, not only because it holds an
extensive area of wetlands but also because these
wetlands are supporting the highest population
density and fastest socioeconomic development
in China. To date, multi-temporal datasets of
Jiangsu’s wetland distribution at fine resolutions
are still lacking. The present study can provide
a useful knowledge of wetland change in this
wetland-rich province since the 1990s when the
economic booming was accelerated.

Despite of the proven advantages, remotely
sensed monitoring of wetlands could have,
more or less, some uncertainties resulted from
classification error (Lunetta and Lyon 2005;

MacAlister and Mahaxay 2009). Particularly, in-
termittent wetlands under dry conditions (mostly
represented as flooded areas in the study area)
and wetlands with high-cover aquatic plants (e.g.,
reed marshes) are hard to detect only using op-
tical remotely sensed data (radar imaging can
differentiate open water and aquatic vegetation,
Bartsch et al. 2009), since they often present
similar spectral and texture features with non-
wetlands. Hence, some studies did not take in-
termittent wetlands into account (e.g., Daniels
and Cumming 2008). Our study demonstrated that
visual interpretation of Landsat data based on
expert knowledge and ground truth data can be
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a feasible approach reducing theses classification
errors, and using multi-temporal instead of single-
date images, can effectively reduce the uncertain-
ties caused by temporal variation of wetlands.
Nonetheless, this integrated approach could be
data and labor intensive, which could limit its
application.

It was estimated that half of global wetlands
have been lost as a result of human activities
(Zedler and Kercher 2005). Drainage for agricul-
ture was recognized as the primary cause of global
wetland loss (Zedler and Kercher 2005). Although
the total wetland area showed an increasing ten-
dency, the natural wetlands experienced remark-
able reduction in Jiangsu Province, China. The
conversion of natural wetlands to human-made
wetlands, mostly aquaculture ponds, was found
to be the major form of natural wetland reduc-
tion. Aquaculture has a long history and large
production amount (accounting for about 20% of
the primary industry in 2008) (Jiangsu Statistical
Bureau 2009) in Jiangsu Province. The natural
wetlands, especially those with shallow waters, are
prone to be constructed into aquaculture ponds
due to relatively low time and economic costs and
high production output. For example, in Jiangsu
Province, the large-scale reclamation transformed
75% of the Yancheng coastal wetland during the
past three decades (Zhai et al. 2009); Lixiahe
Marshes, once the largest freshwater marsh in
Eastern China, has experienced a conversion of
70% to aquaculture ponds during the past two
decades (Sheng et al. 2008). Fortunately, increas-
ing wetland restoration has offset a proportion of
natural wetland reduction. At present, more and
more initiated wetland restoration projects are
expected to enhance the protection of the natural
wetlands in Jiangsu Province (Jiangsu Forestry
Bureau 2010). But fully restoring the natural wet-
lands might be difficult since some changes of wet-
land ecosystems could not be reversible (Zedler
and Kercher 2005).

Detecting the spatial differentiation of natural
wetland reduction from the multi-scale perspec-
tive can have some useful implications to wet-
land conservation, particularly for identification
of conservation priority. Our results showed that
both area reduction and percentage reduction var-
ied in different wetland cover zones. The low

wetland cover zone (0–10%) showed the largest
average percentage reduction, suggesting that dis-
crete small wetlands and the edge areas of large
wetlands (both can present low wetland cover)
were relatively susceptible to human influences.
For the high-occurrence wetland cover zone of
summed area reduction, the distinct shift from the
scale of 2 to 4 km could suggest that most reduc-
tion occurred in the wetlands with sizes (average
diameter) between these two scales. Overall, con-
servation measures should be taken with respect
to the reduction trend by wetland cover zone at
corresponding spatial scales.

Most studies of hotspot mapping adopted the
kernel estimation method (as adopted in the
present study) (Etter et al. 2006; Alessa et al. 2008;
Nelson and Boots 2008). However, hotspot pat-
terns are rarely compared across different hotspot
identification schemes. In the present case, the
hotspots reflecting absolute area (i.e., ARHs) and
relative rate (i.e., PRHs) of natural wetland reduc-
tion showed greatly different patterns. It should
be noted that the natural wetlands had a discon-
tinuous distribution in the study area, and con-
siderable reduction occurred at the edge areas
of the natural wetlands (e.g., lake/river beaches
since the shallow waters can facilitate human con-
structions). Thus the moving windows containing
such edge areas could present PRHs, as a re-
sult, the center pixels (identified as hotspots) of
these windows could apparently depart from the
wetland areas, particularly at large observation
scales (Fig. 7); and a great number of hotspot
patches was produced (Fig. 8). Therefore, ARHs
could be more suitable than PRHs in the study
area. In addition, classification scheme can sub-
stantially influence hotspot pattern as the values
of local reduction magnitude were unevenly dis-
tributed. Since only a very small proportion of the
lost wetland areas presented high values of local
magnitude of area reduction, the equal-interval
classification showed less and smaller hotspot
patches than the quantile classification. Adoption
of identification scheme could be context depen-
dent. Despite of the abovementioned differences,
the marsh wetlands in the Lixiahe region and
coastal wetlands were consistently detected in all
schemes of hotspot mapping across the four scales.
Both regions present unique wetlands which pro-
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vide important habitats for regional biodiversity.
Nonetheless, as these wetlands could have high
productivity and developing suitability (e.g., the
water is very shallow and the topography is very
flat), they are prone to be utilized. Such nat-
ural wetland reduction occurring at regional scale
could produce significant threats to biodiversity
conservation and water security (Zhai et al. 2009).
These wetlands should be the priority of wetland
conservation and restoration.

Conclusions

Monitoring natural wetland reduction plays an
important role in wetland conservation. Landsat
images can provide useful data source for map-
ping regional wetland distribution with a fine res-
olution. With respect to diverse wetland types,
wetland monitoring using Landsat data could have
some uncertainties, especially for intermittent
wetlands and wetlands with high-cover aquatic
vegetation. Visual interpretation based on ground
truth data can be a feasible approach reducing
these uncertainties, and using multi-temporal in-
stead of single-date images, can effectively im-
prove the accuracy of extraction of intermittent
wetlands.

Jiangsu Province is one of the most important
wetland regions in China. During 1990–2006, it
suffered natural wetland reduction by 11.2% (0.2
million hectares). The conversion of natural wet-
lands to human-made wetlands (mostly aquacul-
ture ponds) was found to be the major form of
natural wetland reduction, accounting for over
60% of the reduction in each period. From a
multi-scale perspective, the spatial differentiation
of natural wetland reduction was quantified within
different wetland cover zones. The largest area
reduction occurred in the high-cover zone (90–
100%) at the scales of 1 and 2 km, while in the
mid-cover zone (50–60%) at the scale of four and
8 km; percentage reduction showed a decreasing
tendency with increasing wetland cover across all
investigated scales. The hotspots of area reduction
and percentage reduction were mapped using the
equal-interval and quantile classification schemes.
The reduction hotspots were mostly concentrated
in the Lixiahe marshes and coastal wetland ar-

eas. Hotspot patterns could substantially vary by
classification scheme and spatial scale. As the
discontinuous distribution of the natural wetlands
can bring significant edge effect when mapping
the percentage reduction hotspots, area reduction
could be more appropriate to represent reduc-
tion hotspots in the study area. Ultimately, these
findings could have useful implications to wetland
conservation.

Acknowledgements This study was supported by the
Special Forestry Project of Public Interests (200904001),
the Key Project of Control and Treatment of Water
Pollution of China (2008ZX07526-002-03), and the Na-
tional Natural Science Foundation of China (30870433 and
40801068).

References

Alessa, L., Kliskey, A., & Brown, G. (2008). Social–
ecological hotspots mapping: A spatial approach for
identifying coupled social–ecological space. Land-
scape and Urban Planning, 85(1), 27–39.

An, S., Li, H., Guan, B., Zhou, C., Wang, Z., Deng, Z.,
et al. (2007). China’s natural wetlands: Past problems,
current status, and future challenges. AMBIO, 36(4),
335–342.

Bartsch, A., Wagner, W., Scipal, K., Pathe, C., Sabel, D.,
& Wolski, P. (2009). Global monitoring of wetlands—
The value of ENVISAT ASAR Global mode. Journal
of Environmental Management, 90(7), 2226–2233.

Brinson, M. M., & Malvarez, A. I. (2002). Temperate fresh-
water wetlands: Types, status, and threats. Environ-
mental Conservation, 29(2), 115–33.

Bunn, S. E., Davies, P. M., & Mosisch, T. D. (1999). Ecosys-
tem measures of river health and their response to
riparian and catchment degradation. Freshwater Biol-
ogy, 41(2), 333–345.

Bürgi, M., Hersperger, A. M., & Schneeberger, N. (2004).
Driving forces of landscape change—Current and new
directions. Landscape Ecology, 19(8), 857–868.

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso,
M., Hannon, B., et al. (1997). The value of the world’s
ecosystem services and natural capital. Nature, 387,
253–59.

Dabrowska-Zielinska, K., Gruszczynska, M., Lewinski, S.,
Hoscilo, A., & Bojanowski, J. (2009). Application of
remote and in situ information to the management of
wetlands in Poland. Journal of Environmental Man-
agement, 90(7), 2261–2269.

Daniels, A. E., & Cumming, G. S. (2008). Conversion
or conservation? Understanding wetland change in
Northwest Costa Rica. Ecological Applications, 18(1),
49–63.

Etter, A., McAlpine, C., Phinn, S., Pullar, D., &
Possingham, H. (2006). Characterizing a tropical de-



292 Environ Monit Assess (2011) 179:279–292

forestation wave: A dynamic spatial analysis of a de-
forestation hotspot in the Colombian Amazon. Global
Change Biology, 12(8), 1409–1420.

Foote, A. L., Pandey, S., & Krogman, N. T. (1996). Process
of wetland loss in India. Environmental Conservation,
23(1), 45–54.

Gibbs, J. P. (2000). Wetland loss and biodiversity conser-
vation. Conservation Biology, 14(1), 314–317.

Hey, D. L., & Philippi, N. S. (1995). Flood reduction
through wetland restoration: The Upper Mississippi
River Basin as a case history. Restoration Ecology,
3(1), 4–17.

Jeng, H., & Hong, Y. (2005). Assessment of a natural wet-
land for use in wastewater remediation. Environmen-
tal Monitoring and Assessment, 111(1–3), 113–131.

Jiangsu Forestry Bureau (2000). Report of wetland inven-
tory of Jiangsu Province. Jiangsu Forestry Bureau.

Jiangsu Forestry Bureau (2010). Report of wetland inven-
tory of Jiangsu Province for the second nationwide wet-
land inventory. Jiangsu Forestry Bureau.

Jiangsu Statistical Bureau (2009). Statistical yearbook of
Jiangsu 2008. Beijing: China Statistics Press.

Jones, K., Lanthier, Y., van der Voet, P., van Valkengoed,
E., Taylor, D., & Fernandez-Prieto, D. (2009). Moni-
toring and assessment of wetlands using Earth obser-
vation: The GlobWetland project. Journal of Environ-
mental Management, 90(7), 2154–2169.

Ladhar, S. S. (2002). Status of ecological health of wetlands
in Punjab, India. Aquatic Ecosystem Health & Man-
agement, 5(4), 457–465.

Liu, J. G., & Mason, P. J. (2009). Essential image processing
and GIS for remote sensing. West Sussex: Wiley.

Lunetta, R. S., & Lyon, J. G. (2005). Remote sensing and
GIS accuracy assessment. Boca Raton: CRC press.

MacAlister, C., & Mahaxay, M. (2009). Mapping wetlands
in the Lower Mekong Basin for wetland resource and
conservation management using Landsat ETM images
and field survey data. Journal of Environmental Man-
agement, 90(7), 2130–2137.

McGarigal, K., Cushman, S. A., Neel, M. C., Ene, E.
(2002). FRAGSTATS: Spatial pattern analysis pro-
gram for categorical maps. Amherst: University of
Massachusetts.

Millennium Ecosystem Assessment (2005). Ecosystems
and human well-being: Wetlands and water synthesis.
Washington, DC: World Resources Institute.

Mitsch, W. J., & Gosselink, J. G. (2000). Wetlands (3rd ed.).
New York: Wiley.

Mitra, S., Wassman, R., & Vlek, P. L. (2005). An appraisal
of global wetland area and its organic carbon stock.
Current Science, 88(1), 25–35.

Moser, M., Prentice, C., & Frazier, S. (1996). A global
overview of wetland loss and degradation. http://www.
ramsar.org/cda/en/ramsar-news-archives-2002–a-

global-overview-of/main/ramsar/1-26-45-87%5E16905_
4000_0__. Accessed 29 September 2010.

Nelson, T. A., & Boots, B. (2008). Detecting spatial hot
spots in landscape ecology. Ecography, 31(5), 556–
566.

Niu, Z. G., Gong, P., Cheng, X., Guo, J. H., Wang, L.,
Huang, H. B., et al. (2009). Geographical analysis of
China’s wetlands preliminarily derived from remotely
sensed data. Science in China Series D: Earth Sciences,
39(2), 188–203.

Ramsar (1987). The Convention on Wetlands text, as
amended in 1982 and 1987. http://www.ramsar.org.
Accessed 20 May 2010.

Rebelo, L. M., Finlayson, C. M., & Nagabhatla, N. (2009).
Remote sensing and GIS for wetland inventory, map-
ping and change analysis. Journal of Environmental
Management, 90(7), 2144–2153.

Sheng, S., Xu, M., Zhang, A., Liu, M., & Zhai, K. (2008).
Dynamics of the natural marsh vegetation in the Lix-
iahe region, Jiangsu Province. Proceedings of the
Eighth Biennial Meeting of Chinese Youth on Forest
Science.

Shi, Q., Liu, M., Song, J., Xu, C., & Chen, H. (2008).
Dynamic analysis on settlement percentage coverage
in urbanization. Chinese Journal of Ecology, 27(11),
1979–1984.

State Forestry Administration of China (2000). China’s na-
tional wetland conservation action plan. Beijing: China
Forestry Publishing House.

Trebitz, A. S., Morrice, J. A., Taylor, D. L., Anderson,
R. L., West, C. W., & Kelly, J. R. (2005). Hydro-
morphic determinants of aquatic habitat variability
in Lake Superior coastal wetlands. Wetlands, 25(3),
505–519.

Vermote, E., Tanre, D., Deuze, J. L., Herman, M., &
Morcrette, J. J. (1997). Second simulation of the
satellite signal in the solar spectrum: An overview.
IEEE Transactions on Geoscience and Remote Sens-
ing, 35(3), 675–686.

Wu, J., Jones, K. B., Li, H., & Loucks, O. L. (2006). Scal-
ing and uncertainty analysis in ecology: Methods and
applications. Dordrecht: Springer

Zedler, J. B., & Kercher, S. (2005). Wetland resources:
Status, trends, ecosystem services and restorabil-
ity. Annual Review of Environmental Resources, 30,
39–74.

Zhai, K., Liu, M., Xu, C., Cui, L., & Xu, H. (2009).
Land use/cover change in Yancheng coastal wetland.
Chinese Journal of Ecology, 28(6), 1081–1086.

Zhang, X., Wang, G., Wang, Y., & Wang, Z. (2006).
The changes of erosion or progradation of tidal flat
and retreat or extension of wetland vegetation of
the Yancheng coast, Jiangsu. Marine Science, 30(6),
35–39.

http://www.ramsar.org/cda/en/ramsar-news-archives-2002--a-global-overview-of/main/ramsar/1-26-45-87%5E16905_4000_0__
http://www.ramsar.org/cda/en/ramsar-news-archives-2002--a-global-overview-of/main/ramsar/1-26-45-87%5E16905_4000_0__
http://www.ramsar.org/cda/en/ramsar-news-archives-2002--a-global-overview-of/main/ramsar/1-26-45-87%5E16905_4000_0__
http://www.ramsar.org/cda/en/ramsar-news-archives-2002--a-global-overview-of/main/ramsar/1-26-45-87%5E16905_4000_0__
http://www.ramsar.org

	Characterizing wetland change at landscape scale in Jiangsu Province, China
	Abstract
	Introduction
	Materials and methods
	Study area
	Data source and wetland mapping
	Quantifying the spatial differentiation of natural wetland reduction

	Results
	Conversion of the natural wetlands
	Natural wetland reduction by percentage cover zone
	Hotspots of natural wetland reduction

	Discussion
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


