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Abstract: The dynamic process of the wetland can reflect its impact on the environment, and finding
a balance point supporting harmonious coexistence between man and nature has become an issue
of increasing concern. On the basis of previous studies that have focused on local coastal wetlands,
the temporal and spatial changes and driving forces of wetlands in the Yancheng coastal area
from 1991 to 2021 were analyzed over a larger area. According to the study findings: (1) The
results of the study of the Yancheng coastal wetland with a larger scope differed significantly from
findings resulting from a study of coastal wetland only. This difference was mainly reflected in the
relatively stable situation of wetland ecology as a whole, while the changes in local surface features
were more significant. (2) Natural wetlands were transformed into artificial wetlands and non-
wetland types, and artificial wetlands were transformed into non-wetland types; additionally, reverse
transformations and internal transformations of surface features also took place. For instance, the
saltpan was transformed into mudflats (86.26 km2), and some mudflats into herbaceous vegetation
(193.47 km2). (3) When analyzing the impact intensity of human activities on the Yancheng wetland,
it was found that this factor has experienced a process of first rising and then falling. The index was
0.650, 0.653, 0.664, 0.661, and 0.641 in 1991, 2000, 2008, 2016, and 2021, respectively. (4) Lastly, an
analysis of factors driving wetland change revealed that human factors were the most critical reasons
for wetland landscape change. Our work can play a reference and inspiration role in the monitoring
and protection of similar coastal wetlands.

Keywords: remote sensing; wetland monitoring; Yancheng coast; driving force; Landsat images

1. Introduction

The wetland ecosystem plays a significant role in the global ecosystem [1]. The role of
purifying the Earth’s environment is reflected in the vital influence on the composition of
the atmosphere, which can absorb carbon dioxide and release oxygen at the same time [2].
Wetlands can be used directly as water resources and are an integral part of the water
circle, supplementing groundwater. The efficacy of wetlands has a positive effect on the
control of floods and soil desertification [3]. Wetlands also make an essential contribution
to protecting biodiversity, providing favorable habitats for birds and amphibians, which is
of extraordinary significance for enriching biodiversity and providing the energy and food
needed for human survival [4,5]. With population growth and rapid urban development,
the conflict between people and land has become increasingly prominent. As a significant
reserve land resource, wetland is of great significance in alleviating the conflict between
people and land during the process of rapid urbanization. With the proposal and promotion
of the “The Belt and Road Initiative” strategic plan [6], coastal development is gradually
advancing from south to north, and the urbanization process in China is accelerating.
Human activities are becoming increasingly intense. As a result, the land cover pattern
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of the coastal zone has undergone tremendous changes, leading to a series of ecological
and environmental problems, such as coastal erosion, wetland reduction, and coastal water
quality deterioration [7–9], which to some extent restricts the sustainable development of
China’s social economy and the scientific implementation of the land-sea overall planning
strategy. Wetland is located in a sensitive and fragile environment. In the sea–land ecotone,
which is vulnerable to natural changes and human activities, the quantitative study of the
change characteristics and landscape change pattern of human activities in wetland areas
under the influence of rapid urbanization is of great significance, offering the potential
to provide strong support for the implementation of national strategic plans related to
wetland resources [10].

The Yancheng wetland is located in the eastern Jianghuai Plain of northern Jiangsu
Province. It is the largest coastal wetland in the Asian continental margin and a vital
component of the muddy plain beach in China. The region is rich in biodiversity, with
crisscrossed by rivers and dense water networks that have a significant radiation effect on
the coastal wetland ecosystem of Jiangsu Province. In 2019, it was listed as a World Natural
Heritage Site. It has the reputation of “Wetland Capital.” However, the rapid development
of the global economy has brought with it severe ecological and environmental problems,
intensifying the conflict between human activities and the natural ecology. As a province
that plays a major role in China’s economy, Jiangsu has always been at the forefront of the
country’s development. Meanwhile, the Yancheng wetland serves as a protective barrier
for Jiangsu’s ecosystem, highlighting the urgent need to strengthen the monitoring and
protection of this natural area [11]. In the first place, humans have directly transformed ar-
eas in the interest of the continuing advance of progress, which represents the main reason
for the loss of historical and contemporary coastal wetlands [12,13]. Although, historically,
the agricultural transformation was responsible for the loss of wetlands, urbanization has
become the main factor currently leading to wetland transformation. Rapidly expanding
metropolitan areas create conditions whereby wetlands can be extensively invaded, frag-
mented, and destroyed by nonnative species [14]. Research has shown that wetland loss
due to development is three times greater in coastal areas than inland areas [15]. Many
existing studies have focused on various coastal wetlands in the Yancheng area, but an
overall examination of a wider range of its extensive areas remains insufficient. For exam-
ple, the research on the quantitative evaluation method of the driving force of Yancheng
coastal landscape succession only studied coastal wetlands [16]. The exploration of the
Yancheng coastal wetland landscape characteristics and ecological risk assessment [17],
as well as the analysis of landscape grain effect in Yancheng coastal wetland, their study
areas were also limited [18]. In this investigation, remote sensing analysis was carried out
in six districts and counties, including Xiangshui County, Binhai County, Sheyang County,
Tinghu District, Dafeng District, and Dongtai City. The research findings can contribute to
understanding the temporal and spatial changes of the Yancheng wetland from a larger
perspective than previous research that has confined its focus to the coastal wetlands.

Traditional wetland monitoring methods make it difficult to obtain large-scale, long-
term series data, and the cost of such monitoring is high [19]; therefore, effective data
collection methods are essential for monitoring the dynamic changes of wetland ecosys-
tems [20,21]. In previous studies, researchers have widely used remote sensing technology
in previous investigations of land use studies, such as land cover/land use classification
in the study of the urban heat island effect. The classification results for the data yielded
by this technological approach have allowed a deeper study of the relationship between
land cover composition and urban heat islands [22]. Remote sensing satellite data, which
offer such advantages as timeliness, wide-coverage, and relatively low cost, provide the
main data source for dynamic wetland monitoring [23–26]. Combining remote sensing and
GIS data and performing analyses substantially facilitates the study of the spatial change
and evolution of wetland morphology. With the support of remote sensing monitoring and
landscape evaluation methods, quantitative analysis of landscape patterns at a regional
scale can reveal the changing laws of landscape patterns [27,28]. These techniques facilitate
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data analysis and produce results that can be used to develop and implement measures to
protect wetlands and slow their degradation.

The human activity intensity evaluation method, which is based on the human in-
terference index (Hemeroby index, HI), has been widely used to quantitatively evaluate
the human activity intensity in different types of ecosystems, such as forests, grasslands,
wetlands, and cities [29–32]. The theory of human interference was first proposed by Jalas
to evaluate the impact of human activities on plants [33]. Later, this theory was expanded
to the evaluation of forest and wetland ecosystems. Subsequently, Li et al. developed and
translated the concept as “human interference degree.” The basic theory denotes regional
land cover types, while the interference index is assigned to different types of human activi-
ties [34–36]. By definition, affected by the ecosystem coupling of land and sea, coastal zones
that are experiencing rapid urbanization are also disturbed by the process of urbanization,
demonstrating the typical characteristics of both urban and coastal vulnerability.

Over the past three decades, due to the increasing intensity of human activities, the
pressure on the environment of the Yancheng coastal wetland has intensified, and the
wetland landscape has changed dramatically. Quantitative analysis of wetland landscape
is a necessary means to study this issue. Thus, for this investigation, the Yancheng coastal
wetland area was selected as the research object. Based on the combination of spectral
and textural features of random forest, the wetland landscape pattern was dynamically
monitored with the help of remote sensing data and GIS spatial information processing
technology. The observed changes in coastal wetlands were analyzed, and the relevant
driving factors were assessed. On the assumption that the Yancheng wetland environment
is greatly influenced by human factors, a series of studies and discussions are carried out.
The main purposes of this study included the following: (1) performing a quantitative
analysis of Yancheng coastal wetlands from 1991 to 2021, combined with an evaluation
of human activity intensity during rapid urbanization; (2) evaluating the results of the
wetland analysis and exploring the driving factors behind the observed changes.

2. Study Area

Yancheng City (32◦34′–34◦28′ N, 119◦48′–120◦56′ E) is located in the coastal area of
the Jianghuai Plain in eastern China, which is generally characterized by loamy soil. The
area includes a large number of muddy beaches, and the coastal beach area is 4553 km2,
accounting for more than 25% of the city’s area. The coastline of the Yancheng coastal
wetland accounts for 60% of the total coastline of Jiangsu Province, which is the largest
prefecture-level city in Jiangsu Province and ranks eighth in the country. This city has
the longest coastline and the broadest sea area in the province, which is known as the
“land of fish and rice,” and is an important ecological treasure house and strategic zone for
sustainable development in Jiangsu Province.

The wetland in this area belongs to the subtropical monsoon climate, with abundant
annual precipitation and solar heat. The average annual precipitation in the city is more in
the south and less in the north, and the annual distribution of precipitation is uneven [37].
Yancheng coastal wetland is rich in animal and plant resources. There are 47 species of
mammals and 381 species of birds in the reserve, which accounts for 80–90% of the world’s
total red-crowned cranes (Grus japonensis). It is the largest wintering place for red-crowned
cranes in the world [38]; however, at the same time, the coast has been strongly affected by
human activities, especially in the past 30 years. A series of ecological problems such as
large-scale land reclamation, pollution, over-exploitation, and alien species invasion [37]
has had a significant impact on biodiversity conservation. The area of the natural landscape
is gradually decreasing. Great changes have taken place in the landscape pattern. The
selected study areas include Xiangshui County, Binhai County, Sheyang County, Tinghu
District, Dafeng District, and Dongtai City, which are the main distribution areas of the
Yancheng wetland (as shown in Figure 1).
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Figure 1. Geographical location of the study area.

3. Materials and Methods
3.1. Datasets

In this study, Landsat TM and Landsat 8 OLI Collection 1 Level-2 surface reflectance
data were obtained under clear and cloudless conditions. All images were downloaded
from the United States Geological Survey (USGS) global visualization viewer (https://
earthexplorer.usgs.gov/, accessed on 2 July 2021). As one image is not enough to cover
the entire study area, two images were needed to combine. Considering the clear sky and
cloudless conditions, if a constant time interval is adopted, some spliced images are unable
to meet our requirements. A total of 10 scenes of imagery were selected from five individual
years (i.e., 1991, 2000, 2008, 2016, and 2021). All images were acquired in winter and spring
(between January and April) (as shown in Table 1).

Table 1. Landsat images for wetland mapping.

Year Date Satellite Sensors Path/Row

1991
2 February Landsat5 TM 120/26

10 April Landsat5 TM 119/37

2000
17 April Landsat5 TM 120/26
10 April Landsat5 TM 119/37

2008
19 February Landsat5 TM 120/26
12 February Landsat5 TM 119/37

2016
9 February Landsat8 OLI 120/26
18 February Landsat8 OLI 119/37

2021
6 February Landsat8 OLI 120/26
30 January Landsat8 OLI 119/37

When only Landsat spectral features are used for wetland classification, different
objects may have the same spectral features, so only spectral features cannot distinguish
wetland types [39,40]. In order to improve the accuracy of wetland recognition, we use two
image enhancement methods: principal component analysis (PCA) and minimum noise
fraction rotation (MNF). PCA can map the high-dimensional data to the low-dimensional
space and expect the maximum information of the data in the projected dimension so
as to use fewer data dimensions while retaining more characteristics of the original data
points [41]. MNF is used to determine the intrinsic dimensionality of the image data,
separate the noise in the data, and reduce the computational requirements in subsequent
processing. MNF is essentially a double principal component transformation. The first
transformation is used to separate and readjust the noise in the data, and the second step is

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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the standard principal component transformation for noise whitening [42]. We perform
PCA and MNF on Landsat images, respectively, and then extract the first two components
of PCA (e.g., PCA1 and PCA2) and the first three components of MNF (e.g., MNF1, MNF2,
and MNF3).

In addition to Landsat image enhancement, we also extract the texture features of
PC1 and PC2, which have been proved to improve the classification accuracy of remote
sensing images [43,44]. We use the gray level co-occurrence matrix (GLCM) to extract eight
texture features for PCA1 and PCA2, which are mean, variance, homogeneity, contrast,
dissimilarity, entropy, second moment, and correlation. When using the GLCM to extract
texture features, it is necessary to set the gray level of the image, the size, and the direction
of the moving window. According to the summary of previous scholars [43,45], when using
Landsat images for classification, the greyscale quantization level is generally set to 64, the
size of the moving window set to (7,7) and the orientation set to 45◦ [43,45].

According to the National standard of Wetland Classification in China, the national
wetland classification system is divided into natural wetland and artificial wetland. The
natural wetland is divided into two and three levels according to the geomorphological
characteristics, hydrological characteristics and vegetation types of wetland, and the artifi-
cial wetland is divided into two and three levels according to its main uses. Considering
the specific situation of the Yancheng wetland, we divided the land cover into construction
land, vegetation, river system, farmland, aquaculture, salt pan, and tidal flat.

In order to accurately estimate different wetland types, it is necessary to select appro-
priate training samples before classification, and the selection of training samples will have
an important impact on the classification results. We also had two times of fieldwork on
8–11 April and 9–12 July 2021 to take some samples and photos to verify our results of
image classification. When we made visual interpretation, we used Google Earth history
images to help us identify the types of land features, better classify them, and extract
sample points of different wetland types. Different classifiers have different classification
performances for different data. Multi-classifier fusion is to combine the advantages of
different classifiers to obtain the best classification results. Among many machine learning
algorithms, random forest (RF) can show its advantages when the feature space is complex
and the data presents different distributions [46–49]. In this paper, RF is used to perform the
fusion of multiple classifiers. RF is a machine learning algorithm commonly used in remote
sensing image processing. It is suitable for multi-feature data classification or regression. It
is an ensemble learning algorithm. By combining multiple weak classifiers, the final result
is voted or averaged, which makes the result of the whole model has higher accuracy and
generalization performance.

The information of a certain class (xi) in a random forest can be defined as follows:

I(X = xi) = −log2 p(xi) (1)

where I(X) is the information of the random variable and P(xi) is the probability of xi
occurring. Entropy is used to measure uncertainty, and the greater the entropy, the greater
the uncertainty of this category.

In this study, we first used 100 trees, and then set the number of split variables to the
square root of the number of features.

After RF classification, we selected verification points on Landsat images using the
random point selection function in Arcgis10.2 (Esri, RedLands, America), classified the
verification points using visual interpretation, and then deleted the verification points
overlapping with the training samples (about 300 sets of verification points per year).
Finally, the Kappa coefficient between the verification point and the classified image was
calculated to verify the classified image.

3.2. Assessment of Human Activity Impact Intensity

The index of human disturbance degree can be divided into “no disturbance,” “half
disturbance,” and “full disturbance” according to the disturbance degree of the land cover
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type and landscape. The classification is based on the land cover classification system of
the urban ecosystem and the characteristics of land cover classification of coastal cities in
the period of rapid urbanization [29–32]; we refer to the classification system of coastal
zone ecological elements based on the change of ecological service value, combined with
the classification of land use degree and the contribution rate of ecosystem service variation
of each cover type proposed by Zhuang et al. [50]. From the ecological point of view, the
coastal zone landscape types are divided into positive ecological elements and negative
ecological elements, and the positive ecological elements include “non-interference” and
“semi-interference”. For example, wetland, woodland, garden plot, grassland, and culti-
vated land have a positive impact on the environment, while negative ecological elements
are “total interference”, such as bare soil, traffic land, residential land, industrial land, and
some others.

Based on the landscape type classification system of ecological disturbance index, the
multiple-assessment method of human activity impact intensity is constructed:

HI = HIpositive + HInegative (2)

HI is the sum of the comprehensive index of human activity impact intensity of posi-
tive ecological elements (HIpositive) and the comprehensive index of human activity impact
intensity of negative ecological elements (HInegative), where HIpositive is the ecological inter-
ference value of each landscape type in the positive ecological element type multiplied by
the corresponding ecological interference weight wi of the landscape type; HInegative is the
ecological interference value of each landscape type in the negative ecological element type
multiplied by the ecological interference weight wj corresponding to the landscape type
(see Formula (2) for details). In theory, the larger the area of positive ecological elements is,
the greater the ability to resist external interference is, while the larger the area of negative
ecological elements is, the stronger the ability to resist external interference and influence is.

HIpositive = ∑n
i=0 wi × HIi, HInegative = ∑n

j=0 wj × HIj (3)

4. Results

We got the results after classifying the images. In Figure 2, we used the Kappa coeffi-
cient to show the accuracy of classification. Accuracies of different landscape types were
proved to be higher than 88%, which indicates that our classification results are accurate.
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4.1. Land Use Change Analysis

According to the research results shown in Table 2 and Figure 3, over 30 years from
1991 to 2021, the overall spatiotemporal pattern of natural wetlands and artificial wetlands
in the six coastal districts and counties of Yancheng has changed greatly. Notably, this
finding differs from the previous local analysis of coastal wetlands. It can be seen from
Table 1 that the area of natural wetland (water system, herbaceous marshes, and mudflats)
experienced an ongoing decrease from 1430.83 km2 in 1991 to 1416.67 km2 in 2000 and
1160.52 km2 in 2008; however, 2016 and 2021 saw an upward trend due to the continuous
growth of herbaceous wetlands. Examining the changes in the area for the individual
components that make up the wetlands provided an interesting insight into the nature of
the changes that were occurring during the period under consideration. Specifically, the
area of the water system increased slightly from 324.23 km2 in 1991 to 472.31 km2 in 2021.
In contrast, the area featuring mudflats decreased from 898.90 km2 in 1991 to 455.71 km2

in 2021. In terms of artificial wetlands, the area of salt fields increased from 1991 to 2000,
then began to decrease, followed by a sharp decrease from 2008 to 2016. This latter change
was related to the development of the salt industry in the Yancheng area, and the trend
continued, leaving only a small area of salt fields by the time the 2016 and 2021 observations
were made. Even as the area of the salt pan decreased, the area occupied by breeding farms
began to rise. Summing the two reveals that the area of artificial wetlands has remained
generally stable, with the salt pan area gradually being replaced by the breeding farm area.
Among the non-wetland areas, the area of cultivated land decreased from 9379.15 km2

in 1991 to 6536.63 km2 in 2021. Similarly, the decrease in the cultivated land area was
accompanied by an increase in the area of construction land, a trend that has continued,
reflecting the increasing intensity of human activities.

Table 2. Area statistic of landscape types in the Yancheng coast.

Landscape Type AREA(km2)

1991 2000 2008 2016 2021

River system 324.23 416.26 328.13 480.00 472.31
Vegetation 207.71 520.65 555.17 893.34 1695.95
Tidal flat 898.90 479.76 277.22 448.56 455.71
Salt pan 525.86 611.55 429.82 30.11 33.24

Aquaculture 17.21 121.55 248.97 162.07 448.22
Farmland 9379.15 8924.54 9243.13 8066.59 6536.63

Construction land 512.87 778.52 783.62 1785.25 2223.87

According to the remote sensing image (Figure 4) and data, in 1991, the mudflat
accounted for 7.58% of the land feature classification in Yancheng, which represented the
highest proportion of wetland types. The reason for its formation was that a large amount of
sediment carried by the Yellow River into the sea met the Pacific incoming tide and formed
radial sand ridges and shoals in the sea area near Dongtai City under the joint action of the
Bohai tidal forces. With the continuous enhancement of human activities, including the
main transformation methods of tidal flat reclamation, as well as seawater and freshwater
aquaculture, the proportion of tidal flats showed a downward trend as a whole, although
it began to rebound starting in 2008 to 3.84% in 2021. According to the data, due to the
invasion of alien species, especially the rapid expansion of Spartina alterniflora (from the
United States) from patch distribution to strip distribution from east to west and from
north to south since 1979 [47], the ecological structure and distribution characteristics of
bare beach and herbaceous marsh were affected. The competition pattern evolved from the
competition between Suaeda salsa and Phragmites communis community to the coexistence
of the competition between Suaeda salsa and Spartina alterniflora community and the
competition of the two communities, and then to the competition of three communities,
and finally to the competition dominated by Spartina alterniflora community [47].
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Salt pans in artificial wetlands are mainly distributed in Binhai County, Xiangshui
County, and central coastal areas in the north of the coast. In recent years, with the
acceleration of the development of coastal cities, the rapid advancement of urbanization,
and industrialization, salt pans have gradually disappeared, and with the progress of salt
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production technology, groundwater can be used to produce refined salt directly. By 2016,
With the continuous innovation of the production process, the number of salt pans in the
north of Binhai County has gradually decreased to disappear, and the main direction of
transformation is aquaculture areas. According to remote sensing images and data, in
1991, the coastal area of Yancheng had not yet formed a large-scale aquaculture area, which
has changed since 2000. There are many aquaculture areas in the central region, which
have formed a certain scale by 2008, and there is a trend of expansion to the north and
south. In the study area, the reduction in the cultivated land area is mainly converted
into construction land. Generally speaking, the natural wetlands in Yancheng wetland
are mainly concentrated in the central and southern coastal areas, and the inland areas
are scattered. The main distribution types are plant community and herbaceous marsh.
There is an internal transformation from salt pan to aquaculture area in artificial wetland,
and its development has experienced a process that the proportion of aquaculture area
gradually exceeds that of the salt pan, then equals that of aquaculture area, and then far
exceeds that of the salt pan. This process also reflects the rapid process of industrialization
and urbanization and the increasing intensity of human activities.

4.2. Assessment of Human Activity Impact Intensity

In the analysis and evaluation of the Yancheng wetland, the water system, herbaceous
marshes, and mudflats were classified as “non-interference” positive ecological elements,
while salt pans, breeding farms, and cultivated land were deemed “semi-interference”
positive ecological elements, and areas of built-up land were considered “full interference”
negative ecological elements. (Table 3).

Table 3. Landscape type classification system of ecological disturbance index in rapidly urbanized
coastal zone.

Ecological Type Primary Type Secondary Type Hemeroby Index

Positive Ecological Element

No interference River system 0.25

Semi-interference
Vegetation 0.25
Tidal flat 0.25
Salt pan 0.55

Negative ecological factor Full Jamming
Aquaculture 0.55

Farmland 0.70
Construction land 0.95

According to calculations based on the human disturbance index using the multiple-
assessment method of human activity impact intensity, in 1991, the water system accounted
for 2.73%, the herbaceous marsh wetland comprised 1.75%, the mudflat represented 7.58%,
the salt pan took up 4.43%, the breeding farm occupied 0.15%, and the cultivated land
was calculated at 79.04%. The interference index of the water system, herbaceous marshes,
mudflats, saltpans, breeding farms, cultivated land, and building land was 0.25, 0.25, 0.25,
0.55, 0.55, 0.70, and 0.95, respectively. The calculated HI was 0.650. Similarly, HI calculated
for 2000, 2008, 2016, and 2021 was 0.653, 0.664, 0.661, and 0.641, respectively.

According to the calculation results of the human disturbance index (Figure 5), the
dynamic changes in human activity intensity can be obtained (Figure 6). From 1991 to 2000,
it increased from 0.650 to 0.653, with an increase of 0.003. From 2000 to 2008, it increased
from 0.653 to 0.664, with an increase of 0.011. From 2008 to 2016, it decreased from 0.664 to
0.661, with a decrease of 0.003. From 2016 to 2021, it decreased from 0.661 to 0.641, with
a decrease of 0.02. It can be seen that during the 30 years from 1991 to 2021, the human
disturbance index of the Yancheng coastal area experienced a process of first rising and
then falling. The period from 1991 to 2000 was a slow growth stage, while the period from
2000 to 2008 was a rapid growth stage. During the decline period, the period from 2008 to
2016 is a slow decline period, and the period from 2016 to 2021 is a rapid decline period.
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4.3. Analysis of Spatio-Temporal Changes of Wetland Landscape

Analysis of the transfer matrix for the Yancheng coastal landscape from 1991 to
2021 revealed the spatiotemporal change characteristics of the landscape types. Water
system areas were converted into aquiculture (35.23 km2), while mudflats were adapted
to accommodate aquiculture (196.42 km2), cultivated land (220.05 km2), building land
(85.238 km2), and herbaceous vegetation became cultivated land (102.75 km2). The salt pan
was primarily converted into breeding farms (113.68 km2) and building land (98.49 km2).
While natural wetlands were transformed into artificial wetlands and non-wetland types,
and artificial wetlands were transformed into non-wetland types, reverse transformations
and simultaneous transformations were also observable within feature types. Specifically,
the water system was transformed into the herbaceous marsh (50.94 km2), the salt pan into
mudflats (86.26 km2), and the mudflats into herbaceous vegetation (193.47 km2).

From the perspective of annual transfer rate, Table 4 shows the annual transfer rate
of the water system during the four periods as 3.17 (1991–2000), −2.64 (2000–2008), 5.78
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(2008–2016), and −0.35 (2016–2021). Thus, this rate was relatively stable, showing only
slight fluctuations. Herbaceous plants demonstrated an upward trend, with a more rapid
rate of increase in the first and fourth periods (16.76, 0.83, 7.61, 17.95). The annual transfer
rate for the mudflats decreased at first and then slightly increased (−5.17, −5.28, 7.69, 0.32).
Meanwhile, the annual transfer rate for salt pan areas displayed a small positive value
only in the first and fourth periods, and the transfer rate was faster in the second and
third periods. Aquaculture increased at a large annual transfer rate (65.18, 12.99) in the
first and second stages but then decreased at a weak rate in the third and fourth stages
(−4.35, −0.79). In terms of non-wetland types, the annual transfer rate for cultivated land
fluctuated slightly and was generally stable. Lastly, the annual transfer rate for building
land remained positive and reached 16 in the third phase.

Table 4. Dynamic transfer rate of land use on Yancheng coast.

Landscape Type Transferring Area Percent (%) Transfer Rate Per Year (%)

1991 2000 2008 2016 2021 Total Phase 1 Phase 2 Phase 3 Phase 4

River system 2.73 3.51 2.77 4.05 3.98 1.25 3.17 −2.64 5.78 −0.35
Vegetation 1.75 4.39 4.68 7.53 14.29 12.54 16.76 0.83 7.61 17.95
Tidal flat 7.58 4.05 2.34 3.78 3.84 −3.74 −5.17 −5.28 7.69 0.32
Salt pan 4.43 5.16 3.62 0.25 0.28 −4.15 1.83 −3.73 −11.64 2.40

Aquaculture 0.15 1.03 2.10 1.37 3.78 3.63 65.18 12.99 −4.35 −0.79
Farmland 79.04 75.29 77.90 67.98 55.09 −23.95 −0.53 0.43 −1.59 −3.79

Construction land 4.32 6.57 6.60 15.05 18.74 14.42 5.79 0.06 16.00 4.90

The characteristics of landscape change can be reflected in the change in the annual
transfer rate (Table 4). The continuous positive transfer of building land, the positive
transfer rate of aquaculture farms, and the reduction in mudflats in the first two stages all
reflect the impact of human activities on landscape change. At the same time, the growth
of mudflats and the increase in plant communities in the latter two stages reflect the impact
of environmental protection in the period of rapid development.

4.4. Driving Factors

Researchers investigating the forces driving land-use changes at home and abroad
have divided these forces into natural factors and human factors. Natural factors mainly
include climate, soil, water, marine conditions, and so on, which mostly affect the landscape
on a large scale and can cause dramatic changes in the landscape. Human factors include
population growth, urban expansion, economic policy, market demand, scientific and
technological progress, social ideology, and other factors, which affect the transformation
of land use types and changes in land-use intensity. The interaction of these natural and
socio-economic driving forces at different spatial scales has resulted in the current land
use situation.

Combined with the actual situation of the study area, it may be helpful to discuss the
factors affecting the change of landscape pattern in this area. In terms of natural driving
forces, the landform type of the Yancheng area is a plain and is a part of the North Jiangsu
Plain. The terrain in the whole study area is low and undulating, and most areas are less
than 5 m above sea level. There are many rivers and canals in Yancheng, extending in all
directions. Because wetland is a special land type, with water as its carrier, the hydrological
condition of the basin has become the main limiting factor driving the evolution of wetland.
At the same time, the influence of temperature on the formation of wetlands has multiple
functions, mainly affecting the species types and growth of vegetation. Temperature
also affects the process and intensity of surface evaporation. Temperature rise alone can
accelerate the process of water surface evaporation, causing a reduction in the water surface
area, resulting in the shrinkage of intertidal silt beaches, estuarine waters, rivers, lakes,
artificial aquaculture, and other areas. Salinity was also found to be a major factor in
determining the path of coastal landscape succession. In the early stage of reclamation,
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a large amount of soil salinization was caused by water evaporation. Soil with high
salt content can only be used for mariculture or salt field development. The salinity of
the tidal flat area is reduced by the deposition of rain showers and the introduction of
fresh water for irrigation. The land can be used for large-scale farmland cultivation and
freshwater aquaculture.

In terms of human factors, population pressure is one of the main driving forces lead-
ing to land-use change, and population growth is usually accompanied by the enhancement
of human activity intensity. The study shows that human activity is a very important factor
causing wetland landscape changes in Yancheng during the past 30 years. In 1991, 2000,
2008, 2016, and 2021, the value of intensity affected by human activities was 0.650, 0.653,
0.664, 0.661, and 0.641, respectively. On the one hand, due to the growth of the population,
people’s demand for housing, living infrastructure, and construction land is also rising;
on the other hand, the demand for food is also increasing. To some extent, this will have
an impact on land use types and environmental changes. Economic interest is another
major factor in the human driving force. With the unique conditions for the development of
aquaculture, aquaculture has developed rapidly. A large number of expansion of artificial
farms is one of the reasons for the conversion of wetland types.

5. Discussion
5.1. Temporal and Spatial Changes of Yancheng Wetland

This paper analyzes the evolutionary trends and driving forces of four stages of
Yancheng coastal transformation from 1991 to 2021. During this time frame, the domi-
nant landscape has been farmland, not wetlands; however, the coastal landscape pattern
of Yancheng has changed significantly in that same time frame. The types of landscape
transformation can be divided into the internal transformation of the natural landscape,
the transformation of the natural landscape into the artificial landscape, the internal trans-
formation of the artificial landscape, and the transformation of the artificial landscape into
the natural landscape [51,52].

According to the regional characteristics of the rapidly urbanized coastal zone, a
land cover information extraction method suitable for the rapidly urbanized coastal zone
was constructed, and the regional land cover was dynamically monitored based on a
multi-source remote sensing fusion monitoring method [53,54]. Considering the difference
between positive and negative ecological types of land cover elements, we constructed a
comprehensive assessment method of human activity impact intensity in the coastal zone.
Moreover, the dynamic changes in human activity impact intensity in the Yancheng area
from 1991 to 2021 were also studied. The results demonstrate that the extraction results of
land cover information with high precision were key to ensuring the assessment results
of human activity impact intensity. According to the assessment requirements and the
characteristics of the rapid urbanization coastal zone, the land cover extraction method
was proposed, and the supervised classification extraction method was adopted. The
assessment results for the impact intensity of human activities reveal that the change took
place in stages, that is, a slow-growth stage from 1991 to 2000 and a rapid-growth stage
from 2000 to 2008. The period from 2008 to 2016 was a period characterized by a slow
decline, followed by a period of rapid decline from 2016 to 2021. The assessment method
successfully identified the spatial distribution, intensity, and mode of action of different
human activities.

This paper studies the coastal wetlands in Yancheng from a larger scope and explores
the impact of the coastal wetlands in Yancheng on the ecological changes of the surrounding
areas with the strongest radiation, which provides a new perspective and direction for
further monitoring and research of Yancheng wetlands. More refined and high-resolution
remote sensing analysis results and future change prediction of the Yancheng wetland are
our next key research directions.
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5.2. Discussion on Driving Factors

From 1991 to 2021, the wetland landscape types in the Yancheng wetland study area
changed strongly, and human activities were deemed to be the main reason for the reduction
in natural elements in the Yancheng wetland landscape. From 1991 to 2021, much natural
landscape was transformed into an artificial landscape. The influence of human activity as
a driving force is obviously greater than that of natural driving forces. The government has
taken a series of measures. Yancheng Wetland Nature Reserve was established in 1983, and
it was promoted to a national nature reserve in 1992. Since 2006, Yancheng has issued a
series of policies focused on land use planning, urban planning, and wetland protection
and restoration planning, clearly stipulating the regional management requirements for
prohibiting and developing ecological functions such as wetlands and nature reserves.
The Yancheng government has invested funds in central and provincial projects. Projects
have been used to restore polluted wetlands, providing wetland ecological compensation,
establishing ecological management, and promoting ecological restoration have formed the
core of financial expenditures. Natural wetlands have been restored, and a large number of
natural wetlands have been included within the scope of natural wetland protection. From
2015 to 2020, the protection rate for natural wetlands in Yancheng increased from 41.5% to
61.8%. These measures are reflected in the current study’s observations.

Nevertheless, many problems remain to be addressed in the current situation regarding
wetland resources in Yancheng. First, due to the negative impact of human activities on
the environment near wetlands, the fragmentation trend affecting the natural wetlands
is obvious, and the biodiversity of the wetlands is gradually decreasing. This troubling
change poses a great challenge to the survival of wild animals such as elk. Second, the
wetland ecological compensation mechanism is not perfect. The destruction of crops
and fisheries around wetlands caused by the government’s efforts to protect wetlands
urgently needs the establishment and improvement of a sound ecological compensation
mechanism. In order to use more accurate remote sensing data and more accurate land
cover information extraction to further monitor the wetland environment in Yancheng in
the future, we offer the following suggestions and countermeasures. First, it is necessary
to further strengthen the protection of natural wetlands, label ecological management,
and restoration as the key direction of public financial expenditures, intensify wetland
restoration efforts, and constantly improve the protection rate of natural wetlands. Second,
the establishment and improvement of the wetland ecological compensation mechanism
drive the competent authorities of some wetland areas in Yancheng to implement wetland
protection regulations; however, the current protections are not enough for the protection
and sustainable development of the whole wetland, pointing to the urgent need for a wider
range of wetland legislation to be implemented. Third, it is necessary to strengthen brand
building. At present, the proportion of high-quality wetland parks in the Yancheng area is
less than 10%, which is an urgent problem Yancheng should face. Fourth, more scientific
and ecological urban planning is needed. Even as rapid economic development continues
to unfold, we should strive to achieve an organic balance between man and nature.

6. Conclusions

Based on the Landsat images data for the Yancheng coastal area in 1991, 2000, 2008,
2016, and 2021, the random forest method was applied to classify the landscape types
of this area by fusing the information concerning impact characteristics. A combination
of the evaluation method of human activity intensity in the period of rapid urbanization
and the transferring matrix was used to analyze the spatiotemporal dynamic changes of
the Yancheng coastal wetland landscape, and the factors driving change were explored
in light of the analysis results. In conclusion, the results have certain theoretical and
practical reference value for the protection and sustainable development of the Yancheng
wetland. The main conclusions are as follows: (1) While the changes in the wetland
landscape in the Yancheng coastal area have mainly been reflected in the form of dramatic
changes in local surface features, from an overall point of view, the area is relatively
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stable. (2) The transformation of wetland types has been multi-directional, including the
transformation from natural wetland to the artificial wetland and non-wetland types, the
internal transformation of artificial wetland, and the reverse transformation from non-
wetland types to wetland. (3) Using the evaluation method of human activity intensity in
the period of rapid urbanization, our findings reveal that the intensity of human activity
in the Yancheng coastal area has experienced a process of first rising and then falling.
(4) Analysis of the driving factors reflected in the analysis results showed that temperature
and salinity were the main natural driving factors, while human factors imposed the
greatest effects on the landscape changes characterizing the Yancheng coastal wetland.

Due to the limitations of available data and in situ measurements, we have not ana-
lyzed the Yancheng wetland situation with a more precise perspective, which is something
we need to be refined in the future. Meanwhile, for wetland landscape changes and driving
force analysis, such as the impact of human policies, continuous monitoring and future
prediction of human activities is one of our promising further studies.
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