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Abstract: As one of the most important wetland systems, coastal wetlands play an important role in
conserving water, regulating the climate and protecting biodiversity. However, due to large-scale and
long-term tidal flat reclamations, the landscape structure and function of the coastal wetlands have
been greatly affected. Therefore, it is necessary to understand the spatio-temporal characteristics of
the impact of tidal flat reclamation on regional ecology and to quantitatively assess the relationships
between them. In this study based on long-term, multiperiod remote sensing data, the main spatio-
temporal variation characteristics of stability, and the relationship between stability and tidal flat
reclamation were analyzed with regard to the influence scope of tidal flat reclamation. The results
showed that a substantial decrease in natural wetlands in 1980, mainly caused by tidal flat reclamation,
was discovered in the Jiangsu coastal area, and the influence scope of tidal flat reclamation on regional
landscape ecology was roughly 30 km. In the affected area, the overall stability had a tendency to
improve, but the stability change characteristics between reclamation area and non-reclamation
area varied greatly. Especially in the reclamation area, the stability of construction wetlands and
non-wetlands deteriorated. Spatially, the stability outside the reclamation area had the characteristics
of first deteriorating and then improving as the distance from the reclamation area increased. Under
the influence of tidal flat reclamation, the influence of different use types of TFR on stability was not
completely consistent, and the influence of the same uses type of tidal flat reclamation on different
landscapes was also different.

Keywords: coastal wetlands; tidal flat reclamation; stability; impact; Jiangsu coastal area

1. Introduction

Coastal wetland, as an important landscape cover type and unique wetland ecosystem
in coastal areas, plays an extremely important role in maintaining water, regulating climate
and protecting biodiversity [1,2]. However, a great loss of coastal wetlands has been caused
by excessive anthropogenic activities at different spatial scales [3,4], which will inevitably
lead to the structural degradation of wetland systems and ultimately seriously affect the
service supply capacity of regional ecosystems [5,6]. Therefore, to reduce the negative
impact of human activities on the ecological environment, a better understanding of the
ecological effect of human activities is urgent.

Tidal flat reclamation (TFR), as one of the most important human activities in the
coastal area, has a long history in China [7] with a long coastline and abundant coastal
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wetlands [8,9]. According to statistics, a large number of coastal wetlands have been
converted into agricultural land, industrial land, urban land, etc., to meet the needs of
various industries [10]. From 1984 to 2018 alone, the coastal wetlands in China shrank from
10,263 km2 to 7400 km2, a decrease of approximately 27.9% [11]. In recent decades, TFR
has provided a large number of reserve land resources for the development of various
undertakings in coastal areas, which has greatly promoted economic development [12];
however, it has also caused a series of ecological and environmental problems [13,14].
A growing body of research suggests that rapid and large-scale TFR can lead to a sharp
decline in coastal wetland resources [15], loss of diversity [16], decrease in coastal ecosystem
functions and services [17], etc. Finally, these negative impacts, in turn, can have an
impact on the regional environment and are detrimental to the sustainable development
of coastal areas [13]. Therefore, facing irreversible ecological degradation caused by TFR,
the evaluation of the ecosystem state has become particularly necessary for explicating the
impact on ecosystems, which is significant to regional ecological conservation.

In recent years, the ecological impact of TFR has received an increasing amount of
attention, and many scholars have conducted relevant research and achieved a series
of results [18,19]. As the understanding of the ecological impact of TFR has increased,
managers have taken a more scientific approach to formulating land planning and resource
conservation policies [20]. However, most of the research has focused on very specific areas
of aquatic or terrestrial ecosystems such as biodiversity loss [21], carbon flux [22], heavy
metal contamination [23] and the bacterial community [24] and the comprehensive impact
of TFR on the ecosystem is still relatively lacking [25].

Stability is an important feature in the structure and function of ecosystems that de-
termines the rise and fall of ecosystems. As an important comprehensive indicator of
the ecosystem state, stability has been the focus of ecological researchers to evaluate the
ecological conditions of terrestrial ecosystems [26,27]. As ecological stability is a multidi-
mensional concept that covers the different aspects of the dynamics of the system and its
response to perturbations, the concept of stability has not yet been defined exactly [27,28].
Due to the differences in the professional backgrounds and research angles of researchers,
different scholars often assign different connotations to ecosystem stability according to
actual research needs [26,27]. Although there are many different concepts of ecological
stability, they all contain the following implications: the ability of a system to remain in the
status quo after a disturbance and the ability of a system to return to its original state after
being disturbed.

To evaluate the ecological stability of wetlands, many scholars have performed ex-
cellent work and constructed many meaningful evaluation indicators. The evaluation
of stability has mainly been based on the research objective of selecting a single indica-
tor to characterize stability [29] or based on the structural relationship between multiple
indicators by constructing a composite stability evaluation index to comprehensively
evaluate stability [30,31]. Commonly used indicators can be roughly divided into three
categories: structural indicators, functional indicators and external environmental factor in-
dicators. Structural indicators include the components of animals, plants, microorganisms,
soil [32,33], structural characteristic indices [31], etc., in the ecosystem. Functional indica-
tors include the productivity level of the ecosystem [32], carbon absorption capacity [31],
surface water availability [34], etc. External environmental factor indicators mainly include
the external effects exerted by nature or humans on wetlands [35,36]. However, many
functional indicators are difficult to measure, or raw data are difficult to obtain, making it
impossible to conduct large-scale, long-term studies. Moreover, external environmental
factor indicators are easily subject to subjective cognition and environmental influences
and are not easy to quantify. There are also some indicators that are limited to theoretical
research and cannot be applied to practice [27].

In view of the fact that most coastal areas tend to display long-term and large-scale
TFR, it is necessary to construct an appropriate evaluation indicator when comprehensively
evaluating the impact of TFR. The realization of landscape functions requires the support
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of the landscape structure [37], and the landscape structure can be expressed through the
rich information contained in the landscape types and its spatial distribution forms and
combinatorial relationships such as the diversity of landscape types, the area of landscape
types and the landscape pattern. The change in this kind of information characterizes some
of the most critical implications of the complex interactions between natural environment
changes and human activities [5,38]. Remote sensing technology is widely used in land-
scape ecology due to its wide spatial range, long time series and easy access and can obtain
rich landscape ecological information [39]. Therefore, a stability evaluation index can be
constructed from the perspective of landscape structure based on remote sensing data.

In addition, previous research on the ecological impact of TFR was mostly limited to
the impact of a single or several projects [40,41], and the change in the ecological environ-
ment before and after the project(s) was usually compared in the whole study area [42].
However, many studies have shown that the impact of human activities on regional ecology
has obvious spatio-temporal characteristics [43], indicating that the characteristics of the
impact of TFR inside and outside the reclamation area are not necessarily the same. Even
within the non-reclamation area, the influence in different locations may be different. At
the same time, the ecological impact of TFR has obvious spatial-temporal accumulation
characteristics, and the impact at different times and different locations is constantly su-
perimposed. Therefore, combined with long-term and multiperiod data, research on the
spatio-temporal characteristics of the ecological impact of TFR is still lacking.

In this paper, we aim to make a modest step toward understanding the ecological
impact of TFR from the perspective of landscape ecological stability by choosing the Jiangsu
coastal area as a case study. Combined with multiperiod remote sensing data from 1980
to 2018, this study evaluated the impact of TFR on landscape pattern and determined the
impact range of TFR. On this basis, the spatio-temporal variation characteristics of stability
were analyzed, and the relationship between TFR and stability was quantitatively analyzed,
both of which are expected to provide a meaningful reference for the future conservation
and management of coastal wetland resources.

2. Materials and Methods
2.1. Study Area

The Jiangsu coastal area, as one of the regions with the richest wetland resources, is
located in eastern China and adjacent to the Yellow Sea (Figure 1). The coverage is between
119◦28′–121◦59′ E and 31◦39′–34◦31′ N. In this region, there are a total of 10 cities and coun-
ties, as follows: Xiangshui, Binhai, Sheyang, Dafeng, Dongtai, Haian, Rudong, Tongzhou,
Haimen, and Qidong. Due to the differences in the natural geographical environment, the
northern part of the coastal wetlands is mainly dominated by rocky sand and substrate,
and the central and southern parts are dominated by muddy coast, which is conducive to
the formation of tidal flats. According to previous surveys, the coastline is approximately
954 km, accounting for approximately 5% of the total length of China’s coastline [44,45].
Abundant natural wetlands provide important habitats for endangered animal species
and maintain regional biodiversity and at the same time provide sufficient reserve land
resources to meet different land needs such as agricultural land and construction land.
However, with the development of the economy, the short-term impact of human activi-
ties on the regional landscape ecology and its cumulative effect have gradually emerged.
Therefore, the Jiangsu coastal area, due to its unique natural conditions and intense TFR, is
a typical area for studying the ecological impact of TFR on the coastal area.
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Figure 1. Location of the study area and geographic distribution of reclamation area since 1980.

2.2. Data Sources and Preprocessing

The data we collected and used in this study involved both primary and secondary
data. The primary data included Landsat MSS/TM/ETM+/OLI data for almost 40 years,
as follows: 1980, 1983, 1986, 1992, 1995, 2000, 2005, 2008, 2011, 2014 and 2018 [45]. To
fully cover the entire study area, three scenes of images were used for each target year.
All the remote sensing data involved in this study were mainly cloud-free and acquired
from August to October, with path/row numbers of 120/036, 119/037 and 118/038 (the
path/row numbers for 1980 are 129/036), and with a spatial accuracy of 30m (the accuracy
of remote sensing data in 1980 is 80 m). Considering that the size of the landscape patches
in the study area was between 1.83 and 3.06 km, the 30m or 80m spatial accuracy was
sufficient [5].

To meet the requirements of this study, 17 landscape types (Table 1), including natural
wetlands, artificial wetlands, and non-wetlands (for the sake of discussion, non-wetlands
were considered a special type of wetlands in this study), were extracted based on an object-
oriented remote sensing interpretation method supplemented by visual interpretation. The
interpretation results showed that the overall accuracy was more than 90%, which met our
research requirements. In addition, vector data, including the provincial, municipal and
county administrative boundaries of the administrative divisions of Jiangsu province, were
used as secondary data.
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Table 1. Landscape types in Jiangsu coastal wetlands.

Categories Landscape Types

Natural wetlands
River (RR), grassy marshland (GM),

Phragmites Australis (PA), Suaeda glauca (SG),
Spartina alterniflora (SA), mudflat (MT)

Artificial wetlands Paddy field (PF), pool (PL),
salt field (SF), mariculture farm (MF)

Non-wetlands
Dryland (DL), forest (FT), bareland (BD),

levee (LE), urban land (UL),
rural residential land (RL), construction land (CL)

2.3. The Identify of Use Types of Reclamation

Based on the remote sensing interpretation results and combined with the main use
types of reclamation in the Jiangsu coastal area in the past 38 years (regarding 2018, the
same as below), five main use types of reclamation were identified by overlay analysis.

To identify the transformation of TFR from the change in landscape types in each time
period, sequential spatial overlay analysis was run on the landscape vector data layers
for 1980, 1983, 1986, 1992, 1995, 2000, 2005, 2008, 2011, 2014 and 2018 using the overlay
module of ArcGIS version 10.2. The results showed great continuous transformation of
landscape change over the past 38 years. As the transformation processes information
during a specific time period (e.g., 1980–1983, 1983–1986 and 1986–1992) can be identified
by comparing the start-point landscape types with the end-point landscape types (e.g., a
transformation from a tidal flat into a port area indicates a typical reclamation) [46], five
major use types of reclamation were identified (Table 2). These types included aquaculture
land (AQL), arable land (ARL), port construction land (POL), salt industry land (SAL) and
hydraulic engineering land (HYL). In addition, as the area from tidal flats to woodland and
bare land was minimal, neither transition was taken into account.

Table 2. The identification of use types of reclamation according to their start-and end-point land-
scape types.

Use Types Start-Point Landscape Type End-Point Landscape Type

AQL Nature wetlands: mudflat,
Suaeda glauca, Phragmites

Australis, grasslands, rivers,
and Spartina alterniflora

Mariculture farm
ARL Paddy land, dryland
POL Rural land, urban land, construction land
SAL Salt pond
HYL Pool, levee

2.4. Buffer Analysis

Buffer analysis, as an important spatial analysis tool, is often used to identify changes
in ecosystems, which are affected by human activities or other disturbance [47]. To analyze
the spatial characteristics of landscape pattern and stability under the influence of TFR,
one-sided buffer zones were constructed along the boundary of the reclamation area based
on the Geographic Information System (GIS). A total of 12 bands with a width of 4.5 km
were distributed on the landward side of the reclamation area (the southwest side). The
width of levees was not accounted for in this study. To facilitate the further discussion,
each buffer zone was numbered 1-12 from nearest to farthest according to its distance to
the reclamation area.

2.5. Evaluation of the Ecological Stability in the Jiangsu Coastal Area

Based on the background structure (the optimal area proportion of the landscape
types) of the Jiangsu coastal area, the stability index, as an indicator of local ecological
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stability, was used to evaluate the impact of TFR on ecological stability in the Jiangsu
coastal area. The ecological stability index equation is as follows:

I =
2

√
∑m

i=0 (
Ai
As
− Bi)2

m
(1)

where I is the stability index of the target area; Ai is the area of landscape type i in the study
area; As is the total area of the study area; Bi is the proportion of type i’s area to the area
of the study area in the background structure; m is the number of landscape types in the
study area. Stability index I can be understood as the standard deviation of the landscape
structure over a certain time period and the background structure, so the smaller the I, the
better the stability in a region.

The calculation of the background structure was mainly based on the theory of compe-
tition/coexistence. First, the ecological service game/competition model was constructed
by using the reference point-based non-dominated sorting (NSGA-III) algorithm. The
optimal solution as the optimal balance of ecosystem services was obtained using this
model [45]. Finally, the corresponding landscape type area and area ratio (background
structure; Table 3) were obtained based on the cascading relationship of “process-function-
service”. (For a specific calculation method, see reference [45]).

Table 3. Optimal area ratio of various landscapes in Jiangsu coastal area (unit: %).

Types GM MT DL RR FT PA BD SA PL PF SG SF MF

Optimal 9.94 0.07 0.87 1.81 35.81 7.27 2.53 4.24 0.44 29.53 0.15 1.30 6.00

2.6. Statistical Analyses

To analyze the stability trend with distance from the reclamation area, the ordinary
least squares (OLS) method was used in this study. In addition, the Pearson correlation
coefficients between the stability index and the cumulative area of reclamation in the af-
fected area, the reclamation area and non-reclamation area were calculated to quantitatively
analyze the effects of TFR on stability. All statistical analyses were conducted in SPSS 23.
Statistical significance was at the 0.05 level.

2.7. Landscape Indices

To determine the spatial extent of the impact of TFR on the regional ecology, based
on previous research [5,43,48,49], and taking into account the ecological significance of
landscape patter indices, the fragmentation index (fragmentation), cohesion index (COHE-
SION) and Shannon’s Diversity Index (SHDI) were selected in this study. The landscape
pattern indices of each buffer zone were calculated according to the formulas as follows:

Fragmentation characterizes the degree of fragmentation of the landscape, reflects
the complexity of the spatial structure of the landscape, and to a certain extent reflects the
degree to which human activities affect the landscape. The formula is as follows:

Ci =
Ni

Ai
(2)

where Ci is the fragmentation of landscape type i ; Ni is the number of patches of landscape
type i ; Ai is the total area of landscape type i. To understand the degree of fragmentation
of all types as a whole, we divided the total number of patches in a target area by the total
area of this area.

COHESION reflects the aggregation and dispersion of patches in the landscape,
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−1< COHESION < 1. When the value is −1, the patches are completely dispersed;
when the value is 0, the patches are randomly distributed; when the value is 1, the patches
are clustered.

COHESION =

[
1−

∑m
j=1 pij

∑m
j=1 pij

√aij

]
∗ [1− 1√

A
]−1 ∗ 100 (3)

where aij is the area(m2) of the j th patch in the landscape type i ; pij presents the circumfer-
ence (m) of the j th patch in the landscape type i; A is the total area of the landscape type
i (hm2).

SHDI is used to describe the diversity and complexity of landscape patches, SHDI ≥ 0.
When SHDI = 0, the landscape contains only 1 landscape. When SHDI is large, the
proportional distribution of area among landscape types becomes more equitable, and the
complexity of the ecosystem composition usually tends to increase.

SHDI = −∑m
i=1 pi ln(pi) (4)

where Pi is the area ratio of patch type i to a target area; m is the number of all patch types.
In addition, the overall transfer probability (P) of the target area was also calculated

in this study. The probability of landscape transfer indicates the likelihood of a landscape
transformation within an area. It is calculated as follows:

P =
n

∑
i=1

li
S

(5)

where P is the overall transfer probability of the target area; li is the area of landscape type
i that is converted to other landscape types in a certain period; S is the area of the target
area; n is the number of landscape types in the start year of the target period;

3. Results
3.1. Major Landscape Transformation Features
3.1.1. Analysis of the Landscape Change Process

In the past 38 years, the main landscape change throughout the study area was
characterized by a significant decrease in natural wetlands and a significant increase in
artificial wetlands and non-wetlands (Figure 2). Specifically, natural wetlands decreased by
2477.64 km2 (41.63%), and artificial wetlands and non-wetlands increased by 1987.32 km2

(21.77%) and 378.89 km2 (2.96%), respectively.
Among natural wetlands, the mudflat and coastal marshes decreased by 1600.42 km2

and 756.59 km2, respectively and accounted for 60.11% and 28.26% of the total natural
wetlands outflow area, respectively. Mariculture farms and paddy fields were the main
contributors to the increase in artificial wetlands, increasing by 1736.73 km2 and 657.34 km2,
respectively, and accounting for 72.51% and 27.44% of the total inflow area of artificial
wetlands, respectively. The increase in non-wetlands was mainly due to the increase
in residential land (including rural residential land and urban land) and construction
land, and the area of residential land and construction land increased by 945.69 km2 and
296.54 km2, respectively, accounting for 73.67% and 23.10% of the total non-wetlands inflow
area, respectively.
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Figure 2. The area of the landscape transformation in the Jiangsu coastal area during the period
1980–2018.

3.1.2. Analysis of TFR process

Due to the natural conditions and policy-oriented reclamation planning, landscape
transformation in the Jiangsu coastal area was spatially distinct. The reduced natural
wetlands were mainly concentrated in the reclamation area in the tidal flats. Overall, from
1980 to 2018, a total of 1969.86 km2 of coastal wetlands was reclaimed across the tidal
flat area in Jiangsu province, and a consistently increasing annual rate of 51.84 km2 was
observed. From the perspective of time course (Figure 3), the intensity of reclamation
showed a generally fluctuating upward trend during the period 1980–2011, reaching a
maximum value in 2008–2011, and then showing a rapid downward trend.

Figure 3. The reclamation process from 1980 to 2018.



Land 2022, 11, 421 9 of 20

The majority of reclamation occurred in the middle of the coastal wetlands. Specifi-
cally, over 85.1% of the reclamation occurred in Dongtai, Rudong, Sheyang and Dafeng.
Especially, approximately 35% of the reclamation occurred in Dafeng, where the average
annual reclamation area between 1990 and 2005 (36.3 km2) was two times higher than that
over the past 38 years. For administrative reasons, there has been only 12.6 km2 wetlands
reclaimed in Tongzhou in the past 38 years, with a rate of less than 1 km2 per year.

In terms of use types, nature wetlands were mainly occupied by aquaculture land
(APL) and arable land (ARL), followed by hydraulic engineering land (HYL), port con-
struction land (POL) and, salt industry land (SAL), accounting for the total amount of
reclamation 81.94%, 12.40%, 2.60%, 2.42%, and 1.64%, respectively. Aquaculture land was
an absolute advantage at all time. When aquaculture land was not considered, the main
use types were salt industry land (SAL) and arable land (ARL) in 1980–2005. After 2005, the
main use types were port construction land (POL) and hydraulic engineering land (HYL),
indicating that the use types of TFR shifted from agriculture to industry.

In non-reclamation areas, landscape transformation mainly occurred near tidal flats
and at the junction of paddy field and dry land. Except for the large-scale transition
between paddy field and dryland, a large amount of construction land and urban and
rural settlements have been transferred from paddy field and dryland. The transformation
from rural residential land and construction land to urban land also accounted for a
certain amount.

3.2. Change in Cological Stability in the Coastal Area
3.2.1. The Impact Scope of TFR in the Jiangsu Coastal Area

At the landscape level, the general impact of human activities is the transformation of
the landscape in the target area, the results of which are changing the landscape structure,
affecting the system functions [48,49], and ultimately affecting the stability of the landscape
ecology [50]. Therefore, the stability change in regional ecology is fundamentally a change
in the landscape structure. In this regard, to identify the spatial extent of TFR in the
Jiangsu coastal area, the overall transfer probability and three landscape pattern indices
(fragmentation, COHESION and SHDI) within each buffer zone were calculated, as shown
in Figure 4.

Figure 4. The overall transfer probability and landscape pattern indices in buffer zones.

In Figure 4, it can be seen that the overall transfer probability generally showed a
downward trend. Specifically, the overall transfer probability gradually decreased with the
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distance from the reclamation area in the range of 0–29.25 km (buffer zones 1–7) and then
increased to the max at 38.25 km. After 38.25 km, the overall transfer probability tended to
stabilize. As the landscape transformed, the landscape pattern also changed at the same
time. Specifically, within 24.75 km from the reclamation area, fragmentation showed a
general downward trend and reached a minimum value at 24.75 km from the reclamation
area, after which the overall trend of fragmentation was upward. COHESION was roughly
negatively correlated with the fragmentation. Within 15.75 km from the reclamation area,
COHESION rose significantly with the increase in distance and reached a maximum value
at 15.75 km. Then, COHESION was basically stable within 20.25–29.25 km. After 29.25 km,
COHESION decreased rapidly and reached a minimum at 42.75 km. Due to the reduction
in landscape types, SHDI descended rapidly within 15.75 km from the reclamation area.
After 15.75 km, SHDI gradually rose and then began to accelerate at 29.25 km, reaching a
maximum at 38.25 km. After 38.25 km, SHDI gradually declined.

In summary, in the range of 24.95–29.25 km from the reclamation area, a significant
turning point could be identified for the transfer probability and all three landscape pattern
indices. Therefore, we believe that the maximum impact extent of TFR is approximately
29.25 km.

3.2.2. Temporal and Spatial Change in Stability

Based on the stability index calculation method, the stability index of the reclamation
area, non-reclamation area (including the area all the buffer zones covered within the
influence scope of TFR), and the affected area (including the reclamation area and non-
reclamation area) were obtained for 11 target years (Figure 5).

In the affected area, the stability index was basically on a downward trend before
2000 and fluctuated after 2000 (including 2000), while the stability index of natural wetlands
maintained a slight downward trend with small fluctuations. The change characteristics
of the stability index of constructed wetlands and non-wetlands were basically consistent
with those of the wetlands, but the stability index of construction wetlands had a slight
upward trend after 2000. The above shows that the stability of construction wetlands and
non-wetlands had a significant impact on the stability of wetlands in the entire affected area.

In the non-reclamation area, the change characteristics of wetlands stability were
generally consistent with those of the affected area. The stability index of natural wetlands
remained basically unchanged, and the stability index of construction wetlands showed
small fluctuations after a significant decline in 1983–1986. The stability index change
process of the non-wetlands was basically the same as that of the wetlands. The above
shows that the stability of non-wetlands played a leading role in the stability of the non-
reclamation area.

In the reclamation area, the stability index of wetlands maintained a downward
trend after a short period of increase in 1980–1983, and generally remained unchanged
after 2011. The variation characteristics of the stability index of natural wetlands were
basically the same as those of wetlands, but the former declined faster. The stability index
of construction wetlands gradually fluctuated and rose, while the stability index of the
non-wetlands maintained a slight upward trend with small fluctuations. Overall, the
stability of the reclamation area was mainly dominated by the stability of natural wetlands.

On average, the average stability index for the past 38 years was 0.17, 0.14 and 0.17 in
the affected area, reclamation area and non-reclamation area, respectively (Figure 6), indicat-
ing that the stability level of the reclamation area was better than that of the non-reclamation
area. From the perspective of different wetland types (Figure 6), in the reclamation area, the
stability index of different wetland types was not much different, but the stability index of
various types of wetlands in the non-reclamation area had a significant gap, which was ba-
sically consistent with that of the affected area. The stability index of natural wetlands and
constructed wetlands in the reclamation area was greater than that in the non-reclamation
area, and the stability index of non-wetlands in the reclamation area was smaller than that
in non-reclamation area.
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Figure 5. Temporal variation of different wetland types in different regions.

To further explore the spatial distribution characteristics of stability, the stability index
of each buffer zone in the non-reclamation area was calculated. The general results of
stability change in different buffer zones (Figure 7) showed that TFR can significantly
affect the spatial distribution of stability. Figure 7 shows that the effect of LFTF on the
stability index of the non-reclamation area was not linear but showed a cubic function
relationship (R2 = 0.98, p < 0.01). Specifically, 11.25 km was the threshold distance from
the reclamation area for stability index change, within which the closer to the reclamation
area, the smaller the stability index (or the better the stability level), and outside which,
the closer to the reclamation area, the greater the stability index (or the worse the stability
level). In addition, the standard deviation of the stability index in each buffer zone over
the past 38 years also exhibited obvious spatial characteristics. Similarly, approximately
11.25 km was the threshold for the change of standard deviation of the stability index.
Within 11.25 km from the reclamation area, the overall stability index fluctuation was larger,
and with the increase in distance, the stability index fluctuation increased. After 12.5 km
from the reclamation area, the overall stability fluctuation was smaller, and as the distance
increased, the fluctuation of the stability index gradually decreased until it was almost close
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to zero. The above shows that within the affected range the impact of TFR on stability was
mainly concentrated within a 15.75 km range from the reclamation area (buffer zones 1–4).

Figure 6. Stability index of different wetland types in different regions.

Figure 7. Stability index and deviation of stability in the different buffer zones.

3.3. Quantitative Relationship between TFR and Ecological Stability

Overall, the cumulative area of reclamation was negatively correlated with the stability
index of natural wetlands in the affected area and natural wetlands, artificial wetlands, and
wetlands in the reclamation area, and it was positively correlated with the stability index of
natural wetland in the non-reclamation area (Table 4).

For specific use types of reclamation, in the affected area, all five use types were
negatively correlated with the stability index of natural wetlands. Type ARL and SAL were
negatively correlated with the stability index of artificial wetlands and coastal wetlands.
In the reclamation area, all five types were negatively correlated with the stability index
of natural wetlands and coastal wetlands. Type POL and HYL were positively correlated
with the stability index of artificial wetlands, and type SAL was positively correlated with
the stability index of non-wetlands. In the non-reclamation area, type AQL, ARL, and
SAL were positively correlated with the stability index of natural wetlands, while type
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ARL and SAL were negatively associated with the stability index of non-wetlands and
coastal wetlands.

Table 4. Correlation matrix between stability index and area of reclamation.

Use
Types

Affected Area Reclamation Area Non-Reclamation Area

SW SNW SCW SOW SW SNW SCW SOW SW SNW SCW SOW

CA −0.488 −0.936 ** −0.525 −0.385 −0.909 ** −0.987 ** 0.667 * 0.596 −0.486 0.686 * −0.474 −0.476
AQL −0.570 −0.899 ** −0.618 * −0.474 −0.932 ** −0.962 ** 0.581 0.582 −0.563 0.712 * −0.441 −0.556
ARL −0.675 * −0.749 ** −0.777 ** −0.589 −0.962 ** −0.843 ** 0.267 0.593 −0.675 * 0.821 ** −0.397 −0.670 *
POL −0.376 −0.977** −0.321 −0.281 −0.794 ** −0.965 ** 0.793 ** 0.364 −0.343 0.522 −0.418 −0.333
SAL −0.631 * −0.707 * −0.737 ** −0.547 −0.880 ** −0.817 ** 0.353 0.666* −0.644 * 0.735 * −0.454 −0.637 *
HYL −0.405 −0.977 ** −0.357 −0.308 −0.824 ** −0.979 ** 0.755 ** 0.444 −0.384 0.565 −0.444 −0.374

“**” Indicates significant correlation at the 0.01 level (two tails); “*” indicates significant correlation at the
0.05 level (two tails); SW, SNW, SCW, and SOW represent the stability index of coastal wetlands, nature wetlands,
construction wetlands, and non-wetlands, respectively. CA represents the cumulative area of five use types
of reclamation.

4. Discussion
4.1. The Impact Scope of TFR

Tourism development, such as port construction, urban expansion and road networks,
can have an impact on the surrounding environment. For TFR, the various use types of
reclamation represent the comprehensive impact of human activities. According to the first
law of geography, “everything is related to everything else, but near things are more related
than distant things [51]”, so this effect of TFR diminishes with distance and accumulates
over a certain time period and space.

The ecosystem structure is the basis of the system function, and a certain structure
supports a certain function [37]. Changes in landscape structure are the basis for functional
change. The landscape pattern indices condense a variety of rich information about the land-
scape pattern. According to previous research, human activities can significantly affect the
fragmentation, COHESION, and SHDI; the AREA_MN (mean patch area); the FRAC_MN
(mean fractal dimension index); the AI (aggregation index) [5,49,52]; etc. Combined with
the ecological implications of landscape indices, we chose three indices (fragmentation,
COHESION, and SHDI) to depict the landscape structure. According to the buffer analy-
sis, the selected landscape pattern indices had obvious spatial distribution characteristics.
Based on this, it was concluded that 29.25 km away from the reclamation area was the
abrupt distance of the landscape pattern change and 29.25 km was used as the maximum
influence range of TFR in the Jiangsu coastal area.

There are only a few studies on the impact extent of TFR on landscape ecology in
China. Based on buffer analysis, Di et al. [53] found that the intensity of human activity
had a significant gradient within 30 km from the coastline, indicating that the effects of TFR
were within 30 km. Considering that the average distance between the western boundary
of the reclamation area and the coastline was 9.32 km in this study, if the coastline was
taken as the starting point, the influence range of TFR in this study was roughly 39 km,
which was obviously greater than 30 km. Possible reasons for this are as follows: TFR
has obvious spatio-temporal accumulation characteristics, so the impact of the TFR on
the landscape ecology is the result of the combination of long-term and multi-regional
reclamation. In Di’s study, the time span was 10 years, while our study spanned almost
40 years, so the impact scope of TFR was greater in our study.

4.2. The Rationality of the Index Construction

At present, there are no fixed indicators for stability evaluation due to the complexity of
ecological stability itself and the inconsistency of the concepts of ecological stability [26,31].
Most studies have selected stability indicators based on specific research objectives. This
study built a local stability index by combining the composition ratio of landscape types of
optimal ecological backgrounds and realistic landscapes.

The selection of the index needs to be based on the characteristics of the study
area [31,54]. In the Jiangsu coastal area, due to the long-term and large-scale TFR, while the



Land 2022, 11, 421 14 of 20

landscape ecology in the reclamation area changed, it could also significantly affect the sur-
rounding landscape pattern through natural or socioeconomic factors and ultimately affect
the service supply and ecological stability of the ecosystem. At the landscape level, this is
manifested by the transformation of landscape types before and after reclamation as well
as the difference between the transformation of landscape types or the landscape pattern of
the reclamation area and non-reclamation area. The result of the change or difference led to
the changes in the areas of different landscape types over a certain time period. As a result,
the impact of human activities can be reflected by proportional relationships between the
areas of the various landscape types.

To evaluate the proportional relationships between different periods or different re-
gions, a reasonable reference is necessary. According to Li et al. [45], the optimal ecological
background structure depicted an ecological competition result in the case of artificial par-
ticipation with minimal human intervention. By this they meant that the various functions
of the ecosystem were not only coordinated and unified but also achieved approximately
the best-reachable, natural stable condition before humans carried out large-scale produc-
tion and life transformation in the area. Therefore, this situation can be regarded as the
background quantitative structure of the Jiangsu coastal area.

According to the definition of stability we constructed, the stability index essentially
reflects the closeness of various service supplies of the study area between reality scenarios
and the best equilibrium state in a certain period. Therefore, the closer the landscape type
proportion of the ecosystem in the study area is to the background structure, the better the
ecology stability in this region. When the stability changes, e.g., becomes smaller, it can not
only indicate that the landscape type proportion of the system is closer to the background
structure but also that the various services of the ecosystem have been maximized after
ecological competition by all parties.

In addition, Figure 4 shows that in the region close to the reclamation area (buffer
zones 1–2), the fragmentation was larger and the COHESION was lower, meaning that the
region had a higher degree of fragmentation and scattered patches. However, the SHDI
was relatively large; the reason for this was that due to the proximity to the tidal flats, there
were many landscape types, and patch distribution was also more balanced, which enabled
the system to resist external disturbances [55,56]. In the zones that were slightly farther
away (buffer zones 3–4), the fragmentation and SHDI were low, and the COHESION was
relatively high. Combined with the results of remote sensing surveys, there were very few
landscape types here with a large area of arable land and construction land, which was not
conducive to its resistance to external disturbances. In the more distant zones (buffer zones
5—7), the fragmentation and COHESION remained at a low and high level, respectively,
but the SHDI increased significantly as the landscape types in this region increased, and the
distribution was relatively balanced. Therefore, the resistance to the external disturbances
in the most distant zones (buffer zones 5–7) was enhanced relative to the slightly farther
away zones (buffer zones 3–4).

Combined with the spatial variation characteristics of the standard deviation of the
landscape pattern indices, it can also be seen that with the increase in the distance from
the reclamation area, the standard deviation (especially for the SHDI and fragmentation)
basically showed the characteristics of first increasing and then decreasing (Figure 8), indi-
cating that the ability of the system to maintain its own state under human disturbance
had this spatial change feature. The above shows that within the influence scope stability
showed the characteristics of first deteriorating and then improving with the increase in
distance from the reclamation area. This was basically consistent with the stability change
characteristics indicated by the stability index in this study (t7). Furthermore, through
correlation analysis, it was found that the stability index had a significant positive corre-
lation with the SHDI (p < 0.05), a marginally positive correlation with the fragmentation
(p = 0.059), and a nonsignificant negative correlation with COHESION. The standard devi-
ation of the landscape pattern indices had a positive correlation with stability index, but
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only SHDI passed the significance test (p < 0.05). Therefore, we believe that the stability
index constructed in this study is reasonable.

Figure 8. Standard deviation of the landscape pattern indices in different buffer zones.

4.3. Landscape Transformation and Stability

In the past 38 years, the landscape structure in the Jiangsu coastal area has undergone
significant changes due to the influence of human activities. Intense human activities,
especially TFR, can not only directly change the landscape pattern of the reclamation
area [57] but also have spillovers within a certain range. The spillovers can affect the
surrounding landscape ecology through a variety of factors such as the development and
construction of ports and tourist resort area, which can drive the surrounding economy
and gradually change and reshape the surrounding landscape pattern.

In this study, we constructed a local stability index to characterize the stability of the
coastal area in Jiangsu province and to study the impact of TFR on regional ecology. As
can be seen from Figures 5 and 6, the stability of the reclamation and non-reclamation
areas was very different. In the reclamation area, the stability index of the wetlands and
natural wetlands showed a downward trend, but the stability of natural wetlands has
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remained almost unchanged in recent years. The stability index of constructed wetlands
and non-wetlands has shown an upward trend. In the non-reclamation area, the stability
index change characteristics were generally consistent with those of the entire affected area.

In the reclamation area (mainly distributed in the tidal flat area), a large number of
natural wetlands were converted to artificial wetlands, such as mariculture farm and salt
fields in the early stage (1983–2000) [43]. The result of this was that the proportion of
natural wetlands and artificial wetlands gradually decreased and increased, respectively,
and both tended to be close to the background structure. At the same time, although
the urban land and construction land increased, the area proportion of non-wetlandss
remained relatively stable, so the stability level of the reclamation area was determined by
the stability level of natural wetlands and construction wetlands, which was manifested
as a tendency to improve. In the later period (2000–2018), in addition to the conversion
of natural wetlands into aquaculture land, they were mainly converted to non-wetlands
such as dry land and construction land [43]. After 2008, although the natural wetlands
were in a relatively stable state, the stability of non-wetlands gradually deteriorated, and
the construction wetlands were in a very unstable state. After 2015, the government and
Jiangsu province strengthened the protection of coastal wetlands, and the proportion of
construction wetlands decreased, so the overall stability of wetlands showed no significant
fluctuations or deviations.

In the non-reclamation area, paddy fields, dryland, construction land, urban land, and
rural residential land were mainly distributed, of which the area proportion of non-wetlands
was significantly greater than that in the background structure at any time. Therefore, in
the non-reclamation area, the stability change was mainly affected by the area change in
non-wetlands. In the early stage (1983–2000), the landscape transformation was mainly
from arable land to construction land and residential land, and the area proportion of non-
wetlands increased, but it was closer to the background structure, so the stability tended to
be slightly better. In the later period (2005–2018), in addition to the early main landscape
transformation, the mutual conversion between paddy fields and dryland increased at
the junction of paddy fields and dryland near the reclamation area, resulting in obvious
fluctuations in the proportion of non-wetlands, which were eventually manifested as
obvious fluctuations in stability.

In addition, spatially, both the stability index and the volatility of the stability index
in the non-reclamation area increased first and then decreased with the distance from
the reclamation area. The main reasons for this were as follows: In the area closer to the
reclamation area (buffer zones 1 and 2), there were mainly natural wetlands and artificial
wetlands such as paddy fields and mariculture farms, and the landscape types were diverse.
Compared with other more distant areas, the landscape structure composition of this area
was closer to the tidal flat area with a higher stability level, so the stability index of this area
was relatively smaller. In the past 38 years, the main transformation was the continuous
transformation of large areas of natural wetlands to artificial wetlands or non-wetlands.
As a result, the proportion of artificial wetlands and non-wetlands changed dramatically,
which was manifested by significant fluctuations in the wetland stability index. In the
slightly further areas (buffer zones 3 and 4), paddy field, dryland, urban land, and rural
residential land were the main landscapes, but the non-wetland types were dominant, so
the landscape structure deviated from the background structure more. Because the non-
wetlands such as residential land and construction land were more susceptible to economic
factors, the area of these landscape types (non-wetlands) has had a significant increase with
the huge losses in paddy fields and dryland in the past 38 years, resulting in a dramatic
change in the proportion of non-wetlandss and a significant increase in the volatility of the
wetland stability index. In the more distant areas (buffer zones 5–7), although paddy fields
and dryland were also the main landscapes, there were fewer construction land areas than
in slightly further areas, so the contribution of non-wetlands to the stability of this region
was weakened, and the wetland stability index was relatively small. In the past 38 years,
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the area of various landscape types has not changed significantly, and the stability index
has not fluctuated much.

4.4. Implications for Protection and Management of Wetland Resources

Regarding the contradiction that the demand for land resources is large and resource
protection is imminent, it is of great significance to deal with a series of ecological and
environmental problems caused by the destruction of coastal wetlands such as reduced
diversity, poorer water quality, and reduced carbon storage to achieve the sustainable
development of tidal flat resources [11,58].

Although the average annual reclamation intensity accounted for a small proportion
of the coastal area, the impact of TFR was continuous and cumulative, and a long period
of large-scale TFR led to landscape degradation within the reclamation area as well as
non-reclamation area in the Jiangsu coastal area [5]. The results of this study further showed
that TFR had a significant impact on the stability of the non-reclamation area, the size of
which was much larger than that of the reclamation area. Although the stability of the
entire affected area had a slight tendency to improve, the stability of artificial and natural
wetlands in the reclamation area was deteriorating, and the stability of non-wetlands in
non-reclamation areas has also deteriorated in the past 10 years, which requires attention.
In addition, different use types of TFR had different effects on wetland stability, and the
same use type of TFR had different effects on different landscape types. All of the above
indicate that future reclamation plans need to carefully consider the scale and use types
of reclamation.

In addition, the concept of the compact city, whose basic principle is to form a better
ecological environment for human living by increasing the density of development in a
relatively compact area [59] can be borrowed and applied to TFR to solve the problem of
unreasonable reclamation planning, by increasing the TFR in fewer areas and strengthening
the efficiency of land use in tidal flat areas.

4.5. Limitations

This study has several major limitations that need to be addressed through future research.
First, we constructed 12 one-sided buffer zones with a width of 4.5 km outside the

reclamation area to analyze the influence scope of TFR and the spatial variation of stability
in this study. However, the spatial scale is an important factor that significantly influences
the identification of the landscape structure and functional features. As the width of the
buffer zone gradually increases or decreases, the results obtained may vary. Therefore,
determining the optimal analytical scale is a problem that needs to be solved.

In addition, as the impact of TFR on regional landscape ecology is not immediate, the
time when different use types of TFR have an impact on the ecological environment may
also be different. When the interval time between adjacent target years is too short, it may
not accurately reflect the impact of TFR in this period. In this study, although the time span
was relatively long (between 3 and 6 years), it may have still omitted or overcalculated the
impact of TFR in the target period to varying degrees.

Finally, when calculating the stability index in this study, we uniformly used the
optimal background structure of the entire study area, but theoretically, each specific area
should have its own optimal background structure. Therefore, it may be more appropriate
to calculate the best background structure of the corresponding region when calculating
the stability index of a certain area. For example, different buffer zones can have their own
optimal background structure. However, when the optimal structure is obtained for the
departmental areas, the entire study area will not necessarily achieve the best structure.
Therefore, balancing local optimality with global optimality is a new problem that needs to
be solved.



Land 2022, 11, 421 18 of 20

5. Conclusions

The rapid and large-scale TFR strongly changed the landscape pattern of the coastal
area of Jiangsu province and also affected the structure and function of the landscape. The
results showed that in the past 38 years, the main transformation features were the decrease
in natural wetlands and the increase in artificial wetlands and non-wetlands. Among them,
the reduction of natural wetlands was mainly caused by reclamation, which has reached
1969.86 km2 in the past 38 years. Except for the huge conversion to aquaculture land in
each period, the use types of the reclaimed natural wetlands have gradually changed from
agricultural land to industrial land since 2008.

According to the spatial analysis of landscape transfer probability and landscape
pattern indices, the impact range of TFR on regional landscape ecology was roughly 30 km.
Within the influence scope, overall, the stability of the affected area had a tendency to
improve, but the volatility has increased in the past 10 years. In the reclamation area, the
overall stability of the reclamation area had a tendency to improve, but the stability of
construction wetlands and non-wetlands deteriorated. In the non-reclamation area, the
stability change characteristics were generally consistent with the entire affected area. In
addition, spatially, both stability and its volatility had the characteristics of first deterio-
rating and then improving as the distance from the reclamation area increased. Through
correlation analysis, the relationship between the cumulative area of TFR and the stability
index was quantitatively analyzed. It was found that under the influence of TFR, the
influence of different use types of TFR on stability was not completely consistent, and the
influence of the same use type of TFR on different landscape types was also different.

In summary, based on multitime remote sensing data and combined with the spatial
analysis of the landscape structure indices, the spatial scope of the ecological impact of
TFR was determined. On this basis, the spatio-temporal characteristics of stability were
analyzed through buffer analysis by constructing a local stability index, and the impact
of TFR on regional stability was quantitatively analyzed through correlation analysis.
However, this study also has some drawbacks, as described in the previous discussion. All
the shortcomings should be explored in future studies to better understand the impact of
TFR on regional ecology and to better support the future conservation and management of
wetland resources in the coastal area of Jiangsu province, China.
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