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Abstract: Land use/land cover changes (LULCCs) and biological invasions significantly impact
coastal wetlands (CWs) and their ecosystem services and functions. The exact impacts, however, are
difficult to quantify and are often neglected in policymaking. The evaluation of ecological service
value (ESV) is conducive to clarifying the ecological and environmental changes caused by LULCCs
and biological invasions. The objective of this study was to investigate their impact on CWs in
Jiangsu Province, China, and provide useful information and advice for policymakers concerned with
sustainable development. In this paper, basic data were obtained through geographic information
system technology, and CW ecosystems’ services were calculated via the ESV coefficients per unit area
of different wetland types. Accordingly, this study found the current land use methods responsible
for significant ecosystem disruption and reductions in the area of natural vegetation. Currently,
the area of natural vegetation only accounts for 43% of the total area recorded in 1987. In 2018,
the total ESV of wetland vegetation (Spartina, Phragmites, and Suaeda) was estimated to be USD
14.10 million, while that of farmland was USD 8.58 million, and that of forests was USD 2.09 million.
Natural vegetation only covered 9% of the total land area but produced 60% of the total ESV. Spartina
alterniflora exhibited the highest ESV per unit area, with USD 1.35 million. However, the CWs of
Jiangsu Province have recently shown a shift in vegetation composition due to the invasion of Spartina
alterniflora. Currently, the dominant species in these CWs are Spartina alterniflora and Phragmites
australis, while the local population of Suaeda salsa has significantly declined. Therefore, it is necessary
to strengthen the preservation and restoration of wetland vegetation, control the invasive potential of
Spartina alterniflora, and consider the implementation of suitable protective measures for native plants.

Keywords: land use; biological invasions; ecological service value; coastal wetlands

1. Introduction

Coastal wetlands (CWs) serve as a gateway between the marine and terrestrial ecosys-
tems [1,2]. Their significance lies in their ability to safeguard coasts, relieve coastal erosion
and sea level rise, provide food and contribute to the global economy. The CWs exhibit
substantial productivity and ecological service values (ESVs) [3–5]. The rapid growth of
the economy and society has resulted in significant pressures on both population and land
resources. Consequently, numerous CWs have been transformed to yield various land
uses, such as farmland, aquaculture ponds, harbors, and construction sites. While these
transformations have the potential to generate substantial social and economic advan-
tages, they have also led to the depletion and deterioration of a considerable number of
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CWs [6,7]. The land conversions resulted in a significant decline of 53% (from 6463 km2 to
3036 km2) in CWs in the Yellow Sea area of China between 1984 and 2015, among which
there was a 67% decrease in salt marshes and a 49% decrease in beach areas. Furthermore,
the rate of land reclamation surpassed the rate of growth of CWs during this period [8].
Currently, CWs are affected by both land uses and alien species. Among these, Spartina
alterniflora has been identified as having the most pronounced impact; this species started
to spread into China during the 1970s, and its geographical range underwent a significant
expansion in subsequent decades, recently spreading from Liaoning to Guangxi [9]. Nearly
94% of Spartina alterniflora are distributed in the CWs of Jiangsu, Shanghai, Zhejiang, and
Fujian provinces, causing serious impacts on local soil geomorphology, biological taxa, and
ecosystem functions [10].

Ecosystem services refer to the roles of ecosystems and ecological processes, which
can provide biological resources, natural environmental conditions and benefits for human
survival [11,12]. ESV assessments measure the ecological benefits of ecosystems in the re-
gion during a given period, which can help us to quantitatively and intuitively understand
the region’s ecological management measures, and then propose measures to improve
the ecological environment [13]. As a basic human practice, LULCCs change ecosystem
services, altering the structure, processes and functions of ecosystems, and thus affect the
ecosystem’s service values [14]. Currently, the main method of assessing ecosystem service
values based on land uses is the equivalent value method, which is based on the value per
unit area, and was proposed by Costanza and Xie et al. [15,16]. It is simple, and is intuitive
and easy to use, with a small amount of data, which makes it suitable for assessing the
value of ecosystem services at a large scale [17]. Evaluations of the value of ecosystem
services based on land use data have been widely undertaken, especially in the context
of exploring their correlations [17]. Some studies have shown that a reasonable land use
layout can effectively improve the value of regional ecosystem services and protect the
ecological environment [18]. For example, Cao et al. [19] took the New York Bay Area as
their research object, assessed the ecosystem service value of the region from 1996 to 2015,
and explored the influence of land use landscape patterns on its changes in each research
stage [20], finding that the changes in land use structure caused the degradation of the
ecosystem’s service function. Han et al. [21] explored the temporal and spatial coupling
relationship between land use intensity and ecosystem service value in the northern area
of Liaodong Bay. However, there are few studies on the effects of LULCCs and biological
invasion on CWs’ ecosystems and their ESVs.

In this study, we chose the highly representative CWs of Jiangsu Province as the study
area, and used remote sensing (RS) and geographic information system (GIS) technology to
determine the areas of the CWs and their multiple land use types. We then combined this
with ESV calculation to analyze the changes in ESVs occurring due to ecosystem changes,
in order to explore the variations in ecosystems and their values as related to local land uses
and alien species, and to provide methods for the utilization and protection of China’s CWs.

2. Materials and Methods
The Study Area

Jiangsu Province has the largest proportion of total beachfront area in China [22]. The
CWs of Jiangsu Province are located in the central part of China’s coast, mainly in the
cities of Lianyungang, Yancheng, and Nantong (Figure 1). The ecosystem structure of
Jiangsu’s CWs is divided into natural ecosystems (natural coastal wetlands) and artificial
ecosystems (artificial coastal wetlands). The natural ecosystem consists of mudflats and
vegetated beaches. The artificial area is divided into farmland, forest land, aquaculture
ponds, salt fields, and building land. Water conservancy projects, land enclosure, and the
introduction of exotic species have changed the structure and function of Jiangsu’s coastal
wetland ecosystems.
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Figure 1. Study area. (a) The coastal wetlands of Jiangsu Province in China. (b) The coastal wetlands
in Lianyungang, Yancheng, and Nantong.

The climate is of the typical continental monsoon type. The mean annual temperature
is 13.8 ◦C. The frost-free period is 210–224 days. Mean annual evaporation 1923.8 mm. Mean
annual rainfall is 700 mm. Intrazonal tidal soil and salt soil are the main soil types. The
dominant plant species are Phragmites australis, Spartina alterniflora, and Suaeda salsa [23].

3. Methods
3.1. Classification of Coastal Wetlands Ecosystems in Jiangsu Province

Wetland ecosystems can be classified into artificial wetland, salt marshes, Phragmites,
Suaeda, and Spartina, and mudflats [24]. The wetlands and their multiple land use types in
the study area were determined using RS and GIS technology, including remote sensing
image selection, pre-processing, and interpretation.

3.2. Analysis of Landscape Fragmentation in Jiangsu CWs Ecosystem

The landscape fragmentation index and the average patch area were chosen as the
benchmark reference indexes to establish landscape fragmentation and integrity evaluation
indexes, respectively. Landscape fragmentation is a phenomenon by which the original
continuity of an ecological landscape is divided into multiple isolated and discontinuous
patches due to the influence of natural or anthropogenic factors [25,26]. Habitat fragmenta-
tion is an essential feature of an existing landscape, and is closely associated with nature
conservation [27]. Many endangered species require large areas of natural habitat to ensure
their survival [28–30].

The landscape fragmentation index (S) was used to describe the degree of landscape
fragmentation [31]; it was calculated using the software Fragstats 4.0, and can be described
with Equation (1):

S =
[
1 − ∑m

i=1 ∑n
j=1

(
aij/A

)2
]

(1)

where aij is the area of patch ij; A is the total area of the landscape (m2). S is between 0 and
1. The smaller the S is, the lower the fragmentation of the patch is, meaning much greater
completeness.

The average patch area was used to describe the landscape granularity, and to reveal,
to an extent, the degree of landscape fragmentation. With the continuous fragmentation of
the landscape, the average patch area decreased rapidly, as is described in Equation (2).

Ci = Ai/Ni (2)
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where Ci is the average patch area of landscape type i, Ai is the total area of landscape type
i, and Ni is the number of patches of landscape type i.

3.3. Assessment of Ecological Services Value of CWs Ecosystems in Jiangsu Province
3.3.1. Classification of CWs Ecosystems in the Coastal Zone of Jiangsu Province

In view of the specific characteristics of the ecosystem service functions of Jiangsu’s
CWs, the ecosystem service function classification system applied here was established
with reference to the Global Ecosystem Service Classification proposed by Costanza [15]
and the Millennium Ecosystem Assessment (MA). The ecosystem service functions of
Jiangsu Province’s CWs consisted of provisioning, regulating, supporting, and cultural
services. The provisioning services refer to products derived from plants and animals. The
regulating services include gas regulation, pollutant purification, and coastal protection.
The supporting services refer to the ability of CWs ecosystems to maintain biodiversity. The
cultural services are mainly related to recreational, scientific, and educational functions.

3.3.2. Calculation of the Services Value of the CWs Ecosystem in Jiangsu Province

In this study, the ESVs of different CWs types were calculated using Equation (3).

Vi = Pi × Ai × (1 − S) (3)

where Vi is the value of ecological assets (million USD/a); Pi is the coefficient of ESV per
unit area of each land use type (million USD/(hm2·a)) (Table 1); Ai is the area of different
land use types in the study area (hm2); and S is the landscape fragmentation index.

Table 1. ESV coefficients per unit area of different wetland types (USD/km2). Jiangsu Offshore
Marine Comprehensive Survey and Evaluation General Report [16].

Ecosystem Service Functions Phragmites Spartina Suaeda Farmland Forest

Productivity function 68,194 8858 18,390 21,113 77,849
Gas regulation function 248,474 447,092 15,550 74,971 749,272

Pollutant purification function 491,349 539,426 57,044 0 0
Coastal protection function 0 321,748 64,349 0 0

Species diversity conservation function 37,540 18,770 18,770 0 37,540
Tourism, science, and education function 29,760 22,320 22,320 0 29,760

Total 875,317 1,358,214 196,423 96,084 894,421

4. Results
4.1. Proportions of Different Coastal Wetland Ecosystems in Jiangsu Province

We used RS and GIS technology to determine the types of CWs in the study area via
selected remote sensing images (Figure 2a), and the main land types were determined to
include salt fields, aquaculture ponds, farmland, and mudflats. The dominant plants in the
salt marshes were Spartina alterniflora, Phragmites australi, and Suaeda salsa.

The sizes and percentages of the areas of different land types (Figure 2b,c) in the
coastal region of Jiangsu Province were, in order, 42% for farmland, 27% for mudflats, 20%
for aquaculture ponds, 6% for Spartina salt marshes, 2% for Phragmites salt marshes, and
1% for Suaeda salt marshes and forests. This indicates that land uses in the coastal areas
significantly affected the natural states of the CWs, especially regarding the reduction in
the area of Suaeda salt marsh due to the degradation of the indigenous plant Suaeda salsa.
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Jiangsu Province.

4.2. Area Variations of Different CWs Ecosystems in Jiangsu Province

The total area of natural vegetation in the coastal region of Jiangsu Province (Figure 3a)
showed a decrease from 1382 km2 in 1987 to 365 km2 in 1997, and then increased from
365 km2 in 1987 to 595 km2 in 2018. Although the area of natural vegetation recovered
in 2018, it only occupied 43% of the total area in 1987. This indicates that the human
utilization of CWs significantly affected the natural distribution of coastal vegetation in
Jiangsu Province in the past. The changes of the area of the three natural salt marshes, of
Spartina, Phragmites and Suaeda, show that although the Spartina salt marshes decreased
significantly in size from 1987 to 1997, it showed a yearly increase from 1997 to 2018; the
area of Phragmites salt marshes significantly reduced from 1987 to 1997, and then remained
stable from 1997 to 2018; and the area of Suaeda salt marshes varied from 368 km2 in
1987 to 61 km2 in 2018, showing a yearly decreasing trend. These changes in the area
of natural vegetation indicate that the reproductive and expansive capacity of the exotic
species of Spartina alterniflora was very strong, whereas the adaptive survival capacity of
the indigenous plant Suaeda salsa was weakened.

To further understand the specific impacts of different types of land development and
utilization, as well as invasive plants, on the CWs in Jiangsu Province, the variations in the
CWs in three cities were analyzed separately. From Figure 3, it can be seen that the impacts
of alien species on the CWs’ ecosystems in the three cities were almost the same as those
in Jiangsu Province, i.e., a large degree of invasion of Spartina alterniflora resulted in the
inhibition of Suaeda salsa’s growth. While the total area of vegetative wetland decreased
in Jiangsu Province after changes in land use, and those in Nantong and Yancheng also
decreased, only Lianyungang showed an elevation in the total vegetation wetland area due
to the massive invasion of Spartina alterniflora.
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4.3. Analysis of Landscape Fragmentation in CWs Ecosystems in Jiangsu Province

Based on the analysis of land use types in 2018 (Figure 4a), the largest average patch
area in the coastal region of Jiangsu Province was occupied by mudflats, followed by
farmland and aquaculture ponds, while the average patch areas of natural vegetation
featuring Phragmites, Suaeda, and Spartina were similar and smaller. This indicates that land
use by humans results in smaller natural vegetation patches and larger artificial patches.
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By comparing the fragmentation indices of the CWs of Jiangsu Province with those
of Lianyungang, Yancheng, and Nantong (Figure 4b), we find that the fragmentation
degree of the CWs of Jiangsu Province as a whole was high, with a relatively lower degree
of fragmentation in Nantong and the highest degree in Lianyungang, while Yancheng
was in the middle. Their much higher degree of landscape fragmentation indicates that
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the coastal regions of Jiangsu Province were strongly affected by land use types such
as reclamation, and the continuity of the original ecological landscape was divided into
multiple isolated and discontinuous patches, such as salt fields, farmlands, roads, etc.
Therefore, strengthening the connectivity of regional patches represents one of the main
ways to manage the coastal landscape in the future.

4.4. Assessing Ecological Service Value of CWs Ecosystems in Jiangsu Province

Based on the coefficients of ESV per unit area of different land types (Table 1) and the
areas of distribution of different land types in Jiangsu Province (Figure 2b), the total ESV of
wetland vegetation (including the plants Spartina, Phragmites, and Suaeda) in the coastal
region of Jiangsu Province in 2018 was calculated to be USD 14.10 million, the ESV of
farmland was USD 8.58 million, and the total forest ESV was USD 2.09 million (Figure 5a),
placing it in the top three of all land use types. Although the area of farmland accounted
for 42% of the total area of the coastal zone, its ecological value represented only 60% of the
ecological value generated by the wetland vegetation that occupied 9% of the total area,
indicating that agricultural development in the coastal zone seriously affected the ESV of
the CWs. The ESVs can be ranked in descending order as wetland vegetation, farmland,
and forest. Hence, the protection and restoration of forest and wetland vegetation should
be strengthened in aspiring towards ecological protection in the coastal zone.
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Figure 5. ESVs of different types in the coastal region of Jiangsu Province. (a) ESV of different land
use types in the coastal region of Jiangsu Province in 2018. (b) ESV of different wetland types in
the coastal region of Jiangsu Province in 2018. (c) ESV of land vegetation in the three coastal cities
of Jiangsu Province in 2018. (d) ESV of natural wetland vegetation in the three coastal cities of
Jiangsu Province.

Combining Figure 2b with Table 1, we can calculate the total ESVs of different wetlands
in the CWs of Jiangsu Province, and Figure 5b shows that the overall ESVs can be ranked
in descending order as Spartina wetland, aquaculture ponds, Phragmites wetland, mudflats,
Suaeda wetlands, and salt fields. The ESV generated by mudflats occupying a higher area
percentage was relatively lower. In contrast, the ESV generated by the Suaeda wetlands
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occupying a lower percentage of the area was significant. Therefore, the restoration and
protection of Suaeda should be a priority.

According to Figure 5c, the overall ESVs of the beach wetland vegetation in the
three coastal cities in Jiangsu Province in 2018 can be ranked as Yancheng, Nantong,
and Lianyungang in descending order; however, the main contributor to the ESV of the
natural beach wetlands in the three cities was the invasive alien population of Spartina
alterniflora, whereas the ESV of the indigenous population of Suaeda salsa made the smallest
contribution, which was negligible. According to the trend of ESV changes over time
in the three cities (Figure 5d), the ESVs of the natural beach wetlands in Nantong and
Yancheng were similar in the 1980s. In contrast, the ESVs of the two cities in 2018 were
lower than those in the 1980s, and Yancheng’s ESV was higher than that of Nantong. The
ESV of the coastal natural wetlands in Lianyungang increased year by year from 1987 to
2018. Therefore, comparing the ESVs of the three cities, we see that the lowest ecological
value emerged in 1997, mainly because the development of CWs in Jiangsu Province had
undergone different phases; for example, the “Million Mudflats Development Project” had
been implemented, directly causing the ESVs of CWs to reach a historical low point in
this year.

Although the ESVs of the three coastal cities increased year by year after 1997, the main
factor providing ESV was the presence of the exotic species Spartina alterniflora. However,
the negative effects of exotic species should also be emphasized.

5. Discussions
5.1. Variations in Vegetation Area of CWs Ecosystems in Jiangsu Province

As influenced by the economy and related policies, China’s CWs are most often
transformed into towns and country land, aquaculture land, farmland, and cofferdam
wetlands. In this study, in descending order, the areas of land types in the coastal region of
Jiangsu Province were farmland (42%), mudflats (27%), aquaculture ponds (20%), Spartina
wetland (6%), Phragmites wetland (2%) and Suaeda wetlands, forest, and salt fields (1%).
Natural vegetation represented only 43% of the total area in 1987. This indicates that land
use significantly affected the natural state of the CWs in Jiangsu Province. Some studies
have shown that the losses of area of CWs around the Liaohe, Yellow, Yangtze, and Pearl
River deltas from 1978 to 2014 were linearly and positively correlated with the area of
polder [32]. The area of the intertidal zone across the whole nation decreased by 6.7% to
8.9% due to the impact of land use/cover changes and the “squeezing effect” of sea level
rise from 1990 to 2015, and overall, the transformed land types in the intertidal zone mainly
comprised marine aquaculture (24~48%), weir land under construction/unknown usage
(16.5~29%), and agricultural land (9.8~20%) [33,34]. In China, from 1984 to 2016, the total
area of coastal land-based aquaculture ponds expanded by 10,463 km2, and more than 50%
of the area was converted from CWs to cropland [35]. This shows that land use seriously
affected the natural ecosystem of CWs in China.

In addition, this study has analyzed the trends of changes in the areas of three types
of natural vegetation, including Spartina, Phragmites, and Suaeda, and the results show
that although the presence of Spartina decreased significantly in 1997, it showed a yearly
increasing trend from 1997 to 2018; the presence of Phragmites was significantly reduced
from 1987 to 1997, after which its distribution area remained stable from 1997 to 2018; and
the area of Suaeda decreased from 368 km2 in 1987 to 61 km2 today, with a yearly decreasing
rate. The reproductive capacity of the exotic species Spartina alterniflora was shown to be
very strong, whereas the adaptive and survival capacity of the indigenous plant Suaeda salsa
was weakened, resulting in the invasion of Spartina alterniflora until it represented much
of the distribution area of mudflats and Suaeda salsa. The invasion of Spartina alterniflora
mainly promoted the siltation of sediment, which in turn promoted the optimization of the
soil’s physicochemical properties [36]. This strong siltation-promoting effect of Spartina
alterniflora led to a rapid expansion of the invaded area on the beach surface year by year,
with an average annual increase rate of 9.8% [37]. The area of seaward mudflats invaded by
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Spartina alterniflora was 85.03 hm2 at this time, accounting for 72.54% of the total invaded
area [38]. Spartina alterniflora mainly affected the habitat of Suaeda salsa, potentially making
them unsuitable for the further growth of the latter, leading to the former’s invasion
and expansion. The ability of the Spartina alterniflora population to adapt to external
environmental changes was stronger, as a result of which the siltation region was expanded,
preventing lots of water from reaching the Suaeda salsa population, and ultimately leading
to encroachment into the Suaeda salsa habitat by Spartina alterniflora [39,40]. Therefore,
attempts at the restoration and protection of Suaeda should be strengthened.

5.2. Land Uses Resulting in Smaller Natural Vegetation Patches and Larger Artificial Patches

Landscape fragmentation is a key external manifestation of land use change in terms
of landscape pattern [41]. It could be used to characterize the degree of landscape distur-
bance following the long-term interaction of factors, such as natural changes and human
activities [26]. In this study, the largest average patch area in the coastal region of Jiangsu
Province was represented by mudflats, followed by farmland and aquaculture ponds,
and the average patch areas of Phragmites, Suaeda, and Spartina were similar and much
smaller. This indicates that land use resulted in smaller natural vegetation patches and
larger artificial patches. Studies have shown that the negative effect of habitat fragmenta-
tion on plants is a common phenomenon, and can act as a major force in the extinction of
native species [42]. Some scholars have pointed out that landscape fragmentation could
threaten the security of urban ecosystems [43,44]. Others found that the fragmentation of
the vegetation landscape may interfere with biological survival and habitats, and threaten
local biodiversity [43,45]. Some studies have reported that fragmentation has the greatest
impact on plant species diversity on medium and small islands [46,47], with a proportion
of highly area-sensitive species in fragmented forest habitats gradually disappearing, while
endangered species richness was found to decrease by 75% in fragmented forests compared
to continuous forests [48]. Therefore, habitat fragmentation is closely related to nature
conservation. Many endangered species require larger natural habitats so as to ensure their
survival. The degradation and large-scale disappearance of Suaeda in the coastal region of
Jiangsu Province may be related to habitat fragmentation. If the habitat of Suaeda needs to
be restored, it might be necessary to consider the establishment of much larger habitats that
are suitable for Suaeda salsa growth. In addition, the largest wetland patches in the CWs
of Jiangsu Province were represented by mudflats, which should be protected to avoid
their fragmentation and thus to ensure the persistence of wintering habitats for coastal
migratory birds.

5.3. Ecological Services Value of CWs Ecosystems in Jiangsu Province

Changes in land use/cover changes would lead to changes in the type and strength
of service functions, which in turn causes changes in ecosystem services [49]. This study
found that the highest ESV per unit area was offered by Spartina salt marsh, at USD
1.36 million, and the lowest ESV was offered by salt fields and mudflats at USD 0.018
million and USD 0.018 million, respectively. This is to say, natural vegetation plays an
essential role in ecosystem services. Land use patterns influence the structure and function
of regional ecosystems [50], and due to changes in land uses, the total ecosystem service
value of China has decreased by 1.52%, mainly affecting the northeastern, northwestern,
and northern regions [51]. Minnesota showed a decline in ESV due to a decline in water
quality, biodiversity, and C reserves between 1992 and 2001, caused by the large-scale
agricultural expansion seen in the region [52]. In contrast, returning farmland to forest land
brought about an increase in the ecosystem service value of the Three Gorges Reservoir
area [53–56]. Therefore, coastal wetlands should rationally be allocated land use resources,
socio-economic factors should be moderately developed to ensure regional ecological
security, and the protection and restoration of woodland and wetland vegetation should be
strengthened to ensure ecological protection in coastal zones.
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This study found that the main provider of ESV was the exotic species Spartina
alterniflora. Some studies found that the invasion of Spartina alterniflora not only affected
the carbon cycle of CWs, but also had an important impact on the nitrogen cycle, which led
to an increase in the abundance and number of nitrogen-fixing bacteria in the soil [52,57].
Although the exotic species Spartina alterniflora can enhance vegetation recovery in CWs
and increase their ESVs, its negative impacts on the environment should not be ignored.
It was found that developed root systems of Spartina alterniflora restrict the growth of
macrobenthos such as crabs, causing the numbers of macrobenthos species in the invaded
area to be reduced compared with non-invaded areas. The invasion of Spartina alterniflora
led to moderate and even serious disturbances in the macrobenthos community. In addition,
the invasion of Spartina alterniflora increased the complexity of the macrobenthos food web
in the initial stages of the invasion, and with the prolongation of the invasion, the complexity
of the food web decreased [58]. In conclusion, the invasive ability of Spartina alterniflora
should be scientifically assessed in relation to the growth conditions in the local area, and
appropriate conservation measures should be taken. How to balance the ESVs of Spartina
alterniflora, Suaeda salsa, and Phragmites australis salt marshes should be the focus of future
CW development projects in China.

6. Conclusions

Land use and biological invasions are important factors affecting coastal wetland (CW)
ecosystems and ecological services. This study found that land uses lead to the serious
fragmentation of the ecosystem, and different natural vegetation patches thus emerge.
Natural vegetation covered 9% of the total land area but produced 60% of the total value
of its ecological services. The highest ecosystem service value per unit area was derived
from Spartina alterniflora salt marshes, and due to the invasion of this species, the dominant
vegetation types in the CWs of Jiangsu Province were mainly Spartina alterniflora and
Phragmites australis, while most of the Suaeda salsa population had disappeared. Therefore,
it will be necessary to focus on the creation of large habitats suitable for Suaeda salsa growth.
In addition, the largest wetland patches in the CWs of Jiangsu Province comprised mudflats,
which should be protected so as to avoid their fragmentation and ensure the survival of
wintering habitats for coastal migratory birds.

Author Contributions: Conceptualization, Y.L.; methodology, Y.L. and Y.J.; software, W.W. and Y.Y.;
validation, C.C. and Y.Y.; formal analysis, Y.J.; investigation, W.W.; resources, G.M.; data curation,
W.W. and Y.Y.; writing—original draft preparation, Y.J.; writing—review and editing, Y.J., X.R., Y.L.
and G.M.; visualization, J.L.; supervision, Y.J.; project administration, Y.J.; funding acquisition, Y.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (3170474).

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors are thankful to the Key Laboratory of Integrated Regulation and
Resource Development on Shallow Lake of Ministry of Education, Hohai University. The authors are
thankful to all the participants who extended their help during the experiment and analysis.

Conflicts of Interest: Author Xinxin Ren was employed by the company Jiangsu Environmental
Engineering Technology Co., Ltd. The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

References
1. Tang, J.W.; Ye, S.F.; Chen, X.C.; Yang, H.L.; Sun, X.H.; Wang, F.M.; Wen, Q.; Chen, S.B. Coastal blue carbon: Concept, study

method, and the application to ecological restoration. Sci. China-Earth Sci. 2018, 61, 637–646. [CrossRef]
2. He, K.Q.; Li, W.H.; Zhang, Y.; Sun, G.; McNulty, S.G.; Flanagan, N.E.; Richardson, C.J. Identifying driving hydrogeomorphic

factors of coastal wetland downgrading using random forest classification models. Sci. Total Environ. 2023, 894, 164995. [CrossRef]
[PubMed]

https://doi.org/10.1007/s11430-017-9181-x
https://doi.org/10.1016/j.scitotenv.2023.164995
https://www.ncbi.nlm.nih.gov/pubmed/37343878


Water 2024, 16, 56 11 of 13

3. Murray, N.J.; Phinn, S.R.; DeWitt, M.; Ferrari, R.; Johnston, R.; Lyons, M.B.; Clinton, N.; Thau, D.; Fuller, R.A. The global
distribution and trajectory of tidal flats. Nature 2019, 565, 222–225. [CrossRef] [PubMed]

4. Wang, X.M.; Hu, M.J.; Ren, H.C.; Li, J.B.; Tong, C.; Musenze, R.S. Seasonal variations of nitrous oxide fluxes and soil denitrification
rates in subtropical freshwater and brackish tidal marshes of the Min River estuary. Sci. Total Environ. 2018, 616, 1404–1413.
[CrossRef] [PubMed]

5. Zhang, Z.; Liu, Q.G.; Gao, G.P.; Shao, J.Q.; Pan, J.Y.; He, G.X.; Hu, Z.J. Integrating ecosystem services closely related to human
well-being into the restoration and management of deep lakes facing multiple stressors: Lessons from long-term practice in
Qiandao Lake, China. Sci. Total Environ. 2023, 902, 166457. [CrossRef] [PubMed]

6. Meng, C.; Wu, C.Y.; Wu, J.; Zhang, Q.; Xin, L.; Li, J.X.; Li, D.Z.; Song, C.H. Spatiotemporal changes of coastal land use land cover
and its drivers in Shanghai, China between 1989 and 2015. Ocean Coast. Manag. 2023, 244, 106802. [CrossRef]

7. Qiu, L.F.; Zhang, M.; Zhou, B.B.; Cui, Y.Z.; Yu, Z.L.; Liu, T.; Wu, S.H. Economic and ecological trade-offs of coastal reclamation in
the Hangzhou Bay, China. Ecol. Indic. 2021, 125, 107477. [CrossRef]

8. Chen, Y.; Dong, J.W.; Xiao, X.M.; Ma, Z.J.; Tan, K.; Melville, D.; Li, B.; Lu, H.Y.; Liu, J.F.; Liu, F.S. Effects of reclamation and natural
changes on coastal wetlands bordering China’s Yellow Sea from 1984 to 2015. Land Degrad. Dev. 2019, 30, 1533–1544. [CrossRef]

9. Cao, M.M.; Cui, L.N.; Sun, H.M.; Zhang, X.M.; Zheng, X.; Jiang, J. Effects of Spartina alterniflora Invasion on Soil Microbial
Community Structure and Ecological Functions. Microorganisms 2021, 9, 138. [CrossRef]

10. Yang, W.; Qiao, Y.J.; Li, N.; Zhao, H.; Yang, R.; Leng, X.; Cheng, X.L.; An, S.Q. Seawall construction alters soil carbon and nitrogen
dynamics and soil microbial biomass in an invasive Spartina alterniflora salt marsh in eastern China. Appl. Soil Ecol. 2017, 110,
1–11. [CrossRef]

11. Rau, A.L.; Burkhardt, V.; Dorninger, C.; Hjort, C.; Ibe, K.; Kessler, L.; Kristensen, J.A.; McRobert, A.; Sidemo-Holm, W.;
Zimmermann, H.; et al. Temporal patterns in ecosystem services research: A review and three recommendations. Ambio 2020, 49,
1377–1393. [CrossRef] [PubMed]

12. Razmdoost, K.; Alinaghian, L.; Chandler, J.D.; Mele, C. Service ecosystem boundary and boundary work. J. Bus. Res. 2023, 156,
113489. [CrossRef]

13. Liu, J.M.; Pei, X.T.; Zhu, W.Y.; Jiao, J.Z. Simulation of the Ecological Service Value and Ecological Compensation in Arid Area: A
Case Study of Ecologically Vulnerable Oasis. Remote Sens. 2023, 15, 16. [CrossRef]

14. Fu, B.J.; Zhan, L.W. Land-use change and ecosystem services: Concepts, methods and progress. Prog. Geogr. 2014, 33, 441–446.
15. Costanza, R.; d’Arge, R.; de Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; Oneill, R.V.; Paruelo, J.; et al.

The value of the world’s ecosystem services and natural capital. Nature 1997, 387, 253–260. [CrossRef]
16. Xie, G.D.; Zhang, C.X.; Zhen, L.; Zhang, L.M. Dynamic changes in the value of China’s ecosystem services—ScienceDirect. Ecosyst.

Serv. 2017, 26, 146–154. [CrossRef]
17. Li, J.R.; Qiao, Q.H.; Sang, H.Y.; Zhai, L. The evolution and correlation of land use and ecosystem service value. Sci. Surv. Mapp.

2021, 46, 179–185. [CrossRef]
18. Peng, J.; Li, H.L.; Liu, Y.X.; Hu, Y.N.; Yang, Y. Identification and optimization of ecological security pattern in Xiong’an New Area.

Acta Geogr. Sin. 2018, 73, 701–710.
19. Cao, J.; Zhang, Z.D.; Cui, F.Y.; Cheng, S.J.; Yang, Y. Response of ecosystem services to landscape pattern changes in the New York

Bay Area from 1996 to 2015. World Reg. Stud. 2021, 30, 826–838.
20. Gascoigne, W.R.; Hoag, D.; Koontz, L.; Tangen, B.A.; Shaffer, T.L.; Gleason, R.A. Valuing ecosystem and economic services across

land-use scenarios in the Prairie Pothole Region of the Dakotas, USA. Ecol. Econ. 2011, 70, 1715–1725. [CrossRef]
21. Han, Z.L.; Meng, Q.Q.; Yan, X.L.; Zhao, W.Z. Spatial and temporal relationships between land use intensity and the value of

Ecosystem Services in northern Liaodong Bay over the past 30 years. Acta Ecol. Sin. 2020, 40, 2555–2566.
22. Wang, H.; Zhou, Y.K.; Wu, J.P.; Wang, C.X.; Zhang, R.X.; Xiong, X.Q.; Xu, C. Human activities dominate a staged degradation

pattern of coastal tidal wetlands in Jiangsu province, China. Ecol. Indic. 2023, 154, 110579. [CrossRef]
23. Yao, Y.P.; Jiang, Y.H.; Liu, Y.H.; Meng, S.; Hu, B.T.; Chen, Y.X. Stimulating effects of submerged plants on removing of N from the

water in the Daihai lake of inner Mongolia autonomous region, China. Front. Environ. Sci. 2023, 11, 1128303. [CrossRef]
24. Zhang, Y.L.; Lu, D.S.; Yang, B.; Sun, C.H.; Sun, M. Coastal wetland vegetation classification with a Landsat Thematic Mapper

image. Int. J. Remote Sens. 2011, 32, 545–561. [CrossRef]
25. Cuervo, J.J.; Moller, A.P. Demographic, ecological, and life-history traits associated with bird population response to landscape

fragmentation in Europe. Landsc. Ecol. 2020, 35, 469–481. [CrossRef]
26. Mitchell, M.G.E.; Suarez-Castro, A.F.; Martinez-Harms, M.; Maron, M.; McAlpine, C.; Gaston, K.J.; Johansen, K.; Rhodes, J.R.

Reframing landscape fragmentation’s effects on ecosystem services. Trends Ecol. Evol. 2015, 30, 190–198. [CrossRef] [PubMed]
27. Zou, L.L.; Wang, J.Y.; Bai, M.D. Assessing spatial-temporal heterogeneity of China’s landscape fragmentation in 1980-2020. Ecol.

Indic. 2022, 136, 108654. [CrossRef]
28. Liu, S.L.; Dong, Y.H.; Deng, L.; Liu, Q.; Zhao, H.D.; Dong, S.K. Forest fragmentation and landscape connectivity change associated

with road network extension and city expansion: A case study in the Lancang River Valley. Ecol. Indic. 2014, 36, 160–168.
[CrossRef]

29. Yarnall, A.H.; Fodrie, F.J. Predation patterns across states of landscape fragmentation can shift with seasonal transitions. Oecologia
2020, 193, 403–413. [CrossRef]

https://doi.org/10.1038/s41586-018-0805-8
https://www.ncbi.nlm.nih.gov/pubmed/30568300
https://doi.org/10.1016/j.scitotenv.2017.10.175
https://www.ncbi.nlm.nih.gov/pubmed/29122343
https://doi.org/10.1016/j.scitotenv.2023.166457
https://www.ncbi.nlm.nih.gov/pubmed/37607637
https://doi.org/10.1016/j.ocecoaman.2023.106802
https://doi.org/10.1016/j.ecolind.2021.107477
https://doi.org/10.1002/ldr.3322
https://doi.org/10.3390/microorganisms9010138
https://doi.org/10.1016/j.apsoil.2016.11.007
https://doi.org/10.1007/s13280-019-01292-w
https://www.ncbi.nlm.nih.gov/pubmed/31776967
https://doi.org/10.1016/j.jbusres.2022.113489
https://doi.org/10.3390/rs15163927
https://doi.org/10.1038/387253a0
https://doi.org/10.1016/j.ecoser.2017.06.010
https://doi.org/10.16251/j.cnki.1009-2307.2021.12.024
https://doi.org/10.1016/j.ecolecon.2011.04.010
https://doi.org/10.1016/j.ecolind.2023.110579
https://doi.org/10.3389/fenvs.2023.1128303
https://doi.org/10.1080/01431160903475241
https://doi.org/10.1007/s10980-019-00959-9
https://doi.org/10.1016/j.tree.2015.01.011
https://www.ncbi.nlm.nih.gov/pubmed/25716547
https://doi.org/10.1016/j.ecolind.2022.108654
https://doi.org/10.1016/j.ecolind.2013.07.018
https://doi.org/10.1007/s00442-020-04675-z


Water 2024, 16, 56 12 of 13

30. Lawrence, A.; Friedrich, F.; Beierkuhnlein, C. Landscape fragmentation of the Natura 2000 network and its surrounding areas.
PLoS ONE 2021, 16, e0258615. [CrossRef]

31. Jaeger, J.A.G. Landscape division, splitting index, and effective mesh size: New measures of landscape fragmentation. Landsc.
Ecol. 2000, 15, 115–130. [CrossRef]

32. Ma, T.T.; Li, X.W.; Bai, J.H.; Cui, B.S. Impacts of Coastal Reclamation on Natural Wetlands in Large River Deltas in China. Chin.
Geogr. Sci. 2019, 29, 640–651. [CrossRef]

33. Li, Y.; Qiu, J.H.; Li, Z.; Li, Y.F. Assessment of Blue Carbon Storage Loss in Coastal Wetlands under Rapid Reclamation. Sustainability
2018, 10, 2818. [CrossRef]

34. Han, Q.; Niu, Z.; Wu, M.; Wang, J. Remote-sensing monitoring and analysis of China intertidal zone changes based on tidal
correction. Chin. Sci. Bull. 2019, 64, 18.

35. Ren, C.Y.; Wang, Z.M.; Zhang, Y.Z.; Zhang, B.; Chen, L.; Xi, Y.B.; Xiao, X.M.; Doughty, R.B.; Liu, M.Y.; Jia, M.M.; et al. Rapid
expansion of coastal aquaculture ponds in China from Landsat observations during 1984-2016. Int. J. Appl. Earth Obs. Geoinf.
2019, 82, 101902. [CrossRef]

36. Ran, G. Impacts of Spartina alterniflora Invasion on the Physicochemical Properties of Soils in Coastal Wetlands of Huangjiatang
Bay, China. Master’s Thesis, Qufu Normal University, Qufu, China, 2021.

37. Sun, Z.G.; Li, J.B.; He, T.; Tian, L.P.; Li, J.; Li, X. Bioaccumulation of heavy metals by Cyperus malaccensis and Spartina alterniflora
in a typical subtropical estuary (Min River) of Southeast China. J. Soils Sediments 2019, 19, 2061–2075. [CrossRef]

38. Liu, M.Y.; Li, H.Y.; Li, L.; Man, W.D.; Jia, M.M.; Wang, Z.M.; Lu, C.Y. Monitoring the Invasion of Spartina alterniflora Using
Multi-source High-resolution Imagery in the Zhangjiang Estuary, China. Remote Sens. 2017, 9, 539. [CrossRef]

39. Zhang, H.B.; Liu, H.Y.; Hou, M.H. Spatiotemporal characteristics of Spartina alterniflora marsh change in the coastal wetlands of
Yancheng caused by natural processes and human activities. Acta Ecol. Sin. 2013, 33, 4767–4775. [CrossRef]

40. Chen, Z.Y. A Study on the Relative Competitiveness of Spartina alterniflora and Indigenous Plants Suaeda salsa of Jiangsu coastal.
Master’s Thesis, Nanjing Normal University, Nanjing, China, 2011.

41. Shrestha, M.K.; York, A.M.; Boone, C.G.; Zhang, S. Land fragmentation due to rapid urbanization in the Phoenix Metropolitan
Area: Analyzing the spatiotemporal patterns and drivers. Appl. Geogr. 2012, 32, 522–531. [CrossRef]

42. Moncalvillo, B.; Matesanz, S.; Escudero, A.; Sánchez, A.M. Habitat fragmentation and population features differently affect fruit
predation, fecundity and offspring performance in a non-specialist gypsum plant. Plant Biol. 2021, 23, 184–192. [CrossRef]

43. Zhang, J.X.; Liu, D.Q.; Gong, J.; Ma, X.C.; Cao, E.Q. Impact of landscape fragmentation on watershed soil conservation service—A
case study on Bailongjiang Watershed of Gansu. Resour. Sci. 2018, 40, 1866–1877.

44. Wang, Y.; Zhou, Z.X.; Guo, Z.Z. Impact of the urban agricultural landscape fragmentation on ecosystem services: A case study of
Xi’an City. Geogr. Res. 2014, 33, 1097–1105.

45. Kuipers, K.J.J.; May, R.F.; Graae, B.J.; Verones, F. Reviewing the potential for including habitat fragmentation to improve life cycle
impact assessments for land use impacts on biodiversity. Int. J. Life Cycle Assess. 2019, 24, 2206–2219. [CrossRef]

46. MacDonald, Z.G.; Anderson, I.D.; Acorn, J.H.; Nielsen, S.E. Decoupling habitat fragmentation from habitat loss: Butterfly species
mobility obscures fragmentation effects in a naturally fragmented landscape of lake islands. Oecologia 2018, 186, 11–27. [CrossRef]
[PubMed]

47. Bicudo, T.; Anciaes, M.; Arregui, L.; Gil, D. Effects of forest fragmentation on feather corticosterone levels in an amazonian avian
community. Ardeola-Int. J. Ornithol. 2020, 67, 229–245. [CrossRef]

48. Laurance, W.F.; Lovejoy, T.E.; Vasconcelos, H.L.; Bruna, E.M.; Didham, R.K.; Stouffer, P.C.; Gascon, C.; Bierregaard, R.O.; Laurance,
S.G.; Sampaio, E. Ecosystem decay of Amazonian forest fragments: A 22-year investigation. Conserv. Biol. 2002, 16, 605–618.
[CrossRef]

49. Hou, J.; Qin, T.L.; Liu, S.S.; Wang, J.W.; Dong, B.Q.; Yan, S.; Nie, H.J. Analysis and Prediction of Ecosystem Service Values Based
on Land Use/Cover Change in the Yiluo River Basin. Sustainability 2021, 13, 6432. [CrossRef]

50. Carpenter, F.L.; Mayorga, S.P.; Quintero, E.G.; Schroeder, M. Land-use and erosion of a Costa Rican Ultisol affect soil chemistry,
mycorrhizal fungi and early regeneration. For. Ecol. Manag. 2001, 144, 1–17. [CrossRef]

51. Wang, W.J.; Guo, H.C.; Chuai, X.W.; Dai, C.; Lai, L.; Zhang, M. The impact of land use change on the temporospatial variations of
ecosystems services value in China and an optimized land use solution. Environ. Sci. Policy 2014, 44, 62–72. [CrossRef]

52. Polasky, S.; Nelson, E.; Pennington, D.; Johnson, K.A. The Impact of Land-Use Change on Ecosystem Services, Biodiversity and
Returns to Landowners: A Case Study in the State of Minnesota. Environ. Resour. Econ. 2011, 48, 219–242. [CrossRef]

53. Evrard, O.; Nord, G.; Cerdan, O.; Souchere, V.; Le Bissonnais, Y.; Bonte, P. Modelling the impact of land use change and rainfall
seasonality on sediment export from an agricultural catchment of the northwestern European loess belt. Agric. Ecosyst. Environ.
2010, 138, 83–94. [CrossRef]

54. Yan, E.P.; Lin, H.; Wang, G.X.; Xia, C.Z. Analysis of evolution and driving force of ecosystem service values in the Three Gorges
Reservoir region during 1990–2011. Acta Ecol. Sin. 2014, 34, 5962–5973.

55. Zhou, Q.X.; Wang, M.E.; Zhang, Q.R.; Wang, R.S. Ecological effects of land-use changes in a small town of Zhejiang Province,
China. Chin. J. Appl. Ecol. 2005, 16, 651–654.

56. Wang, J.; Yan, S.C.; Bai, Z.K.; Yu, L.; Guo, Y.Q. Review on Landscape Patterns of Land Consolidation and the Ecological Effects.
China Land Sci. 2012, 26, 87–94. [CrossRef]

https://doi.org/10.1371/journal.pone.0258615
https://doi.org/10.1023/A:1008129329289
https://doi.org/10.1007/s11769-019-1049-8
https://doi.org/10.3390/su10082818
https://doi.org/10.1016/j.jag.2019.101902
https://doi.org/10.1007/s11368-018-2177-y
https://doi.org/10.3390/rs9060539
https://doi.org/10.5846/stxb201205050649
https://doi.org/10.1016/j.apgeog.2011.04.004
https://doi.org/10.1111/plb.13183
https://doi.org/10.1007/s11367-019-01647-1
https://doi.org/10.1007/s00442-017-4005-2
https://www.ncbi.nlm.nih.gov/pubmed/29170820
https://doi.org/10.13157/arla.67.2.2020.ra1
https://doi.org/10.1046/j.1523-1739.2002.01025.x
https://doi.org/10.3390/su13116432
https://doi.org/10.1016/S0378-1127(00)00361-3
https://doi.org/10.1016/j.envsci.2014.07.004
https://doi.org/10.1007/s10640-010-9407-0
https://doi.org/10.1016/j.agee.2010.04.003
https://doi.org/10.13708/j.cnki.cn11-2640.2012.09.003


Water 2024, 16, 56 13 of 13

57. Zhang, G.L.; Bai, J.H.; Jia, J.; Wang, X.; Wang, W.; Zhao, Q.Q.; Zhang, S. Soil Organic Carbon Contents and Stocks in Coastal Salt
Marshes with Spartina alterniflora Following an Invasion Chronosequence in the Yellow River Delta, China. Chin. Geogr. Sci.
2018, 28, 374–385. [CrossRef]

58. Jiang, S.Y. Ecological Effects of Spartina alterniflora Invasion on Macrobenthic Community in the Yellow River Delta; University of Chinese
Academy of Sciences: Beijing, China, 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11769-018-0955-5

	Introduction 
	Materials and Methods 
	Methods 
	Classification of Coastal Wetlands Ecosystems in Jiangsu Province 
	Analysis of Landscape Fragmentation in Jiangsu CWs Ecosystem 
	Assessment of Ecological Services Value of CWs Ecosystems in Jiangsu Province 
	Classification of CWs Ecosystems in the Coastal Zone of Jiangsu Province 
	Calculation of the Services Value of the CWs Ecosystem in Jiangsu Province 


	Results 
	Proportions of Different Coastal Wetland Ecosystems in Jiangsu Province 
	Area Variations of Different CWs Ecosystems in Jiangsu Province 
	Analysis of Landscape Fragmentation in CWs Ecosystems in Jiangsu Province 
	Assessing Ecological Service Value of CWs Ecosystems in Jiangsu Province 

	Discussions 
	Variations in Vegetation Area of CWs Ecosystems in Jiangsu Province 
	Land Uses Resulting in Smaller Natural Vegetation Patches and Larger Artificial Patches 
	Ecological Services Value of CWs Ecosystems in Jiangsu Province 

	Conclusions 
	References

