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Abstract: Coastal is the coupling of socio-economic and fragile ecosystems area existing development
and protection problems, with lots of reserve land resources (i.e., bottomland and tidal flats). Analyz-
ing and predicting the carbon storage changes caused by land use/land cover (LULC) on the Jiangsu
coast were critical for revealing the potential problems of land surface changes and sustainable devel-
opment. Then, we utilized the single dynamic degree and transfer in/out contribution, exploring
the characteristics of LULC change in the study area from 1980 to 2018. Using the InVEST model,
PLUS-LEAS model, and PLUS-Markov chain module, we assessed the spatiotemporal of the study
area at the county level to reveal the LULC change strategy and driving factor contribution, as well as
the composition of LULC and carbon storage in 2036. The results show that the LULC structure in the
study area significantly changed from 1980 to 2018, in which the tidal flat and high coverage grass-
land decreased by 552.84 km2 and 383.71 km2 while the reservoir ponds and urban residential land
increased by 1210.69 km2 and 101.70 km2. The major driving factor of LULC change has shifted from
a single-factor to multi-factor coupling, and the influence contribution of human activity increased by
6.73%, especially the population. The carbon storage of study areas showed a significant decrease
trend during 1980–2010, followed by a slight increase during 2010–2018. High-density carbon storage
was mainly distributed in Lianyungang and Nantong and presented a decreasing trend along the
coastline extending inland. The dry land and reservoir ponds are the main composition of LULC
types in 2036, and the carbon storage increased to 2.39 × 108 t. In addition, more than decades of
LULC change will cover part or all of the land use change process and trends, especially high-covered
grasslands, so we suggest a 10-year LULC change to analyze coastal areas with lots of tidal flats and
bottomlands. Therefore, this study can provide reference and theoretical guidance for ecologically
sustainable development and future LULC evolution in coastal cities.

Keywords: coastal area; LULC; carbon storage; InVEST model; PLUS

1. Introduction

Coastal areas are the transitional zones between land and ocean widely recognized as a
vital component of the biosphere due to their diverse natural systems and resources [1]. The
Jiangsu coast has the largest tidal flat (i.e., reserve land resources) and storm surges, which
makes it susceptible to human activities [2]. As economic development shifts to coastal,
the intensity of coastal land development has significantly increased, making resource
development and protection a critical point in sustainable development [3]. Under the
influence of globalization and industrialization, the contradiction between land supply
and demand in coastal areas sharply increased, making efficient land use and allocation
a possible strategy to relieve the pressure of land use [4–6]. Land use/land cover (LULC)
change (i.e., ecological protection and industrial expansion affected by nature, society, and
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economy) directly or indirectly regulates carbon storage. For example, the total carbon
storage on the Jiangsu coast in 2010 was 2.98 × 108 t, and the cultivated land decrease
will contribute the most to carbon loss in the future, while only the optimized land use
structure can make the carbon storage increase [7]. The conflict and contradiction in those
processes become even more outstanding, making it a primary approach to achieving
sustainable development [8–10]. Furthermore, studying the LULC change and their driving
factors in coastal areas over the past 30 years is beneficial for further understanding the
spatiotemporal characteristics and evolution of LULC changes. Therefore, accurately
predicting the development trend of LULC and identifying LULC issues (i.e., ecological
land loss and farmland reduction) provide a theoretical basis and scientific reference for
LULC development and precise regulation.

Due to the significant effect that LULC change can have on carbon storage, many
scholars have explored land use management and prediction of ecosystem services [11].
For example, the United Kingdom conducted an early land use survey in planning agri-
culture reasonably and effectively [12]. However, recent year’s studies on LULC at home
and abroad mainly focused on exploring the mechanism of change, influence, and pre-
diction [13–15]. The research on the mechanism of the LULC model mainly includes
CLUES [16,17], ESMs [18], SD [19], logistic-CA-Markov [20], FLUS [21], and PLUS [22].
Compared with other LULC dynamic models, the PLUS model is based on an adaptive com-
petition strategy, containing land expansion strategies and CA models for LULC dynamic
simulation. Therefore, this model can fully reveal the complex evolution of multi-land
type, potential transition, and nonlinear relationship, making it widely used in exploring
the mechanism of LULC change and high-precision prediction [23]. LULC change can
significantly affect ecosystem functions and processes, for example, ecosystem service [24],
carbon storage [25], water cycle [26], and climate change [27]. With the intensification and
extreme climate change, the coast is becoming a vital carbon sink and oxygen source area
and study hotspots in recent years on carbon storage [1,28].

Previous research on LULC and its impacts in coastal areas focused on administrative
units and single temporal change studies [15,29,30], with little consideration of the special
of the coastal and drawbacks of single temporal LULC in reflecting the evolution process
of the ecosystem. In addition, analyzing and predicting the changes in coastal area carbon
storage caused by LULC can reveal the potential issues of surface change and sustainable
development strategy. Therefore, we used LULC data and InVEST models in 1980, 1990,
2000, 2010, and 2018 to identify the research scope by analyzing the changing trend of
carbon storage extension inland along the coastline loop. Then, we explore the change
process of LULC using the single dynamic degree and transfer in/out contribution rate
in 10-year, 20-year, and 30-year LULC change intervals. For all this, we discuss the LULC
dominant driving factor and carbon storage change with the PLUS-LEAS model and the
PLUS Markov chain module and finally predict the LULC composition and carbon storage
in 2036.

2. Materials and Methods
2.1. Study Area

The study area is located along the coast of Jiangsu coastal area in China (Figure 1),
extending from the Xiuzhen River mouth in the north to the Yangtze River in the south,
including Lianyungang, Yancheng, and Nantong three administrative units. The coastline
contains 40.2 km of rocky coastline in the northern and 913.7 km of sandy or silty in
the southern (i.e., nearly 90% of the study coastline). Notably, the tidal flat area reaches
6520.6 km2, accounting for 1/4 of the total tidal flat in China. Furthermore, the climate of
the study area belongs to the monsoon climate both influenced by maritime and continental
climates, with a mild temperature (8.9–15 ◦C), moderate rainfall (562–1100 mm), and a long
frost-free period. Considering the specificity of the Jiangsu coast, we conducted a carbon
storage extending inland along the coastline. From the average carbon storage generated
from 1980–2018 LULC data by InVEST (see “Section 2.2”/“Section 2.3”), we found that
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the carbon storage extending inland along the coastline significantly changed within the
range of 0–5 km, followed by relatively stable carbon storage in 5–10 km. While the carbon
storage slowly decreased by more than 10 km, this is probably influenced by the low carbon
storage of urban lands and other construction lands. This changing trend is consistent with
the impact range of coastline on the inland side of China’s “Concise Regulations for the
Comprehensive Survey of Coastal Zones and Tidal Resources”. Therefore, we selected the
area of 10 km inside the coastline as the research area.
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Figure 1. Geographical location of the study area and carbon storage extends along with the distance
inland coastline. (a) Study area distribution; (b) The carbon storage changes along the inland coastline.

2.2. Datasets

The 1980, 1990, 2000, 2010, and 2018 LULC data are from the Resource and Environ-
ment Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn,
accessed on 2 July 2018), and the data resolution is 30 m. This LULC data in study areas
includes 25 secondary types and six primary classifications, while the primary classification
includes cultivated land, forest land, grassland, water area, construction land, and unused
land. We were mainly focusing on paddy fields, dry lands, forest lands, spinney lands, other
woodlands, high-covered grasslands, medium-covered grasslands, rivers, reservoir ponds,
tidal flats, bottomlands, urban lands, rural Lands, other construction lands, bare lands.
Considering the LULC change is mainly driven by environmental and socio-economic
factors, we used annual average temperature, annual average precipitation, soil attribution
data, and elevation for the environmental driver, and GDP, population, distance from
railway, highway, national highway, province highway, and urban first-grade highway for
socio-economic data (Table 1). To reduce the influence of data on the drive of LULC, we
mainly used the data from the resource and environmental science and data center of the
Chinese Academy of Sciences.

Table 1. Datasets used for LULC changes and carbon storage analysis.

Data Data Attribute Abbreviation Year Format and
Resolution

Land use type Land use/land cover LULC 1980, 1990, 2000, 2010, 2018. Raster, 30 m

Environmental factor

The mean annual temperature MAT 2000, 2010, 2018. Raster, 1 km
The mean annual precipitation MAP 2000, 2010, 2018. Raster, 1 km

Soil type ST 2010 Raster, 1 km
Digital elevation model DEM 2010 Raster, 30 m

http://www.resdc.cn
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Table 1. Cont.

Data Data Attribute Abbreviation Year Format and
Resolution

Socio-economic factors

Gross domestic product GDP 2000, 2010, 2018. Raster, 1 km
Population POP 2000, 2010, 2018. Raster, 1 km

Railway DR 2010 Shapefile, -
Highway DH 2010 Shapefile, -

National highway DNH 2010 Shapefile, -
Province highway DPH 2010 Shapefile, -

Urban first-grade highway DUH 2010 Shapefile, -

2.3. Methods
2.3.1. The Analysis Methods of LULC Change

We used the single land use dynamic degree to analyze the changes of LULC in the
study area. The dynamic degree of each LULC type during the research period (i.e., the K
value) reflected the drastic change of each LULC type. The specific formula is as follows:

K =
Ub − Ua

Ua
× 1

T
× 100% (1)

where K is the dynamic degree; Ub and Ua refer to the area of LULC in the end year and
the start year of i LULC type; T is the length of time.

The land use conversion matrix is the prevailing method that can reflect the dynamic
information of land use type conversion between the beginning and the ending period,
which contains land use type composing and detailed information on land transfer during
the study period [31]. The formula is as follows:

S12 S1j S1n
Si1 Sij Sin
Sn1 Snj Snn

(2)

where S is the area of one LULC type; Sij refers to the area of LULC type i transformed to j;
n is the number of LULC types.

The contribution rate of LULC transfer in/out reflects the characteristic and internal
driving mechanism of spatial change patterns [32]. The calculation is as follows:

Si+ =
∑n

j=1 Sji

St
× 100% (3)

Si− =
∑n

j=1 Sji

St
× 100% (4)

where Si+ represents the proportion of the area transferred to i from other LULC types ex-
cept for i; Si− represents the proportion of the area transferred out i from other LULC types
except for i; St is the total transferred LULC type area; Sji represents the area transferred
from i LULC type to j; n is the classification number of LULC.

2.3.2. Carbon Storage Analysis Method

We used the InVEST model carbon storage module to calculate carbon storage [33].
The module takes advantage of the relationship between LULC and the carbon storage
in each carbon pool to estimate the net carbon storage. Further, the carbon pool includes
aboveground biomass, underground biomass, soil, and death matter (Table 2), and the
calculation principle utilized the density of aboveground carbon pools, underground
carbon pools, soil carbon pools, and death carbon pools of different LULC types to obtain
the carbon storage density. The sum of the product of carbon storage density and the area
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of each LULC type was the carbon storage of the study area. The calculation formula is
as follows:

Ctot = ∑n
i=1 Si × (Ci−above + Ci−below + Ci−soil + Ci−dead) (5)

where i is a certain LULC type, Ci−above, Ci−below, Ci−soil , and Ci−dead represent the carbon
density of aboveground, underground, soil, and death organic matter of a certain LULC
type (t/hm2), Ctot is the total carbon storage of the study area, Si is the area of the i (hm2);
n is the number of LULC types.

Table 2. The information of four types of carbon pools in the study area.

LULC Cabove/Mg·hm−2 Cbelow/Mg·hm−2 Csoil/Mg·hm−2 Cdead/Mg·hm−2

Paddy field 5 2 150 0
Dry land 3 1 110 0
Forest land 200 130 130 65
Spinney 8 8 25 3
Other woodland 10 3 90 1
High covered
grassland 6 6 20 0

Medium covered
grassland 4.2 4.2 20 0

River 0 0 0 0
Reservoir pond 0 0 0 0
tidal flat 1.5 0.5 10 0
Bottom land 1 1 10 0
Urban land 0 0 0 0
Rural Land 0 0 50 0
Other construction
land 0 0 0 0

Bare land 10 5 20 0

2.3.3. PLUS Model

We used the patch-generating land use simulation (PLUS) model to explore the LULC
construction in 2036 and the driving factor contribution. For the expansion analysis, we
used the land expansion analysis strategy (LEAS) in the PLUS model. The method was
based on two LULC landscapes and driving factors (i.e., twelve driving factors in Table 1)
to obtain the development probabilities of each LULC type in the future (Equation (6)) and
the contribution of each driving factor. The LEAS combines the advantages of TAS and
PAS to avoid the complex analysis, and the model also contains a certain period of land use
change explanation, resulting in better interpretability.

For scenario simulation prediction, we used the Markov chain method based on the
result of LEAS without plans to generate the future LULC [34]. The Markov chain method
is based on the Markov process theory to predict the occurrence probabilities. Although
the Markov chain model can effectively reflect LULC variation, it cannot present the spatial
distribution. Coupling the PLUS model and Markov chain method could obtain a more
accurate model and predict the spatial distribution of future LULC on the Jiangsu coast.

Pd
i,k(x) =

∑M
n=1 I = [hn(x) = d]

M
(6)

where d is 0 or 1, when d = 1 represents other LULC types transformed into K land use
types, instead, represents the land use types transformed into other land use types except
for K. x is a vector composed of driving factors. Irepresent the decision tree function. hn(x)
indicate the prediction types of the nth decision tree of vector x. M is the total amount of
the decision tree.
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3. Results
3.1. LULC Dynamics in Jiangsu Coast from 1980 to 2018
3.1.1. Multi-Temporal Changes of LULC during 1980–2018

There are four major LULC types, including dry land, highly covered grassland, tidal
flats, and other construction land composed of the study areas (Figure 2). The spatiotempo-
ral of most LULC types in the study area experienced a significant change during 1980–2018,
especially the reservoir ponds and shoal. From the proportion perspective, the dry land
and reservoir pond increased with varying degrees while the highly covered grassland
and tidal flats sharply decreased from more than 22.13% to 11.64% and 36.03% to 16.66%.
Interestingly, the percentage of other construction land increased from 12.37% to 18.31%
during 1980–2010 and then decreased to 9.30% during 2010–2018, which may relate to
the economic development strategy of Jiangsu in 2008 that paying more attention to the
improvement in economic quality and the transformation mode of economic development.
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At the dynamic degree of each LULC type level, K changes every ten years in
the reservoir pond, and urban land sharply increased, especially during 2000–2010 (i.e.,
Kreservoir pond = 22.25 and Kurbanland = 17.55). On the contrary, the K of highly covered grass-
land significantly increased from 0.83 to −4.75 during 1980–2010, followed by a positive
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increase during 2010–2018 (Khighly covered grassland = 1.91). The K of paddy fields, forest
land, other woodlands, tidal flats, and other construction lands discontinuously negatively
decreased every ten years during 1980–2018. Notably, the dynamic degree of reservoir
pond and urban land still exhibits an increased process every twenty years, every thirty
years, or even more, while the K of highly covered grassland disappeared. Overall, the
longer the dynamic degree of each LULC type change, the more it can cover up the change
process of each LULC.

3.1.2. The Contribution Transfer in/out Rate of Each LULC

For the contribution rate of transfer in/out (S+/S−) in each LULC type, there were
423.23 km2 tidal flats transferred out from 1980 to 1990, composing the 92.11% transfer out
contribution rate (Figure 3). Those areas mainly transferred into other construction lands
(S+ = 60.72%) and highly covered grasslands (S+ = 29.52%). In comparison, highly-covered
grassland S− was the largest during 1990–2000 (87.02%), followed by paddy fields and
dry lands (5.45% and 3.29%). Simultaneously, the S+ of other construction lands, reservoir
ponds, and dry land was 45.01%, 29.34%, and 20.24%, which composed the increased
area of LULC types. After 2000, the contribution rate of LULC transfer in/out became
more complicated. For example, the maximum transfer out contribution rate was still
highly covered grassland (S− = 51.26%), while the relative contribution rate decreased.
Further, the transfer-out contribution rate of other construction lands gradually increased
during 2000–2010, while the mainly increased area LULC type was reservoir ponds, other
construction lands, and highly covered grassland. Due to the low proportion in the study
area, there were almost no transfer changes in the spinney, other woodlands, medium-
covered grasslands, bottomlands, and bare lands.

Notably, with the continuous adjustment of urbanization and policies, the dominant
contribution transferred in/out of LULC types varied from 1980 to 2018. Furthermore,
due to the difference in remote sensing land classification data and natural reason (i.e., the
erosion and formation of tidal flats or bottom land), the undefined areas gradually play a
vital role in transforming into land with classification types. It transferred out 570.91 km2

(S− = 28.69%) during 2000–2010, of which 94.63% changed into tidal flats. Afterward,
the transfer-out contribution was slightly lower than the transfer-in contribution rate (S−
and S+ were 8.21% and 10.69%). These undefined lands were mainly transferred into
tidal flats, other construction lands, and reservoir ponds, with S+ of 60.86%, 18.21%, and
15.24% during 2010–2018, respectively. Therefore, only studying the defined LULC types
change during 1980–2018 will ignore the inter-decade changes and potential links. Also,
the undefined land will become a critical part of longtime LULC transfer, especially in
coastal areas.

3.2. Carbon Storage Dynamics in Jiangsu Coats from 1980 to 2018
3.2.1. The Spatiotemporal Change of Carbon Storage from 1980 to 2018

The carbon storage of each grid in the study area was derived from the carbon density
values of the four carbon pools of each LULC type in the InVEST carbon storage module
(Figure 4). The results show that the carbon storage of ecosystems in the study area during
1980, 1990, 2000, 2010, and 2018 were 2.50 × 108 t, 2.48 × 108 t, 2.45 × 108 t, 2.26 × 108 t,
and 2.31 × 108 t. The carbon storage experienced a deceased trend, which decreased
by 1.90 × 107 t compared to 1980 (about 7.62% in 1980). From the perspective of spatial
distribution, the land with high carbon density tends to reduce closer to the coastline, and
the high carbon reserve land is mainly concentrated on the inland side of the coastline,
especially in Lianyungang. Compared with the previous study, the total carbon storage in
Jiangsu coastal in 2010 was 2.98 × 108 t, and under optimal structure, the carbon storage in
2020 was 2.99 × 108 t [7]. Though the changing trend of carbon storage during 2010–2020
was consistent with our study, the carbon storage magnitude in the previous study was
higher than ours, mainly because the LULC classification in our study was more detailed
than the former [7].
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respectively.

The changing trend of coastal cities (Lianyungang, Yancheng, and Nantong) showed a
decreasing trend in carbon storage during 1980–2018. Rudong County and Qidong were
the primary carbon storage in Nantong (contributing more than 80%), while the decrease
was mainly due to Rudong County. Moreover, Lianyun District and GanyuQu were the
primary carbon storage in Lianyungang (contributing more than 99%), and the decrease in
carbon storage of GanyuQu was the main consequence of the decline during 1980–2010.
However, the carbon storage of Yancheng City was mainly distributed in Sheyang, Dongtai,
and Dafeng (contributing more than 80%). Simultaneously, the sharp increase in carbon
storage in Yancheng City from 2010 to 2018 was also owing to those three county districts,
especially Sheyang County.

3.2.2. The Carbon Storage during 1980–2018

Since different LULC type has a variety of carbon storage, the dynamic change of
LULC in the study area regulated the regional carbon storage (Figure 5). Then we defined
the higher carbon storage changed to lower was regarded as the carbon source area,
whereas it was the carbon sink. Further, this carbon emission process was only below the
burning of fossil fuels, threatening the ecosystem [35]. Therefore, we used ArcGIS 10.0 to
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analyze the spatial variation of carbon storage by dividing it into the carbon sink, carbon
balance, and carbon source area in Figure 5. The results show that the carbon sink area
was lower than the carbon source area during 1980–2018, while the changing trend of
the carbon sink area was also slower than the carbon source area (slope carbon sink = 0.003,
slope carbon source = 0.05). The carbon sink area significantly increased in 2010–2018, which
was slightly lower than the carbon source area (10.46% vs. 11.52% of the total study area).
As for carbon storage magnitude, Nantong City showed a continuous decrease trend during
1980–2018 (from 1.65 × 103 t to −7.7 × 105 t), while Lianyungang and Yancheng showed
a slowdown decrease trend and an increased trend of carbon storage from 2010 to 2018,
which changed from −3.95 × 103 t to −3.91 × 105 t and from −1.22 × 104 t to 2.04 × 107 t
respectively. In general, results in 1980–2018 reflected that the carbon storage function
of the ecosystem in the study area gradually decreased while its cumulative degradation
effect also threatened the ecosystem.
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storage in 1980, 1990, 2000, 2010, and 2018. (b) The carbon storage of three administrative units and
study area from 1980–2018. (c) The carbon storage at the county level during 1980–2018.

At the county district level, the carbon storage of Rudong County decreased sharply
(7.76 × 105 t) during 2010–2018, composing the primary decrease in Nantong City. The
sharp decline in carbon storage of Guanyun County mainly contributed to the decreased
carbon storage of Lianyungang City in 2000–2010 (about 8.16 × 105 t). The changing trend
of carbon storage in Yancheng City was complex from 1980 to 2018. For example, the
Dafeng District presented a maximum decrease in 2000–2010 (7.36 × 105 t), while Sheyang
County exhibited a maximum increase during 2010–2018 (1.06 × 106 t). Notably, four
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counties and districts in Yancheng City displayed a significant carbon storage increase in
2018 compared with 1980, contributing to the rise of carbon storage in Yancheng City.

Land 2023, 12, x FOR PEER REVIEW 10 of 16 
 

respectively. In general, results in 1980–2018 reflected that the carbon storage function of 

the ecosystem in the study area gradually decreased while its cumulative degradation 

effect also threatened the ecosystem. 

At the county district level, the carbon storage of Rudong County decreased sharply 

(7.76 × 105 t) during 2010–2018, composing the primary decrease in Nantong City. The 

sharp decline in carbon storage of Guanyun County mainly contributed to the decreased 

carbon storage of Lianyungang City in 2000–2010 (about 8.16 × 105 t). The changing trend 

of carbon storage in Yancheng City was complex from 1980 to 2018. For example, the 

Dafeng District presented a maximum decrease in 2000–2010 (7.36 × 105 t), while Sheyang 

County exhibited a maximum increase during 2010–2018 (1.06 × 106 t). Notably, four coun-

ties and districts in Yancheng City displayed a significant carbon storage increase in 2018 

compared with 1980, contributing to the rise of carbon storage in Yancheng City. 

 

Figure 5. Distribution and analysis of carbon sink, carbon balance, and carbon source. (a) The dis-

tribution of carbon stage during 1980–1990, 1990–2000, 2000–2010, 2010–2018, and 1980–2018. (b) 

The histogram of carbon stage during 1980–1990, 1990–2000, 2000–2010, 2010–2018, and 1980–2018. 

3.3. Quantitative Analysis of the Potential Driving of LULC and Carbon Storage Prediction 

3.3.1. Analyzing the Drivers of LULC Changes Based on PLUS-LEAS 

LULC change in a specific region is the interactional result of natural factors, socio-

economic factors, policy planning factors, and others [11]. Based on the land expansion 

map and potential spatial variables, the Random Forest (RF) was used to explore various 

LULCs’ development probability on pixels and the contribution probability of different 

variables. The results show that paddy fields were mainly influenced by distance to a pro-

vincial highway (21.40%), followed by mean annual precipitation (20.94%) and gross do-

mestic product (13.56%) during 2000–2010 (Figure 6). The main contribution changed to 

socio-economic factors during 2010–2018, for example, gross domestic product (18.04%), 

distance to national highway (15.55%), and the distance to railway (15.52%). In contrast, 

the major influence factor of the dry lands was the mean annual precipitation during 2000–

2010 and 2010–2018, while the socio-economic factor contribution rate on LULC change 

increased. For the highly covered grassland and tidal flat, the most powerful influence 

Figure 5. Distribution and analysis of carbon sink, carbon balance, and carbon source. (a) The
distribution of carbon stage during 1980–1990, 1990–2000, 2000–2010, 2010–2018, and 1980–2018.
(b) The histogram of carbon stage during 1980–1990, 1990–2000, 2000–2010, 2010–2018, and 1980–2018.

3.3. Quantitative Analysis of the Potential Driving of LULC and Carbon Storage Prediction
3.3.1. Analyzing the Drivers of LULC Changes Based on PLUS-LEAS

LULC change in a specific region is the interactional result of natural factors, socio-
economic factors, policy planning factors, and others [11]. Based on the land expansion
map and potential spatial variables, the Random Forest (RF) was used to explore various
LULCs’ development probability on pixels and the contribution probability of different
variables. The results show that paddy fields were mainly influenced by distance to a
provincial highway (21.40%), followed by mean annual precipitation (20.94%) and gross
domestic product (13.56%) during 2000–2010 (Figure 6). The main contribution changed to
socio-economic factors during 2010–2018, for example, gross domestic product (18.04%),
distance to national highway (15.55%), and the distance to railway (15.52%). In contrast,
the major influence factor of the dry lands was the mean annual precipitation during
2000–2010 and 2010–2018, while the socio-economic factor contribution rate on LULC
change increased. For the highly covered grassland and tidal flat, the most powerful influ-
ence was the distance to the highway (i.e., national highway/urban highway/provincial
highway). Comparatively, environmental factors (i.e., digital elevation model and mean
annual temperature) were the main driving factors of forest lands. In general, though the
dominant driving factors of LULC were diverse in both 2000–2010 and 2010–2018, the latter
average contribution rate of socio-economic was higher than the former.
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3.3.2. The Prediction of LULC and Carbon Storage in 2036

Based on the Markov model, we derived the composition of LULC in 2036 (Figure 7).
The proportion of the primary LULC constitution was paddy field (12.99%), dry land
(29.75%), high covered grassland (8.79%), reservoir pond (27.65%), tidal flat (7.73%), other
construction lands (4.87%). Compared with 2018, the estimated highly-covered grassland
decreased by 206.50 km2, followed by tidal flats (179.31 km2). However, the cropland
mainly increased in Yancheng, especially in dry land (189.68 km2), while urban and rural
land mainly increased in Nantong (134.34 km2), about 43.21% of those areas in 2018.
All of this was related to the development of national strategies and provincial plans
that Yancheng has a relatively higher percentage of the primary industry, while Nantong
emphasized secondary. Based on the InVEST model, the carbon storage in 2036 was about
2.39 × 108 t. In September 2020, China proposed the goal of a carbon peak by 2030 and
carbon neutralization by 2060 in the 75th United Nations General Assembly, making the
predicted carbon storage lower than that of the observed value in 2036.
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4. Discussion

From the composition structure of LULC from 1980–2018, we can see that the chang-
ing area in reservoir ponds, urban land, and highly covered grassland was higher than
other LULC types (CV reservoir ponds > CV urban land > CV highly-covered grassland). The area of
reservoir ponds and urban lands has significantly increased by about 10 and 2 times, while
the highly-covered grassland area decreased by 51.58%. The possible reason is that rapid
urbanization and population growth in the study area caused a sharp increase in urban land
area and development of industries dominated by aquaculture, leading to a shift from the
highly-covered grasslands (i.e., Spartina alterniflora, reed, and Suaeda salsa) to aquaculture
and increasing the risk of degradation of biodiversity [36]. There was a significant turning
point in the dynamic degree of each LULC type, for example, the decrease of approxi-
mately 468.47 km2 in highly-covered grassland areas during 1980–2010, a sharp increase of
483.01 km2 and 53.35 km2 in reservoir pond and urban land use (Figure 2). Interestingly, the
land policies (i.e., National Main Functional Area Planning, National Marine Main Function
Area Planning, and Jiangsu Coastal Development Planning) considering the interaction
between environmental bearing capacity and socio-economic development formulated by
the National Development and Reform Commission’s Institute of Land Development and
Regional Economy accompany LULC change [37–39].

Based on the PLUS land expansion analysis strategy (LEAS) model, the contribution
of driving factor for each LULC type area change from 2000 to 2010 and 2010 to 2018 shows
a more diverse trend (StdevPA2010–2018 > StdevPA2000–2010). And with an expanding econ-
omy, the impact of human activities has significantly increased, especially in population.
Interestingly, the average influence of roads decreased. These results were consistent with
the studies of Shahfahad, et al. [40,41] that the impact of environmental factors declined on
changes in the area of each LULC type compared with human activities. The driving of
temperature on LULC increased, for example, the influence of temperature on forest tree
species, leaf area, root characteristics, etc., which directly affects the spatial distribution of
forests [42]. Further, the influence of human activity and environment on different LULC
types varied with different study periods. For example, the highest contribution factor
contains human activity factors during 2000–2010 and 2010–2018. The former was the
distance to the national highways, while the latter was to the first-grade roads. The possible
reason was that with the development of the economy, the resource utilization and environ-
mental governance efficiency of high-grade highways in the eastern coastal area of China
are gradually decreasing, prompting conservation and green economy development [43].

Carbon storage in the study area generally showed a steep decline from 1980 to 2010
while slowly increasing from 2010 to 2018. The carbon storage density decreased inland
along the coastal loop, and the relatively higher carbon density was primarily distributed
in Lianyungang and Nantong. The cause of the increased carbon storage was related
to the translation of highly-covered grassland to dry lands and paddy lands in Dongtai
County, Sheyang County, and Dafeng County of Yancheng City during 2010–2018. The
carbon storage density of Lianyungang and Nantong was higher than that of Yancheng,
mainly because the former has more paddy land and forest land than the latter, which has
higher Csoil and Cabove respectively [44]. Further, with the development of the economy,
the carbon source zone was mainly distributed on the side near the inland from 1980–2010,
while reversed to the side close to the seas during 2010–2018. These may be related to the
dominant influence factor, which changed from urbanization expansion to aquaculture.
Both of them may lead to a change in vegetation cover and soil quality, changing the
carbon storage in the aboveground and soil [45]. Overall, only considering the comparative
analysis of carbon storage in 1980 and 2018, the carbon storage changes are complex
and have poor regularity, which cannot reflect the evolution process and change trend of
ecosystem carbon storage [46].

The carbon storage obtained from the InVEST model lacks the consideration of carbon
fixation photosynthetic rate and soil microorganisms, which may introduce uncertainty
in carbon storage estimating. The LULC derived from remote sensing images in different



Land 2023, 12, 1943 13 of 15

data further increases uncertainty in carbon storage comparison [47]. Therefore, we used
the LULC interpreted in July to reduce the impact of data sources on our analysis. For the
LULC prediction, we used LULC in 2000 and 2018 data, which contained the influence of
land use policies changing in 2010 of Jiangsu coastal. To a certain extent, the results of the
InVEST model and the PLUS Markov model have uncertainty. Therefore, the results can
still reflect and predict the change of LULC composition and carbon storage in the study
area in 1980–2036 and quantify the relative contribution of human activities and climate
change on carbon storage.

5. Conclusions

We fully utilize the single dynamic degree and the contribution rate of transfer in/out
to analyze the changing trend and spatial pattern of LULC in the study area from 1980 to
2018 in the subperiod and general. Then, we explored the impact of LULC change on carbon
storage and structure during 1980–2036 with the help of the InVEST model and the PLUS
model. The results show that the LULC structure significantly changed in the study area
from 1980 to 2018. LULC change of more than decades could cover some or all ecosystem
evolution processes, so multi-temporal and decades interval LULC change is suitable for
the coastal areas. As for the changing intensity, the highest transfer in and out contribution
rate (S+ and S−) was tidal flat and reservoir ponds, and the S+ and S− were 59.35% and
39.08 from 1980–2018. Among them, the highest S− was 92.13%, 87.02%, 51.26%, and
34.14% for tidal flats, highly-covered grasslands, highly-covered grasslands, and other
construction lands during 1980–1990, 1990–2000, 200–2010, and 2010–2018 respectively. In
contrast, the highest S+ were 60.72%, 45.01%, 45.27%, and 54.49% for other construction
lands, other construction lands, reservoir ponds, and reservoir pons. The driving factor
of LULC during 2000–2010 and 2010–2018 has shifted from a single driving factor to a
synergistic of multi-factors, and the contribution of human activity on LULC has increased
by about 6.73%, especially the population (increased about twice). Furthermore, carbon
storage sharply decreased in 1980–2010, followed by mediocre growth in 2010–2018, while
the spatial distribution of carbon storage density decreased with extended inland along the
coastline in 1980–2018. Moreover, the dry land and reservoir ponds (about 3757.46 km2)
were still the main component of LULC in 2036, containing 2.39 × 108 t carbon storage.
Notably, the undefined land formed by nature and human activity in coastal areas of
different temporal are critical components and dynamics in LULC changing and should
pay more attention to it.
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