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Abstract: As an indispensable part of the marine ecosystem, the health status of the sea affects the
stability and enhancement of the overall ecological function of the ocean. Clarifying the future land
and sea utilization pattern and the impacts on the carbon stocks of island ecosystems is of great
scientific value for maintaining marine ecological balance and promoting the sustainable development
of the island ecosystem. Using Pingtan Island as an example, we simulate and predict changes in
island utilization and carbon stocks for historical periods and multiple scenarios in 2030 via the
PLUS-InVEST model and the marine biological carbon sink accounting method. The results show
that (1) from 2006 to 2022, the carbon stock of Pingtan Island decreased by 7.218 × 104 t, resulting in
a cumulative economic loss of approximately USD 13.35 million; furthermore, from 2014 to 2018, the
implementation of many reclamation and land reclamation projects led to a severe carbon stock loss
of 6.634 × 104 t. (2) By 2030, the projected carbon stock under the three different policy scenarios will
be greater than that in 2022. The highest carbon stock of 595.373 × 104 t will be found in the ecological
protection scenario (EPS), which will be 4.270 × 104 t more than that in 2022. With the strong carbon
sequestration effect of the ocean, the total social carbon cost due to changes in island utilization is
projected to decrease in 2030. (3) The factors driving changes in island utilization will vary in the
design of different future scenarios. The results of this study not only provide a solid scientific basis
for the sustainable development of island areas, but they also highlight the unique contribution of
islands in the field of marine ecological conservation and carbon management, contributing to the
realization of the dual-carbon goal.

Keywords: islands; land use; PLUS-InVEST model; marine biological carbon sink; carbon storage

1. Introduction

Islands, with their unique location, rich natural resources, and superior environmental
endowments, serve not only as key geographic support points in sea areas but also as
indispensable platforms for maintaining the health of the marine environment and safe-
guarding ecological balance [1]. In recent years, with the intensification of global climate
change, carbon storage, as one of the important means of mitigating global climate change,
has received extensive attention from the international community. As the world’s largest
carbon sink, the oceans’ efficient carbon sequestration capacity is of great significance in
maintaining the balance of the global carbon cycle. However, with increasing human activi-
ties and changes in the natural environment, the mechanism of marine carbon sequestration
is affected by many factors. The variability in different habitat types [2], the increase in
natural disasters [3], and changes in the carbon sequestration capacity of island ecosystems
in response to anthropogenic and climatic disturbances [4] all affect the sequestration and
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release of marine carbon. Especially in island regions, the complexity and diversity of the
interactions between the ocean and the land make the study of carbon sequestration on
islands a great challenge.

China is a country with a vast sea area and a large number of islands, with more than
7000 islands with an area larger than 500 m2. Recently, islands’ spatial expandability and
unique resource potential have become increasingly prominent, promoting the economic
development of China’s coastal towns [5]. However, as bridges connecting land and sea [6],
the special geographical location and dispersed spatial attributes of sea islands lead to their
obvious ecological vulnerability and high sensitivity. With the continuous intensification of
human development activities and environmental problems such as ocean acidification and
sea level rise caused by global warming [7], the conflict between the development of island
resources and ecological protection has become increasingly serious. Chinese scholars
have conducted in-depth studies on land use changes on different islands, revealing the
frequent and drastic conversion phenomenon between different island use types. With the
continuous escalation of sea reclamation, China’s county-level and town-level islands are
characterized mainly by a “land reclamation”–“urbanization and utilization” pattern [8].
For example, from 2010 to 2020, the area of cultivated land and forested land on Hainan
Island lost a total of 446.85 km2 due to rapid urbanization [9].

However, different island utilization types have different carbon sequestration capaci-
ties [10,11]. With the intensification of human development activities, the conversion of
different island utilization types has become more intense; these changes will inevitably
impact the changes in the carbon stock of islands. For example, carbon stocks on Hainan
Island decreased by approximately 1.50 Tg due to land use and land cover changes from
1992 to 2019 [12]. However, as a key component of the blue carbon sink, island ecosystems
play crucial roles in the global carbon cycle [13]. Changes in carbon stocks in island ecosys-
tems have far-reaching impacts on atmospheric CO2 concentrations and global ecosystem
carbon stocks [6,8,13]. Currently, most studies on island utilization focus on island land,
and few explore the impact of changes in island sea area utilization on island carbon stocks.
Oceans play a strong role in regulating CO2, and estimates of only terrestrial carbon stocks
on islands tend to underestimate the carbon sink capacity of island ecosystems. Therefore,
in the context of global climate change, exploring the carbon sequestration mechanism of
island ecosystems and evaluating their carbon sequestration potentials based on changes
in the utilization of sea and land on islands will not only promote the ecological balance of
China’s islands more comprehensively but also help to guide management departments
in formulating relevant scientific carbon storage strategies and provide a certain scientific
basis and reference for the global ocean carbon cycle management strategy [14].

Quantitative methods for determining regional ecosystem carbon stocks include sam-
ple surveys, model analysis, remote sensing estimation, and energy consumption carbon
emission accounting [15,16]. The model estimation method is widely used by scholars
and is based on the relationships among ecosystem vegetation, soil, and climate. The CA–
Markov, CLUS-S, and FLUS models, coupled with the InVEST model, are widely used to
forecast land use transitions and carbon stock variations across diverse scales [17–19]. The
PLUS model retains the advantages of the CA model, which can calculate the development
potential of different utilization types through the random forest algorithm, thus obtaining
higher simulation accuracy and real landscape pattern indicators [19]. Furthermore, a
combination of the PLUS model and the InVEST model has strong explanatory power and
advantages at the spatial and temporal scales and can more accurately estimate the changes
in the ecosystem carbon stock caused by changes in different utilization types. At present,
few studies have been conducted on the coupling of the PLUS and InVEST models for
island ecosystems in the context of land–sea integration. Moreover, owing to the extreme
complexity of the ocean carbon cycle mechanism, few studies have attempted to accurately
quantify ocean carbon stocks caused by ocean utilization changes; most have quantified
carbon stocks in the whole ocean area via simple estimations. For example, Liu [20] used the
remote sensing estimation method to estimate upper ocean organic carbon storage in the
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East China Sea. Yue [21] used the marine biological accounting method to account for the
carbon sinks of marine organisms. Atwood et al. [22] used a modeling method to quantify
the global carbon stocks in marine sediments. The use of marine biological accounting
methods and remote sensing estimation methods has increased because they require fewer
data and are relatively simple; thus, these methods are convenient for calculating marine
carbon sinks in areas with limited data.

Overall, islands are typical areas of land–sea influence, and we should conduct a
comprehensive carbon stock change assessment for island ecosystems. Owing to the special
geographic location of islands and the difficulty of obtaining relevant data, few studies
have been conducted on carbon stock changes in island ecosystems; in particular, the
effects of alterations in various sea use patterns on the carbon stock of island ecosystems
have not been comprehensively addressed. While islands are important platforms for
the development of marine resources, their ecological environment is fragile. If human
development activities are not scientific or rational, they will irreversibly harm the islands.
Pingtan Island has a poor natural environment and is a typical ecologically fragile zone in
which economic development is largely dependent on the marine economy. As Pingtan
Island has become an international tourist island, the intensity of human development
activities has been increasing. The continuous advancement of reclamation projects and
aquaculture activities has resulted in the continuous conversion of land and sea resources on
Pingtan Island, which will inevitably lead to great changes in carbon stocks [23]. Therefore,
this study innovatively takes the land area and sea area of the islands as a whole and
constructs a carbon stock accounting model for the change in the utilization of the sea
and land of the islands. We aim to conduct an in-depth analysis of the impact of the
spatiotemporal changes in land and sea utilization patterns on the carbon storage of
Pingtan Island and to evaluate the carbon sequestration potential resulting from changes in
island utilization. This study will not only provide a scientific basis for quantifying carbon
storage in China’s islands but also serve as an important reference for global low-carbon
development strategies in island regions. In the context of global climate change and
increasingly severe carbon emissions, the results of this study may be expected to provide
scientific decisions for relevant management authorities and to contribute to the study of
global marine carbon storage to realize global sustainable development.

2. Materials and Methods
2.1. Study Area

Pingtan Island, also known as Haitan Island, is the fifth largest island in China and
is located off the coast of southeastern China. Pingtan Island has a land area of approx-
imately 278 km2 (Figure 1). Its geographical position is between 119◦32′–120◦10′ E and
25◦15′–25◦45′ N. Pingtan Island has a subtropical maritime monsoon climate, with an
average annual temperature of 19.5 ◦C and an average annual precipitation of 1196.2 mm.
Pingtan Island relies heavily on mariculture for its economic development [24], with shell-
fish aquaculture and algae aquaculture accounting for more than 90% of its mariculture
industry. Since Pingtan Island became an international tourism island, the urbanization
process on Pingtan Island has gradually intensified, and the continuous advancement of
human development activities such as land reclamation has led to significant conversion
between the internal resources of the island and the land and sea resources. Pingtan Island
is a continental island, which is an island where the mainland extends to the seabed and
then emerges from the sea due to the local subsidence of the crust or sea level rise [25].
Large fault changes in the topography of the sea area of an island usually indicate that its
geological structure is characterized by factors such as submarine crust fracture and plate
activity. According to the chart of the sea area where Pingtan Island is located, the actual
situation of Pingtan Island is combined with the deep-water topographic features of the
waters to determine a demarcation line on the basis of obvious changes in the topographic
slope; this line is used as the boundary of the sea area (Figure 1).
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Figure 1. The location of the study area. (a) The location of the study area in Fujian Province, China.
(b) The location of the study area in Fuzhou, Fujian Province. (c) The boundary and elevation of the
study area.

2.2. Data Acquisition and Preprocessing

The land use data for Pingtan Island for the years 2006, 2010, 2014, 2018, and 2022
were obtained from the Data Center for Resources and Environmental Sciences, Chinese
Academy of Sciences (http://www.resdc.cn/, accessed on 1 March 2024), with a resolution
of 30 m. Remote sensing images during these five years and mariculture map layers
were obtained from the Island Research Center of the Ministry of Natural Resources; the
multiyear aquatic fishery data were obtained from the Pingtan Yearbook 2015–2022 [26]. In
accordance with the research requirements and practical circumstances of Pingtan Island,
remote sensing images were combined with relevant mariculture survey data via ArcGIS
10.8 software to obtain island utilization data. This not only improved the accuracy and
timeliness of island utilization data but also provided strong data support for island
resource management and sustainable development planning. Specifically, for the land
area of the island, the utilization data of the land area of the island were combined with
remote sensing images for visual interpretation and reclassification; ultimately, the land
area of Pingtan Island was classified into seven categories: cultivated land, woodland,
grassland, unused land, construction land, land water bodies, and wetland. For the sea area
of the island, existing mariculture survey data were combined with visual interpretations
of the five remote sensing images, and field investigations were conducted on uncertain
aquaculture types; ultimately, the sea areas utilized on Pingtan Island were classified as
shellfish farming areas, algal farming areas, integrated farming areas, and unused sea areas.

In this study, by integrating existing research with Pingtan Island’s unique context, 10
driving factors were selected from natural and socioeconomic factors (Table 1) [16,27]. Con-
currently, the data were uniformly preprocessed according to the format requirements of
the PLUS model; the spatial resolution of the data was 30 m raster data, and the geographic
coordinate system was GCS_WGS_1984.

http://www.resdc.cn/
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Table 1. Drivers of island utilization.

Category Data Resolution Data Resources

Natural Factors

DEM 30 m
Geospatial Data Cloud

(http://www.gscloud.cn,
accessed on 12 January 2024)

Slope 30 m
Generated by DEM in ArcGIS

Slope direction 30 m

Average annual
temperature 1 km

Center for Resource and Environmental Science
and Data, Chinese Academy of Sciences

(http://www.resdc.cn/data,
accessed on 1 March 2024)

Average annual
precipitation 1 km

Socioeconomic factors

Population density 1 km

GDP 1 km

Nighttime lighting data 0.004◦

Distance from
railroad 30 m National Center for Basic

Geographic Information (http://www.ngcc.cn,
accessed on 1 March 2024)Distance to highway 30 m

2.3. Method

This study used the PLUS model, InVEST model, and marine carbon sink accounting
model to estimate historical and future carbon storage. The research objectives of this
study were as follows: (1) exploring the current status of land and sea use changes on
Pingtan Island from 2006 to 2022; (2) using the PLUS model to simulate the land and sea
use changes on Pingtan Island in 2030 under the three development scenarios of the natural
development scenario, economic development scenario, and ecological preservation; and
(3) using the InVEST model and the marine carbon sink accounting model to simulate the
change in carbon storage on Pingtan Island from 2006 to 2022 and forecast the change in
carbon storage under three scenarios for 2030 to comprehensively assess the carbon effect
of the island’s ecosystem.

2.3.1. Dynamic Degree of Island Utilization

The dynamic attitude index can reflect the difference in the velocity of alterations and
the intensity of different utilization types in the study area [15,28]. A single land use type
dynamic degree model was used to explore the dynamic changes in each type of area on
Pingtan Island; the calculation formula is given below:

K =
Ub − Ua

Ua
× T−1 (1)

where Ua and Ub represent the areas of the island utilization type at the beginning and end
of this study, respectively (km2); T represents the study period in years; and K represents
the annual average change rate of an island utilization type during the study period.

2.3.2. PLUS Model

The PLUS model can simulate regional utilization type changes and analytical deci-
sions of each utilization type expansion at the patch level and consists of the land expansion
analysis strategy (LEAS) and the cellular automata model (CARS) [29,30]. Using the ran-
dom forest algorithm, the LEAS module obtains not only the expansion probability of each
land use type but also the contribution of each driver to the expansion of each land use type
during that period. In addition, the module retains the ability to analyze the mechanisms
of land use change and to better explain land use change and nonlinear relationships with
potential drivers [16,31–33]. Overall, the PLUS model is able to analyze the expansion of

http://www.gscloud.cn
http://www.resdc.cn/data
http://www.ngcc.cn
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island use types on Pingtan Island from 2006 to 2022 with a patch-level land use simulation
model using the LEAS module, estimate the island use demand on Pingtan Island up to
2030 via the Markov chain algorithm, and ultimately accurately simulate and predict the
future demand for island use under different future scenarios set up via the CARS module.

First, we must assess the suitability of the model for the study area. The kappa
coefficient enables a quantitative evaluation of the accuracy and applicability of the PLUS
model in predicting land use types. The larger the kappa coefficient is, the greater the
likelihood that the PLUS model will predict future land use types under different scenarios.
In this study, the island utilization data from 2014 and 2018 were input into the PLUS
model, and the output island utilization simulation data from 2022 were compared with
the actual island utilization data from 2022 to verify its accuracy. The results revealed that
the kappa coefficient was 0.929, and the overall accuracy was 0.947, indicating that the
simulation was good and reliable [34].

2.3.3. Multi-Scenario Setting

In this study, three scenarios were established by referring to the relevant literature [16,35]
and formulating conversion rules and conversion rates for increasing and decreasing island
utilization categories, which were based on the actual situation of Pingtan Island.

(1) Natural development scenario (NDS): The island utilization change in this scenario
continues the past pattern of island utilization change and is not subject to any policy
influence [36]. On the basis of the transition probability matrix of island utilization changes
from 2006 to 2022, the area requirements for 2030 were calculated via the Markov chain in
the PLUS model [30].

(2) Ecological protection scenario (EPS): According to the requirements of the strict im-
plementation of green ecological protection in the Master Plan of Pingtan County Compre-
hensive Pilot Area (2010–2030) and reference to the relevant literature [37,38], the possibility
of converting woodland into construction land is reduced by 50%; the possibility of con-
verting construction land into woodland is increased by 30%; and the land water, ecological
protection red line zones, and nature reserves are set as restricted development zones.

(3) Economic development scenario (EDS): This scenario reflects the trend in land use
changes in recent years to promote the construction of international tourism islands and
ecological protection; by referring to the relevant literature [37,39] and considering the
actual demand, the possibility of converting cultivated land, woodland, and unutilized
land to construction land increased by 20%, and construction land was not converted to
other types of island use.

The three scenarios have different emphases. The NDS emphasizes following past
trends without policy intervention, the EPS stresses the reduction in human-made de-
velopment and construction activities and the enhancement in ecological protection and
restoration, and the EDS prioritizes the conversion of built-up land for tourism and eco-
nomic growth.

2.3.4. InVEST Model

The InVEST model takes each land utilization type in the study area as an assessment
unit and divides it into four components: aboveground biomass, belowground biomass,
soil, and dead organic matter [40]. The carbon stock of each land utilization type can
then be obtained by calculating the carbon density of these components [41–43]. This
model is widely used in terrestrial ecosystems. In contrast to that in terrestrial ecosystems,
the mechanism of the marine carbon cycle is extremely complex and is affected by many
factors. It is difficult to classify marine ecosystems precisely according to the InVEST model.
Benthic organisms and sediments occupy a central position in the marine carbon cycle;
furthermore, the distribution of their carbon content varies significantly among the various
types of cultured marine areas [44,45]. Sediment carbon stocks are large, accounting for 25%
of global carbon and 91% of total ocean carbon [46,47]; marine sediment organic carbon
is the ultimate effect of the ocean carbon sink [48]. As one of the most important groups
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of organisms in marine ecosystems, marine benthic organisms play a key role in carbon
accumulation and regulation [49]. Therefore, in this study, the calculation was appropriately
simplified, with a focus on assessing the benthic carbon stock and sediment organic carbon
stock in the waters of Pingtan Island. Since the roots or structures of marine organisms
and dead organic matter eventually accumulate in marine sediments [46,47], dead organic
matter and the root system of marine organisms were temporarily disregarded. The specific
calculation formula is as follows:

C′
it = Cabove + Cbelow + Csoil + Cdead (2)

C′ = ∑7
0

(
Si × C′

it
)

(3)

C′′
it = Csed + Cben (4)

Cmix = ∑4
0

(
Si × C′′

it
)

(5)

where Cit is the total carbon density of island land use type i (t/ha); Cabove, Cbelow, Csoil,
and Cdead are the aboveground biogenic carbon density (t/ha), belowground biogenic
carbon density (t/ha), soil carbon density (t/ha), and dead organic matter carbon density
of island land use type i (t/ha), respectively; C′ is the carbon stock of island land area (t);
Si is the area of island sea area utilization type i (ha); C′′

it is the total carbon density of
island sea area utilization type i (t/ha); Cben is the carbon density of the benthic organisms
of island sea area utilization type i (t/ha); Csed is the carbon density of the sediments of
island sea area utilization type i (t/ha); and Cmix is the carbon density of the carbon stock
of benthic organisms and sediments in island waters (t).

For the land area of Pingtan Island, on the basis of the outcomes of previous studies,
the carbon densities of relevant studies in Fujian Province were prioritized [50–52]. Some
of the data were corrected by taking the average value, resulting in the value of the carbon
density data for the land area of Pingtan Island (Table 2).

Table 2. Carbon density table for land area utilization types on sea islands.

Land Use Type Cabove Cbelow Csoil Cdead Sources

Land water body 0.00 0.00 94.60 0.00 [53]
Cultivated land 2.56 2.74 106.90 0.50 [50,51,53,54]

Woodland 55.20 15.40 127.30 6.95 [50,53,54]
Grassland 1.48 6.38 111.80 0.53 [50,53,54]

Construction land 0.11 0.00 75.40 0.00 [53]
Unused land 0.00 0.00 71.90 0.00 [50,53]

Wetland 5.74 5.47 77.65 0.00 [50,51,53]
Land water body 0.00 0.00 94.60 0.00 [53]

For the sea area of Pingtan Island, historical data and the literature were lever-
aged to prioritize research from southeastern coastal waters in the determination of the
benthic biomass and sediment organic carbon content for different marine utilization
types [44,46,48,55–58]. With the selection of appropriate carbon content ratios for benthic
organisms [59] and sediment dry bulk densities [45], the carbon density of different types
of utilization in the sea area of Pingtan Island was finally obtained (Table 3). Specifically,
this study derived the corresponding benthic carbon density values on the basis of the
methodology of Barnes et al. [49] by multiplying the average benthic biomass of each island
marine use type by the average carbon content ratio. Similarly, the present study refers to
the calculation method of related scholars [56,60] by multiplying the average content of
sediment organic carbon of each island utilization type by the dry weight of the sediment,
which can be used to derive the corresponding sediment organic carbon density.
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Table 3. Carbon density table for sea area utilization types on sea islands 1.

Sea Area Utilization Type Cben Csed Sources

Shellfish farming area 0.22 156.00 [45,61]
Algal farming area 0.11 130.00 [45,55,57]

Integrated farming area 0.16 133.90 [45,62]
Unused sea 0.06 101.40 [62]

1 According to many years of historical data for Pingtan Island, the benthic organisms in the sea area of Pingtan
Island are mainly annelid polychaetes, mollusks, and crustaceans; the average carbon content ratio selected
for these three types of organisms is 0.408 [59]; and the mass of the dry weight selected for the sediments is
1.3 g/cm3 [58].

2.3.5. Integrated Accounting of Island Carbon Stocks

In contrast to land, the ocean carbon cycle mechanism is very complex and involves
biological pump processes, air–sea interface transfer (including solubility pumps), sedimen-
tation, and fishery activities [54]. As one of the most basic biological pump mechanisms
in marine ecosystems, marine phytoplankton constitute less than 1% of the total global
vegetation biomass but account for 40% of the total global carbon sequestration, thus signif-
icantly affecting the carbon cycle [55]. Relevant studies have shown that phytoplankton
carbon sequestration is closely related to sea area and that changes in the sea area of islands
caused by human development activities have a significant effect on phytoplankton carbon
sequestration [56]. The development of island fisheries is the most obvious example of the
human exploitation of island waters; fishery shellfish and algae not only produce aquatic
products but also have strong carbon sequestration capacities [57]. Phytoplankton and
fishery organisms have become important parts of the ocean carbon cycle and biological
carbon sinks [58]. When accounting for carbon stocks in island waters, we cannot ignore the
carbon storage capacity of phytoplankton and fishery shellfish and algae. Accordingly, this
study posits that the assessment of carbon stocks in island waters should incorporate the
carbon sequestration capacity of marine organisms. The methodology for accounting for
marine biological carbon sinks compensates for the inadequacy of using the InVEST model
to calculate marine carbon stocks. The combination of the two will more comprehensively
and accurately reflect the carbon balance of island seas under changes in island utilization.

C′′ = Cmix + Cphy + Cfis (6)

C = C′ + C′′ (7)

where C′′ is the carbon stock in island waters (t); Cmix is the carbon stock in benthic
organisms and sediments in island waters (t); Cphy is the carbon sink in phytoplankton in
island waters (t); Cfis is the carbon sink in marine fisheries in island waters (t); and C is the
carbon stock in the island (t).

(1) Accounting for marine phytoplankton carbon sinks

The input of the marine phytoplankton carbon sink is actually the quantification of
primary productivity; at present, the quantification of phytoplankton primary productivity
is based mainly on the black-and-white bottle method, the isotope 14C tracer method, the
chlorophyll a method [63], and the remote sensing modeling method [64]; the present
study was conducted to quantify the phytoplankton carbon sink on the basis of remotely
sensed chlorophyll a concentration data in the sea area of Pingtan Island from 2006 to 2022
by utilizing empirical formulas [65,66]. To predict phytoplankton carbon sinks in 2030
under different scenarios, the mean value of phytoplankton primary productivity in the
sea area of Pingtan Island from 2006 to 2022 was selected for estimation in this study. The
calculation formula is as follows:

Cphy = P × A × 365 × 3.67 × 10−3 (8)
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where Cphy is the phytoplankton carbon sink, t/yr; P is the phytoplankton primary produc-
tivity, mg/(m2·d); A is the area of the research sea region, km2; and 3.67 is the amount of
CO2 absorbed by phytoplankton for every 1 g of carbon fixed.

P =
C × Q × E × D

2
(9)

where C is the chlorophyll content of the researched sea region; E is the depth of the
euphotic zone, and the depth of the euphotic zone is 3 times the transparency. According
to the combination of coastal data in Fujian Province, the average transparency is 1.78 m; Q
is the assimilation coefficient, which is 3.7 mgC/mgchla·h; and D is the daytime duration
on Pingtan Island, which is 12 h.

(2) Accounting for marine fishery carbon sinks

In this study, mussels, oysters, razor clams, seaweed, and kelp were selected as the
objects of marine carbon sink accounting. According to a survey of marine aquaculture
in Pingtan County conducted by the Fujian Institute of Oceanography in 2021, the area
of aquaculture in the sea around Pingtan Island accounts for 64% of aquaculture in the
county. The Pingtan County Yearbook data from various years were combined, and the
results revealed that aquaculture in Pingtan County is relatively homogenous in terms of
species, with small differences in aquaculture among townships. The average annual unit
aquaculture production and species in Pingtan Island and Pingtan County were assumed
to remain consistent; thus, 0.64 was selected as the percentage of the average annual marine
carbon sink capacity of Pingtan Island and Pingtan County.

Cfis = 0.64 × (S1 + S2) (10)

where Cfis is the marine carbon sink of Pingtan Island, S1 is the carbon sequestration
capacity of shellfish in Pingtan County, and S2 is the carbon sequestration capacity of algae
in Pingtan County.

S1 = ∑
(
CBj + CZj

)
(11)

CBj = Pj × Kj × Nj × CFj (12)

CZj = Pj × Kj × N′
j × CF′

j (13)

where CBj and CZj are the carbon sink capacities of the shells and soft tissues of the jth
shellfish, respectively (g/yr); Pj is the biomass of the jth shellfish; Kj is the conversion
coefficient between the wet weight and dry weight of the jth shellfish; Nj and Nj’ are the
proportions of the dry masses of the shells and soft tissues in the jth shellfish, respectively
(g/yr); and CFj and CFj’ are the ratios of the carbon contents in the shells and the soft
tissues of the jth shellfish in the dry weight state, respectively.

S2 = ∑(Pi × Ki × CFi) (14)

where Pi is the biomass of the ith algal plant, Ki is the conversion coefficient between the
wet and dry weights of the ith algal plant, and CFi is the carbon content ratio at the dry
mass of the ith algal plant.

The wet weight-dry weight conversion coefficients, mass content-specific gravity, and
carbon content-specific gravity of shellfish and algal organisms were determined on the
basis of the relevant parameters of the Marine Carbon Sink Accounting Methodology [67]
(Table 4).
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Table 4. Correlation coefficients for the carbon sink capacity of algae and shellfish.

Type Conversion Factor (%)
Mass Weight (%) Carbon Ratio (%)

Soft Tissue Shell Soft Tissue Shell

Oyster 65.10 6.14 93.86 45.98 12.68
Mussel 75.28 8.47 91.53 44.40 11.76

Razor Clam 64.21 11.41 88.59 42.82 11.45
Kelp 20 100 0 31.20 0
Laver 20 100 0 41.96 0

Owing to missing aquatic fishery data for Pingtan County before 2013, aquatic fishery
data from 2013 to 2022 were calculated to determine the linear relationship between the
carbon sink capacity of the fishery on Pingtan Island and time. The formula was applied to
calculate the fishery carbon sinks of Pingtan Island in 2006, 2010, and 2030. The formula is
as follows:

yfis = −71.25 + 0.036x (R2 = 0.601, p = 0.008 ***) (15)

where yfis the carbon sink of fisheries in the sea area of Pingtan Island (×104 t); x is time (yr).

3. Results
3.1. Impact of Island Utilization on Carbon Stocks, 2000–2020
3.1.1. Island Utilization Changes from 2006 to 2022

Between 2006 and 2022, the land area of Pingtan Island changed considerably (Table 5,
Figure 2); the area of cultivated land decreased by 23.99 km2 at an average annual rate
of −5.46%, the area of unused land decreased by 1.184 km2, and the area of grassland
decreased slightly (−0.11 km2). Moreover, construction land expanded significantly at an
average annual growth rate of 12.76%, adding an area of 45.826 km2. In terms of sea area,
unused sea area dominated, but the sea area for shellfish farming grew rapidly, with an
average annual growth rate of 23.63%. In addition, the algae farming area increased by
4.148 km2. On the other hand, the integrated farming area and unused sea area decreased
by 1.5 km2 and 39.074 km2, respectively. Overall, the construction of land and sea for
shellfish farming was the most significant type of land and sea area increase.

Table 5. Area changes in island utilization types.

Types of Island
Utilization

2006–2022 2022–2030 (NDS) 2022–2030 (EDS) 2022–2030 (EPS)

Area
(km2)

Dynamic
Index (%)

Area
(km2)

Dynamic
Index (%) Area (km2) Dynamic

Index (%) Area (km2) Dynamic
Index (%)

Cultivated land −23.99 −1.36 −10.25 −1.17 −11.06 −1.26 −11.251 −1.28
Woodland 1.688 0.16 2.472 0.48 2.335 0.45 3.332 0.65
Grassland −0.11 −0.62 −0.12 −1.36 −0.136 −1.55 −0.014 −0.16

Land water body 0.06 0.07 −0.56 −1.38 −0.557 −1.37 −0.504 −1.24
Unused land −1.184 −1.11 −0.336 −0.63 −0.406 −0.76 −0.337 −0.63

Construction land 45.826 3.19 9.384 1.31 10.444 1.45 9.052 1.26
Wetland 0.23 0.84 −0.03 −0.22 −0.05 −0.36 −0.023 −0.17

Shellfish farming area 13.906 4.73 5.634 3.83 5.634 3.83 5.633 3.83
Algal farming

area 4.148 5.91 −0.028 −0.08 −0.028 −0.08 −0.118 −0.34

Integrated farming area −1.5 −1.32 0.50 0.88 0.5 0.88 0.5 0.88
Unused sea −39.074 −1.25 −6.666 −0.43 −6.676 −0.43 −6.27 −0.4

Figure 3 illustrates the direction of transfer for each island utilization type. From
2006 to 2010, the primary sources of construction land expansion were cultivated land
(1.9008 km2), woodland (0.5778 km2), and unused land (1.017 km2). Additionally, the ma-
rine areas of Pingtan Island remained relatively stable. From 2010 to 2014, construction land
expansion was driven by cultivated land (6.4107 km2) and unused sea areas (5.2668 km2),
marking the onset of land reclamation activities. Additionally, policies promoting afforesta-
tion led to the conversion of 3.4749 km2 of cultivated land to woodland. The increase in
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algae and integrated aquaculture areas reduced the area of unused sea by 9.1476 km2. Be-
tween 2014 and 2018, the island’s land use patterns underwent the most significant changes,
primarily due to shifts in unused sea areas, cultivated land, and integrated farming areas.
The increase in construction land area was caused by the decrease in the unutilized sea area
(10.3005 km2), cultivated land area (4.8591 km2), and integrated farming area (6.4314 km2);
the increase in shellfish farming area was derived mainly from the unutilized sea area
(9.7227 km2). From 2018 to 2022, the rate of island use transition gradually decreased.
Construction land expansion was attributed primarily to the conversion of 4.8591 km2 of
cultivated land, whereas shellfish farming areas expanded by reclaiming 2.9043 km2 of
unused sea areas.
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3.1.2. Island Carbon Stock Changes from 2006 to 2022

To understand the spatial distribution of and general trend in carbon stocks on Pingtan
Island from 2006 to 2022, we assessed the spatial distribution of carbon density by island
utilization type (Figure 4). The areas with higher carbon density are located mainly in the
northern and southwestern regions of the landmass of Pingtan Island, which have high
vegetation cover and higher elevation. The areas with lower carbon density are distributed
mainly in the central and southern regions of the landmass of Pingtan Island, which consist
mainly of construction land and cultivated land with frequent human activities. In the
eastern, western, and southern parts of the sea area of Pingtan Island, the presence of sea
farming has resulted in a significantly higher carbon stock in these regions than in other
parts of the sea area. Table 6 reveals that the total carbon storage on Pingtan Island has
significantly fluctuated (−7.218 × 104 t) over the past 16 years. Specifically, during the
periods of 2006–2010, 2010–2014, 2014–2018, and 2018–2022, the carbon storage of Pingtan
Island decreased by 3.091 × 104 t, increased by 1.122 × 104 t, decreased by 6.634 × 104 t,
and increased by 1.385 × 104 t, respectively.
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Table 6. Distribution of carbon stocks by components on Pingtan Island, 2006–2030.

Year

Carbon Storage on the Island (104 t)

Terrestrial
Carbon Storage

Marine Carbon Storage

Benthic Organisms
and Sediments Phytoplankton Fishery Algae

and Shellfish

2006 325.308 256.16 15.887 0.966
2010 323.870 256.545 13.705 1.110
2014 326.476 254.277 14.683 0.916
2018 335.997 239.956 12.508 1.257
2022 335.610 241.625 12.707 1.161
2030

(NDS) 335.266 244.297 13.128 1.830

2030
(EPS) 335.834 244.580 13.129 1.830

2030
(EDS) 334.788 244.287 13.126 1.830

Compositionally, the total carbon stock on Pingtan Island consists of the carbon stock
in the land area of the island and the carbon stock in the sea area of the island (Table 6). For
the terrestrial area, carbon storage exhibited a fluctuating upward trend, with an overall
increase of 10.302 × 104 t from 2006 to 2022. Specifically, the terrestrial carbon storage
capacity of Pingtan Island reached a peak of 335.997 × 104 t in 2018. In contrast, the marine
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carbon storage capacity of Pingtan Island exhibited a fluctuating downward trend, with
a total decrease of 17.52 × 104 t from 2006 to 2022. Specifically, the sea area of Pingtan
Island had the highest carbon stock in 2006 (215.903 × 104 t). The components of the
carbon stock in the sea area of Pingtan Island were further analyzed. The sedimentary
and benthic carbon storage decreased overall by 14.535 × 104 t, with the lowest carbon
storage occurring in 2018 (239.956 × 104 t). The phytoplankton carbon sink also exhibited a
downward trend, decreasing by 3.18 × 104 t, with the highest carbon storage occurring in
2006 (15.887 × 104 t). Moreover, the island’s fishery carbon sink increased by 0.195 × 104 t
from 2006 to 2022, peaking in 2018 (1.257 × 104 t) and reaching its lowest value in 2014
(0.916 × 104 t).
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and comprehensively calculated the value of carbon density for each island use type.)

3.2. Multi-Scenario Projection of Carbon Stocks in 2030
3.2.1. Multi-Scenario Simulation of Island Utilization Changes

On the basis of the current status of utilization changes on Pingtan Island, the types
of island utilization under different scenarios in 2030 were predicted (Figure 5). The
island utilization patterns under the three scenarios remain essentially the same (Figure 5).
Under the NDS, the areas of woodland and construction land will increase by 2.472 km2

and 9.384 km2, respectively, compared with those in 2022. The cultivated land area will
decrease by 10.25 km2, and the wetland area will decrease by 0.03 km2. The transfer areas
of cultivated land to construction land and woodland will be 8.3718 km2 and 2.2536 km2,
respectively. Compared with those in 2022, the areas of shellfish farming and integrated
farming will increase by 5.634 km2 and 0.5 km2, respectively.

Under the EDS, the areas of cultivated land, grassland, unused land, and wetland
decrease to different degrees; among them, the area of cultivated land decreases the most
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(11.06 km2), and the areas of woodland and construction land increase by 2.335 km2 and
10.444 km2, respectively. The areas of shellfish farming and integrated farming will show
increasing trends, in which the shellfish farming area will increase the most (5.634 km2),
and the unused sea area will decrease the most (−6.676 km2). Figure 6 shows that the
increase in construction land will be caused mainly by the conversion of cultivated land,
with a transfer area of 9.3267 km2. The decrease in the unused sea area is caused mainly by
the increase in the area of shellfish farming, with a transfer area of 5.4315 km2.
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Under the EPS, the areas of woodland, grassland, land water bodies, construction
land, shellfish farming areas, and integrated farming areas will increase to varying degrees
by 2030. Among them, the construction land area will experience the largest increase
(9.052 km2), and the shellfish farming area will experience the most significant growth
(5.633 km2). Figure 6 shows that the cultivated land area will be primarily converted into
woodland (3.1005 km2) and construction land (8.208 km2), whereas the increase in shellfish
farming will mainly originate from unused sea areas (5.238 km2).

3.2.2. Carbon Stock Changes Based on Island Utilization Changes under Different Scenarios

Under the NDS, EDS, and NDS, the areas with relatively high carbon density on
Pingtan Island are concentrated north and south of Pingtan Island, whereas the central
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part of Pingtan Island has relatively low carbon density due to urbanization development
(Figure 7). Between 2022 and 2030, the carbon storage of Pingtan Island under the three
scenarios will change significantly (Table 6). In 2030, total carbon storage on Pingtan Island
will reach 595.373 × 104 t, 594.031 × 104 t, and 594.521 × 104 t under the EPS, EDS, and
NDS, respectively. Compared with that in 2022, carbon storage will increase by 4.27 × 104 t,
2.928 × 104 t, and 3.418 × 104 t under the EPS, EDS, and NDS, respectively. The results
indicate that the carbon storage capacity of Pingtan Island from 2022 to 2030 ranks in the
order of EPS > NDS > EDS, which is consistent with Yu’s findings [68]. In terms of the total
carbon stock composition of Pingtan Island, compared with that in 2022, the changes in the
carbon stock in the land area of Pingtan Island under the three scenarios are not significant,
and the increase in the carbon stock in the sea area of Pingtan Island is the main reason
for the increase in the total carbon stock of Pingtan Island. Specifically, the increase in the
carbon stocks of benthic organisms and sediments in the marine carbon stock of Pingtan
Island contributed the most to the increase in the total carbon stock of Pingtan Island.
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3.3. Impact of Various Driving Factors on Island Utilization

In this study, the LEAS module of the PLUS model was used to predict the contribu-
tions of different drivers to changes in island utilization types under the three scenarios
from 2022 to 2030, which will help us understand the potential causes of future changes
in island utilization types (Figure 8). Among the three scenarios, there are significant
differences in the expansion of cultivated land, woodland, construction land, and unused
sea area, and the order of importance of each driver for the expansion of the three island
utilization types under different scenarios in 2030 is shown in Figure 8. Under the NDS, the
DEM has the greatest effect on cultivated land growth, whereas under the EDS, nighttime
lighting has the greatest influence on cultivated land growth. Under the EPS, both the
DEM and nighttime lighting limit the expansion of cultivated land. Nighttime lighting is
a major factor in the expansion of construction land under all three scenarios. Under the
NDS and EDS, the main driving factor of the unused sea area is elevation. Under the EPS,
the greatest indicator of the expansion of the unused sea area is nighttime lighting.
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4. Discussion
4.1. Effects of Island Utilization Changes on Carbon Stocks

For the land area of Pingtan Island, woodland is the most influential type of island
utilization, as it can offset the decrease in island carbon stock caused by the expansion
of construction land and the decrease in other types of island utilization. Sediments and
benthic carbon storage dominate the marine carbon storage of Pingtan Island (>95%),
and shellfish farming areas can accumulate more carbon stocks than other types of sea
utilization. Additionally, with the intensification of human activities related to marine
development, especially large-scale land reclamation projects, the sea area of Pingtan Island
has significantly decreased. This change has directly jeopardized the survival environment
of phytoplankton, subsequently causing a significant decrease in the carbon sequestration
capacity of phytoplankton. From 2006 to 2022, with the continuous urbanization of Pingtan
Island, the expansion of construction land occupied a large amount of cultivated land
and unused sea area, and the overall trend in the carbon stock decreased. The shift from
high-density island utilization types to low-density island utilization types was the main
reason for the reduction in the carbon stock on Pingtan Island.

The land-sea carbon stock gap peaked in 2018 on Pingtan Island, which was attributed
mainly to the continuous advancement of land reclamation activities from 2014 to 2018.
This drastic shift in the type of island utilization directly affects the distribution of carbon
stocks in island ecosystems. With the profound implementation of the “13th Five-Year
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Plan” for National Island Protection Work and the promulgation of relevant policies to
strictly control land reclamation, land reclamation activities have since been suppressed.
The fishery economy of the island has developed under reasonable planning and protection.
The development of more carbon-intensive mariculture has enhanced marine ecological
restoration and carbon sequestration. Although some terrestrial habitats may still be
degraded, the significant increase in the carbon sink capacity of the marine ecosystem
led to an increasing trend in carbon stocks on Pingtan Island in 2022. According to the
simulations of the different scenarios, Pingtan Island attains the greatest carbon increase
effect under the EPS and the smallest carbon stock under the EDS. The constraints under
the EPS limit the urbanization process, inhibit the conversion of high-density utilization
types such as woodland and grassland to low-density island utilization types, and improve
the carbon sequestration effect of ecological protection on Pingtan Island. Under the EDS,
the occupation of woodland by construction land is an important reason for the serious
loss of carbon stocks on Pingtan Island. From 2022 to 2030, the carbon sequestration effect
of the ocean will gradually surpass that of land as the dominant carbon sink (Table 6).
By 2030, the carbon stock of Pingtan Island will increase significantly, which is attributed
mainly to the significant increase in the carbon stock of island waters. This finding not
only reflects the strong resilience of island ecosystems in the context of habitat degradation
but also reveals the importance of the ocean in the island carbon cycle. Specifically, the
continued development of the island’s fishery economy will significantly contribute to the
enhancement in the carbon sink capacity of the island’s marine ecosystem. Therefore, under
reasonable marine fishery development activities, the carbon sequestration effect of Pingtan
Island’s ocean in 2030 will exceed that of Pingtan Island’s land, resulting in an increase
in Pingtan Island’s total carbon storage. This indicates that we cannot ignore the carbon
sequestration capacity of island seas in the assessment and management of the carbon
cycle of island ecosystems. It is not only a key part of maintaining the ecological balance of
islands but also an important force in response to global climate change and promoting the
goal of carbon neutrality. Therefore, when promoting an island management strategy, we
must take a land-sea perspective to realize the sustainable development of islands.

4.2. Analysis of Drivers of Island Utilization Changes

According to Figure 8, for cultivated land, we found that in island areas with poor
natural conditions and poor land resources, low-altitude and flat places are often more
easily cultivated [69,70]. Nighttime lighting, which reflects the spatial distribution of
human activities, also indicates the occupation of and alteration in cultivated land by those
activities [29]. Alterations in cultivated land areas are strongly influenced by nighttime
lighting in the context of promoting economic development and urbanization [71,72].
However, in the scenario of promoting ecological protection and sustainable development
on the island, the expansion of cultivated land is influenced mainly by the combination
of the DEM and nighttime lighting. Changes in woodland area are affected mainly by
elevation. Woodlands are located mainly in mountainous areas with high elevations
and low population densities, which are less affected by human activities and thus favor
woodland expansion [18]. In the case of construction land, nighttime lighting is the main
factor indicating its expansion; increased nighttime lighting means increased human activity
and a further expansion of urbanization in the island area [71]. Against the background of
the gradually warming climate and rising sea level, the expansion of the sea area in the
island area is strongly influenced by elevation [73]. The lower the elevation is, the greater
the likelihood that the area will be affected by sea level rise. Under the EPS, the greatest
indicator of the expansion of the unused sea area is nighttime lighting, as it reflects efforts to
limit the detrimental impact of human activities on the island’s ecological environment and
promote the sustainable development of the island [73]; more nighttime lighting indicates
higher levels of human activities [71].
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4.3. Impact of Carbon Stock Changes on Social Cost of Carbon

The continuous increase in carbon emissions on Pingtan Island not only exacerbates
immense pressure on the island’s ecosystem but also has detrimental effects on human
economic and social systems. The social cost of carbon (SCC) is a crucial indicator for
evaluating the economic costs associated with carbon emissions, aiming to quantify the
damage incurred by each additional ton of CO2 emitted and convert this damage into
present value through the application of discount rates [74]. Recently, Rennert et al. [75]
created a comprehensive assessment model for quantifying the benefits of emission reduc-
tions and reached an average estimate of 185 USD/tC for the SCC. The model has made
significant methodological progress by integrating the latest scientific understanding of all
components of SCC estimation, thus making it more in line with current social development
and significantly improving the accuracy and timeliness of the estimation.

On the basis of the above studies, this study chooses an SCC of 185 USD/tC as
the average annual assessment standard for Pingtan Island, accounting for the specific
situation of Pingtan Island without considering other influencing factors. By multiplying
this standard with the reduction in carbon storage in Pingtan Island’s ecosystem, this study
calculates the total economic loss to Pingtan Island’s ecosystem caused by carbon emissions
resulting from changes in island use. From 2006 to 2022, the Pingtan Island ecosystem
reduced carbon production by 7.218 × 104 t due to changes in island utilization, resulting
in a cumulative economic loss of approximately USD 13.35 million. From 2022 to 2030, the
carbon sequestration effect on the Pingtan Island ecosystem due to changes in the type of
island utilized will lead to a reduction in the total SCC and EPS> NDS > EDS. Under the
EPS, the total SCC on Pingtan Island decreases the most (USD 7.90 million), and under the
EDS, the total SCC on Pingtan Island decreases the least (USD 5.42 million). This shows
that the total SCC arising from changes in island utilization on Pingtan Island is immense.
With the strong carbon sequestration effect of the ocean, the total SCC due to changes in
island utilization will decrease in 2030, with the largest reduction under the EPS. We should
pay more attention to reasonable island utilization and ecological protection measures
to improve the ecological protection of islands, increase carbon storage, and reduce the
total SCC.

5. Conclusions

In this study, the impact of changes in island utilization on island carbon stocks was
investigated using Pingtan Island as an example. Under the influence of human reclamation
projects and urbanization, the carbon stock of Pingtan Island showed a decreasing trend
from 2006 to 2022, resulting in a large loss of the total social cost of carbon. With the
slowing of human development activities, under the regulating effect of the ocean, the
carbon stock of Pingtan Island is expected to increase in 2030, and the total social cost of
carbon is expected to decrease; nighttime lighting and the DEM may be important factors
influencing the landscape pattern of the island in the future. The specific conclusions are
as follows:

(1) From 2006 to 2022, the reclamation and urbanization of Pingtan Island led to an
overall decreasing trend in carbon stocks, resulting in a cumulative economic loss
of approximately USD 13.35 million. In particular, the significant expansion of land
for construction has occupied a large amount of cultivated land and unutilized sea
areas, leading to a significant reduction in carbon stocks. This finding emphasizes
the importance of rational island resource planning for the maintenance of ecosystem
carbon stocks.

(2) The 2030 results show that future carbon stocks will be greater in all scenarios than in
2022, with EPS > NDS > EDS. The carbon stock under the EPS will be 595.373 × 104 t,
which will be 4.270 × 104 t greater than that in 2022. This result suggests that by
implementing ecological restoration policies, the carbon stock of island ecosystems
can be effectively enhanced to combat climate change.
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(3) The analysis of the driving factors of island utilization change in 2030 reveals that
the DEM will be the greatest driving factor of woodland expansion, and nighttime
lighting will be the greatest indicator of construction land expansion under the three
scenarios. Under the EPS, nighttime lighting will be the greatest indicator of cultivated
land and unused sea area expansion. Under the NDS, the DEM will be the largest
driving factor affecting cultivated land expansion. Under the EDS, nighttime lighting
will be the greatest indicator of cultivated land expansion, and the DEM will be the
greatest driver of unused sea area expansion.

In conclusion, this study not only reveals the spatial and temporal distribution charac-
teristics of the sea and land carbon stock changes in Pingtan Island but also provides the
scientific basis and reference for the formulation of relevant island carbon management
policies, ecological environmental protection, and island sustainable development planning.
Given the strong carbon sink potential of the oceans, we suggest that in the future planning
of island resources, spatial policies for ecological protection should be rationally formulated
and strictly enforced, the disorderly expansion of construction land should be controlled,
and the ecological use of the sea should be rationally planned so as to effectively enhance
the carbon stock of the islands. Furthermore, we call for the strengthening of long-term
monitoring and data collection in order to establish a more comprehensive database and
information system on ocean carbon sinks. In this study, limited by the difficulty and
precision of data acquisition, there may be errors between our carbon density data selection
and the real value. Furthermore, although the PLUS model demonstrated a high degree of
accuracy in simulating future land use patterns, the accuracy of the model is still subject
to the operator’s subjective influence. Due to the complexity of the ocean carbon cycle,
the accounting of carbon stock in the islands was only carried out for the land use change
and ocean use change in the islands. In the future, we will select more measured data
and consider more factors to deeply explore the carbon cycle mechanism of land and sea
ecosystems so as to comprehensively assess the carbon stock changes in island ecosystems.
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