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Abstract: With the rapid development of the social economy, human activities have had a severe
impact on the environment. The global climate issue caused by CO, emissions has attracted the
attention of various countries around the world, and reducing CO, emissions is urgent. This article
simulates the changes in carbon storage in Anhui Province from 2030 to 2070 based on SSP1-2.5,
SSP2-4.5, and SSP5-5.8 scenarios. First, based on the land use data of Anhui Province in 2010, the
PLUS model was used to simulate the land use data of 2015, and the accuracy of the simulation
results was verified against real data. Then, the land use data of Anhui Province were simulated
in the future period from 2030 to 2070 under different SSP scenarios. Finally, based on the INVEST
model, the spatiotemporal changes in future carbon storage were calculated. The research showed
that, during the period of 2030 to 2070, the spatial distribution of carbon storage in Anhui Province
under three scenario simulations generally showed a distribution pattern of high carbon storage
in the north and south, and low carbon storage in the central region. Under the SSP1-2.6 scenario,
Anhui Province’s carbon storage decreased by 0.33 million tons, a decrease of 0.029%. Under the
SSP2-4.5 scenario, carbon storage increased by 0.25 million tons, an increase of 0.021%. Under the
SSP5-8.5 scenario, carbon storage decreased by 1.54 million tons, a decrease of 0.133%. The reasons
for the changes in carbon storage were related to the areas of arable land, forest land, and grassland.
This study can provide a reference for future low-carbon land use planning.
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1. Introduction

With the rapid development of the global economy and explosive population growth,
human beings have gained unrestricted access to land resources. Deforestation and land
reclamation, as well as reclaiming land from lakes, not only plunder ecological land, but
also significantly reduce the carbon sequestration capacity of terrestrial ecosystems. The
development of human industry often uses non-renewable fossil fuels such as coal, oil, and
natural gas, which emit a large amount of greenhouse gases, such as carbon dioxide, into
the atmospheric system, leading to an increasingly severe global greenhouse effect [1]. The
melting of icebergs, increase in extreme weather phenomena, frequent natural disasters,
and climate degradation are seriously affecting global environmental construction and
sustainable human development. China is the world’s largest carbon emitter, and its
government explicitly stated during the 75th United Nations General Assembly in 2020
that “carbon dioxide emissions should reach their peak by 2030” and China would “strive
to achieve carbon neutrality by 2060” [2]. The government has continuously proposed a
planned and step-by-step implementation of carbon peaking actions [3]. China is currently
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in a critical period of industrialization and urbanization, and reducing carbon emissions
while ensuring economic growth is a huge challenge currently being faced. As one of the
important ecosystems on the surface, the carbon storage changes in land play an important
role in regulating and mitigating the greenhouse effect [4]. The carbon sequestration
capacity of different land use types varies, and changes in land use cause changes in carbon
storage [5-7]. Simulating and predicting changes in carbon storage can provide a scientific
basis for effective utilization of national spatial resources and ensure improved carbon
storage in regions [8].

Scenario simulation is a hot topic in land use simulation, but current studies mainly
simulate spatial patterns of land use under the scenarios of natural development, ecologi-
cal protection, and cultivated land protection. Sun et al. [9] analyzed the spatiotemporal
evolution characteristics of land use types and carbon storage in Anhui Province from
1990 to 2018 and predicted the change trends of carbon storage in Anhui Province under
scenarios of natural development and ecological protection. The study found that com-
pared with the natural development scenario, the expansion of construction land under
the ecological protection scenario was limited, high-carbon density land such as forest
land and grassland was protected, and carbon storage capacity was improved. By contrast,
with the boom in global scenario research, the 6th phase of the International Coupled
Mode Comparison Program (CMIP6) proposed the Shared Socioeconomic Path (SSP) and
Representative Concentration Path (RCP) scenarios to describe some possible development
pathways for future socio-economic development under different socio-economic condi-
tions and evaluate the social capacity to respond to and adapt to challenges. There is still
little simulation work on carbon storage under the SSP-RCP scenario, which urgently needs
to be strengthened.

China has a vast territory, and there are differences in industrial structure, economic
level, and development methods among different regions. In order to effectively implement
carbon reduction goals, it is necessary to select provinces with high carbon reduction
potential for the development of targeted carbon reduction policies [10]. Qiu et al. [3] found
that Anhui Province has great potential to increase carbon storage. In the new development
stage, Anhui has been included in the national development strategy of integrating the
Yangtze River Delta region. At the same time, Anhui’s development is also in a critical
period of transformation and upgrading. By simulating carbon storage under different SSP
scenarios, a reference can be provided for future low-carbon land use planning in Anhui
Province. Simulating and predicting the trends of carbon storage change caused by changes
in land use types can provide a scientific basis for the effective utilization of national spatial
resources, improvement of carbon storage in the region, and provide an important reference
for the formulation of future regional ecological protection policies [11,12].

There are many existing methods for evaluating regional carbon storage [13], includ-
ing sample land inventory [14,15], remote sensing estimation [16,17], and model simula-
tion [18,19]. The traditional field investigation method involves collecting soil samples for
physical and chemical tests by selecting sample areas within the research area, or obtaining
data through vegetation and soil inventory data calculations [20]. This method has a large
workload, long cycle, and is not suitable for large-scale environmental research. This
method is applicable to small areas, but it cannot reflect the dynamic changes in carbon
storage [21]. With the development of remote sensing technology, scholars at home and
abroad have begun to combine remote sensing with modeling methods to study carbon stor-
age. Remote sensing inversion methods are often used for studying aboveground and soil
biomasses in specific ecosystems, such as forests [22]. The commonly used models include
CASA [23], FORCCHN [24], LPJ-GUESS [25], and DNDC [26], which have problems with
complex data acquisition and poor applicability. Compared to other modeling methods,
the InVEST model simulation method has less data acquisition, accurate evaluation results,
and can be applied to study regional carbon stock changes at different research scales,
making it more widely used [27,28]. Nelson et al. [29] analyzed and studied the carbon
storage of the Willamette River basin in North America using the InVEST model to explore
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its spatiotemporal change law. Baral et al. [30] combined the InVEST model with land use
change to analyze and evaluate biodiversity and carbon sinks. Babbar et al. [31] used the
InVEST model to evaluate and predict carbon sequestration in protected areas in India.

Scholars have conducted relevant research on the impact of land use change on
carbon storage. Michel et al. [32] found that land use change can cause changes in carbon
storage, and optimizing land use cover can slow down the decline in carbon storage.
Feng et al. [33-35] showed that a decrease in arable land and vegetation area led to a
significant reduction in carbon storage. Xia et al. [36] used the InVEST model to study
the carbon sequestration capacity and influencing factors of Wuhu City, Anhui Province.
The study found that the total carbon sequestration amount in Wuhu City decreased year
by year from 2011 to 2021, and land use changes led to a decrease in carbon storage.
Wang et al. [37] conducted a study on the changes in soil organic carbon storage of non-
construction land caused by land use changes in Chuzhou City, Anhui Province. The study
found that construction occupation led to a significant reduction in agricultural land, and
the carbon storage of non-construction land showed a trend of decreasing quickly and then
slowly. Chen et al. [38] used the “unit soil carbon content” method to calculate soil carbon
storage and sequestration potential in Anhui Province at a micro level. In summary, the
impact of land use changes on carbon storage in Anhui Province is still unclear.

Land use is an important factor that restricts the calculation of carbon storage in
terrestrial ecosystems. Previous studies have mostly explored carbon storage or spatiotem-
poral changes in ecosystems based on past land use changes. There is little research on
simulating the carbon storage status under future SSP development scenarios. Therefore,
this study combines the In'VEST model with the PLUS model to more accurately measure
the future carbon storage of the research area. This article is based on the land use data
of Anhui Province in 2010, using the PLUS model to simulate the land use data of 2015.
The accuracy of the simulation results is verified against real data, and then the future land
use data of Anhui Province from 2030 to 2070 under different SSP scenarios are simulated.
Finally, based on the INVEST model, the spatiotemporal changes in carbon storage in Anhui
Province from 2030 to 2070 were calculated.

2. Materials and Methods
2.1. Research Area

Anhui Province is located in the central eastern part of China, with a length of approx-
imately 570 km from north to south and a width of approximately 450 km from east to west.
The total area is 140,100 square kilometers, accounting for approximately 1.45% of China’s
land area. At the end of 2022, the permanent population of the province was 61.27 million.

Anhui Province spans the two major river basins of the Yangtze and Huai Rivers,
serving as an ecological barrier for water resource security and biodiversity protection.
The terrain and landforms are diverse, and the natural geographical conditions vary
significantly. To the north of the Huai River is an endless plain with flat and fertile land.
The southern Anhui region south of the Yangtze River is characterized by undulating
mountains and abundant forest resources. There are numerous lakes within the territory,
with Chaohu Lake covering an area of nearly 800 square kilometers, making it one of the
five largest freshwater lakes in China. There are significant regional differences in land
use and soil types. In recent years, significant changes in land use types have occurred
due to Anhui Province being located in overlapping zones of national strategies, including
the Yangtze River Economic Belt, integration of the Yangtze River Delta, high-quality
development in the central region, rapid development of the economy, and continuous
improvement of the urbanization level [9,38].

2.2. Data Sources

The data involved in this paper include land use data and driving factor data (socio-
economic and natural condition data). Land use types are divided into six major land use
types, namely cultivated land, forest land, grassland, water bodies, construction land, and
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unused land. Other data sources are shown in Table 1. The data from different sources
were processed with a resolution of 1 km x 1 km.

Table 1. Data sources.

Data Type

Data

Data Sources

Land use data

Land use data

Resource and Environmental Science Data Center
(RESDC) of the Chinese Academy of Sciences
(https:/ /www.resdc.cn/ (accessed on 10 June 2023))

Natural factors

DEM
Slope
Slope aspect

Geospatial Data Cloud (https://www.gscloud.cn/
(accessed on 10 June 2023))

Annual average precipitation

Resource and Environmental Science Data Center of
the Chinese Academy of Sciences
(https:/ /www.resdc.cn/ (accessed on 10 June 2023))

Soil oxygen content
Soil salt content

Harmonized World Soil Database v 1.2
(https:/ /webarcgive.liasa.ac.at/Research

Socio-economic factors

Workability of soil (accessed on 10 June 2023))
Resource and Environmental Science Data Center of
GDP the Chinese Academy of Sciences
Population (https:/ /www.resdc.cn/ (accessed on 10 June 2023))

Distance to city
Distance to township
Distance to highway

Distance to national road

OpenStreetMap (https:/ /www.openstreetmap.org/
(accessed on 10 June 2023)) ArcGIS Euclidean

. . distance analysis
Distance to railway 4

Distance to river

2.3. Research Methods
2.3.1. PLUS Model

The PLUS model is a newly developed model based on traditional land use simulation
models, such as random forest models [39], which was developed by Liang et al. [40]
from the China University of Geosciences. The latest version of PLUS v1.4 software and
user manual can be found online (https://github.com/HPSCIL/Patch-generating_Land_
Use_Simulation_Model (accessed on 10 June 2023)). The PLUS model proposes a rule
mining framework based on the Land Expansion Analysis Strategy (LEAS) and a CA
model based on Multi Type Random Seeds (CARS). The LEAS module uses data analysis
to explore the causes of land use changes, and CARS accurately simulates the changes
of each patch-level land use. The two are coupled with multi-objective algorithms to
present the contribution of each driving factor to land use change. Using the LEAS and
CARS modules [41] better simulates patch-level changes in various land uses, enabling the
evaluation of various land use types [42]. The PLUS model has higher simulation accuracy
and more similar landscapes.

First, the suitability probability of each category was calculated based on the two land
use datasets of 2010 and 2015, using the driving factors as predictor variables. Then, the
2010 land use dataset was used as the simulation base map. The 2015 land use simulation
data were obtained by running the PLUS model. The simulation results were compared
with the real data in 2015. In order to meet different development needs combined with
global future development scenarios, the land use distribution types in the region during
5-year intervals of 2030-2070 under different SSP scenarios were predicted by changing the
transfer matrix settings.
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2.3.2. SSP Scenario Simulation

The coupled model intercomparison project (CMIP) developed by the World Climate
Research Program (WCRP) has now been updated to version six. New scenarios cover
future social and economic changes in demographic, economic, ecological, resource, and
institutional factors, as well as various climate change mitigation, adaptation, and response
measures. Future land use data under eight different combinations of SSPs scenarios and
RCPs scenarios are modeled in the CMIP6 Land Use Harmonisation dataset (LUH2) [43].
Land use types are expressed as fractions and at a resolution of only 0.25°. Most of the
land-use projections that have been studied are displayed at a coarse spatial resolution.
Differences at the regional and local levels are ignored, resulting in the blurring of the
significant effects of small-scale environmental variables such as soil, topography, and
local climate on local land-use dynamics. The results of land-use projections at a coarse
spatial resolution can also cause a degree of uncertainty in the results of environmental
impact assessments.

This article used the PLUS model to simulate the newly released CMIP6 Land Use
Coordination Dataset (LUH2), simulating the land use situation at a 1 km resolution from
2030 to 2070 in Anhui Province under three scenarios: SSP1-2.6 (sustainable development
path), SSP2-4.5 (intermediate path), and SSP5-8.5 (fossil fuel-dominated development path).

Notably, the amount of each LULC type in 2015 in the RESDC Land Cover Product
did not match that in the LUH2-converted dataset. To maintain consistency, we further
calibrated the future LULC amount constraints from the LUH2 converted datasets to match
the 2015 RESDC dataset. Specifically, the future amount of each LULC type was determined
by multiplying its area in the 2015 RESDC dataset with the relative change from its area in
2015 to its projected area at the future year based on the LUH2-converted dataset (i.e., the
relative change for each LULC was calculated as future LUH2-converted area divided by
2015 LUH2-converted area).

2.3.3. INVEST Model

The InVEST model, jointly developed by Stanford University, The Nature Conservancy
(TNC), and the World Wide Fund for Nature (WWF) [44]. It is used to simulate different
land use covers in order to explore patterns of ecosystem service changes [45]. This model
combines economic development with social needs to effectively allocate resources. It has
been widely used in multiple countries and regions, and its accuracy has been verified.
The InVEST model has the advantage of low data demand and easy access in calculating
carbon storage, and it is widely used in carbon storage calculations.

Terrestrial ecosystem carbon stocks are the sum of soil organic carbon pools, under-
ground biomass carbon pools, aboveground biomass carbon pools, and dead organic matter
carbon pools stocks [46]. Aboveground biomass refers to non-dead plants above the soil,
such as herbaceous plants, tree trunks, and leaves. Underground biomass refers to the root
systems of plants that expand from the aboveground biomass to the soil. Dead organic
matter carbon mainly originates from vegetation types such as trees or forests, including
litter, roots, and buds, as well as carbon generated during the decomposition of animal
manure and other organic matter. Soil carbon storage refers to the organic matter content
stored within a range of 20-100 cm below the surface of the soil [47]. Due to the extremely
low carbon storage content of dead organic matter and the difficulty in obtaining data [48],
it will not be considered in this study.

Carbon density refers to the carbon storage capacity per unit area, which is an impor-
tant indicator of the carbon storage capacity of ecosystems. It is a necessary data for the
InVEST model carbon module to calculate carbon storage. This article refers to the research
data of Sun et al. [9], as shown in Table 2.
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Table 2. Carbon density of various types of land in Anhui Province (t/hm?).

Aboveground Underground . .
Carbon Density Carbon Density Soil Carbon Density
Cropland 1.9 0.38 89.9
Woodland 32.28 6.57 63.9
Grassland 4.38 9.4 52.5
Water bodies 0 0 0
Building land 0 0 73
Unused land 0 0 41.41
The formula for calculating carbon storage is as follows:
Ci = Ci—apove + Ci—petow + Ci—soil 1)
Ci—totat = Ci X A; 2

where C; is the total carbon density of land type i, C;_;p00e is the aboveground carbon
density of ground type i, C;_pejoy is the underground carbon density of land type i, C;_g;
is the soil carbon density of land type i, C;_;, is the total carbon storage of land type i,
and A; is the area of land type i.

3. Results
3.1. PLUS Model Accuracy Verification

In order to verify the accuracy of the PLUS model in simulating land use prediction in
Anhui Province, Kappa and FoM coefficients were used for testing. The Kappa coefficient
is one of the common methods used for analog verification, which can detect and analyze
the simulation results of the land use data used, revealing the feasibility and reliability of
the data and simulation results. A Kappa coefficient of the simulation results greater than
0.8 indicates that the PLUS model has good simulation accuracy and can accurately reflect
the land use changes in the study area. A higher FoM coefficient indicates better simulating
accuracy [40].

The accuracy of the land use prediction data in 2015 and the actual land use data in
2015 in Anhui Province was tested. The results showed that the overall accuracy and Kappa
coefficient were 0.96 and 0.95, respectively. The FoM coefficient was 0.09. The results of this
study were similar to those of Mao et al. [2]. Mao et al. used the PLUS model to simulate
and predict land use, and the accuracy verification FoM value was 0.13. Therefore, the
PLUS model has good applicability in the land use simulation of Anhui Province.

Different driving factors have different effects under different SSP scenarios. The
effects of natural and socio-economic driving factors in this paper refer to the research
results of Geng et al. [43]. DEM, slope, slope aspect, annual average precipitation, soil
oxygen content, soil salt content, and workability of soil represent the actions of natural
factors. GDP, population, distance to city, distance to township, distance to highway,
distance to national road, distance to railway, and distance to river represent the roles
of socio-economic factors. These influencing factors are applicable to all SSP scenarios
and will affect changes in land use type, which will then affect changes in carbon storage.
Figure 1 shows the contribution of driving factors to the area growth of different land use
types. Due to the basic lack of changes in water bodies and unused land, they will not
be displayed.
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Figure 1. The contribution of driving factors to the area growth of different land use types. (a) crop-
land, (b) woodland, (c) grassland, (d) building land.

3.2. Spatiotemporal Analysis of Land Use Simulation

Through the PLUS model simulation, we obtained the spatiotemporal distribution
of land use in Anhui Province during 5-year intervals under the SSP1-2.6, SSP2-4.5, and
SSP5-5.8 scenarios from 2030 to 2070. Data from 2030, 2040, 2050, 2060, and 2070 were
selected for analysis, as shown in Figure 2.

Figure 2. Land use simulation under different SSP scenarios in Anhui Province from 2030 to 2070.

In Figure 2, it can be seen that under different scenarios, cultivated land is mainly dis-
tributed in the central and northern regions of Anhui Province, with sporadic distribution
in the southwest and southeast regions. Forests and grasslands are mainly distributed in
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the western and southern regions of Anhui Province. Overall, there was no significant
change in the spatial distribution of land use between 2030 and 2070.

Table 3 shows the land use transfer in Anhui Province under the SSP1-2.6 scenario
from 2030 to 2070.

Table 3. Land use transfer matrix under SSP1-2.6 scenario in Anhui Province from 2030 to 2070 (km?2).

Water Building Unused Total
Cropland Woodland Grassland Bodies Land Land Transferred Out
Cropland 61,387.95 0.00 591.39 0.00 149.28 0.00 62,128.63
Woodland 61.72 10,162.78 623.69 0.00 0.00 0.00 10,848.20
Grassland 1283.98 83.97 27,927.56 0.00 241.87 0.00 29,537.38
Water bodies 0.00 0.00 0.00 4296.93 0.00 0.00 4296.93
Building land 0.00 0.00 0.00 0.00 3580.66 0.00 3580.66
Unused land 0.72 1.44 2.15 0.00 0.00 0.00 4.31
Transferred to total 62,734.37 10,248.19 29,144.80 4296.93 3971.81 0.00 /

Under the SSP1-2.6 scenario, the proportion of arable land in Anhui Province increased
from 56.73% to 57.29% between 2030 and 2070. The proportion of forest land decreased
from 9.66% to 9.13%. The proportion of grassland decreased from 26.51% to 26.13%, and
the proportion of construction land increased from 3.25% to 3.61%. A total of 591.39 km? of
arable land was converted into grassland, and 149.28 km? of arable land was converted
into construction land. A total of 61.72 km? of forest land was converted into farmland,
and 623.69 km? of forest land was converted into grassland. Additionally, 1283.98 km? of
grassland was converted into arable land, 83.97 km? of grassland was converted into forest
land, and 241.87 km? was converted into construction land.

Table 4 shows the land use transfer in Anhui Province under the SSP2-4.5 scenario
from 2030 to 2070.

Table 4. Land use transfer matrix under SSP2-4.5 scenario in Anhui Province from 2030 to 2070 (km?).

Water Building Unused Total
Cropland Woodland Grassland Bodies Land Land Transferred Out
Cropland 57,823.80 0.72 394.74 0.00 58.13 0.00 58,277.39
Woodland 22.25 9489.57 410.53 0.00 0.00 0.00 9922.35
Grassland 965.32 49.52 24,719.39 0.00 107.66 0.00 25,841.89
Water bodies 0.00 0.00 0.00 3897.89 0.00 0.00 3897.89
Building land 0.00 0.00 0.00 0.00 2778.26 0.00 2778.26
Unused land 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Transferred to total 58,811.37 9539.81 25,524.66 3897.89 2944.05 0.00 /

Under the SSP2-4.5 scenario, the proportion of arable land in Anhui Province increased
from 58.25% to 58.80% between 2030 and 2070. The proportion of forest land decreased
from 9.73% to 9.36%, and the proportion of grassland decreased from 25.38% to 25.04%.
The proportion of construction land increased from 2.79% to 2.95%. A total of 0.72 km? of
arable land was converted into forest land, 394.74 km? of arable land was converted into
grassland, and 58.13 km? of arable land was converted into construction land. Additionally,
22.25 km? of forest land was converted into farmland, and 410.53 km? of forest land was
converted into grassland. Finally, 965.32 km? of grassland was converted into arable land,
49.52 km? of grassland was converted into forest land, and 107.66 km? of grassland was
converted into construction land.

Table 5 shows the land use transfer in Anhui Province under the SSP5-8.5 scenario
from 2030 to 2070.
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Table 5. Land use transfer matrix under SSP5-8.5 scenario in Anhui Province from 2030 to 2070 (km?).

Water Building Unused Total
Cropland Woodland Grassland Bodies Land Land Transferred Out
Cropland 58,171.17 0.00 272.73 0.00 44.50 0.00 58,488.40
Woodland 54.55 9404.16 422.73 0.00 0.00 0.00 9881.44
Grassland 423.45 20.10 25,143.56 0.00 50.96 0.00 25,638.06
Water bodies 0.00 0.00 0.00 3897.89 0.00 0.00 3897.89
Building land 0.00 0.00 0.00 0.00 2806.25 0.00 2806.25
Unused land 2.15 0.00 0.72 0.00 0.72 2.15 5.74
Transferred to total 58,651.32 942426 25,839.74 3897.89 2902.42 2.15 /

Under the SSP5-8.5 scenario, the proportion of arable land in Anhui Province increased
from 58.48% to 58.64% between 2030 and 2070. The proportion of forest land decreased
from 9.69% to 9.26%, and the proportion of grassland increased from 25.18% to 25.35%.
The proportion of urban areas increased from 2.81% to 2.91%. A total of 272.73 km? of
arable land was converted into grassland, and 44.50 km? of arable land was converted
into construction land. A total of 54.55 km? of forest land was converted into farmland,
and 422.73 km? of forest land was converted into grassland. Additionally, 423.45 km? of
grassland was converted into farmland, 20.10 km? of grassland was converted into forest
land, and 50.96 km? of grassland was converted into construction land.

3.3. Spatiotemporal Analysis of Carbon Storage Simulation

Based on the future land use situation of Anhui Province under different SSP scenarios
and using the InVEST model, we obtained the future carbon storage of Anhui Province
under the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios. ArcGIS 10.8 software was employed
to visualize the distribution of carbon storage, as shown in Figure 3.

Under different scenarios, from a spatial perspective, areas with high carbon reserves
were mainly concentrated in the southern mountainous areas and northern plain areas
of Anhui. The southern region was mainly composed of forest and grassland, with high
soil carbon storage. The northern region had a large amount of arable land. The re-
gions with low carbon reserves were mainly scattered in the central and southern regions
of Anhui Province. Low carbon storage areas were mainly distributed in water bodies
(rivers, lakes, etc.), with a minimum value of 0. The spatial change in carbon storage from
2030 to 2070 was not significant, and most regions showed basically unchanged states of
carbon storage spatial distribution during different periods.

Through calculation, it could be concluded that under different scenarios, from
2030 to 2070 in Anhui Province, the soil carbon storage accounted for the largest pro-
portion of total carbon storage, accounting for over 85%. The proportion of soil carbon
storage was on the rise, while the proportion of aboveground carbon storage in Anhui
Province was on the decline. The proportion of underground carbon storage in Anhui
Province showed a downward trend.

As shown in Table 6, according to the prediction under the SSP1-2.6 scenario, the
carbon storage of Anhui Province in 2030 was 1151.13 million tons, including 732.65 million
tons of carbon storage in arable land, 139.01 million tons in forest land, 246.17 million
tons in grassland, and 33.28 million tons in construction land. In 2070, the carbon storage
of Anhui Province was 1150.80 million tons, including 739.92 million tons in arable land,
131.36 million tons in forest land, 242.6 million tons in grassland, and 36.91 million tons in
construction land.
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Figure 3. Simulation of spatial distribution of carbon stocks under different SSP scenarios in Anhui
Province from 2030 to 2070.

Table 6. Future carbon storage under SSP1-2.6 scenario in Anhui Province (million tons).

Cropland Woodland Grassland Building Land
Cath Cath Cath Cath Total Carbon
arbon arbon arbon arbon
Storage
Stock Percentage Stock Percentage Stock Percentage Stock Percentage 8
2030 732.65 63.65% 139.01 12.08% 246.17 21.39% 33.28 2.89% 1151.13
2040 734.68 63.83% 136.47 11.86% 244.35 21.23% 35.50 3.08% 1151.02
2050 734.28 63.84% 134.34 11.68% 245.18 21.32% 36.41 3.17% 1150.23
2060 737.51 64.10% 132.74 11.54% 243.72 21.18% 36.61 3.18% 1150.59
2070 739.92 64.30% 131.36 11.41% 242.60 21.08% 36.91 3.21% 1150.80

Between 2030 and 2040, the total carbon storage in Anhui Province decreased by
0.12 million tons, with an increase of 2.03 million tons in arable land, a decrease of 2.54 mil-
lion tons in forest land, a decrease of 1.82 million tons in grassland, and an increase of
2.22 million tons in construction land. During the period from 2040 to 2050, the total
carbon storage in Anhui Province decreased by 0.78 million tons, including an increase of
0.40 million tons in arable land, a decrease of 2.13 million tons in forest land, an increase
of 0.83 million tons in grassland, and an increase of 0.91 million tons in construction land.
During the period from 2050 to 2060, the total carbon storage in Anhui Province increased
by 0.36 million tons, including an increase of 3.23 million tons in arable land, a decrease of
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1.60 million tons in forest land, a decrease of 1.47 million tons in grassland carbon storage,
and an increase of 0.20 million tons in construction land carbon storage. During the period
from 2060 to 2070, the total carbon storage of Anhui Province increased by 0.21 million tons,
including an increase of 2.41 million tons in arable land, a decrease of 1.38 million tons in
forest land, a decrease of 1.11 million tons in grassland, and an increase of 0.30 million tons
in construction land.

From 2030 to 2070, carbon storage decreased by 0.33 million tons, a decrease of 0.029%.
The carbon storage of arable land increased by 7.27 million tons, an increase of 0.65%. The
carbon storage of forest land decreased by 7.65 million tons, a decrease of 0.66%. The
carbon storage of grassland decreased by 3.57 million tons, a decrease of 0.30%. The carbon
storage of construction land increased by 3.63 million tons, an increase of 0.32%. During
these 40 years, the carbon storage of arable land showed an upward trend. The carbon
storage of forest land was continuously decreasing, the carbon storage of grassland showed
a downward trend, and the carbon storage of construction land showed an upward trend.

As shown in Table 7, according to the prediction under the SSP2-4.5 scenario, the
carbon storage of Anhui Province in 2030 was 1156.62 million tons, including 752.27 mil-
lion tons of arable land carbon storage, 140.12 million tons of forest land carbon storage,
235.72 million tons of grassland carbon storage, and 28.51 million tons of construction land
carbon storage. In 2070, the carbon storage of Anhui Province was 1156.87 million tons,
including 759.40 million tons in arable land, 134.74 million tons in forest land, 232.52 million
tons in grassland, and 30.21 million tons in construction land.

Table 7. Future carbon storage under SSP2-4.5 scenario in Anhui Province (million tons).

Cropland Woodland Grassland Building Land
Cath Cath Cath Cath Total Carbon
arbon arbon arbon arbon
Storage
Stock Percentage Stock Percentage Stock Percentage Stock Percentage 8
2030 752.27 65.04% 140.12 12.11% 235.72 20.38% 28.51 2.46% 1156.62
2040 755.09 65.25% 139.64 12.07% 233.38 20.17% 29.19 2.52% 1157.30
2050 757.10 65.41% 138.43 11.96% 232.19 20.06% 29.76 2.57% 1157.49
2060 757.96 65.51% 136.25 11.78% 232.85 20.13% 29.90 2.58% 1156.97
2070 759.40 65.64% 134.74 11.65% 232.52 20.10% 30.21 2.61% 1156.87

During 2030-2040, the total carbon storage of Anhui Province increased by 0.68 million
tons, of which cultivated land carbon storage increased by 2.82 million tons, forest carbon
storage decreased by 0.49 million tons, grassland carbon storage decreased by 2.33 million
tons, and construction land carbon storage increased by 0.69 million tons. During the
period of 2040-2050, the total carbon storage of Anhui Province increased by 0.19 million
tons, of which the carbon storage of cultivated land increased by 2.01 million tons, the
carbon storage of forest land decreased by 1.20 million tons, the carbon storage of grassland
decreased by 1.19 million tons, and the carbon storage of construction land increased by
0.57 million tons. During 2050-2060, the total carbon storage of Anhui Province decreased
by 0.52 million tons, of which the carbon storage of cultivated land increased by 0.86 million
tons, the carbon storage of forest land decreased by 2.18 million tons, the carbon storage
of grassland increased by 0.66 million tons, and the carbon storage of construction land
increased by 0.14 million tons. During 2060-2070, the total carbon storage of Anhui Province
decreased by 0.11 million tons, of which the cultivated land carbon storage increased by
1.44 million tons, the forest carbon storage decreased by 1.52 million tons, the grassland
carbon storage decreased by 0.34 million tons, and the construction land carbon storage
increased by 0.31 million tons.

From 2030 to 2070, carbon stocks increased by 0.25 million tons, an increase of 0.021%.
Cultivated land carbon storage increased by 7.13 million tons, an increase of 0.60%. Forest
land carbon storage decreased by 5.38 million tons, a decrease of 0.47%. Grassland carbon
storage decreased by 3.20 million tons, a decrease of 0.28%. Construction land carbon
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storage increased by 1.71 million tons, an increase of 0.15%. The carbon storage of water
bodies and unused land remained largely unchanged. In these 40 years, the carbon storage
of cultivated land increased continuously, the carbon storage of forest land decreased
continuously, the carbon storage fluctuation of grassland decreased, and the carbon storage
of construction land increased continuously.

As shown in Table 8, it was predicted that under the SSP5-8.5 scenario, Anhui
Province’s carbon reserves in 2030 would be 1157.22 million tons, including 755.19 million
tons in cultivated land, 139.50 million tons in forest land, 233.81 million tons in grassland,
and 28.69 million tons in construction land. In 2070, Anhui’s carbon reserves would be
1155.68 million tons, including 757.25 million tons in cultivated land, 133.23 million tons in
forest land, 235.42 million tons in grassland, and 29.77 million tons in construction land.

Table 8. Future carbon storage under SSP5-8.5 scenario in Anhui Province (million tons).

Cropland Woodland Grassland Building Land
Carb Carb Carb Cath Total Carbon
arbon arbon arbon arbon
Storage
Stock Percentage Stock Percentage Stock Percentage Stock Percentage 8
2030 755.19 65.26% 139.50 12.05% 233.81 20.20% 28.69 2.48% 1157.22
2040 756.89 65.39% 138.94 12.00% 232.45 20.08% 29.24 2.53% 1157.55
2050 758.23 65.54% 135.74 11.73% 233.31 20.17% 29.52 2.55% 1156.82
2060 757.71 65.53% 134.56 11.64% 234.36 20.27% 29.62 2.56% 1156.27
2070 757.25 65.52% 133.23 11.53% 235.42 20.37% 29.77 2.58% 1155.68

During 2030-2040, the total carbon storage of Anhui Province increased by 0.33 million
tons, of which the carbon storage of cultivated land increased by 1.70 million tons, the
carbon storage of forest land decreased by 0.56 million tons, the carbon storage of grassland
decreased by 1.36 million tons, and the carbon storage of construction land increased
by 0.33 million tons. During the period of 2040-2050, the total carbon storage of Anhui
Province decreased by 0.73 million tons, of which the carbon storage of cultivated land
increased by 1.34 million tons, the carbon storage of forest land decreased by 3.20 million
tons, the carbon storage of grassland increased by 0.85 million tons, and the carbon storage
of construction land increased by 0.28 million tons. During 2050-2060, the total carbon
storage of Anhui Province decreased by 0.55 million tons, of which the carbon storage of
cultivated land decreased by 0.52 million tons, the carbon storage of forest land decreased
by 1.17 million tons, the carbon storage of grassland increased by 1.05 million tons, and the
carbon storage of construction land increased by 0.10 million tons. During 2060-2070, the
total carbon storage of Anhui Province decreased by 0.59 million tons, of which the carbon
storage of cultivated land decreased by 0.46 million tons, the carbon storage of woodland
decreased by 1.33 million tons, the carbon storage of grassland increased by 1.06 million
tons, and the carbon storage of construction land increased by 0.14 million tons.

Between 2030 and 2070, carbon stocks were reduced by 1.54 million tons, a decrease of
0.133%. Cultivated land carbon storage increased by 2.06 million tons, an increase of 0.27%.
Forest land carbon storage decreased by 6.27 million tons, a decrease of 0.53%. Grassland
carbon storage increased by 1.61 million tons, an increase of 0.17%. Construction land
carbon storage increased by 1.08 million tons, an increase of 0.10%. During this 40-year
period, cultivated land carbon storage first increased and then decreased, reaching a peak
of 758.23 million tons in 2050. Carbon storage in forest land decreased continuously, and
carbon storage in grassland decreased first and then increased, reaching the lowest level in
2040 (232.45 million tons). The carbon storage of construction land was increasing.

4. Discussion

From the perspective of land use, under the SSP1-2.6 scenario, the reason for the
decrease in carbon storage in Anhui Province from 2030 to 2070 is that a large portion of
forest land with high carbon density was converted to farmland and grassland with low
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carbon density, and a considerable portion of farmland was converted to construction land
with low carbon density. However, due to the shift of a large amount of grassland area
to farmland and forest land, the overall reduction in carbon storage was not significant.
Under the SSP2-4.5 scenario, the main reason for the increase in carbon storage in Anhui
Province from 2030 to 2070 is that a large amount of grassland with low carbon density
was converted into forest land, farmland, and construction land with high carbon density,
resulting in a continuous increase in overall carbon storage. As a considerable amount of
forest land area was transferred to grassland and farmland, the growth in carbon storage
was limited. Under the SSP5-8.5 scenario, the main reason for the decrease in carbon storage
in Anhui Province from 2030 to 2070 is that a large area of forest land with high carbon
density was shifted to grassland with low carbon density, and a portion of farmland with
high carbon density was shifted to grassland with low carbon density and construction
land, resulting in decreased carbon storage in farmland. Hou et al. [49] believe that 2050 is
the critical point for human land use change. We can also see in Tables 6 and 7 that there
were fluctuations in carbon storage in Anhui Province in 2050.

In this study, we found that land type transfer was mainly characterized by mutual
conversion between forest land, grassland, and cultivated land. The expansion of construc-
tion land led to a decrease in carbon storage, which was consistent with the research results
of Wu et al. [50]. Forest land and arable land were the main carbon storage areas, which
was consistent with the research results of Gong et al. [51]. Li et al. [52] found that forest
vegetation in Anhui Province was the main contributor to carbon sequestration. Forest land
is high-carbon density ecological land, and Anhui Province has achieved significant results
since the implementation of ecological engineering. However, with the rapid development
of urbanization, the development of tourism projects in scenic areas, and the establishment
of resorts, the phenomena of logging, deforestation, reclamation, and land reclamation still
occur in mountainous areas, resulting in a significant loss of carbon reserves. Therefore,
in any scenario in which more forest land is converted, carbon storage will decrease. This
finding was the same as the research results of Sun et al. [9]. Land use was the dominant
factor in carbon storage transfer, which was consistent with the research results of Wei
et al. [53]. Due to the global scope of the SSP scenarios, they may not necessarily be appli-
cable to carbon development in various countries and regions. Based on the changes in
carbon storage from 2030 to 2070, we conclude that Anhui Province may be more suitable
for the SSP2-4.5 development path in order to achieve low-carbon development.

The impact of land use cover change on the overall carbon storage is not simply
a positive or negative correlation. Therefore, adopting a scientific and reasonable land
use planning implementation plan can not only maximize the protection of the natural
environment, but also promote regional socio-economic development. Compared with
traditional land use simulation predictions, this study established three different land
use development scenarios, providing a more comprehensive theoretical reference for
the formulation and development of land use policies. Under the guidance of different
development scenarios and goals, there were significant differences in the dynamic process
of land use in Anhui Province. While vigorously developing the economy, there is an urgent
need to protect farmland and ecology and control the expansion of construction land, since
rough use of land by humans will significantly reduce the carbon storage in nature. Due
to the serious impact of land type changes on carbon storage, it is necessary to strengthen
forest and farmland protection, adjust planting and breeding strategies, improve carbon
sequestration levels, and enhance soil carbon sequestration levels in the future. In addition,
the consolidation and concentration of rural residential areas, creation of intensive and
efficient towns, and limiting the encroachment of construction land on farmland, forests,
and grasslands must be guided in a orderly manner.

Natural and socio-economic factors first affect land use and then carbon storage
through land use change. This article used the PLUS model to explore the trends of
spatiotemporal change in carbon storage in Anhui Province under three future scenarios.
Rong et al. [54] also used the PLUS model method to estimate land use changes under
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future scenarios. In terms of using the InVEST model to estimate carbon storage, the model
is based on the estimation of carbon storage by land use type, so it weakens the specific
process of carbon cycling and has some uncertainty [2]. The InVEST model estimates
carbon storage based on land use and carbon density data from various regions in the four
major carbon reservoirs. The accuracy of land use and carbon density data is crucial for
accurate estimation of carbon storage. In this study, there was no interannual variation in
carbon density, but in reality, carbon density is influenced by a combination of factors, such
as vegetation growth, environmental water and heat conditions, and human activities [55].
Carbon density exhibits dynamic differences in different periods. The future development
of land use may also be influenced by policies (such as ecological protection red lines, basic
farmland protection, etc.) and future planning. The land use impact factors in this study
did not include policy and future planning factors. Therefore, further research will focus
on the above aspects to make the simulation results more scientific and reliable. From the
three future scenarios, it can be seen that human attitudes towards the environment have
a significant impact on carbon storage. Therefore, it is necessary to develop ecological
and farmland protection policies to reduce environmental damage and increase natural
carbon storage. In order to reduce carbon pressure, the government should restrict the
development of high-carbon density land to low-carbon density land and protect arable
land, forest land, and grassland.

5. Conclusions

This article first used the PLUS model to simulate the land use data of Anhui Province
in 2010, and then verified the accuracy of the simulation results against real data. Then, the
land use situation in Anhui Province from 2030 to 2070 was simulated under scenarios SSP1-
2.6, SSP2-4.5, and SSP5-5.8. Finally, the spatiotemporal distribution of future carbon storage
in Anhui Province was simulated using the INVEST model. The research results showed
that: the spatial distribution of carbon storage in Anhui Province showed significant
heterogeneity under three scenarios from 2030 to 2070. Overall, there was a distribution
pattern of high, middle, and low levels in the north, south, and middle regions. The soil
carbon storage in Anhui Province accounted for the largest proportion of the total carbon
storage and had a significant advantage. The proportion of aboveground carbon storage
ranked second. The proportion of underground carbon reserves ranked third. During
the period of 2030 to 2070, under the SSP1-2.6 scenario, Anhui Province’s carbon storage
decreased by 0.33 million tons, a decrease of 0.029%. Under the SSP2-4.5 scenario, carbon
storage increased by 0.25 million tons, an increase of 0.021%. Under the SSP5-8.5 scenario,
carbon storage decreased by 1.54 million tons, a decrease of 0.133%.

This study can provide a reference for simulating the carbon storage changes caused
by land use changes under different SSP scenarios, thus providing a basis for the future
government to implement more effective land policies.
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