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Abstract: Land use change could affect the carbon sink of terrestrial ecosystems, implying that future
carbon storage could be estimated by simulating land use patterns, which is of great significance
for the ecological environment. Therefore, the patterns of future land use and carbon storage under
the combination scenarios of different Shared Socioeconomic Pathway (SSP) and Representative
Concentration Pathway (RCP) of the Yangtze River Delta were simulated by introducing weight
matrices into the Markov model and combining the PLUS and InVEST models. The results revealed
that the woodland expands greatly during 2020-2060 under the SSP1-RCP2.6 scenario, and the carbon
storage of 2060 is at a high level with an estimated value of 5069.31 x 10° t and an average annual
increase of 19.13 x 10° t, indicating that the SSP1-RCP2.6 scenario contributes to the improvement
of carbon storage. However, the area of built-up land is increasing under the SSP5-RCP8.5 scenario,
and the estimated value of carbon storage is 3836.55 x 10° t, with an average annual decrease of
11.69 x 10° t, indicating that the SSP5-RCP8.5 scenario negatively affects carbon sink. Besides, the
SSP2-RCP4.5 scenario causes almost no effect on land use change and carbon storage. The above
results can help policymakers manage land use patterns and choose the best development scenario.

Keywords: land use; carbon storage; Markov; PLUS; InVEST

1. Introduction

Climate warming is the primary aspect of global change, which is a significant problem
for humanity in the 21st century [1,2]. According to previous studies, one of the most
important strategies for dealing with global climate warming is to enhance the capacity
of ecological carbon sinks to achieve carbon balance [3]. Currently, the carbon storage of
terrestrial ecosystems in China is 79.2 billion tons, with woodlands accounting for about
80% of this total. Additionally, land use types such as grasslands and wetlands can improve
the ecological carbon sink capacity and play a crucial role in the global carbon cycle [4,5].
Meanwhile, the carbon emissions caused by land use change account for about 14% of
global carbon emissions. Thus, the change in land use types and the optimization of land
use patterns can affect the carbon emission and absorption processes in the atmosphere
and land by affecting the carbon storage of terrestrial ecosystems [6,7]. In the background
of economic development [8,9], how to estimate future carbon storage and maintain the
greatest possible carbon sink capacity of ecosystems has become an essential scientific
question to be addressed at this stage [10].

The traditional methods of estimating carbon storage mainly include the vortic-
ity correlation method [11], field survey [12], remote sensing inversion [13], and model
simulation [14]. The vorticity correlation method can achieve long-term, continuous local-
ized observations of carbon fluxes at fine time scales, such as every half hour. However, the
method is inflexible at regional scales, as it is limited by the number of sites established,
which is less than 100 in China [15]. Field survey can accurately estimate carbon storage,
but it is hard to be used for long time series research [16] because of the large human and
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financial investment required for field sampling. Remote sensing inversion can access the
terrestrial carbon sink capacity at the global scale in real-time. However, the spatial resolu-
tion of results is low, and atmosphere transmission models have uncertainty [17,18] for the
complexity of atmospheric states. In contrast, model simulation methods are widely used
because they can effectively estimate and predict carbon storage at different scales [19,20].
Currently, the InVEST model [21,22] is advantageous in simulating the pattern of carbon
storage and reflecting the relationship between land use change and carbon storage due to
its characteristics of less required driving data and sufficient running speed [23,24]. For
instance, Gong et al. [25] and Wang et al. [26] used the In'VEST model to explore the carbon
storage patterns in tropical China from 2000 to 2020 and to simulate the spatial and tem-
poral characteristics of carbon storage in the Taihang Mountains ecosystem, respectively.
However, studies based on the InVEST model mainly focus on the current and past [27],
but have difficulties simulating future carbon storage independently, which means that
land use prediction needs to be combined.

As for land use prediction, the Cellular Automate (CA) [28] model is widely used.
CA is a spatially and temporally discrete model that calculates the change probability of
a cell by defining transition rules [29]. However, most studies’ definition of transition
rules focuses excessively on the cellular accuracy of simulation results without considering
the spatial homogeneity of land use [30]. In other words, the land-use cells are treated
independently in the cell-based CA. Therefore, patch-based CA was developed to simulate
simultaneously land use changes of multiple adjacent homogeneous cells. For instance,
Wang et al. [31] proposed a patch-based CA model that uses “patches” to represent land-use
entities. Chen et al. [32] built the SA-Patch-CA model by integrating the patch-based simu-
lation strategy with the temporal variations of urban dynamics. Liang et al. [33] integrated
different planning factors into the patch-based CA model to construct the FLUS model.
Lin et al. [34] proposed a landscape-driven patch-based CA (LP-CA) model by incorpo-
rating landscape pattern data. Among the patch-based CA models, a patch-generating
simulation (PLUS) model [35] has advantages in terms of mining conversion rules and
simulating dynamic landscape changes. The model integrates a land expansion analysis
strategy and a CA model based on multi-type random patch seeds [35]. Studies [36,37]
have shown that the PLUS model is more applicable than other models and provides results
that are closer to actual land use patterns. However, the urban demand forecasting module
of the PLUS model needs to be combined with numerical forecasting models [38], and the
forecast results will affect the land use simulation accuracy. In previous studies, the system
dynamic (SD) model was frequently employed for this purpose since it could take into
account human activities and ecological effects [39]. However, the SD model has a complex
structure and requires a large amount of socioeconomic data to fit the relationship between
various components [38]. Therefore, the Markov model [40] was used for land use demand
forecasting. Jenerette et al. [41] applied the Markov model to a desert landscape. The
research showed that the model could reasonably replicate the land use pattern changes
and obtain long-term prediction results. Still, the limitation is that the simulation results
have no posteriority [42], which some scholars suggest can be overcome by introducing
weights [43]. Nevertheless, there has yet to be a solution for setting the weights.

In addition, previous studies have focused on future land use changes under dif-
ferent development scenarios, such as the continuation of historical trends scenario, the
ecological conservation scenario, and the urban development scenario [44,45]. However,
a new set of scenarios with a combination of the Shared Socioeconomic Pathway (SSP)
and Representative Concentration Pathway (RCP) was adopted after the launch of the
6th Coupled Model Intercomparison Project (CMIP6) in 2015 [46,47]. In view of that, the
weights introduced into the Markov model need to be modified to account for different
SSP-RCP scenarios. However, there has not been enough research into determining land
use development weights for SSP-RCP scenarios. Therefore, a new method to define a set
of objective multi-scenario weights is required to obtain more accurate land use predictions.
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Based on the above analysis, the objectives of the study are: (1) to explore a set of non-
subjectively defined weights introduced into the Markov and PLUS models to overcome the
limitation of no posteriority and obtain the parameters under different SSP-RCP scenarios;
(2) to analyze the response mechanism between land use change and carbon storage to
provide policy recommendations for the region’s land use restructuring and sustainable
development; and (3) to obtain the spatial and temporal patterns of future land use and
carbon storage in the Yangtze River Delta under different scenarios.

2. Materials and Methods
2.1. Study Area

Yangtze River Delta is located in eastern China, with geographical coordinates of
114°54/-123°10" E and 27°2'-35°20" N (Figure 1). According to the outline of the integrated
regional development of the Yangtze River Delta, the region is officially defined as con-
sisting of all cities in Jiangsu, Zhejiang, Anhui, and Shanghai, with a total area of over
350,000 km?. It is one of the regions with the most active economic development in China
and has a pivotal strategic position in the national modernization and overall opening pat-
tern. However, due to high-speed economic development and rapid expansion of built-up
land, woodland and cropland are decreasing year by year [48]. That is why the carbon
storage in the Yangtze River Delta has changed significantly in recent years.
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Figure 1. Geographical location of Yangtze River Delta Urban Agglomeration. (China Map from the
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website of China Standard Map Service (http://bzdt.ch.mnr.gov.cn/, accessed on 1 September 2022),
the Map Review Number is GS (2020) 4619.

2.2. Datasets and Preprocessing

Considering the spatial resolution and data accuracy, the GlobeLand30 land use data
with 30 m resolution was chosen for land use simulation. The GlobeLand30 data of 2000,
2010 and 2020 were used to obtain the transition probability, and the land use prediction was
based on the data of 2000. The data of nature reserve was used as the restricted conversion
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boundary to avoid endless expansion of some land use types. Besides, 12 elements from
meteorology, soil, socio-economics, and transportation given the previous studies were
taken as driving factors [35,49-51], among which the distances to roads, railroads, and
transportation stations were all Euclidean distances calculated in ArcGIS10.5 based on the
corresponding vector data. The details of the data used are shown in Table 1. To avoid the
incompatibility between the data, all these were converted to a raster format, and some
missing raster values were filled in using neighborhood calculations. In addition, all data
were standardized to 1 km resolution to obtain land use simulation results at the same
resolution as theirs.

Table 1. Land use data and driving factors.

Data Type Data Name Resolution Year Data Source
GlobeLand30
Land use data GlobeLand30 data 30 m 2000, 2010, 2020 (http:/ /www.globallandcover.com,

accessed on 16 September 2022)

Restr.lcted Nature reserve data / 2018
conversion data
Meteorology Total annual precipitation 1000 m 2000 Resource and Environment Science
factors Average annual temperature 1000 m and Data Center
. Soil type 1000 m (https:/ /www.resdc.cn, accessed on
Soil factors Soil erosion 1000 m 1995 17 September 2022)
Socio- GDP 1000 m 2000
economics Population 1000 m
ractors SRTMDEMUTM 90M 90 m Geospatial Data Cloud
Terrain factors SRTMSLOPE 90M 90 m 2000 (http:/ /www.gscloud.cn, accessed
SRTMASPECT 90M 90 m on 17 September 2022)
T . Distance to road / OpenStreetMap
ransportation Distance to railroad / 2014 (https:/ /www.openstreetmap.org,
factors /

Distance to transportation stations

accessed on 17 September 2022)

2.3. Method

The flowchart can be divided into three parts (Figure 2). The first part is to collect
and pre-process data for analysis. Next is to calculate the multi-scenario weights and
introduce them into the Markov model, from which the future land use demands are
obtained. Besides, the multi-scenario land use demands are input into the PLUS model to
simulate the land use patterns. Finally, the above results are combined with the carbon
density data and the InVEST model, which is used to simulate the future carbon storage
patterns of the Yangtze River Delta. Then the impacts of land use on them are analyzed.

2.3.1. Improved Markov Model

A Russian mathematician, Andrey Andreyevich Markov, proposed the Markov chain
method in 1906. The main idea is that the current state often determines the next during the
transition process of a system, which means that the method assumes that the change from
one state to another is determined based on a specific transition probability. It provides a
new direction for predictive probability theory [52].
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Figure 2. Methodological workflow employed in the study.

The Markov model has been widely used in various fields, including the area of
land use types forecasting, where the principle is to calculate the probability matrix Pj; of
transition by land use change within a period:

Py P ... Py

Pyy Pp ... P

Pny P2 ... Pmn

Pjj represents the probability of transforming land use type from i to j in the land use

change process, which takes values in the range [0, 1]; n is the total number of land use
types;i, j=1,2,...,n. However, the prediction results obtained by P are deficiency of
posteriority, and to address this limitation, weights w; for land use types under different
SSP-RCP scenarios are introduced to form a weight matrix W(s):

W(s) = Diag[w1 wy ... wy] )

Pi1 Pip ... Pnn

Py Py ... P
P =\ 7T T W) ®

Py Pw ... Pmn
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L/(t+1) = L/(t)XP/ij(S) 4)

L(t+1)=L'(t+1)/ iL/i(t-i-l) (5)
i=1

PA = TA x L(t+1) (6)

where s denotes different SSP-RCP scenarios, n is the total number of land use types, and
W(s) is the weight matrix of land use types in scenario s. P;/(s) denotes the transition
probability matrix after introducing the weight matrix in scenario s. L'(t+1) and L'(t) are the
proportions of land use types in state t+1 and state t, respectively, and L(t+1) is the result of
setting the sum of the proportions of land use types in L'(t+1) to 1. PA is the predicted area
of land use types, and TA is the total area.

2.3.2. The Weight Matrices of Scenarios

CMIP6 proposed a new set of scenarios with a combination of SSP and RCP, where SSP
characterizes future socioeconomic development patterns and RCP characterizes future
greenhouse gas emission scenarios. The representative SSP1-RCP2.6, SSP2-RCP4.5, and
SSP5-RCP8.5 scenarios were chosen for the future land use simulation of the Yangtze River
Delta, with the specific meanings shown in Table 2 [53].

Table 2. Future development scenario selection and description.

Scenario Description

The future socio-economic development takes a high speed
SSP5-RCP8.5 development path with large-scale use of fossil fuels, and GHG
emissions are at a high level, marking the upper limit of emissions.

The future socio-economic development takes an intermediate path,

SSP2-RCP4.5 with GHG emissions at a medium level.

The future socio-economic development takes a sustainable path,

SSP1-RCP2.6 with GHG emissions at a low level.

The Land-Use Harmonization (LUH2) project provided a unified dataset that simulates
the future land use pattern up to 2300 years under SSP-RCP scenarios, which is available
for download at http://luh.umd.edu/ (accessed on 1 September 2022). However, the
dataset is not easy to use directly at the scale of urban agglomeration. There are few studies
based on it for the excessive spatial resolution of about 50 km. In this regard, under three
SSP-RCP scenarios, the transition matrix of LUH2 data of the Yangtze River Delta during
2020-2060 was calculated. Thus, the types and areas of future land use transition were
obtained, which were used to characterize the increasing and decreasing trends of land use
areas. Moreover, the normalized change trends extracted from the low-resolution LUH2
data were used as weights to generate high-resolution land use data.

Nevertheless, the LUH2 dataset has a different classification system than the Glo-
beLand30 data, as the former has 12 land use types while the latter has only 8. For
the applicability of weights, the land use types of LUH2 were reclassified as woodland,
shrubland, grassland, cropland, built-up land, and bare land, making it consistent with
GlobeLand30 data, as shown in Table 3.

In addition, water and wetland were assumed not to be affected by different SSP-RCP
scenarios and still follow the existing transition probability, with the weights set to 1, as
they were not involved in the LUH2 dataset. The weight values for all land use types under
different scenarios were obtained, as shown in Table 4.
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Table 3. The reclassification of land use types in LUH2.
LUH2 Land Use Description GlobeLand30 Land Use

primf Forested primary land
secdf Potentially forested secondary land Woodland, shrubland
pastr Managed pasture
range Rangeland Grassland
c3ann C3 annual crop
c3per C3 perennial crop
c4ann C4 annual crop Cropland
cdper C4 perennial crop
c3nfx C3 nitrogen-fixing crop
urban Urban land Built-up land
primn Non-forested primary land
secdn Potentially non-forested secondary land Bare land
none none Water, wetland

Table 4. Weights of land use types in different scenarios.

Scenario Cropland Woodland Grassland  Shrubland  Wetland Water Built-Up Land  Bare Land
SSP1-RCP2.6 0.89 1.14 0.92 1.14 1.00 1.00 0.90 1.01
SSP2-RCP4.5 0.98 1.09 0.77 1.09 1.00 1.00 0.95 1.13
SSP5-RCP8.5 1.14 0.95 1.05 0.95 1.00 1.00 0.99 0.93

2.3.3. PLUS Model

PLUS is a land use simulation model that integrates the LEAS (land expansion analysis
strategy) and CARS (CA model based on multi-type random patch seeds) modules. The
former extracts and samples the part of land use type expansion within a period and mine
its driving factors by random forest algorithm. As a result, the development probability of
land use types and the contribution of driving factors are obtained. Under the constraint
of development probability, the CARS module combines random seed generation and
threshold decreasing mechanism to obtain the land use pattern to be simulated. In addition,
the confusion matrix is calculated by combing GlobeLand30 data, and the Kappa coefficient
and overall accuracy are used to evaluate the simulation results.

2.3.4. InVEST Model

The InVEST model is an integrated evaluation model of ecosystem service functions
and trade-offs, which aims to weigh the relationship between land use and ecosystem
service functions. The carbon storage module has been widely used, which divides the
carbon storage of terrestrial ecosystems into four primary carbon pools: aboveground
biological carbon pool (carbon in plants surviving above the soil), belowground biological
carbon pool (carbon in plant roots surviving below the soil), soil carbon pool (carbon in
organic and mineral soils), and dead organic matter carbon pool (carbon in dead plants
withered or standing carbon in dead plants). The total carbon storage is obtained by adding
up carbon pools of each land use type, which is calculated by the following formula:

Ctotal = Ctotall + CtotalZ +...0F Ctotaln (7)

Ctotali = Ai X (Cabovei + Cbelowi + Csoili + Cdeadi) (8)

In the above equations, Cy,1 represents the total carbon storage, Cyota; represents the
carbon storage of land use type i, and A; represents its area. Cpovei represents aboveground
biological carbon density, Cpelowi represents that of belowground biological, Cy); represents
soil carbon density, and Cge,g; represents dead organic matter carbon density.



Land 2023, 12, 399

8 of 18

Therefore, the carbon densities of the four primary carbon pools of land use types are
important input parameters for the InNVEST model to evaluate carbon storage accurately.
The carbon pool of dead organic matter is not included in the study since the carbon storage
of ecosystems is little affected by it. As for the carbon densities collecting, the observation
products provided by the reference carbon cycle dataset for typical Chinese forests in
the National Ecosystem Science Data Center (http://www.cnern.org.cn/, accessed on
5 October 2022) were used, and carbon densities of land use types were obtained by
combing previous studies [54-56]. The specific data and sources are shown in Table 5.

Table 5. Carbon density of different land use types (t/hm?).

Land Use TYPE Cabovei Cbelowi Csoili
Cropland 17 80.7 108.4
Grassland 35.30 86.50 99.90
Woodland 42.40 115.90 158.80
Shrubland 5.18 8.75 151.57

Wetland 6.20 7.81 145.62
Water 0.30 0.00 0.00
Built-up land 2.50 275 0.00
Bare land 1.30 0.00 21.60
3. Results

3.1. Impact of Land Use Change on Carbon Storage

The carbon storage of the Yangtze River Delta was 4482.58 x 10° t in 2000 and
4303.96 x 10° t in 2020, with an average annual loss of 8.93 x 10° t. In the past two
decades, the increase of carbon storage caused by land use change was 191.09 x 10° t, and
the loss was 369.72 x 10° t.

The land use transitions that lead to carbon loss are shown in Figure 3. During the
urbanization of the Yangtze River Delta, large areas of woodland, grassland and cropland
were forced to be changed to built-up land with negligible carbon storage, resulting in
carbon storage loss. The amount of carbon loss due to the transition from cropland to
built-up land in the Yangtze River Delta between 2000 and 2020 is 170.30 x 10° t, accounting
for the highest percentage of carbon loss at 46.06%. That is mainly because the transition
area far exceeds others, which implies that the main reason for the decrease in carbon
storage in the Yangtze River Delta is that urban expansion has occupied a large amount of
cropland during the past 20 years.

0.04 200.00

Carbon loss caused by land use transition in unit area

0.03 m Carbon loss caused by land use transition from 2000 to 2020 150.00

0.02 - 100.00

(3,01 ) B2IE dUIES A} UTYIIM SSO] U0qIe)
1
1
(3501 ) 020Z 03 000T W oIy SSO| UoqIe)

0.01 1 n l 50.00
~ L =
0 T | — T I T 0
Transition from Cr Wo Gr Sh We Bu

to Wa BuBa Cr Gr Sh We WaBu Ba Cr WaBuBa Cr Gr WaBuBa Cr Gr Sh WaBu Ba Wa Ba

Figure 3. Carbon storage loss caused by land use change. Cr: cropland; Wo: woodland; Gr: grassland;
Sh: shrubland; We: wetland; Bu: built-up land; Wa: water; Ba: bare land.

As shown in Figure 4, the areas of high carbon loss during 2000-2020 are mainly
concentrated in the south and west. As can be seen from Figure 5, the main reason for the
above phenomenon is that woodland is occupied by built-up land. That demonstrates that
the transition of woodland during the past 20 years is also an important cause of carbon
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loss. As for the east and the north, the carbon loss is at a medium or low level, widely
distributed and patchy, and this is caused mainly by the transition of cropland to built-up
land. In addition, carbon loss showed an apparent spatial heterogeneity, indicating that the
economic growth rate and local policies in different regions will significantly affect carbon
storage through land use changes.

p

Carbon storage of 2(
m high level ’

Carbon storage loss

I higher [ Tlow

[ high Tlower .
[Imiddle[__Inoloss™ "

m high level
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Figure 4. Patterns of carbon storage and loss in Yangtze River Delta from 2000 to 2020.

7

'cropland -woodland -grassland shrubland

- wetland - water - built-up - bare land
(a) (b) (c)

Figure 5. Land use patterns: (a) land use pattern of 2000, (b) land use pattern of 2010, (c) land use
pattern of 2020.

0 60120 240 360 480

3.2. Assessment of Land Use Simulation Model Results
3.2.1. Forecast of Land Use Area for the Yangtze River Delta under Different Scenarios

The area of land use types in 2010 and 2020 was forecasted by the Markov model
based on the land use data of 2000, and GlobeLand30 data evaluated the accuracy of the
result. As shown in Figure 6, the relative error of Markov’s 2010 simulation results is 24.05%
for wetlands, 12.67% for built-up land, and below 10.00% for all other land use types. As
for the simulation results of 2020, the relative error is 5.73% for wetlands, 3.67% for bare
land, and the relative errors of other land use types are below 1.00%, which indicates that
the Markov model can forecast the future land use area well in general.
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Figure 6. Comparison of land use simulation of Markov with existing data.

Figure 7 shows the results of the Markov model for land use area forecasting in 2030,
2040, 2050, and 2060 for the Yangtze River Delta under different SSP-RCP scenarios. It
is observed that the cropland area slowly decreases under the SSP1-RCP2.6 and SSP2-
RCP4.5 scenarios and increases under the SSP5-RCP8.5 scenario in the future 40 years,
while the area of woodland and shrubland only decreases under the SSP5-RCP8.5 scenario.
In addition, the area of built-up land tends to increase in the early stage and decrease
in the later stage under the SSP1-RCP2.6 scenario, increasing slowly until stable under
the SSP2-RCP4.5 scenario when expanding continuously under the SSP5-RCP8.5 scenario.
Besides, the remaining land use types are mostly the same due to their small area share.

3.2.2. Simulation of Land Use Patterns for the Yangtze River Delta under Different Scenarios

Taking the results of the Markov model as input parameters, the PLUS model was
used to simulate the land use patterns in 2010 and 2020, and the GlobeLand30 data were
used to evaluate the simulation accuracy. As shown in Figure 8, the simulated results of
the PLUS model in 2010 and 2020 are highly spatially consistent with the actual land use
pattern, and the overall accuracy and Kappa coefficient are shown in Table 6. There is no
doubt that the PLUS model can better simulate the future land use pattern.

Table 6. The accuracy assessment of PLUS model.

2010 2020
Overall accuracy 0.90 0.85
Kappa coefficient 0.84 0.77

Figure 9 shows the simulations of land use patterns in 2030, 2040, 2050, and 2060 for
the Yangtze River Delta under different SSP-RCP scenarios. It can be observed that the
woodland tends to gradually expand to the surroundings under the SSP1-RCP2.6 scenario,
with the area of built-up land in a decreasing trend, while under the SSP5-RCP8.5 scenario,
the woodland gradually changes from patchy distribution to sporadic distribution, and the
built-up land keeps expanding to the outside. The spatial change of land use is negligible
in the SSP2-RCP4.5 scenario.
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Figure 7. Forecast of land use area under different scenarios in the Yangtze River Delta of 2030, 2040,
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Figure 8. Comparison between simulated land use patterns and Globeland30 data: (a) GlobeLand30
of 2010, (b) simulated land use of 2010, (c) GlobeLand30 of 2020, (d) simulated land use of 2020.
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Figure 9. Simulation of land use patterns under different scenarios of 2030, 2040, 2050, 2060.

3.3. Future Carbon Storage Pattern in the Yangtze River Delta under Different Scenarios

The carbon storage patterns under different SSP-RCP scenarios in 2030, 2040, 2050,
and 2060 are shown in Figure 10. The area with high carbon storage is the south of
the Yangtze River Delta, with satisfactory vegetation cover and strong carbon fixation
capacity. As can be seen from Figure 10, the high carbon storage area under the SSP1-
RCP2.6 scenario is expanding, while that under the SSP5-RCP8.5 scenario is decreasing.
In addition, the estimated carbon storage in 2060 is 5069.31 x 10° t and 3836.55 x 10°
for the two, respectively, with the former increasing by 19.13 x 10° t per year and the
latter decreasing by 11.69 x 10° t per year. Besides, there is not much change in the area
of high carbon storage at the SSP2-RCP4.5 scenario, with an estimated carbon storage of
4583.17 x 10° t in 2060 and an average increase of 6.98 x 10° t per year.

As shown in Figure 11, the area of carbon loss under the SSP5-RCP8.5 scenario accounts
for 16.79% of the total area, with a loss of 599.67 x 10° t during 2020-2060. In addition, the
area with high carbon loss is mainly located within the woodland in the southern part of the
Yangtze River Delta. In contrast, the area share, and the amount of carbon loss under the
SSP1-RCP2.6 and SSP2-RCP4.5 scenarios are 1.18%, 38.70 x 10° t, 2.13%, and 60.64 x 10° t,
respectively, which are much lower than those under the SSP5-RCP8.5 scenario.
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Figure 11. Carbon storage loss during 2020-2060 under different scenarios.
4. Discussion
4.1. Advantages of Introducing Multi-Scenario Weight Matrices

Numerical-spatial model integration could reveal the complex land use change
process [57], which is the mainstream land use simulation method. By numericalizing
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LUH2 data as weights for land use types under different SSP-RCP scenarios, the limitation
that low-resolution data cannot be applied to an urban scale [58,59] is overcome. Besides,
introducing multi-scenario weights allows the Markov model to overcome the drawback
of no posteriority and makes it applicable to different SSP-RCP scenarios [43], which can
provide input parameters for the PLUS model. Besides, the prediction accuracy shows
that the Markov and PLUS models perform satisfactorily, indicating that the integration is
suitable for area forecasting and pattern simulation of land use types.

4.2. Impact of Land Use Change on Carbon Storage

The changes in land use types cause different impacts on carbon storage due to the
land use transition and carbon density differences [25]. Specifically, the expansion of built-
up land will weaken the carbon sink capacity of the ecosystem [60,61]. Meanwhile, forest
carbon is the most significant carbon pool of terrestrial ecosystems [62,63], which means
that afforestation and woodland restoration have a positive impact on carbon storage [64].
However, due to the rapid economic development of the Yangtze River Delta, more or less
built-up land inevitably occupies cropland and woodland to build towns and accommodate
the non-native population [65]. Under the guidance of a series of environmental protection
policies, such as returning cropland to woodland, the impact of woodland occupation by
built-up land has been reduced to some extent [66]. That makes urban expansion due to
the transition of cropland gradually becoming the main threat of carbon loss. Hence, the
transition of cropland and woodland needs to be taken seriously in light of current trends.

Given the results section, carbon storage under the SSP1-RCP2.6 and SSP2-RCP4.5
scenarios develops in a positive trend, while it deteriorates gradually under the SSP5-
RCP8.5 scenario. This trend implies that the SSP1-RCP2.6 scenario can effectively enhance
the carbon sink capacity of ecosystems and promote carbon cycling to achieve the carbon
neutrality target as early as possible [67]. However, it takes more time to achieve carbon
neutrality under the SSP2-RCP4.5 scenario. Moreover, under the SSP5-RCP8.5 scenario, it
is challenging to improve carbon storage and may even negatively impact the ecological
environment. Therefore, measures are required to prevent the SSP5-RCP8.5 scenario. In this
regard, the macroeconomic regulation of the government plays an important role [51]. It is
imperative to provide policy guidance and restrictions on urban construction [68], such as
strictly following the permanent basic farmland protection red line, ecological conservation
red line, and urban development boundary line. Furthermore, attention should be paid to
the allocation of green infrastructure and the efficient use of land, both of which are crucial
for ecological environment protection.

4.3. Limitation

The improved Markov model and PLUS model simulated future land use patterns
under different SSP-RCP scenarios; however, this study is limited in a few aspects. First,
the simulation has yet to consider future policy interventions, such as the constrained and
planned development zones designated in the future. These new policy interventions will
be continuously considered in future work to establish a more complete land use prediction
system. Second, the carbon densities used in the INVEST model were obtained by reviewing
previous literature. However, this approach ignores the change in carbon density over time
for the same land type. Finally, the GlobeLand30 is global scale data [69], and there is no
doubt that field survey data can improve the accuracy of land use simulation. However,
the assessment of GlobeLand30 data from previous studies showed satisfactory accuracy at
the provincial scale in China [69-71]. Besides, the field survey workload is relatively large
for the Yangtze River Delta. For all these reasons, GlobeLand30 data is not a bad choice.

5. Conclusions

By introducing the scenario weight matrices, the future patterns of land use and carbon
storage of the Yangtze River Delta under different SSP-RCP scenarios were simulated, and
the variation characteristics were analyzed. The following conclusions were obtained:
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(1) The improved Markov-PLUS integrated model provides satisfactory land use predic-
tion accuracy. The maximum relative error of 24.05% is achieved in area forecasting,
and overall accuracy in spatial pattern simulation is 0.85-0.90 with kappa coefficients
of 0.77-0.84. The series validation accuracy indicates that the integrated model is
applicable to area forecast and spatial pattern simulation of land use types.

(2) Under the SSP1-RCP2.6 scenario, the woodland area in the Yangtze River Delta
expands significantly, and the carbon storage in 2060 is estimated to be 5069.31 x 10° t,
with an average annual increase of 19.13 x 10° t compared to 2020. Under the SSP2-
RCP4.5 scenario, the land use changes little, and the estimated value is 4583.17 x 100 t,
with an average annual increase of 6.98 x 10° t. However, the built-up land expands
more under the SSP5-RCP8.5 scenario, and the estimated carbon storage of 2060 is
3836.55 x 10° t, with an average decrease of 11.69 x 10° t per year.

(3) The SSP1-RCP2.6 scenario causes a facilitating effect on enhancing the carbon sink
capacity of ecosystems, and the SSP2-RCP4.5 scenario has a negligible effect, while
the SSP5-RCP8.5 scenario causes a negative effect. Thus, policymakers should design
land use policies and urban development plans according to local conditions so that
the SSP5-RCP8.5 scenario should not come. Only then can the carbon storage of
ecosystems be increased, and the goal of co-development of economy and ecology
be achieved.

In addition, future research will explore the following aspects in depth:

Policy implications will be taken into account.
The temporal trends of carbon density will be explored to improve the accuracy of
carbon density estimation.

e Land use data with higher accuracy will be applied to the study to obtain more realistic
simulation results.
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