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ABSTRACT: To optimize land use and achieve carbon peaking and carbon neutrality
targets, in this study, we investigated the spatial and temporal patterns of land use and
land cover change (LUCC) and carbon storage (CS) in the Jinan Metropolitan Area from
2010 to 2030. Using land use data from 2010 to 2020, the PLUS model was employed
to simulate land use patterns for 2030 under four development scenarios: Natural
Development Scenario (NDS), Ecological Protection Scenario (EPS), Cropland Protection
Scenario (CPS) and Urban Development Scenario (UDS). The InVEST model was then
used to calculate CS under these scenarios. Between 2010 and 2020, the most significant
reduction was in cropland, with a decrease of 3.34 %, while the most significant increase
was in construction land, with an increase of 3.13 %. Total CS showed a decreasing
trend. By 2030, CS is projected to increase exclusively under the EPS, with an increase of
873015.30 Mg, while other scenarios demonstrate varying degrees of decrease. Crucially,
the expansion of construction land is identified as the dominant factor driving CS depletion
in the Jinan Metropolitan Area. Mount Tai and the Yimeng Mountains are significant
carbon sinks in this region. In contrast, the urban area of Jinan, as well as the Zhanggiu
district and Zichuan district of Zibo, are the primary areas of CS loss. Strengthening the
protection of ecological land in the Jinan Metropolitan Area, along with implementing
carbon reduction and sequestration measures in construction land and cropland is crucial
for enhancing regional CS capacity, optimizing future land management decisions, and
ultimately achieving carbon peaking and carbon neutrality targets.
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INTRODUCTION

Terrestrial ecosystems, as one of the most vital global carbon sinks, not only offer
essential habitats and resource bases for humans but also provide a range of ecological
services such as water purification, soil conservation and carbon storage (CS) (Li and Ma,
2017). Land use and cover change (LUCC), a key driver of the carbon cycle in terrestrial
ecosystems, directly or indirectly influences the CS capacity of ecosystem services by
altering the composition and function of ecosystems. Related researches have shown
that carbon emissions resulting from LUCC have emerged as the second-largest source
of greenhouse gas emissions, following fossil fuel combustion (Cai et al., 2019, 2023).
Furthermore, the efficient management of land resources is considered the most cost-
effective approach for improving CS (Fu et al., 2024). Land use changes directly affect
the CS capacity of vegetation, while indirectly influencing soil CS through modifications
to soil properties and the redistribution of plant residues within the soil environment
(Aneva et al., 2020). Therefore, timely and effective assessments of CS potential,
based on land use dynamics, are essential. Such evaluations are crucial for advancing
regional CS, informing climate change mitigation strategies, and achieving sustainable
development goals.

Currently, researchers are actively engaged in investigating LUCC and CS across various
scales, including provincial, municipal, and county levels, as well as urban agglomerations
and watershed scales. The primary focus of these studies is to examine the impact of
LUCC on CS and to simulate regional CS spatiotemporal change trends using coupled
models. Several models, such as CLUE-S (Zhao et al., 2024a), FLUS (Hou et al., 2024), and
CA-Markov (Li et al., 2024a), are utilized to predict land use patterns and demonstrate
spatiotemporal dynamic changes. Markov transition matrix is currently the most widely
used model for analyzing quantitative land-use change processes. It has been extensively
applied in both domestic and international studies to reveal the patterns and dynamics of
land-use transitions. PLUS model integrates the Markov approach for quantitative land-use
demand prediction, ensuring the dynamic coupling between total amount control and
spatial pattern optimization in LUCC simulations. Compared to these models, the PLUS
model exhibits higher accuracy in simulating LUCC (Liang et al., 2021). Furthermore,
INVEST model is employed to simulate and estimate CS. The InVEST model is advantageous
due to its ability to overcome the complex data, high costs, and poor visibility associated
with traditional models, making it more scientific in studying the impact of LUCC on CS.

Several researchers, including Zeng and Sun (2024), Duan et al. (2024), and Pang et al.
(2024), had utilized the PLUS and InVEST models to explore the changes in land use and
CSin the Yellow River Basin. These studies revealed CS distribution is directly related to
regional land use type, and there is a significant negative correlation between regional
CS and the intensity of land use. Additionally, Wang et al. (2025) and Tang et al. (2025)
employed the PLUS-INVEST model to simulate the spatiotemporal change patterns of
CS under different development scenarios in the future. Their results indicate that the
rate of net CS loss is greatly influenced by land use pattern and resource allocation.
Moreover, relative studies (Jia and Hu, 2024a; Shi et al., 2024; Jia et al., 2025) analyzed
the factors influencing the spatial variation of CS, considering both natural environmental
and socio-economic factors. These studies concluded that there are significant spatial
variations in the driving forces of affecting CS across different regions and spatial scales.

Jinan Metropolitan Area (JMA) plays a pivotal role in China Yellow River Strategy, prioritizing
ecological protection and high-quality development. As the most recently established
metropolitan area in China, JMA is responsible for shaping a new development model and
becoming a major economic growth hub in northern China. However, JMA encounters
several challenges, including uneven development among its cities, unsustainable land use
practices, and significant conflicts between economic growth and ecological preservation.
In the context of China carbon peaking and carbon neutrality goals, advancing research
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on the impact of land use on CS, and optimizing land use patterns accordingly, is essential
for the sustainable development of JMA. We conducted a comprehensive analysis of the
LUCC and its spatiotemporal distribution in the JMA from 2010 to 2020. Furthermore,
we projected land use patterns under multiple scenarios for 2030 and evaluated their
potential impacts on CS. This study aimed to support the balancing of regional carbon
sinks, the adjustment of spatial development strategies, the optimization of land use
patterns, and the promotion of sustainable development of JMA.

MATERIALS AND METHODS

Study area

Jinan Metropolitan Area is located in the lower reaches of the Yellow River and in the
central-western region of Shandong Province (35° 52' - 37° 20' N, 115° 54'-118° 30' E;
Figure 1). It plays a critical role in the ecological protection and high-quality development
strategy of the Yellow River basin. Centered around Jinan City, JMA encompasses the
entirety of Jinan, as well as districts and counties from Zibo, Tai'an, Dezhou, Liaocheng, and
Binzhou. It encompasses 25 counties (districts) across six cities. Covering approximately
2.23 x 10* km? and a permanent population of 18.1 million. The terrain of JMA is
predominantly mountains and plains, with elevations ranging from 100 to 1600 m. The
region is characterized by a temperate monsoon climate, featuring an average annual
precipitation of 671 mm.

Data sources

Land use data were selected for three periods: 2010, 2015, and 2020, including seven
land categories such as cropland, forest, shrubland, grassland, water body, bare land,
and construction land (Yang and Huang, 2021). Considering there is no bare land within
JMA, the shrubland areas can be ignored. We have conducted a reclassification, which
was divided into five land categories: cropland, forest, grassland, water body, and
construction land. Generally, the driving factors of LUCC are divided into two categories:
socio-economic and natural environmental factors (Gong et al., 2023). Taking into account
the availability of land use data and the statistical data in JMA, 14 factors were selected
as the driving factors for studying LUCC, including digital elevation model (DEM) (X1),
slope (X2), distance to rivers (X3), soil type (X4), average annual precipitation (X5),
average annual temperature (X6), distance to city center (X7), population density (X8),
gross domestic product (GDP) (X9), railway distance (X10), distance to highway (X11),
distance to primary road (X12), distance to secondary road (X13), and distance to branch
road (X14). The data types and sources are presented in table 1, among which data for
X3, X7 and traffic data were obtained by calculating Euclidean distances. The resolution
of land use data and driving factor data was resampled to 30 x 30 m, and a unified
projection coordinate system (WGS_1984 UTM_Zone 39N) was adopted.

Research methods

PLUS Model

The PLUS (Patch-generating Land Use Simulation Model) (Liang et al., 2021) is a cellular
automaton (CA) based on raster data for simulating LUCC at the patch scale. This model
integrates a rule-based method based on the Land Expansion Analysis Strategy (LEAS)
and a CA model based on a multi-type random patch seed mechanism (CARS). It is
capable of exploring the driving factors of land use expansion and landscape changes,
and uses the Random Forest algorithm (RF) to obtain the development probabilities of
various land use types, predicting future land use under multiple scenarios. We utilized
the PLUS model, employed the LEAS method to extract LUCC data (Gong et al., 2023),
and applied the RF algorithm (Min et al., 2024) to analyze the relationship between 14
driving factors and LUCC.
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Figure 1. Location of the Jinan Metropolitan Area.
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Table 1. Data sources and description

Category Data Year Data resource
Basic data Land use type 2010-2020 Yang and Huang (2021)
. ) . Distance to city center (X7) 2024 https://map.baidu.com/
Administrative Division o .
Administrative Boundary 2021 https://www.webmap.cn/
DEM (X1) 2020 https://www.gscloud.cn/

Digital Elevation Model (DEM)

Terrain Slope (X2) 2020 through ArcGIS computation
Distance to river (X3) 2020 https://www.openstreetmap.org/
Soil type (X4) 2020 Global Soil Database(https://www.fao.
org/)
A National Earth System Science Data
Climatic Average annual precipitation (X5) 2020 Center(www.geodata.cn)
Average annual temperature (X6) 2020 National Earth System Science Data
Center(www.geodata.cn)
) ) Population density (X8) 2020 https://hub.worldpop.org/
Socioeconomic
GDP (X9) 2019 www.resdc.cn
Distance to railway (X10) 2020
Distance to highway (X11) 2020
Traffic data Distance to primary road (X12) 2020 https://www.openstreetmap.org/
Distance to secondary road (X13) 2020
Distance to branch road (X14) 2020

Multi-scenario settings

In accordance with "Shandong Province Territorial Spatial Planning (2021-2035)", "Yellow
River Basin Ecological Protection and High-Quality Development Plan", "Jinan Metropolitan
Area Development Plan (2024-2030)", and with reference to relevant literature (Ou Yang et
al., 2020; Huang et al., 2023; Jia and Hu, 2024b), we considered the current developmental
status of the JMA and its prospective socio-economic development plans. To simulate LUCC
under four scenarios (Ma et al., 2023), namely the natural development scenario (NDS),
ecological protection scenario (EPS), urban development scenario (UDS), and cropland
protection scenario (CPS) (Table 2). We employed a methodology that integrated the
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land use transition matrix with neighborhood weight settings. This approach enabled us
to conduct a comprehensive analysis of LUCC in the JMA.

NDS: This scenario assumes no change in land use transition probabilities, forecasts land
use demand based on 2010-2020 trends. Employing a 10-year time step and utilizing the
Markov Chain within the PLUS model, we predict the land use demand for 2030 under
the NDS. This prediction is a foundational basis for simulating land use demand under
the other scenarios considered in our analysis.

EPS: To promote carbon sequestration, this scenario involves reducing the expansion
of construction land and enhancing transitions to forest, grassland, and water bodies.
Specifically, we have decreased the probabilities of cropland, forest, grassland, and water
bodies transitioning to construction land by 40 %, while increasing the probabilities of
construction land transitioning to cropland, grassland, and forest by 40 %.

UDS: To promote urban development, we increased the expansion rate of construction land,
resulting in a 30 % increase in the probability of various types of land being converted
to construction land. Conversely, the probability of construction land being converted
to other types of land was reduced by 20 %.

CPS: To uphold China agricultural land red line and enhance the protection of cropland, we
adjusted the transition probabilities to favor its conservation. Specifically, we increased
the conversion probabilities of various types of land to cropland by 20 %, while reducing
the probability of cropland converting to other types by 30 %.

Weight calculation

Neighborhood weight parameter refers to the intensity of land use expansion, with
values ranging between 0 and 1. A higher value indicates stronger land use expansion
capability, while a lower value indicates weaker expansion capability (Ren et al., 2023).
The complexity of the relationship between driving factors and changes in various types
of land use makes it challenging to quantify the expansion intensity of each land type
(Wang et al., 2019). We use the changes in the number and area of land use patches
under different scenarios (Liu et al., 2021) as the basis for calculating neighborhood
weights, thereby indicating the expansion intensity of each land use type (Table 3).

TA, — TAm,
W= 1 “mn_ Ea. 1
I TAmax - TAmin a

in which: TA, represents the change in area of the i-th land type; TA,,, indicates the
minimum conversion area among all land types; TA,,.« indicates the maximum conversion
area among all land types; and W, is the neighborhood weight parameter for a specific
land type i.

Table 2. Land use transfer matrix under different scenarios

NDS EPS uDS CPS
a b C d e a b C d e a b C d e a b C d e
a 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1 1
b 1 1 1 1 1 0 1 0 1 0 1 1 1 0 1 1 1 0 0 1
C 1 1 1 1 1 0 1 1 1 0 1 1 1 0 1 1 1 1 0 1
d 1 1 1 1 1 0 0 0 1 0 0 0 0 1 1 1 0 0 1 0
e 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 0 0 1 1

a: cropland; b: forest; c: grassland; d: water body; e: represents construction land; 0: restricted conversion to other land use types; 1: permitted
conversion to other land use types.
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Table 3. Neighborhood weight setting
Croplands  Forests Grasslands Water bodies Construction lands

NDS 0.3545 0.3872 0.1046 0.0011 0.9962
EPS 0.2598 0.9244 0.2722 0.0990 0.9933
ubDs 0.2688 0.2916 0.1747 0.1110 0.9999
CPS 0.2556 0.4279 0.2751 0.1241 0.9950

Accuracy validation

In model accuracy evaluation, the PLUS model often uses the Kappa coefficient as a
measurement standard. Kappa coefficient ranges from -1 to 1, and a value greater than
0.75 indicates that the model has high simulation accuracy. To ensure the reliability of
the simulation results, this study used land use data from 2010 to simulate the land use
situation for 2020. Subsequently, the simulation results were compared and analyzed
with the observed data from 2020. The comparison between the simulation results and
observed data shows that the Kappa coefficient reached 0.82, indicating that the model
accuracy meets the simulation requirements. This demonstrates that the PLUS model is
suitable for simulating land use changes in the Jinan Metropolitan Area.

Carbon storage calculation

INVEST model (Ou Yang et al., 2020) carbon storage and sequestration module is utilized to
assess the CS in the study area. Carbon storage and sequestration module encompasses
four carbon pools: aboveground carbon, belowground carbon, soil carbon, and dead
organic carbon. It accounts for the varying capabilities of soil to absorb and store carbon
compounds across different regions and land use types (Wang et al., 2024a), referencing
the revised carbon density data (Hou et al., 2022; Liu et al., 2023; Wang et al., 2024b).
Carbon density values were derived from published studies in China and the Yellow River
Basin, climatically adjusted based on global patterns: positive correlations with annual
precipitation but weak associations with mean annual temperature. We applied the
formula for precipitation calibration that was proposed by Alam et al. (2013), combined
with the methods for temperature-biomass corrections and integrated regional climate
parameters proposed by Giardina et al. (2000) and Chen et al. (2007) to generate the
finalized carbon density data for the Jinan Metropolitan Area (Table 4). Based on this,
we predict the changes in the quantity and spatial pattern of CS caused by LUCC under
various future development scenarios.

CSi = Cabove + Cbelow + Csoil‘l'cdead Eq- 2

n
CStotal = Y CSIA; Eq. 3

i=1

in which: CS; represents the carbon density of each land use type; C,,... is the aboveground
carbon density; Co0 is the belowground carbon density; C,,; is the soil carbon density;
Cgeaq i the dead organic carbon density; A, is the area of the i-th land type.

RESULTS

Land use dynamics from 2010 to 2020

Results of land use changes in JMA from 2010 to 2020 (Table 5) reveal that the predominant
land use types are cropland and construction land, accounting for over 60 and 20 % of
the total area. During this period, the areas of croplands and grasslands experienced

Rev Bras Cienc Solo 2025;49:e0250004 6



Wang et al. Carbon storage response to land use changes under multi-scenario...

’r-
‘
Y\

a decline, with reductions of 743.52 and 211.69 km?, corresponding to decreases of
5.03 and 23.88 %, respectively. In contrast, the areas of forests, water bodies, and
construction land exhibited an increase, with gains of 234.56, 22.14, and 698.51 km?,
representing proportional increases of 13.84, 9.25, and 14.95 %, respectively, compared
to the levels in 2010.

In terms of land transition probabilities (Figure 2), croplands (67.81 %) and grasslands
(22.06 %) exhibit the greatest potential for conversion, highlighting their vulnerability and
relatively lower stability. Conversely, construction land, which is characterized by intensive
human activity and management, demonstrates a lower susceptibility to transformation
(Wu et al., 2024). Within JMA, significant transition probabilities are observed for croplands
(19.45 %), forests (20.86 %), and construction land (47.16 %), suggesting that other
land types are more prone to being converted into these categories. Notably, the most
significant transitions involve the conversion of croplands to construction land and forests,
with areas of 695.23 and 180.35 km?, respectively, accounting for 66.68 and 17.30 % of
the total cropland area that has undergone transition. Additionally, forests and grasslands
primarily convert to croplands, with respective areas of 79.01 and 182.30 km?. Taking into
account the spatial change of land use (Figure 2a), the accelerated urbanization process
and intensified human activities have triggered cropland encroachment in peri-urban
areas. Shandong implements the "Cultivated Land Balance Policy" as a major agricultural
province to reclaim ecological lands in remote areas to compensate for cropland loss and
safeguard food security and supply. These land-use functional transitions disrupt original
ecological structures and agricultural productivity, with natural vegetation removal altering
local hydrological cycles and carbon sequestration capacities. This phenomenon aligns
with "cropland displacement" (Zuo et al., 2023), reflecting the characteristic complexity
of land system responses during China urbanization. This phenomenon corresponds to
the "cropland displacement" theorized by Zuo et al. (2023), manifesting the characteristic
complexity of land system responses in China urbanization process.

Table 4. Carbon densities of different land use types

Land use Cabove Chelow Ceoil Caead
Mg ha!

Croplands 8.25 1.42 65.06 0

Forests 35.35 17.98 87.06 0

Grasslands 2.07 8.64 63.71 0

Water bodies 0.99 0.3 46.03 0

Construction lands 4.74 1.588 38.94 0

Table 5. Land use area and proportion in Jinan Metropolitan Area from 2010 to 2020

2010 2015 2020

Land use

Area Proportion Area Proportion Area Proportion

km? % km? % km? %
Croplands 14788.76 66.37 14261.83 64.01 14045.24 63.03
Forests 1695.29 7.61 1843.33 8.27 1929.85 8.66
Grasslands 886.64 3.98 846.95 3.80 674.94 3.03
Water body 239.27 1.07 241.29 1.08 261.41 1.17

Construction lands  4672.09 20.97 5088.64 22.84 5370.60 24.10
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Figure 2. Land use dynamics from 2010 to 2020 in the Jinan Metropolitan Area.

Projected LUCC in Multiple Scenarios for 2030

Using the 2010 land use data as a baseline, the PLUS model was employed to project the
spatial distribution of land use changes by 2020. A consistency assessment comparing
these projections with the 2020 land use data revealed an overall classification accuracy
of 0.90 and a Kappa coefficient of 0.82. These results indicate a high level of accuracy
in the classification process, and meet the research requirements, thereby supporting
predictions of land use in JMA for 2030.

PLUS model projected the spatial distribution of land use under four scenarios for 2030
(Figure 3). Compared to current land use data from 2010 to 2020, the results indicate that
the overall spatial distribution in JMA for 2030 is consistent with that of 2020, although
variations exist across different scenarios (Table 6).

Under the NDS, which follows the LUCC pattern from 2010 to 2020, construction land
continues to expand, with an increase of 657.07 km? (12.23 %) compared to 2020.
Conversely, croplands and grasslands exhibit declining trends, with reductions of 720.06
and 136.82 km?, respectively, representing declines of 5.12 and 20.27 %.

Under the EPS, the conversion of forests, grasslands, and water bodies to other types is
restricted. As a results, the area of forests increased the most, by 319.72 km? (16.57 %),
while construction land increased by 371.02 km?, reflecting a lower increase of 6.91 %
compared to the other scenarios. This approach effectively mitigates the expansion of
construction land and reduces the declines in cropland and grassland areas to 4.84 and
9.02 %, respectively.

Under the UDS, the probability of various land use types converting to construction
land is heightened, resulting in a net increase of 869.46 km? (16.19 %). In this scenario,
construction land significantly encroaches upon adjacent croplands, grasslands, and
forests, accelerating the reduction of cropland and grassland areas.

Under the CPS, the conversion of croplands to other land types is restricted to mitigate
occupation. Compared to the other scenarios, the decrease in croplands is the lowest,
at 2.63 %, with a net reduction of 369.00 km?2. However, while protecting croplands, the
loss of grasslands is exacerbated, with the area of grasslands reduced by 194.29 km?,
a significant decrease of 28.79 %.

Rev Bras Cienc Solo 2025;49:e0250004 8
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Figure 3. Prediction of the spatial distribution of land use types under multiple scenarios.

Table 6. Land use area and proportion under multiple scenarios for 2030

Land use 2030NDS 2030EPS 2030UDS 2030CPS

Area Proportion Area Proportion Area Proportion Area Proportion

km? % km? % km? % km? %
Croplands 13325.18 59.80 13366.11 59.99 13130.12 58.93 13676.24 61.38
Forests 2109.99 9.47 2249.57 10.10 2105.01 9.45 2035.17 9.13
Grasslands 538.13 2.42 614.06 2.76 533.96 2.40 480.66 2.16
Water body 281.06 1.26 310.68 1.39 272.88 1.22 261.99 1.18
ronstruction 602767 27.05 5741.62 25.77 6240.06  28.00 5827.98 26.16

Spatiotemporal changes of CS in JMA

Carbon module of INVEST model was employed to quantify CS in JMA for 2010, 2015,
and 2020, yielding values of 163.20 x 10° Mg, 162.94 x 10° Mg, and 162.62 x 106 Mg,
respectively. The overall trend reveals a gradual decline in CS, with a cumulative reduction
0f 571,910.79 Mg over the decade. The CS across various land types, ranked in descending
order, comprises croplands, forests, construction land, grasslands, and water bodies. From
2010 to 2020, the most significant reductions in CS occurred in croplands (5556309.30 Mg)
and grasslands (1575409.60 Mg). In contrast, CS in forests, water bodies, and construction
land increased by 3,293,048.21, 104,757.96, and 3,162,001.94 Mg, respectively.

Regarding spatial distribution (Figure 4), CS in JMA demonstrated stability from 2010
to 2020. Southern regions, which include Mount Tai, Yimeng Mountain, and Culai
Mountain, were characterized by their high vegetation coverage and emerged as the
most concentrated areas of CS, thereby functioning as notable carbon sinks. On the
other hand, the northwest extensive plains, characterized by a substantial proportion
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of croplands and interspersed urban and rural construction land, accounted for the
largest proportion of the total CS. Although these plains exhibited a lower carbon density
compared to forests, the considerably larger area of croplands within the metropolitan
area, relative to other land use types, explained this significant contribution. Moreover,
the persistent expansion of construction land, which has invaded other land types with
higher carbon density, has led to a continuous decrease in the overall CS.

Over the decade from 2010 to 2020 (Table 7), the process of land use conversion
significantly contributed to the enhancement of CS. This enhancement was primarily
achieved through the conversion of non-forest land uses into forests. Specifically, the
conversion of croplands and grasslands into forests accounted for substantial areas of
180.35 and 140.15 km?. respectively, leading to increases in CS of 1,184,171.75 and
924,579.99 Mg. These conversions accounted for 94.77 % of the overall improvement
in CS. Conversely, the reduction in CS was largely attributed to the allocation of land for
construction purposes and the reversion of forested areas to alternative uses. Notably,
the largest conversion of croplands to construction land, spanning 695.23 km?, resulted
in a significant decrease in CS of 2,048,273.85 Mg, accounting for 73.23 % of the total
reduction in CS. Thus, the expansion of construction land emerges as the primary direct
cause of the decline in CS.

Additionally, converting forests to croplands, encompassing 79.01 km? or 8.12 % of the
total conversion area, led to a decrease in CS of 518750.73 Mg, accounting for 18.55 %
of the overall CS reduction. These land-use type shifts are closely linked to dynamic
variations in the regional total CS (Cao et al., 2023). Consequently, an increase in land
use categories characterized by higher carbon densities (such as forests and grasslands)
or a decrease in those with lower carbon densities (such as construction land) can
effectively promote the accumulation of regional CS, whereas alternative scenarios result
in opposing outcomes (Chen et al., 2021).

(2) 2010 (b) 2015 A

(d)Carbon storage dynamics

Legend 4
. Cold Spot - 9% Confidence -
9 Cold Spot - 95% Confidence

Cold Spot - 90% Confidence (o RE oy

Hot Spot - 90% Confidence AR R
B Hot Spot - 95% Confidence A B ecrease
0 1020 40 km ™ Hot Spot - 99% Confidence 0 1020 40 km

Not Significant [T

Figure 4. Carbon storage cold and hot spot analysis from 2010 to 2020.
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Table 7. Contribution of LUCC to carbon storage from 2010 to 2020

WEIE €7 Land use conversion Area S UL Index variation Contrnlqutlon
change change ratio
km? Mg 102 %
Croplands-Forests 180.35 1184172.75 23.58 53.22
Grasslands-Croplands 182.30 5651.20 00.11 0.25
Grasslands-Forests 140.15 924579.99 18.41 41.55
Water body-Croplands 35.10 96211.56 1.92 4.32
Enhancement
of carbon Water body-Forests 0.17 1541.24 0.03 0.07
sequestration
Water body-Grasslands 0.12 319.51 0.01 0.01
Construction lands-Croplands 2.63 7753.22 0.15 0.35
Construction lands-Grasslands 0.01 26.24 0.01 0.00
Construction lands-Water body 23.93 4911.01 0.10 0.22
Croplands-Grasslands 125.93 -3903.70 -0.08 0.14
Croplands-Water body 41.05 -112525.17 -2.24 4.02
Croplands-Construction lands 695.23 -2048273.85 -40.78 73.23
Forests-Croplands 79.01 -518750.73 -10.33 18.55
Decrease Forests-Grasslands 1.47 -9719.36 -0.19 0.35
in carbon
sequestration Forests-Water body 0.02 -192.65 -0.01 0.01
Forests-Construction lands 5.60 -53292.10 -1.06 1.91
Grasslands-Water body 0.09 -239.02 -0.01 0.01
Grasslands-Construction lands 16.68 -48627.29 -0.97 1.74
Water body-Construction lands 7.57 -1553.71 -0.03 0.06

Utilizing the PLUS model, we conducted simulations to project land use patterns for 2030
under four distinct scenarios: the Natural Development Scenario (NDS), the Ecological
Protection Scenario (EPS), the Urban Development Scenario (UDS), and the Comprehensive
Planning Scenario (CPS). The corresponding total CS estimates for these scenarios
were calculated to be 161.88 x 108, 163.50 x 108, 161.22 x 108, and 162.11 x 10° Mg,
respectively. This analysis provides an assessment of the anticipated CS capacities for
each scenario, thereby highlighting the potential impacts of different land use strategies
on CS capabilities.

Compared to the baseline year of 2020, the EPS (Figure 5b) led to an increase of
873015.00 Mg. This increase was primarily concentrated in the southeastern Zichuan
and Laiwu districts and the southwestern Pingyin County within the JMA region. This
rise in CS under the EPS can be attributed to the implementation of restrictions on the
conversion of forests, grasslands, and water bodies to other land use types, thereby
effectively preventing land be occupied. The high carbon density of forests and grasslands
further contributed to the overall rise in CS. In contrast, the remaining scenarios show
a decreasing trend in CS. Specifically, under the NDS (Figure 5a), CS decreased by
802,738.29 Mg, primarily occurring in the central Zhanggiu and Licheng districts. The
UDS exhibited the largest reduction (Figure 5c), with a decline of 1,438,569.86 Mg,
particularly in the northeastern Linzi District, central Zhanggiu District, and southeastern
Daiyue and Laiwu districts. Under the CPS (Figure 5d), the decrease in CS was the least
pronounced, amounting to 651,613.51 Mg.

Rev Bras Cienc Solo 2025;49:€0250004 1




’r-
‘
Y\

Wang et al. Carbon storage response to land use changes under multi-scenario...
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Figure 5. Prediction of carbon storage under multiple scenarios in 2030.

DISCUSSION

Impact of land use change on carbon storage in the Jinan Metropolitan Area

The JMA is currently in its initial development phase, with Jinan City occupying a central
position in driving regional growth. Comprehensive planning and optimization of both
urban and ecological spaces are critical for promoting high-quality regional development.
Analyzing the impact of land use on CS holds strategic significance for territorial spatial
planning and supporting national ‘dual-carbon’ goals (Wang et al., 2024c). The LUCC
in JMA from 2010 to 2020 significantly decreased overall CS, primarily due to the rapid
expansion of construction land. This expansion failed to compensate for the loss of CS
caused by reduced forests, grasslands, and other land types. Indeed, the expansion of
construction land emerged as the primary factor limiting CS growth in JMA (Wang et al.,
2025b), consistent with the findings of Feng et al. (2024) and Zhi (2024), who reported
that urban expansion significantly diminishes ecosystem service values. In projections
for 2030 under multiple land-use scenarios (Figure 6), construction land is expected to
increase across all scenarios. However, under the EPS, this increase is minimal, effectively
mitigating the reduction of croplands and grasslands and leading to the only scenario
with positive CS growth. This projection aligns with the ecological priorities outlined
in the 'Jinan Metropolitan Area Development Plan (2024-2030)', which emphasizes
the protection of major carbon sinks — Mount Tai and the Yimeng Mountains — while
restricting urban expansion in southern mountainous regions to safeguard water sources
and ecological integrity.

Strategies to mitigate the decline in carbon storage

Forests and grasslands, characterized by their high carbon density, exhibit a significant
CS capacity. In the context of development planning for the Jinan Metropolitan Area,
these ecologically valuable lands should be prioritized for protection through targeted
policy interventions. Additionally, it is crucial to address the human-land conflicts and
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(a) Multi-scenario land use transfer in 2030

structural shifts in land use driven by rapid economic growth. Construction land and
croplands, as fundamental components of the regional land-use system, require effective
CS management (Li et al., 2024b) (Figure 6b). The adoption of agricultural practices such
as straw mulching and the application of organic manure can significantly enhance the
CS potential of croplands. To promote new energy and emerging industries, as well as
new productivity of urban industry and development concept, to achieve both carbon
reduction and sequestration goals. This includes fostering the convergence of the digital
and real economies, accelerating the digital transformation of industries and society
(Tan et al., 2024), and promoting green, low-carbon production and lifestyles (Zhao et
al., 2024b). These measures are essential for ensuring the sustainable development of
JMA and advancing the national goals of carbon peaking and neutrality.

The urbanization of the Jinan Metropolitan Area will persistently drive land use structure
optimization. PLUS model simulations demonstrate rigid construction land expansion
across all scenarios, encroaching on cultivated and ecological spaces. To address this, we
propose implementing a "dual-control" system (total quota and intensity) for construction
land, enhancing precision management of cultivated land requisition-compensation
balance, and establishing an ecological land elastic reservation mechanism to foster
coordinated metropolitan development.

Limitations of this study

This study integrated spatial heterogeneity analysis with the PLUS and InVEST models and
multi-dimensional parameter analysis to systematically investigate land use patterns and
carbon stock dynamics in the metropolitan area during 2010-2030. While this approach
enhanced our understanding of land use changes and carbon storage trends, limitations
exist in the INVEST model's carbon stock estimation. Carbon density data derived from
the lower Yellow River basin and adjacent regions could not fully account for spatial
variations within identical land use types, resulting in uncertainties in spatial distribution
simulations. Future studies should focus on refining carbon density data accuracy and
validating their temporal validity to enhance model reliability.

2030EPS
100%

X\ N\ .
‘ Land 1
80% I
60% I

40%

20%
0%
2020 2030NDS 2030EPS 2030UDS 2030CPS

Croplands H Forests
® Grasslands Water body
u Construction lands

(b) The proportion of CS in different land types

Figure 6. Impact of land use change on carbon storage.
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CONCLUSIONS

From 2010 to 2020, land use patterns in the Jinan Metropolitan Area exhibited significant
transformation, characterized by a 14.95 % expansion of construction land and a 5.03 %
reduction in cropland. This land-use transition led to a decline in regional carbon
storage by 5.80 million tons, with diminished carbon sink capacity primarily attributed
to urban development in core urban zones and forest degradation. Meanwhile, southern
mountainous regions-including Mount Tai, the Yi-meng Mountains, and Culai Mountain-
served as critical contributors to carbon sequestration, counterbalancing ecological
losses in urbanized areas.

Ecological Protection Scenario emerges as the sole pathway achieving a modest carbon
storage increase (+0.21 %), mediated through integrated cropland preservation and
forest expansion to reconcile development demands. Conversely, the Urban Development
Scenario precipitates the highest carbon loss (-0.60 %), underscoring the imperative for
stringent regulation of unplanned construction land sprawl to sustain Jinan ecological
resilience.
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