. land

Article

Spatial-Temporal Variation and Driving Forces of Carbon
Storage at the County Scale in China Based on a Gray
Multi-Objective Optimization-Patch-Level Land Use
Simulation-Integrated Valuation of Ecosystem Services and
Tradeoffs-Optimal Parameter-Based Geographical Detector
Model: Taking the Daiyun Mountain’s Rim as an Example

Gui Chen !, Qingxia Peng "

check for

updates
Academic Editors: Xuechao Wang,
Weize Song and Yingjie Li

Received: 19 November 2024
Revised: 18 December 2024

Accepted: 23 December 2024
Published: 25 December 2024

Citation: Chen, G.; Peng, Q.; Fan, Q.;
Lin, W.; Su, K. Spatial-Temporal
Variation and Driving Forces of
Carbon Storage at the County

Scale in China Based on a Gray Multi-
Objective Optimization-Patch-Level
Land Use Simulation-Integrated
Valuation of Ecosystem Services and
Tradeoffs-Optimal Parameter-Based
Geographical Detector Model: Taking
the Daiyun Mountain’s Rim as an
Example. Land 2025, 14, 14. https://
doi.org/10.3390/1and14010014

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Qiaohong Fan *, Wenxiong Lin /** and Kai Su <>
2 h F 1W L 1,2,% dKai S 1,2,3,%

Institute of Agroecology, College of Digital Economy, Fujian Agriculture and Forestry University,

Fuzhou 350002, China; cg975787912@fafu.edu.cn (G.C.); fan123456@fafu.edu.cn (Q.F.)

Fujian Provincial Key Laboratory of Agroecological Processing and Safety Monitoring, Fuzhou 350002, China
Ecological Civilization Research Center, Fujian Agriculture and Forestry University, Fuzhou 350002, China
*  Correspondence: Iwx@fafu.edu.cn (W.L.); fjsk1311@fafu.edu.cn (K.S.)

Abstract: Exploring and predicting the spatiotemporal evolution characteristics and driving
forces of carbon storage in typical mountain forest ecosystems under land-use changes
is crucial for curbing the effects of climate change and fostering sustainable, eco-friendly
growth. The existing literature provides important references for our related studies
but further expansion and improvements are needed in some aspects. This study first
proposed an integrated framework comprising gray multi-objective optimization (GMOP),
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST), the Patch-level Land
Use Simulation Model (PLUS), and optimal parameter-based geographical detector (OPGD)
models to further expand and improve on existing research. Then, the integrated model
was used to analyze the spatial-temporal variation in land-use pattern and carbon storage
at the county scale in China’s Daiyun Mountain’s Rim under four scenarios in 2032, and
analyze the driving force of spatial differentiation of carbon storage. The results indicated
that (1) land-use change primarily involves the mutual transfer among forest, cultivated,
and construction land, with approximately 7.2% of the land-use type area undergoing a
transition; (2) in 2032, the natural development scenario projects a significant reduction in
forest land and an expansion of cultivated, shrub, and construction lands. Conversely, the
economic priority, ecological priority, and economic—ecological coordinated scenarios all
anticipate a decline in cultivated land area; (3) in 2032, the natural development scenario
will see a 2.8 Tg drop in carbon stock compared to 2022. In contrast, the economic priority,
ecological priority, and economic—ecological coordinated scenarios are expected to increase
carbon storage by 0.29 Tg, 2.62 Tg, and 1.65 Tg, respectively; (4) the spatial differentiation of
carbon storage is jointly influenced by various factors, with the annual mean temperature,
night light index, elevation, slope, and population density being the key influencing factors.
In addition, the influence of natural factors on carbon storage is diminishing, whereas the
impact of socioeconomic factors is on the rise. This study deepened, to a certain extent,
the research on spatiotemporal dynamics simulation of carbon storage and its driving
mechanisms under land-use changes in mountainous forest ecosystems. The results can
serve to provide scientific support for carbon balance management and climate adaptation
strategies at the county scale while also offering case studies that can inform similar regions
around the world. However, several limitations remain, as follows: the singularity of
carbon density data, and the research scope being confined to small-scale mountainous
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forest ecosystems. Future studies could consider collecting continuous annual soil carbon
density data and employing land-use simulation models (such as PLUS or CLUMondo)
appropriate to the study area’s dimensions.

Keywords: land-use change; GMOP-PLUS-OPGD; carbon storage; GeoDetector; multi-
scenario simulation

1. Introduction

Anthropogenic climate change has triggered oceanic acidification and an increased
frequency of extreme weather events, prompting a basic international consensus on cap-
turing and sequestering carbon emissions [1]. Terrestrial ecosystems have a significant
carbon sink function, annually absorbing approximately 28% of anthropogenic CO, emis-
sions [2], sequestering them as organic matter, thereby effectively reducing atmospheric
CO; concentrations [3,4]. Land-use change has emerged as a primary driving force influ-
encing terrestrial ecosystem services, spatial patterns, and the overall provision of carbon
storage [5-8]. Shifts in land-use patterns affect regional carbon stocks by altering surface
material cycles, energy flows, and the potential for soils and vegetation to sequester car-
bon [9,10]. Some studies have indicated that approximately 19% of cumulative global CO,
emissions from 1850 to 2019 were attributed to land-use change activities [11]. Further-
more, research has shown that natural ecosystems such as forests and grasslands in the
Northern Hemisphere’s mid-to-high latitudes, particularly forest ecosystems, possess a
formidable carbon sequestration capacity, absorbing 2-3 billion tons of carbon dioxide
annually, rendering them a major spatial carrier of carbon sink on land [12,13]. Major forest
nations, notably China, Brazil, Canada, the Democratic Republic of Congo, Russia, and
the United States, play a pivotal role in global carbon cycling, accounting for a substantial
51% of global emissions, 56% of total carbon sequestration, and 60% of net carbon flux [14].
To address climate change’s impact on human well-being and sustainable socioeconomic
development, The Intergovernmental Panel on Climate Change (IPCC) has established com-
prehensive guidelines for anthropogenic greenhouse gas emissions and removals [15,16],
enabling governments worldwide to optimize land resource management and enhance
carbon sink capacity. In 2021, representatives from 145 nations collectively endorsed the
Glasgow Leaders’ Declaration on Forests and Land Use. This landmark declaration articulates a
shared commitment among signatories to safeguard and expedite the restoration of forests
and other terrestrial ecosystems, with a pledged deadline of 2030 to halt and reverse forest
loss and land degradation [17]. Against this backdrop, China introduced its “dual carbon”
goals in 2020 (peaking carbon emissions by 2030 and achieving carbon neutrality by 2060)
with specific objectives such as increasing national forest land coverage to approximately
25% and stock volume to 19 billion m® by 2030, and surpassing non-fossil energy usage
above 80% by 2060 [18]. These outlined actions demonstrate the critical need for continually
strengthening carbon sink capacity in order to achieve China’s “dual carbon” goals. China’s
“dual carbon” goal will inject vital impetus into the global climate governance process [19].
Consequently, exploring the effect of land-use changes on carbon sequestration in China’s
terrestrial regional ecosystems, probing the driving factors behind ecosystem carbon stocks,
and exploring the optimization of spatial patterns to enhance terrestrial ecosystem carbon
sequestration is of paramount importance for achieving the “dual carbon” targets and
addressing global climate change [20].

Currently, the approach for assessing carbon stocks in terrestrial ecosystems in the
literature encompasses field surveys, remote-sensing inversion, and model simulations [21].
Field surveys directly and accurately measure carbon stocks in small-scale ecosystems but
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entail substantial workloads and time consumption [22]. Remote-sensing inversion is solely
suitable for analyzing specific ecosystems at a macro scale [23,24]. The model simulation
method is an effective approach for estimating the dynamic changes in ecosystem carbon
storage at multiple scales. Simulations offer ease of operation and faster speeds while
enabling spatiotemporal quantitative analyses and intuitive visualization of carbon stocks
across different scales [25]. The INVEST model stands out among various models due to its
strong versatility, low demand, and other features. In particular, its carbon storage module
provides more accurate estimations compared to other models [26], making it widely
utilized [27,28]. A growing quantity of studies are combining the InVEST model with Flow-
direction-based Landscape Urban Simulation (FLUS) [29], Cellular Automata—Markov
(CA-Markov) [30], Conversion of Land Use and its Effects at Small region extent (CLUE-
s) [31], and CLUMondo [32] models to forecast future carbon stocks and land-use spatial
distribution under multiple scenarios. Additionally, Lyu et al. [33] have demonstrated that
coupled models can effectively improve simulation accuracy.

From the current research progress of domestic and international scholars, the aca-
demic community has achieved fruitful results in land-use change, carbon stock estimation,
and multi-scenario prediction. However, traditional commonly used models are hard to
employ to flexibly forecast changes at the patch level in a range of land-use types and lack in
analyzing the driving factors and influence mechanisms. Overall, the existing literature pro-
vides important references for our related studies but further expansion and improvements
are needed in the following aspects: (1) Carbon density data are often derived from previous
studies, which may differ significantly from field measurements [25,34-36]. Scholars tend to
analyze carbon stock changes at the horizontal scale, overlooking the spatial heterogeneity
and the influence of multi-dimensional environmental gradients in complex terrain regions.
(2) The PLUS model can precisely simulate non-linear relationship changes in land-use
change processes [37]. It outperforms models such as FLUS, CA-Markov, and CLUE-s
in terms of simulation accuracy, cell-scale changes, and landscape pattern similarity [38].
The PLUS model has a high degree of coupling with the InVEST model and is currently
an effective means for land-use change scenario prediction [39]. Consequently, numerous
studies have coupled the InVEST model with the PLUS model, not only assessing ecosys-
tem service functions but also predicting various future land-use scenarios and enabling
the evaluation of ecosystem service capabilities under future multi-scenarios [28,32,40].
However, some scholars have pointed out that the PLUS model cannot effectively simulate
when it involves climate factors, natural factors, and dynamic socioeconomic policies [41].
(3) Land-use scenario simulation is an important method for achieving optimal land-use
allocation [42]. Structural prediction in land-use scenario modeling mainly includes the
Markov model [43], System Dynamics (SD) model [44], and GMOP model [45]. Among
these, the GMOP model can handle uncertainties in objective functions and constraint
conditions, integrating multi-objective linear programming and grey prediction theory,
which can better reflect dynamic evolution characteristics [46]. However, rapid urbaniza-
tion has produced complex land-use and carbon storage distribution patterns at multiple
scales. In addition to socioeconomic and natural factors, specific policies also have an
impact on land-use change [47]. The Markov chain built into the PLUS model used in the
existing study of carbon reserves cannot satisfy the prediction and simulation of non-linear
quantities for ecosystem service types like carbon storage, making it difficult to respond to
environmental protection policy demands and objectively coordinate the research area’s
ecological and economic benefits to optimize land-use structure [48]. Therefore, coupling
the GMOP model with the PLUS model not only leverages the unique advantages of
both models in structural optimization, scenario setting, and spatial allocation but also
effectively avoids the uncertainties and limitations of the PLUS model. (4) The existing
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literature trends toward analyzing the driving mechanisms of carbon stocks solely from the
land-use change perspective, lacking in-depth research on the impact of natural and socioe-
conomic factors [49]. Geodetector is a commonly used method for investigating driving
factors [50]. However, most scholars [51,52] discretize continuous independent variables
based on subjective experience but the parameters derived from this classification approach
may not necessarily be the optimal parameter. Song et al. [53] proposed an optimum
parameter-based geo-detector (OPGD) that can identify the optimal combination of spatial
scale parameters and spatial data discretization classification methods as well as identify
the driving factors of phenomena and their spatial heterogeneity distribution characteristics,
largely compensating for the deficiencies of traditional geographical detectors. Given this,
regional soil data can be used to calculate soil carbon density, and the prediction results
of the GMOP model can be applied to the structural prediction step of the InVEST-PLUS
model. This model’s combined approach not only preserves the unique functions of each
model but also effectively compensates for the single model’s deficiencies, thereby enabling
reasonable and objective predictions of carbon storage changes under future scenarios.
Additionally, adopting the OPGD model will address the deficiencies of traditional carbon
storage research in exploring driving mechanisms and provide a reasonable and scientific
basis for making decisions in order to optimize land spatial patterns and enhance regional
carbon storage.

The hilly regions of Southern China are an important carbon storage area in the
country [54]. To promote economic growth through the utilization of ecological assets,
a green economic industry alliance was established in 2023 by the six counties of the
Daiyun Mountain’s Rim in Southern China, namely Dehua, Yongchun, Yongtai, Datian,
Youxi, and Xianyou. This region is characterized by its abundant biodiversity and exten-
sive river networks within its mountainous forest ecosystems [55], possessing invaluable
ecological significance. As the basic units of China’s national economy, counties play an
irreplaceable role in optimizing the economic structure, promoting social stability and
eco-environmental governance. However, China’s prioritization of urbanization at the
county level has compressed ecological spaces, leading to an increase in CO; emissions and
a decline in ecological quality and carbon stock across numerous regions in the southern
hilly areas [56,57]. Scientifically assessing and enhancing the ecological resource endow-
ment of this region—particularly the carbon sequestration potential of various land-use
types in terrestrial ecosystems—while optimizing the spatial pattern of land use to un-
lock development potential has become an urgent realistic issue. This issue not only
pertains to the sustainable development of regional green industries but is also a crucial
component in responding to global climate change and meeting the “dual carbon” goals.
Accordingly, this study proposed an integrated framework comprising GMOP, InVEST,
PLUS, and OPGD models, optimizing the land-use allocation from the dual perspectives of
ecological preservation and economic growth, simulating and projecting future land-use
patterns across multiple scenarios over the next decade, i.e., 2032. Through investigating
the spatiotemporal evolution of carbon stocks and land-use types and detecting drivers of
carbon storages from an optimal parameter perspective to rationally optimize the national
spatial pattern, this approach is not only crucial for achieving the “dual carbon” goals and
supporting the sustainable development of green industries in the Daiyun Mountain’s
Rim but will also provide a significant reference for seeking a balance between ecological
resource conservation and economic growth in other similar southern hilly areas of China,
contributing to the global effort in response to climate change.
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2. Materials and Methods
2.1. Overview of the Study Area

The Daiyun Mountain’s Rim (25°21'-26°10' N, 118°11'-118°55" E) is located in Fujian
Province, a hilly region in Southern China (Figure 1) and encompasses six counties: Dehua,
Yongchun, Yongtai, Datian, Youxi, and Xianyou. The total area is approximately 13,424 km?.
The region has an average altitude of 589 m and experiences a mean annual temperature
range of 16.0-27.0 °C with an average annual precipitation of 1400-2300 mm. The region
falls within the subtropical monsoon climate zone, which results in mild weather with
distinct seasons. The terrain exhibits significant fluctuations characterized by low- to mid-
mountain features. Notably, the Daiyun Mountain Nature Reserve in Dehua County is
often referred to as the “spine of central Fujian” due to its impressive forest land coverage
rate of 93.4% [55]. In 2022, Fujian Province released the “Implementation Opinions on
Comprehensively, Accurately, and Fully Implementing New Development Concepts to Deliver on
Carbon Peaking and Carbon Neutrality Goals” document that outlines the target of increasing
the forest land coverage rate by 0.19% and achieving a forest land stock volume of 800
million m® by 2030 compared to the levels of 2020. It also emphasizes reinforcing provincial
territorial spatial planning and strictly protecting natural ecosystems such as wetlands,
forests, grasslands, and soils that are significant for carbon fixation. These measures
support the goals of carbon peaking and carbon neutrality. Notably, there is a strong focus
on implementing ecological protection and restoration projects aimed at enhancing the
carbon sink capacities of Mount Dayun’s forest ecosystems.

I:] Fujian Province

- The Daiyun Mountains Rim

0 500 1000 km
I —|

Blue:6 Counties in the

Land Use 2022 Daiyun Mountains Rim

- Barren
- Forest
- Water bodies
B shrub

Grassland
Cultivated Land

1 ] ] - Construction Land L ] ]

Figure 1. Overview of the Daiyun Mountain’s Rim.
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2.2. Data Sources

This study’s data primarily include 7 periods (1992, 1997, 2002, 2007, 2012, 2017, and
2022) of land-use data, natural factor data, socioeconomic data, and accessibility data for
the Daiyun Mountain’s Rim (Table 1). According to the purpose of this research and the
current status of the Daiyun Mountain’s Rim, land-use types are categorized into 7 types:
cultivated land, forest, shrub, grassland, water bodies, barren, and construction land.

Table 1. Main information and sources of data.

Dimension Dataset Name Spatla.l Data Source
Resolution
The 30-m annual land cover datasets
and the dynamics in China from 1985
Land use 7 periods of land-use data 30m to 2022
(https:
//zenodo.org/records /8176941,
accessed on 2 July 2024)
. FOA (www.fao.org, accessed on 3
Soil data July 2024)
Digital elevation models (DEMs) (X1) 30 m Geospatial data cloud
Slope (X2) 30 m (https:/ /www.gscloud.cn/, accessed
Aspect (X3) 30m on 3 July 2024)
Natural fact Annual precipitation (X4) 1000 m
atural factors i i
Average annual temperature (X5) 1000 m Chinese Academy of Sciences
) (https:/ /www.resdc.cn, accessed on
Soil type (X6) 1000 m 5 July 2024)
Soil erosion intensity (X7) 1000 m
NASA
Net Primary Production (NPP) (X8) 500 m (https:/ /www.earthdata.nasa.gov/,
accessed on 5 July 2024)
Soct . Gross domestic product (GDP) (X9) 1000 m Chinese Academy of Sciences
OCI?;Cin;;JmIC Population density (X10) 1000 m (https:/ /www.resdc.cn, accessed on
Night light index (X11) 500 m 8 July 2024)
Distance to highway (X12) 500 m
Distance to primary roads (X13) 500 m
Distance to secondary roads (X14) 500 m National catalog service for
Locational . . geographic information
factors Distance to tertiary roads (X15) 500 m (https:/ /www.webmap.cn, accessed
Distance to class quaternary roads (X16) 500 m on 8 July 2024)
Distance to water (X17) 500 m
Distance to county and township 500 m

government offices (X18)

2.3. GMOP Model

The GMOP model integrates the GM (1, 1) and Multi-Objective Optimization (MOP)
models. Specifically, it employs GM (1, 1) to predict value coefficients of the economic and
ecologic factors for various forms of land use in 2032, incorporating these predictions into
the objective function of the MOP model. This model first defines decision variables, objec-
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tive functions, and constraints for different scenarios, optimizing the structural allocation
of diverse land-use types within the region, thereby solving the regional land-use demand.

2.3.1. Land-Use Value Coefficient

This study—according to the ecological value coefficient calculation approach pro-
posed by Xing et al. [58]—utilizes annual crop yield, cultivated area, and average annual
price data for major crops (due to data availability constraints for some counties, corre-
sponding data at the prefecture-level city are used), coupled with Xie et al.’s [59] research
findings to calculate the ecological value coefficients for various land-use types within the
research area for various years in the past. Furthermore, following the approach of Wang
et al. [60], the economic value coefficients of cultivated land, forest, shrub, grassland, water
bodies, and constructed land are estimated using annual output values per unit area of
agriculture, forestry, livestock, fisheries, and secondary and tertiary industries in each of
the six counties from 2013 to 2022. Finally, based on the economic and ecological value
coefficients of seven land types in the Daiyun Mountain’s Rim, the GM (1, 1) model is
employed to predict the economic and ecological value coefficients of seven land-use types
in 2032 (Table 2).

Table 2. Coefficients of economic value and ecological value of land-use types in the Daiyun
Mountain’s Rim (10* CNY/hm?).

Cultivated Forest Water Construction
Land-Use Type Land Land Shrub Grassland Bodies Barren Land
Economic value 18.35 0.93 0.93 5623.54 38.06 0 2862.44
coefficients
Ecological value 438 26 17.14 2217 141.44 0.23 0

coefficients

2.3.2. Objective Function Construction

Based on the land-use structure and socioeconomic development trends in the Daiyun
Mountain’s Rim, this study establishes four scenarios: natural development scenario (ND),
economic priority development scenario (ED), ecological priority development scenario
(EP), and coordinated economic—ecological development scenario (CD). These scenarios
are employed to optimize and analyze the land-use structure.

The economic priority development scenario aims to an seek optimal allocation scheme
for maximizing economic returns from various land types within the Daiyun Mountain’s Rim.

7
fi(x) =) eci x x 1)
1

The ecological priority development scenario aims to seek the optimal allocation
scheme for maximizing ecological returns from various land types within the Daiyun
Mountain’s Rim.

fo(x) = iesvi X X; 2)
1

The coordinated economic—ecological development scenario aims to seek a new har-
monious balance point between economic growth and ecological preservation within the
Daiyun Mountain’s Rim.

f3(x) = max{f1(x), f2(x) } 3)
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In Equations (1) and (2), ec; and esv; represent the economic value coefficient
(10* CNY/hm?) and ecological value coefficient (10* CNY/hm?) per unit area of i land-use
type, respectively.

2.3.3. Constraint Condition

Given the constraints imposed on land-use structure by real conditions such as socioe-
conomic policies, in order to thoroughly consider the demands of ecological conservation
and socioeconomic growth, the constraints in this study are established based on existing
research, policy plans, and spatial realities (Table 3). By incorporating the objective func-
tions and constraints under the three scenarios into LINGO 18.0 for solving, we can obtain
the land-use demand projections in 2032 under the three scenarios.

Table 3. Different land-use type constraints (hm?).

Constraint type Formulas Formula Interpretation
Total 7 The total area of all land-use types should
otalarea L x; = 1335800.34 remain constant.
i=1
According to the Fujian Provincial Land-use Master
Cultivated land demand x1 > 99829.72 Plan (2006-2020), the lower limit of presumed

Forest land demand

Shrub demand

Grassland demand

Water bodies” demand

Construction land demand

Barren land demand

Model accuracy

Variables non-negative
constraints

cultivated land area

Following the “Implementation Opinions” issued by
the Fujian Provincial Party Committee and Provincial

xy > 1178438.04 Government, a 0.19% increase in forest land area by
2020 is set as the lower bound for forest land area
in 2032.
As grassland area has exhibited a declining trend over
x3 <136.8 the past decade, the grassland area in 2022 is

designated as the upper limit.

Grassland areas have shown a downward trend over
x4 < 280.89 the past 10 years; therefore, 2022 was used as the
upper limit for grassland areas.

As this region serves headwater bodies for numerous
rivers, and the water body area has exhibited a
decreasing trend over the past 10 years, the water
body area in 2022 is set as the lower limit.
Construction land is generally more stable and less
susceptible to conversion to other land-use types;
therefore, the 2022 built-up land area is used as a
lower bound.
The barren land area has surged over the past 10
years. Under various scenarios, barren land requires
rational development and utilization, aiming to
restore it to the 2012 level. Therefore, the upper limit
for barren land area is set at the 2022 level, while the
lower limit is set at the 2012 level.
For land-use types with undetermined upper and
lower limits across scenarios, the baseline is set as the
projection from the Markov model, with a fluctuation
range of 20%.
The decision variables must be non-negative, with x;
and y; representing the areas of cultivated, forest,
x,y;>0,i=12...,7 shrub, grassland, water bodies, barren land, and
construction land under the optimized scenarios and
natural development scenario, respectively.

x5 > 4381.02

xy > 17105.76

4.14 < xg < 13.68

0.8]/,‘ <x < 1.2}/1'
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2.4. PLUS Simulating Future Multi-Scenario Land-Use Patterns

In this study, the PLUS model was employed to simulate and analyze multi-scenario
land use for the Daiyun Mountain’s Rim in 2032. First, the data from 2012 and 2022 land use
acted as the foundation for extracting the expansion portion. Secondly, 18 driving factors
of natural, socioeconomic, and accessibility factors were selected (Table 1), and the random
forest algorithm in the land expansion analysis strategy (LEAS) module was utilized to
obtain the potential transition probabilities and development trends of land-use types in
the area; this took 2012 land-use data as the baseline map and combined domain-specific
weights and land-use demand obtained from the GMOP model as parameters in the CA
based on the multi-type random patch seeds (CARS) module, enabling the simulation to
obtain a land-use raster map in 2022.

2.4.1. LEAS Module

The LEAS transforms the extraction of land-use transition rules between two temporal
datasets into a binary classification problem by analyzing paired land-use data. Through
the Random Forest Classification (RFC) algorithm, it uncovers the patterns of land-use
transitions and calculates the growth probability for each land-use type [37], as expressed
in the following formula:

M
Y I[h(X) =d]

d _ n=1
Piyx) = M 4)

where Pfk X) denotes the growth probability of spatial unit 7 transitioning to land-use type

k under condition d (0 or 1); X represents a vector comprising multiple driving factors;
hy(X) signifies the predicted land-use type by the n-th decision tree for vector X; I serves
as the indicator function of the decision tree; M represents the total number of decision
trees; and d = 1 indicates the transformation from other land-use types to type k, while
d = 0 indicates that no conversion to type k occurs.

2.4.2. CARS Module

Based on the growth probabilities (land expansion maps) calculated by the LEAS
module, the CARS module employs a Cellular Automata model with multi-class random
seed generation [37] to identify and extract the driving forces behind land expansion and
landscape transformation, thereby predicting and determining the spatial distribution of
future land-use patterns. The formula for calculating the overall probability of land-use
type k is expressed as follows:

OPI-M = Pi=l < Of x D} (5)

where Ong: Ut denotes the growth probability of spatial unit i transitioning to land-use type
k at time t; Pl.‘szl represents the growth probability of spatial unit i converting to land-use
type k; Qf,k signifies the neighborhood effect of land-use type k within the vicinity of unit i
at time £; D} is an adaptive driving coefficient that reflects the impact of future demand for
land-use type k during the ¢-th iteration.

con(cf*1 =k)

Of =
ik nxn—1

X Wy (6)
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where con(cf*1 = k) represents the total number of grid cells occupied by land-use type
k within an n x n cellular matrix during the final iteration; wy denotes the neighborhood
weight coefficient for land-use type k, with a default value of 1.

e <fo)
-1, G * -2 -1
Di ={ D x szl 0>G, “>G ) 7)
t-1G ! -1 -2
Di'gs G >G>0

where Giil and G;;z represent the differences between the actual quantity and demand of
land-use type k during iterations t — 1 and f — 2, respectively.

The model employs a competitive process threshold descent mechanism to simulate
the natural growth of various land types during patch evolution, expressed by the following
formula:

ot = {Pg"_;—f (rxm) < Di (O =0r <B) ®
’ P x Qe x Dy others

where r represents a random value ranging between 0 and 1; y; denotes the threshold for
generating new patches of the k-th land-use category.

When a novel land-use classification emerges victorious through the competitive
mechanism, the model employs a patch generation threshold decay coefficient T to evaluate
the candidate land-use type c, selected via roulette wheel selection, as expressed in the
following equation:

N N
Ify |G — ¥ |GE| < Step Then, 1 =1+1 9)
k=1 k=1

1

T=90

d= _
{ Change PI=' >t and TMi, =1 <r (10)

No change Pffl <t or TMy,=0

where N represents the total number of land-use types; Step denotes the required interval
length in the PLUS model for land-use demands. The coefficient §, which ranges between 0
and 1, serves as the decay parameter for threshold 7. The variable r; represents a random
value following a normal distribution with a mean of 1; and / signifies the number of decay
steps. TM . constitutes the transition matrix, which defines whether land-use type k may
be converted to type c, with values of 0 or 1 indicating permitted and restricted transitions,
respectively.

2.4.3. PLUS Model Accuracy

The PLUS model’s overall accuracy was 0.9386, with Kappa and FOM coefficients of
0.7159 and 0.1558, respectively, indicating a high simulation accuracy of PLUS, capable of
effectively modeling land-use changes in the study region. Finally, using 2022 land-use
data as the baseline and incorporating the land-use transition matrix and land demand
parameters, the land-use patterns were simulated for 2032 under multi-scenarios.

2.5. InVEST Model of Carbon Storage Assessment

InVEST is a suite of integrated ecosystem service assessment models that employ
production function approaches to establish linkages between ecosystem structure and
function changes and the flow and worth of ecosystem service provisioning. It enables the
quantitative analysis and spatial expression of diverse ecosystem services [61]. A terrestrial
ecosystem sub-model of the INVEST “carbon storage and sequestration” adopts a land-use
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type-based approach to estimate terrestrial ecosystems’ carbon stocks, serving as an effective
contemporary method for appraising carbon storage in terrestrial ecosystems [25,62].

The “carbon storage and sequestration” module was employed in this study to calcu-
late carbon stocks at the pixel scale within the study area based on the aboveground carbon
pool (Capove), belowground carbon pool (Cpepyyp), s0il carbon pool (Cyyy), and dead organic
matter/dead wood carbon pool (Cye7) combined with the area of each land-use type from
1992 to 2022. This approach is convenient, efficient, and yields intuitive outcomes. Previous
studies have demonstrated that incorporating this module into the InNVEST model effec-
tively captures spatiotemporal distribution patterns of regional terrestrial carbon sinks [63].
The specific computational formulas are as follows:

Ci-total = Ci-above + Ci-below + Ci-soil + Ci-dead (11)

Ctotal =) " CiSi (12)

In Equation (11), i represents land-use type; Ci sy, represents total carbon density
(t'hm_Z) of land-use type i; Ciapoves Ci-pelow: Ci-soit, and Ci geqq Tefer to carbon density (t‘hm_z)
of aboveground biomass, belowground biomass, soil, and dead wood, respectively, for
land-use type i.

In Equation (12), Cyy, refers to the total terrestrial ecosystem carbon stocks (t); S;
represents the total area (hm?) of land-use type i; m denotes the number of land-use
types—m is 7 in this study.

2.6. Carbon Density Calculation

The soil property values necessary for computing varying soil carbon densities across
the study area were obtained from the Harmonized World Soil Database. Equation (13)
outlines the formula used to calculate topsoil carbon density [64].

Cooit = TOC x y x H x 1071 (13)
y

where C,,; represents soil carbon density (thm™2); TOC refers to organic carbon content
(tth; y denotes the mean soil bulk density (kg-m’?’) ; and H signifies the mean depth (m)
of the topsoil layer for specific soil types. The data on aboveground and belowground
vegetation carbon density, as well as dead organic matter carbon density, were obtained
from the National Ecological Science Data Center (http://www.cnern.org.cn/, accessed on
10 July 2024) and assigned values according to Han et al. [65]. This facilitated determining
four parameter components—aboveground carbon density, belowground carbon density,
soil carbon density, and dead organic matter carbon density—across the study area, as
presented in Table 4.

Table 4. Carbon intensity of different land-use types in the Daiyun Mountain’s Rim.

Land-Use Type Capove/thm=2  Cprow/tthm=2  Cgpi/thm=2  Cypa/t-hm—2

Forest land 65.87 12.25 51.05 2.11
Cultivated land 3.91 1.53 50.37 0

Shrub 541 1.79 53.45 1.01

Grassland 1.63 4.11 53.56 1.81
Water bodies 0.00 0.00 45.34 0
Barren 0.67 9.37 45.84 0

Construction land 0.93 0.25 45.23 0



http://www.cnern.org.cn/

Land 2025, 14, 14

12 of 32

2.7. The Topographic Position Index Calculation

Digital elevation models (DEMs) have proven to be essential tools in extracting and
characterizing both macroscopic and microscopic terrain attributes in various studies.
Terrain variables such as slope, aspect, and surface ruggedness collectively exert significant
influence on geomorphic evolution, ecosystem carbon storage, and ecological processes,
playing pivotal roles [66,67]. The topographic position index (TPI) integrates elevation and
slope derivatives from DEMs to quantitatively delineate landform morphology, effectively
reflecting the integrated impacts of terrain on spatial heterogeneity [68]. TPI values exhibit
a positive correlation with fluctuations in elevation and slope. Higher TPI values indicate
more pronounced transitions from low-lying areas to highlands, representing a wide range
of terrain including plains, gentle slopes, steep slopes, and mountain ridges. Conversely,
smaller TPI values correspond to relatively depressed landforms such as valleys and basins.
The computational formula for TPI is as follows:

T = In[(E/Ey+1) x (S/So +1)] (14)

where T represents the topographic position index; E, Ey, S, Sg denote the elevation (m),
average elevation (m), slope (°), and average slope (°) of each grid cell in the study region,
respectively. The 5 natural breaks classification method was employed to categorize
elevation, slope, and topographic position index into 5 classes in ascending order of their
numeric values, namely [, II, ITI, IV, and V, as shown in Table 5.

Table 5. Classification criteria of elevation, slope, and topographic index for the Daiyun Mountain’s Rim.

Classification Elevation/m Slope/(°) PTOP(?graphlc
osition Index
I 0-307 0-9.56 0-0.3
I 307-536 9.56-16.63 0.3-0.48
11 536742 16.63-23.70 0.48-0.61
v 742-990 23.70-32.08 0.61-0.74
v 990-1833 32.08-73.84 0.74-1.22

2.8. Optimal Parameter Geographic Detector (OPGD)
2.8.1. Parameter Optimization

The geographic detector is a novel tool for measuring, mining, and exploiting spatial
geographic heterogeneity [69]. This study draws on relevant studies [70], discretizing the
study area into 8 spatial grid scales: 0.5 km, 1 km, 1.5 km, 2 km, 2.5 km, 3 km, 3.5 km, and 4 km.

The parameter optimization process involves two key steps, spatial discretization
optimization and spatial scale optimization, aiming to determine the optimal scale for
spatial heterogeneity. Consequently, this study employed the R language, utilizing equal in-
terval classification, natural breaks classification, quantile classification, geometric interval
classification, and standard deviation classification, with the number of classes set from 3 to
9, and screening the combination with the highest g-value using the OPGD model. Finally,
the 90th percentile of g-values for all driving factors was compared across the 8 spatial
scales, and the scale corresponding to the highest percentile value was identified as the
optimal spatial grid scale, best revealing the characteristics of spatial heterogeneity [53].

2.8.2. Geodetector

Based on the determination of the optimal spatial scale, we employed factor detection
and interaction detection analysis to evaluate the explanatory power of the independent
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and interactive effects of multiple factors on carbon storage changes. The calculation
formula [71] is as follows:

1 &,
g=1——=) N (15)
No2 &

where N and Nj represent the number of units in the entire region and 7 stratum, respectively;
L represents the independent variable’s stratification. The g-value ranges from 0 to 1, with
higher values indicating a greater influence of the factor on carbon storage changes.

3. Results
3.1. Land-Use Change

The land-use spatial patterns across the study area exhibit distinct spatial heterogene-
ity, as depicted in Figure 2 and Table 6. Forest land remains the dominant land cover,
encompassing the largest area and displaying a wide distribution, accounting for over 88%
of the entire area. From 1992 to 2022, fluctuations were observed in forest land area dynam-
ics, with the most significant reduction reaching 41,890.14 hm?Z; this reduction in forest land
area was mainly in Yuxi, Yongtai, Daitian, and Dehua Counties. However, cultivated land
and construction land areas demonstrated an expanding trend. Cultivated land constituted
over 7% of the total area and experienced an overall expansion of 27,152.1 hm? between
1992 and 2022, primarily concentrated in the southeastern regions, low-elevation areas, and
on both banks of the river. Additionally, the largest expansion areas in cultivated land were
still in the four Counties of Youxi, Yongtai, Daitian, and Dehua. Cultivated land as a propor-
tion of the total area experienced a decline during the period from 1992 to 2012, followed
by a rapid expansion between 2017 and 2022. Construction land area overall increased by
13,612.41 hm?, exhibiting a distinct expansionary trend; this was primarily concentrated
near residential areas and cultivated lands, with Xianyou County experiencing the largest
increase. Construction land area increased the most from 2012 to 2017, with an increase
of 3447.27 hm?, primarily originating from urban expansion, manifesting as a reduction
in forest and cultivated land area coupled with an expansion in construction land area.
Shrub, grassland, water bodies, and barren land constituted relatively small proportions of
the total area and had sporadic patchy distributions, each representing less than 1% of the
entire area. Water bodies primarily comprised larger lakes and rivers.

Table 6. Changes in land-use types in the Daiyun Mountain’s Rim from 1992 to 2032 (hm?).

Water

Year Cropland Forest Shrub Grassland Bodi Barren Impervious
odies
1992 108,270.09  1,220,328.18 219.42 281.79 3207.33 0.18 3493.35
1997 104,427.72  1,222,148.52 252.99 194.31 3582.36 0.09 5194.35
2002 114,892.47  1,209,449.25 312.75 204.30 3713.67 0.09 7227.81
2007 104,654.79  1,217,775.78 275.94 288.36 4083.21 0.36 8721.90
2012 99,680.13 1,219,302.81 192.24 377.91 4590.72 414 11,652.39
2017 122,465.34  1,192,885.20 155.52 406.44 4777.83 10.35 15,099.66
2022 135,422.19  1,178,438.04 136.80 280.89 4402.98 13.68 17,105.76
2032 (ND) 165,165.57  1,142,040.69 681.39 276.84 4381.02 12.42 23,242.41
2032 (ED) 118,143.54  1,183,781.97 87.93 280.89 4933.71 4.14 28,568.16
2032 (EP) 99,829.8 1,213,293.96 87.93 221.49 5256.54 4.86 17,105.76
2032 (CD) 99,829.8 1,201,772.16 87.93 280.89 5257.26 414 28,568.16
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Figure 2. Spatial distribution characteristics of land-use types in the Daiyun Mountain’s Rim from
1992 to 2032: (a—g) represent the spatial distribution of land-use types in 1992, 1997, 2002, 2007,
2012, 2017, and 2022 in the Daiyun Mountain’s Rim, respectively; (h-k) represent the 2032 nature
development scenario, 2032 economic priority development scenario, 2032 ecological priority devel-
opment scenario, and 2032 coordinated economic and ecological development scenario in the Daiyun
Mountain’s Rim, respectively.

The simulated land-use results for 2032 (Figure 2) reveal disparities in area across dif-
ferent land-use types under varying scenarios compared to 2022. In the ND scenario, culti-
vated, shrub, and construction land areas expand significantly, increasing by 29,743.38 hm?,
544.59 hm?, and 6136.65 hm?, respectively. The newly added cultivated land was adja-
cent to existing cultivated land, whereas the construction land that was newly added
primarily concentrated near rivers. Other land-use types experienced area reductions, with
forest land exhibiting a notable decrease of 36,397.35 hm?2. Under the ED scenario, culti-
vated, shrub, and barren land area decreased by 17,278.65 hm?, 48.87 hm?, and 9.54 hm?,
respectively, while construction land, forest land, and water bodies areas increased by
11,462.40 hm?, 5343.93 hm?, and 530.73 hm?, respectively, with construction land area
in Xianyou County expanding significantly. In the EP scenario, forest land and water
bodies area increased by 34,855.92 hm? and 853.56 hm?, respectively, whereas cultivated
land area decreased by 35,592.39 hm?. The newly added forest land was scattered, failing
to form a clear aggregation area. Under the CD scenario, cultivated, shrub, and barren
land area decreased by 35,592.39 hm?, 48.87 hm?, and 9.54 hm?, respectively, while forest,
water bodies, and construction land areas increased by 23,334.12 hm?2, 854.28 hm?, and
11,462.40 hm?, respectively.

3.2. Carbon Storage

Over the past 30 years, the ecosystem’s carbon stocks of the Daiyun Mountain’s
Rim have exhibited a fluctuating trend characterized by growth and decline (Table 7).
The cumulative carbon stocks decreased by 3.3 Tg, with the capacity to sequester carbon
lowered by 2%, while the regional average carbon density remained within the range of
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122.24-124.8 t-hm 2. In terms of the different stages, the regional carbon stocks showed
different characteristics before and after 2012. Between 1992 and 2012, the regional ecosys-
tem’s carbon stocks remained relatively stable, with a cumulative decrease of 0.17 Tg, a
0.1% decline, primarily due to the decrease in cultivated land area. However, the regional
carbon stocks experienced a dramatic change from 2012 to 2022, with a significant decrease
of 3.14 Tg and a 1.9% reduction, mainly attributable to the decline in forest land carbon
stocks. Thus, it is evident that in the past decade, the carbon sink function of the Daiyun
Mountain’s Rim has accelerated in its decay rate.

Table 7. Carbon stock changes in various land-use types in the Daiyun Mountain’s Rim from 1992
to 2032 (Tg).

Year Cropland Forest Shrub Grassland ];'X :ltizrs Barren Impervious  Total
1992 6.04 160.20 0.01 0.02 0.15 0.00 0.16 166.59
1997 5.83 160.44 0.02 0.01 0.16 0.00 0.24 166.70
2002 6.41 158.78 0.02 0.01 0.17 0.00 0.34 165.72
2007 5.84 159.87 0.02 0.02 0.19 0.00 0.40 166.33
2012 5.56 160.07 0.01 0.02 0.21 0.00 0.54 166.42
2017 6.83 156.60 0.01 0.02 0.22 0.00 0.70 164.39
2022 7.56 154.71 0.01 0.02 0.20 0.00 0.79 163.28
2032 (ND) 9.22 149.93 0.04 0.02 0.20 0.00 1.08 160.48
2032 (ED) 6.59 155.41 0.01 0.02 0.22 0.00 1.33 163.57
2032 (EP) 5.57 159.28 0.01 0.01 0.24 0.00 0.79 165.90
2032 (CD) 5.57 157.77 0.01 0.02 0.24 0.00 1.33 164.93

Compared to the carbon stocks in 2022, the natural development scenario in 2032 was
reduced by 2.8 Tg, and the economic priority development scenario, ecological priority
development scenario, and coordinated economic—ecological development scenario added
0.29 Tg, 2.62 Tg, and 1.65 Tg, respectively. In terms of the carbon stock changes across
different land-use types, forest land carbon stocks increased, contrasting with the decrease
in cultivated land carbon stocks under all scenarios except the natural development scenario.
Under the policy requirements for ecological conservation, the total carbon stocks in the
economic priority development scenario, ecological priority development scenario, and
coordinated economic—ecological development scenario all experienced an increase, while
cultivated land carbon stocks remained at a comparatively low level. This indicates that the
coordinated growth of economy and ecology in the Daiyun Mountain’s Rim is essentially a
matter of allocating the areas of cultivated land and forest land. By reasonably adjusting
the proportional areas of these two land-use types, a balance between economic growth
and ecological conservation can be achieved.

From the spatial distribution perspective (Figure 3), the high-value carbon stock areas
in the Daiyun Mountain’s Rim are primarily located in the mountainous regions. This is
strongly connected to the natural conditions of the Daiyun Mountains being a national
nature reserve, dominated by forest vegetation, with abundant sunshine and rainfall,
located in a subtropical monsoon climate region. The low-value carbon storage areas are
scattered, mainly composed of cultivated land and construction land, with the largest low-
value area in the southeast. The spatial distribution characteristics of carbon stock changes
vary across different time scales. From 1992 to 2022, the areas of carbon storage increase and
decrease exhibited a scattered distribution pattern within the six time periods, while over
the entire 1992-2022 period, the changes in carbon storage showed a noticeable clustering
effect. Under the economic priority development scenario, the spatial distribution of areas
with increasing and decreasing carbon stocks are intertwined, appearing more concentrated
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compared to the other three scenarios. In the natural development scenario, the areas
with changes in carbon storage are primarily dominated by decreasing carbon storage
regions. In the ecological priority development scenario, carbon stock changes are mainly
characterized by increasing carbon storage areas. Under the coordinated economic and
ecological development scenario, the areas of increasing carbon stocks are also relatively
scattered, while the areas with decreasing carbon stocks are primarily clustered in the
southeastern direction.

2002 Carbon stock N 1992-1997 1997-2002 2002-2007
. 11.82
Trend
B Reduce
4.08 Unchanged
I Increase
2007-2012 2012-2017 2017-2022 1992-2022
2022-2032 ND 2022-2032 ED 2022-2032 EP 2022-2032 CD

0 50 km
[ |

Figure 3. The spatial distribution pattern and change trend of carbon storage in the Daiyun Moun-
tain’s Rim from 1992 to 2032.

3.3. Influence of Land-Use Type Transfers on Carbon Storage Changes

The changes in carbon stocks were primarily influenced by conversion areas of land-
use types and differences in carbon densities across land types. As shown in Figures 4 and 5,
over the past 30 years, the land-use type conversions in the six counties of the Daiyun
Mountain’s Rim generally exhibited a trend of transitioning from high-carbon-density
land types to low-carbon-density land types. The most active land conversions involved
forest, cultivated, and construction land. Forest land area decreased by 41,890.14 hm?,
representing the largest transfer out of land type. Conversely, cultivated and construction
land areas increased by 27,152.1 hm? and 13,612.41 hm?, respectively, exhibiting a significant
increase. Additionally, areas of water bodies and barren land also increased, while shrub
and grassland areas slightly decreased. The aforementioned changes in land-use types
accounted for approximately 7.2% of the total area, resulting in a carbon stock increase
of 1.57 Tg and a decrease of 4.87 Tg, with a net decrease of 3.3 Tg. In terms of land-use
type conversions that enhanced carbon sequestration capacity, cultivated land transfer to
forest land increased carbon storage the most, representing this land conversion type with
the highest carbon sequestration, reaching 1.53 Tg, followed by water bodies, shrubland,
and grassland transfer to forest land. In terms of land-type conversions that weakened
carbon sequestration capacity, forest land transfer to cultivated land was the primary
reason for the decrease in carbon storage, amounting to 4.42 Tg, a reduction of nearly 2.66%.
Furthermore, due to the demand for land by urbanization, a certain scale of forest land and
cultivated land was transferred to construction land, resulting in significant carbon storage
decreases of 0.3 Tg and 0.1 Tg, respectively. Other land-type conversions had minimal
impact on carbon storage changes. It is evident that during the process of forest land area
contraction, the reduction in carbon stocks far exceeded the increase in carbon stocks from
the conversion of other land types to forest land, ultimately leading to an overall decrease
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in carbon stocks in the Daiyun Mountain’s Rim from 1992 to 2022. Forest, cultivated, and
construction land are the three main land types influencing changes in carbon storage.

0
L1 1
Cultivated Land-Barren Forest Land-Barren
Cultivated Land-Construction Land Forest Land-Construction Land
Cultivated Land-Cultivated Land Forest Land-Cultivated Land
Cultivated Land-Forest Land :‘ Forest Land-Glassland
- Cultivated Land-Glassland - Forest Land-Shrub
- Cultivated Land-Shrub - Forest Land-Water bodies
- Cultivated Land-Water bodies - Forest Land-Forest Land
Glassland-Construction Land Water bodies-Barren Shrub-Construction Land
- Glassland-Cultivated Land Water bodies-Construction Land Shrub-Cultivated Land
- Glassland-Forest Land Water bodies-Cultivated Land - Shrub-Forest Land
- Glassland-Glassland - Water bodies-Forest Land - Shrub-Glassland
- Glassland-Shrub - Water bodies-Glassland - Shrub-Shrub
- Glassland-Water bodies - Water bodies-Water bodies
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Figure 4. Spatial changes in land use in the Daiyun Mountain’s Rim from 1992 to 2022.
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Figure 5. Changes in land uses and carbon stocks in the Daiyun Mountain’s Rim from 1992 to 2022:
(a) changes in land uses in the Daiyun Mountain’s Rim from 1992 to 2022; (b) changes in carbon
stocks in the Daiyun Mountain’s Rim from 1992 to 2022.

From a county-level analysis (Figure 6), the six counties in the Daiyun Mountain’s
Rim exhibited varying degrees of spatial land conversion characteristics from 1992 to 2022.
These included the transfer of cultivated land to forest land—which increased carbon
sequestration capacity—as well as the transfer of forest land to cultivated and construction
land and cultivated land to construction land, which decreased carbon sequestration
capacity. Among these, the two most prominent were the increase in carbon stocks by
transferring cultivated land to forest land and the decrease in carbon stocks by transferring
forest land to cultivated land. Youxi County experienced the largest decrease in carbon
storage, reaching 1.28 Tg. Within this county, carbon storage reduction from the transfer
of forest land to cultivated land was the highest among the six counties, amounting to a
staggering 1.32 Tg, while the increase in carbon stocks from the conversion of cultivated
land to forest land was the lowest, at a mere 0.14 Tg. Conversely, Xianyou County witnessed
the largest increase in carbon stocks from the transfer of cultivated land to forest land among
the six counties, reaching 0.41 Tg, while the decrease in carbon stocks from forest land
transfer to cultivated land was the smallest, at 0.5 Tg.

3.4. Topographic Distribution Patterns of Carbon Storage

The topography of the six counties of the Daiyun Mountain’s Rim shows a high-low
undulating distribution from northwest to southeast, overall presenting a landscape pattern
of alternating high mountains and low valleys (Figure 1). From the distribution of carbon
storage grades (Figure 7), 85% of the carbon stocks are concentrated in grades II-V. This is
mainly because a large amount of forest land is distributed in this grade region. Only 7% of
the forest land above 1000 m (grade V) is distributed in this region; therefore, grade V has
the least carbon stocks, consistent with the result proposed by Xu et al. [68]. Additionally,
shrubs and grasslands mainly distributed in grades III-V also increase the carbon storage
capacity of high-altitude areas to some degree. From the viewpoint of slope grades, carbon
stocks are mainly distributed in grades II-V; this aligns with the findings of Zhao et al. [72].
Carbon stocks first increase and then decrease as the slope grade increases. This may be
the result of two factors: first, the steeper the slope, the richer the forest land vegetation
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and the less human activity; second, there is a smaller area of grade V [68]. In addition,
shrubs mainly distributed in the region of grade II-V slopes also increase carbon stocks
in this grade region. Combined with the terrain index derived from elevation and slope
parameters, it can intuitively reflect the distribution pattern of different land-use types. The
topographic position index of the study region ranges from 0 to 1.22. The terrain undulation
in the southeast region and river banks of the Daiyun Mountain’s Rim (terrain index 0-0.48)
is small, with a large amount of cultivated land distributed, as well as water systems and
construction land. The carbon stocks are relatively low in this terrain index range, and
the carbon storage shows an increasing trend as the terrain index increases. The terrain
of most areas of the Daiyun Mountain’s Rim is quite steep with great surface undulation
(terrain index 0.48-0.74). The area of forest land and shrubs has greatly increased in this
region, and carbon storage shows an increasing trend. Grade V (terrain index 0.74-1.22)
has less carbon storage, which may be linked to its small area and less forest land area. As
the terrain index increases, the average carbon storage shows an increasing trend.
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Figure 6. Impacts of major land type shifts on carbon stocks in different counties of the Daiyun
Mountain’s Rim.
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Figure 7. Distributional differentiation of carbon stocks in multi-dimensional topographic environ-
ments: (a) carbon storage changes at different elevations; (b) carbon storage changes across slope
gradients; (c) carbon storage changes across topographic wetness index categories; (d) average carbon
storage changes at different elevations; (e) average carbon storage changes across slope gradients;
(f) average carbon storage changes across topographic wetness index categories.

3.5. Carbon Stock Driving Mechanisms
3.5.1. Optimal Parameter Identification

The analysis of eight different spatial grid scales reveals differences in the degree of
influence exerted by the driving factors on carbon stocks within the study region (Table 8).
As the spatial grid scale increases, most driving factors” explanatory power exhibit an
upward trend, with some factors reaching their peak at a scale of 3.5 km. By ranking the
g-values of all driving elements in descending order and selecting the 90th percentile, it is
observed that this percentile value initially rises and then declines, reaching a maximum of
0.621 at the 3.5 km grid scale. This finding suggests that, compared to other spatial scales,
adopting a 3.5 km grid scale more accurately reflects the degree of influence exerted by the
various driving factors on the distribution of carbon stocks within the study area. Conse-
quently, when exploring the spatial heterogeneity of carbon stocks and their underlying
causes in this region, choosing 3.5 km as the optimal spatial scale will aid in obtaining
more reasonable explanations. This spatial scale has the potential to reveal the dominant
driving forces influencing the distribution of carbon storage to the greatest extent, thereby
providing a deeper comprehension of the formation mechanism of spatial heterogeneity.

3.5.2. Driving Detection Analysis
1.  Factor analysis

Through the implementation of a parameter-optimized geographical detector model,
a single-factor exploration was conducted to assess the explanatory power of various
individual driving factors on carbon stocks’ spatial distribution characteristics in the
Daiyun Mountain’s Rim from 1992 to 2022 (Table 9). The results reveal that the annual mean
temperature (0.6309) and night light index (0.6072) exhibited the strongest explanatory
power for the spatial heterogeneity of carbon storage, with average q-values significantly
higher than those of other driving factors, rendering them as key driving factors. Elevation
(0.5282), slope (0.5033), and population density (0.4049) exhibited average g-values at a
medium-high level, classifying them as major driving factors. Annual precipitation, gross
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domestic product (GDP), distances to county and township government seats, soil type,
and distances to secondary roads and primary roads had average q-values ranging from 0.1
to 0.3, categorizing them as secondary driving factors. Other driving factors demonstrated
weaker interpretive potential for the spatial heterogeneity of carbon stocks, including
distances to tertiary roads, distances to highways, vegetation net primary productivity, soil
erosion intensity, aspect, distances to water bodies, and distances to quaternary roads [50].

Table 8. Comparison of 90% quartiles of g-values for factors at different spatial scales.

Factors 0.5 km 1 km 1.5 km 2km 2.5km 3 km 3.5km 4 km
X1 0.3519 0.4238 0.4755 0.4729 0.5257 0.5142 0.5377 0.5143
X2 0.5483 0.5935 0.6023 0.5961 0.5705 0.5557 0.5047 0.5319
X3 0.0400 0.0392 0.0412 0.0387 0.0337 0.0471 0.0464 0.0222
X4 0.0995 0.1489 0.1770 0.2066 0.2282 0.2307 0.2791 0.2757
X5 0.3014 0.4060 0.4782 0.5154 0.5501 0.5696 0.6158 0.5889
X6 0.1494 0.1586 0.1906 0.1899 0.2035 0.2092 0.1939 0.2024
X7 0.0052 0.0090 0.0162 0.0195 0.0241 0.0462 0.0488 0.0585
X8 0.0738 0.0961 0.0971 0.1082 0.1096 0.1023 0.0551 0.1383
X9 0.0891 0.1215 0.1631 0.1652 0.1967 0.2004 0.2217 0.2493

X10 0.1531 0.2131 0.2903 0.3017 0.3123 0.3299 0.3587 0.1633
X11 0.3530 0.4679 0.5362 0.5694 0.6142 0.6056 0.6707 0.6616
X12 0.0320 0.0425 0.0523 0.0596 0.0662 0.0675 0.0920 0.0901
X13 0.0436 0.0657 0.0894 0.1061 0.1181 0.1268 0.1767 0.1675
X14 0.1157 0.1534 0.1761 0.1827 0.1909 0.1961 0.2030 0.2358
X15 0.0509 0.0624 0.0700 0.0709 0.0717 0.0932 0.0802 0.0796
X16 0.0267 0.0275 0.0271 0.0228 0.0226 0.0277 0.0160 0.0274
X17 0.0701 0.0678 0.0628 0.0545 0.0579 0.0612 0.0307 0.0403
X18 0.1173 0.1616 0.1928 0.2040 0.2113 0.2303 0.2235 0.2712
900/(.) 0.373 0.48 0.543 0.572 0.575 0.573 0.621 0.596
quartile

Table 9. Explanatory power (q) of the single factor for the spatial heterogeneity of carbon stocks in

the Daiyun Mountain’s Rim from 1992 to 2022.

Factors 1992 1997 2002 2007 2012 2017 2022 1992-2022
X1 0.5311 0.5347 0.5225 0.5153 0.5363 0.5196 0.5377 0.5282
X2 0.4996 0.5006 0.4984 0.4931 0.5015 0.5255 0.5047 0.5033
X3 0.0447 0.0474 0.0439 0.0452 0.0446 0.0448 0.0464 0.0453
X4 0.2849 0.2839 0.2701 0.2635 0.2765 0.2581 0.2791 0.2737
X5 0.6577 0.6559 0.6359 0.6230 0.6288 0.5991 0.6158 0.6309
X6 0.2137 0.2101 0.2154 0.2118 0.2100 0.2192 0.1939 0.2106
X7 0.0644 0.0675 0.0683 0.0561 0.0469 0.0436 0.0488 0.0565
X8 0.0593 0.0634 0.0616 0.0570 0.0548 0.0556 0.0551 0.0581
X9 0.2733 0.2600 0.2486 0.2449 0.2295 0.2182 0.2217 0.2423

X10 0.4423 0.4335 0.4215 0.4156 0.4010 0.3614 0.3587 0.4049
X11 0.5727 0.5820 0.5668 0.5885 0.6283 0.6413 0.6707 0.6072
X12 0.0671 0.0632 0.0661 0.0681 0.0730 0.0765 0.0920 0.0723
X13 0.1703 0.1749 0.1629 0.1514 0.1490 0.1457 0.1767 0.1615
X14 0.1732 0.1727 0.1628 0.1775 0.1930 0.1957 0.2030 0.1825
X15 0.0653 0.0665 0.0735 0.0769 0.0793 0.0822 0.0802 0.0748
X16 0.0259 0.0250 0.0261 0.0232 0.0244 0.0246 0.0160 0.0236
X17 0.0371 0.0369 0.0373 0.0416 0.0427 0.0424 0.0307 0.0384
X18 0.2132 0.2160 0.2200 0.2229 0.2254 0.2378 0.2235 0.2227
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2.  Interaction detection

The spatial distribution characteristics of carbon stocks are the outcome of complex
interactions among multiple driving factors. An examination of the interactive detection
results (Figure 8) reveals that the interaction among driving factors has a much stronger
explanatory power than that of individual factors for the heterogeneity of carbon stock
distribution within the research area. Notably, the explanatory power of the night light
index as a single factor surpasses its interactive explanatory power with certain other
factors. During the period from 2012 to 2022, the dominant factors influencing spatial
heterogeneity in carbon storage exhibited significant interactive effects with other variables.
The mean annual temperature demonstrated explanatory power ranging from 0.6504 to
0.6992, while the night light index showed values between 0.6089 and 0.6942. Elevation and
slope gradients contributed with ranges of 0.6098-0.6321 and 0.6312-0.655, respectively,
whereas population density exhibited interactions within 0.5077-0.5807. These parameters
consistently emerged as the paramount interactive driving forces within the study region.
Among these, the interaction between annual mean temperature and slope in the Daiyun
Mountain’s Rim exhibited the strongest explanatory power during 1992-2007, ranging from
0.7633 to 0.7905, while the interaction between night light index and slope had the strongest
explanatory power during 2012-2022, ranging from 0.7935 to 0.8123, indicating that their
interactions significantly influenced the formation of the spatial distribution pattern of
carbon stocks. The g-value change from 1992 to 2022 reveals that the interactions of six
driving factors—annual mean temperature, soil type, soil erosion intensity, vegetation net
primary productivity, GDP, and population density—with other factors generally exhibited
a weakening trend. Their average interactive explanatory power decreased by 0.0361,
0.0266, 0.0149, 0.0057, 0.0487, and 0.0736, respectively. In contrast, the night light index
exhibited markedly strengthened interactions with other factors, achieving an increased
explanatory power of 0.0706. The interactions among locational factors overall exhibited a
slightly increasing trend. This suggests that socioeconomic factors, represented by the night
light index, exerted a substantial influence on carbon storage and this influence became
increasingly significant. Natural factors dominated the impact on carbon storage but their
influence declined. Locational factors had the weakest impact on carbon storage but their
influence slightly increased.
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Figure 8. Results of the interactive detection of carbon stock drivers in the Daiyun Mountain’s Rim
from 1992 to 2002: (a—g) represent the results of the interactive detection of carbon stock drivers in
1992, 1997, 2002, 2007, 2012, 2017, and 2022 in the Daiyun Mountain’s Rim, respectively, and the
legend is below figure (g); (h) represent the value changes in the Daiyun Mountain’s Rim from 1992
to 2022, and the legend is below figure (h).
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4. Discussion
4.1. Feasibility Analysis of Carbon Storage Estimation

The accuracy of the carbon density data used in the InVEST model to estimate carbon
stocks determines the accuracy of the carbon stocks estimation results. The data used for
carbon density calculation in this paper mainly come from the World Soil database and the
corresponding parameters of the National Ecological Science Data Center. In comparison
with the relevant literature, Tong et al. [73] summarized the research results of land-use
data, soil carbon sink, and land-use management carbon sink, and concluded that the 1 m
soil carbon density in Fujian Province in 2020 was 125.32 t-hm 2. In contrast, this study’s
carbon density at 0.3 m for various land-use types ranges from 45.23 to 51.05 t-hm 2, which
is higher than the previous results but the difference is not large. The primary reason is
that the forest vegetation coverage in the study area is high and the biodiversity is rich,
resulting in higher soil carbon density than the average level in Fujian Province. Based on
the soil organic carbon data obtained from a multi-objective regional geochemical survey,
Wang [74] calculated the average carbon density of 0.2 m soil organic carbon in Fujian
Province as 34.45 t-hm~2 using the method of unit soil carbon amount. The average carbon
density of soil organic carbon of different land-use types ranges from 29.84 to 36.54 t-hm 2,
which is very close to this study’s carbon density at 0.3 m of various land-use types ranging
from 45.23 to 51.05 t-hm 2. Zeng et al. [75] sampled the topsoil of residential land in Nantai
Island, Fuzhou City, and measured the topsoil organic carbon density of residential land
as 43.48 t-hm—2, which is also very close to the construction land’s value of 45.23 t-hm—2
soil carbon density in this study. The comparative analysis with existing research results
shows that the soil carbon density calculation method and the final carbon density values
adopted in this paper are quite consistent with the results calculated based on measured
data or official data, displaying the high accuracy of this method and its ability to depict
carbon stock changes in the Daiyun Mountain’s Rim.

4.2. Drivers of Spatiotemporal Patterns in Land-Use Change and Carbon Storage

Over the past 30 years, different land-use types and carbon stock changes in the Daiyun
Mountain’s Rim have shown dynamic fluctuations, mainly due to the joint influence of
multiple factors such as agricultural policies, economic growth, and population migration.
Han Y. et al. [65] found in their research that the increasing and then decreasing trend
of carbon stocks in the Zhongtiao Mountain ecosystem in southern Shanxi from 2000
to 2016 may be related to ecological reconstruction projects and policies like the Grain
for Green, which verifies the findings of this study. Specifically, the Grain for Green
program and the diversification of rural livelihoods caused the area under cultivation
to shrink and the area covered by forests to grow, and carbon sequestration increased
slightly. From 1997 to 2002, the national government substantially increased agricultural
investment, while Fujian Province simultaneously implemented a comprehensive land
utilization plan (1997-2010), projecting an additional 72,000 hectares of cultivated land.
During this period, agricultural activities dominated the rural economic structure [76],
resulting in a resurgence of arable land area, a decline in forestland, and, consequently,
a reduction in carbon storage capacity. During the 2002-2012 interval, the nationwide
implementation of the first Grain-for-Green policy initiative prompted a significant exodus
of rural labor. In Fujian Province, the collective forest rights system reform was instituted
in 2003. The national government proposed the “West Coast Economic Zone” strategy
in 2004 (elevated to national strategy status in 2009), followed by the formulation of the
West Coast Urban Agglomeration Development Plan in 2010. Throughout this decade,
under the accelerated urbanization and regional development framework centered on
Xiamen-Zhangzhou-Quanzhou, cultivated land diminished substantially, while forestland
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expanded rapidly, leading to a recovery in carbon storage. From 2012 to 2022, the national
focus shifted predominantly toward ecological development. This period witnessed the
implementation of agricultural supply-side reforms and rural revitalization policies. Fujian
Province successively gained approval as an Ecological Civilization Pilot Demonstration
Zone (2014) and National Ecological Civilization Experimental Zone (2016). Concurrently,
several national initiatives bolstered Fujian’s economic development, including the “China
(Fujian) Pilot Free Trade Zone”, the “21st Century Maritime Silk Road Core Area”, the
“Fuzhou New Area”, and the “Fujian—Xiamen—Quanzhou National Independent Innovation
Demonstration Zone”. During this phase, cultivated land experienced renewed growth
while forestland decreased, resulting in a decline in carbon storage capacity.

The areas of significant carbon stock changes in the Daiyun Mountain’s Rim are
concentrated in the intersection areas of forest, cultivated, and construction land. The
main reason for this stems from the shift in cultivated and forest land to construction
land in six counties, while the expansion of cultivated land is also largely a result of the
reduction in forest land. Among them, in counties with less cultivated land and abundant
forest resources—such as Yongchun County, Youxi County, and Dehua County—large
tracts of forest land area were transferred to construction and cultivated land during
economic development, incurring an immense ecological cost. In Xianyou County, where
cultivated land resources are relatively abundant, the conversion mainly encroached upon
the agricultural spaces surrounding urban areas and water bodies within cities. From 1992
to 2022, the area of forest land transferred to cultivated land reached as high as 586.23 hm?,
resulting in the greatest loss of carbon stocks of 4.424 Tg. Forest land transferred to
cultivated land was the predominant type of land-use change during this period, also
driving carbon stock changes in the region. The carbon stock changes resulted from the
aforementioned conversions among different land types, essentially reflecting the interplay
among forest, cultivated, and construction land utilization. This fully demonstrates that
human activities have profoundly influenced the spatial distribution pattern of carbon
stocks in the Daiyun Mountain’s Rim. Rational planning of cultivated and forest land is of
paramount importance for existing policy guidelines.

The GMOP-PLUS model employed in this study can more effectively resolve the
quantitative and spatial conflicts among different land-use types, achieving an approxi-
mate optimal solution for the objective [77] while also adhering more closely to objective
reality. Compared to 2022, the carbon storage projections for all three scenarios (economic
priority development scenario, ecological priority development scenario, and coordinated
economic—ecological development scenario) in 2032 exhibited a certain increase, whereas
the carbon stock loss under the natural development scenario exceeds the carbon stock
gains across other scenarios, indicating that the natural development scenario is inadvisable.
The cultivated land area decreased in all three scenarios, reflecting the inevitable trend of
decreasing cultivated land area under the dual context of economic growth and ecological
environmental conservation. In the ecological priority development scenario, projections
for 2032 indicate that construction land area would remain stagnant compared to 2022
levels, revealing a significant disparity with actual regional development requirements,
thus rendering this scenario less viable. While both the coordinated economic—ecological
development and economic priority development scenarios maximize construction land
area while maintaining minimum arable land requirements, the former demonstrates no-
table advantages in carbon storage capacity. Given Fujian Province’s strategic positioning
as a national ecological civilization pilot zone, the economic—ecological synergistic devel-
opment scenario better aligns with future regional development needs, emerging as the
optimal developmental pathway. According to scholarly research, increasing the planting
density of advantageous tree species, thereby increasing the carbon density of forest land,
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is an effective pathway to enhance regional carbon storage [41]. Concurrently, this study
also argues that through crop rotation, improving crop yields per unit area, and straw
mulching techniques, not only can these increase the economic output efficiency of farmed
land but they also enable the full utilization of light and temperature resources, thereby
increasing the carbon storage of cultivated land. Furthermore, elevating the spatial resource
utilization rate and economic output efficiency per unit area of construction land will help
to curb the disorderly expansion of this land. The above measures aim to promote intensive
and efficient land utilization, providing an effective way to resolve the land-use conflicts
between economic growth and ecological civilization construction.

This study identified two key driving factors and three major driving factors affecting
carbon stocks in the Daiyun Mountain’s Rim during various periods, with the single-factor
exploration and their interaction with other factors exhibiting the strongest explanatory
power for carbon storage, indicating that the effects of the factors affecting carbon stocks
in this region were generally stable. However, the factor combination with the strongest
explanatory power in the interaction exploration shifted from slope and mean annual
temperature to slope and night light index, reflecting that although natural factors maintain
a dominant influence on carbon storage, their impact is declining, while the influence of
socioeconomic factors is markedly increasing. This further substantiates the deepening
impact of human activities on regional carbon stocks. The root cause lies in human’s
ability to adapt to and exploit nature, overcoming limitations posed by slope, temperature,
and other natural environmental constraints, leading to the utilization of more land and,
consequently, reducing regional carbon stocks. In the context of regional carbon stock
management, the impact of human activities must be highly prioritized, and corresponding
measures should be adopted to mitigate their adverse effects on carbon storage.

4.3. Suggestions for Ecosystem Synergy and Co-Benefits

Terrestrial ecosystems are sensitive and fragile, vulnerable to both natural and anthro-
pogenic disturbances [78]. How to keep terrestrial ecosystems stable and orderly while
enhancing their carbon fixation ability is an urgent problem to be solved under the back-
ground of ecological space compression in the Daiyun Mountain’s Rim and similar areas in
Southern China. The research findings indicate that interactions among various driving
factors can intensify their impact on the spatial heterogeneity of carbon stocks, necessitating
fully utilizing the synergistic effects between various driving factors. For instance, based
on the findings that regions with high topographic indices, such as high altitude and high
slope, have strong carbon sequestration capabilities, future efforts in the Daiyun Mountain’s
Rim should focus on implementing and consolidating vegetation protection and increasing
vegetation planting density in areas with high topographic indices—particularly moun-
tainous regions above 300 m in elevation—to prevent forest land transfer to other land-use
types. However, the preceding analysis focuses on ecological impacts, and human needs
must also be considered. Economic growth follows the optimal allocation law of scarce
resources across different competitive purposes [79], while ecosystem products—such as
regulating ecosystem products (such as climate regulation, water conservation, etc.) and
cultural ecosystem products (such as recreation, aesthetic value, etc.) [80]—inherently lack
exclusivity and scarcity unless exploited. In 2022, General Secretary Xi Jinping emphasized
that forest lands are reservoirs, banks, granaries, and carbon sinks. Accordingly, by granting
market scarcity to ecological products through technical means or other innovative forms,
transforming them into people’s income, and transforming the competitive relationship
between humans and ecosystems into a collaborative one, this is an important path to
balance economic growth and ecological environmental preservation in the Daiyun Moun-
tain’s Rim. For instance, bolstering the bamboo industry in Jian’ou and Yong’an Counties,
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Fujian could raise bamboo farmers” incomes [81]. In addition, future research could focus
on cultivating understory agriculture and pursuing adaptive and regional research and
study activities with biodiversity as the theme. These are all important measures to realize
the value of ecological goods. Given this, the regional green economic industry alliance in
the Daiyun Mountain’s Rim should manage and operate the terrestrial ecosystem in the
Daiyun Mountain’s Rim based on ecological environmental protection, effective utilization
of ecological resources, enabling socio-ecological synergy, mutual benefit, and win-win
results, supporting the realization of “dual carbon” goals to combat climate change.

4.4. Limitations and Future Enhancements

This study calculated soil carbon density using its own research area of soil data,
which better reflects the actual conditions of the study area compared to most studies that
cite previous research results. Although soil organic carbon has stability, soil organic carbon
density changes with climate and environmental changes. However, due to data limitations
and the enormous sampling workload, the carbon density data used in this study are not
the carbon density data for each year during the study period; therefore, there is some
loss of accuracy in estimating annual carbon storage, and future research should focus on
exploring carbon density of different land-use types over the years. Secondly, this study
mostly used spatial data, with resolutions of 30-1000 m, and higher resolution data could
be used in the future.

The study area encompassed six county-level administrative units, representing a
relatively small scale. Future research could expand to provincial or national scales. While
this study employed the PLUS model, which is suitable for small-scale analyses, CLU-
Mondo is more appropriate for larger-scale studies. CLUMondo demonstrates superior
applicability in predicting ecosystem service multi-functionality under various future sce-
narios as it represents an enhanced iteration of the CLUE model. Its distinctive feature
lies in incorporating land system changes driven by goods and services demand, while
comprehensively accounting for human activity intensity and socioeconomic development
impacts on land-use patterns.

Considering that PLUS is predominantly utilized by Chinese researchers while CLU-
Mondo is more prevalent internationally, and given China’s unique developmental context
of balancing economic growth with environmental protection, this study established four
future development scenarios. Moving forward, the selection between PLUS and CLU-
Mondo models should be guided by study area scale and regional characteristics, with
scenarios tailored to local development trajectories.

5. Conclusions

Based on seven periods of land-use data from 1992 to 2022, along with natural factor
data, socioeconomic data, and accessibility data, this study used an integrated GMOP,
PLUS, InVEST, and OPGD modeling approach to simulate carbon storage under multiple
scenarios in the Daiyun Mountain’s Rim for 2032, which better aligns with regional policy
planning and actual conditions. Based on the 30-year-long time-series data, the model
systematically analyzed the characteristics and spatial heterogeneity of land-use and carbon
storage changes in this region, introducing a terrain position index perspective to deepen
the understanding of carbon storage spatial distribution patterns, and detected the driving
mechanisms of carbon storage changes from multiple dimensions of natural-socioeconomic—
road accessibility factors. The conclusions are as follows:

(1) Vegetation cover in the Daiyun Mountain’s Rim is predominantly forest land,
followed by cultivated and construction land. From 1992 to 2022, forest land area in the
region decreased significantly by 41,890.14 hm?, while cultivated and construction land
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areas increased by 27,152.1 hm? and 13,612.41 hm?, respectively. In 2032, under the natural
development scenario, forest land area will continue to decrease significantly, while the
areas of cultivated, shrub, and construction land will further expand. However, under the
economic priority development scenario, ecological priority development scenario, and
economic—ecological coordinated development scenario, cultivated land area will exhibit a
declining trend;

(2) From 1992 to 2022, the region’s carbon stocks displayed a fluctuating trend of
increase and decrease, with a cumulative decrease of 3.3 Tg. The average carbon storage
ranged from 122.24 to 124.8 t-hm~2 and the rate of carbon storage decrease accelerated in
the last 10 years. Youxi County experienced the largest decrease in carbon storage, while
Xianyou County generated the greatest amount of carbon stocks from cultivated land trans-
ferred to forest land. Carbon storage initially increased and then decreased with increasing
altitude, slope, and terrain position index, exhibiting a decreasing trend after the turning
points of 742 m altitude, 23.7° slope, and 0.74 terrain position index. The average carbon
storage increased with increasing altitude, slope, and terrain position index. Compared
to 2022, carbon storage in 2032 will decrease by 2.8 Tg under the natural development
scenario but increase by 0.29 Tg, 2.62 Tg, and 1.65 Tg under the economic priority develop-
ment, ecological priority development, and economic—ecological coordinated development
scenarios, respectively. The spatial distribution of carbon stock variations in the region
exhibits a scattered pattern;

(3) Land-use changes in the region and its six counties mainly manifested as mutual
conversions among forest, cultivated, and construction land, with forest land transferred
to cultivated land being the primary type and dominant type of carbon storage change.
Overall, approximately 7.2% of the land-use types underwent conversion, with forest land
being the primary outgoing land type and cultivated and construction land being the
primary incoming land type;

(4) The key factors influencing carbon storage in the region are mean annual tem-
perature and night light index, with the major driving factors being elevation, slope,
and population density. There are six secondary driving factors and seven other factors.
Multi-factor interactions have significantly higher explanatory power for carbon storage
heterogeneity than individual factors, with the interactions between mean annual temper-
ature, night light index, elevation, slope, population density, and other factors being the
most important interactive dominant factors. The effect of natural factors on carbon stocks
is declining, while the influence of socioeconomic factors is rising.

In summary, the ecosystem carbon stocks in the Daiyun Mountain’s Rim experienced
an overall decline from 2019 to 2022, mainly influenced by agricultural policies, economic
development, and population mobility. To enhance regional carbon storage, a balance
should be sought between ecological protection and economic development, and the
following measures are proposed: First, precautions should be used to protect and manage
vegetation in the Daiyun Mountain’s Rim, particularly the vegetation at high altitudes
and on steep slopes. Second, the utilization rate of light and temperature resources in
cultivated land, as well as the planting density of advantageous tree species, should be
improved. Third, the scarcity of ecological products in the region should be enhanced
through technological means or other innovative forms, promoting the sharing of benefits
between the ecosystem and human society. This will not only avoid competition between
the two but also create economic value for incentive protection. This approach will not
only increase regional carbon storage but also provide support for achieving the “dual
carbon” goals and addressing climate change, offering a valuable reference for sustainable
development and ecological environment protection decision-making in the hilly areas of
Southern China.
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