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Abstract

Land use change is a key driver of regional carbon emissions. Understanding the mecha-
nisms through which regional land use changes influence carbon emissions, as well as their
spatiotemporal evolution, is of great significance for the optimization of land use struc-
ture and the formulation of low-carbon policies. This study, based on land use data and
socio-economic data from 2002 to 2022, combines decoupling analysis models with carbon
carrying capacity assessment frameworks to systematically analyze the dynamic evolu-
tion of carbon emissions from land use in Jilin Province. The results show the following:
(1) From 2002 to 2022, the cultivated land area in Jilin Province remained stable and
accounted for the largest proportion; the areas of water bodies and construction land
expanded, while forest, grassland, and unutilized land continued to decline. (2) Total
carbon emissions exhibited a “growth-stabilization-slight decline” trend, with construction
land contributing the most to emissions. Spatially, carbon emissions were concentrated in
the central region with Changchun at its core. (3) The overall carbon ecological carrying
capacity of Jilin Province showed a fluctuating upward trend, with notable differences in
carbon ecological carrying capacity across cities. (4) Cultivated land showed the highest
correlation with carbon emissions, followed by woodland. The decoupling relationship be-
tween carbon emissions and economic development exhibited phase fluctuations, evolving
from weak decoupling to strong decoupling and then transitioning back to weak negative
decoupling. Therefore, it is recommended that effective measures be adopted to curb the
excessive expansion of construction land, enhance ecological carbon sink functions, and
facilitate the transformation of cultivated land from a carbon source to a carbon sink. This
will promote the efficient and green utilization of land resources, advance the synergistic
progress of economic development and environmental protection, and achieve the goal of
regional sustainable development.

Keywords: carbon emissions; carbon ecological carrying capacity; land use; Tapio
decoupling model; Jilin province

1. Introduction

In the context of global climate change and the “dual carbon” targets, land-use change
has become one of the key factors influencing regional carbon emissions. With the con-
tinuous growth of the global economy and population, the relationship between land use
change and carbon emissions has increasingly attracted widespread attention within the
international academic community. The impact of land use change on carbon emissions
represents not only a significant challenge for developing nations such as China but also a
critical issue for global climate governance and sustainable development. As the largest
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developing country globally, China has experienced rapid economic growth in recent years
while simultaneously facing significant carbon emission challenges. In 2020, during the
75th United Nations General Assembly, China set forth the ambitious goal of achieving car-
bon peak by 2030 and carbon neutrality by 2060. This strategic initiative further underscores
the pivotal role of land use in realizing these emission reduction targets.

As a vital grain production base and ecological functional zone in China, Jilin Province
is at a critical juncture where high-quality economic development and ecological conserva-
tion must advance in tandem. The impact of shifting land use patterns on regional carbon
cycles warrants urgent, in-depth investigation. Consequently, a thorough analysis of land
use-related carbon emissions holds significant implications not only for Jilin’s low-carbon
development but also offers valuable insights for sustainable land management in compa-
rable regions worldwide. For instance, Foley et al. [1] examined the contribution of global
land-use change to carbon emissions, identifying it as one of the primary sources of global
greenhouse gas emission. Furthermore, Shiqi Tian et al. [2] emphasized the long-term
impacts of land-use change, particularly its role within the global carbon cycle.

In recent years, scholars both domestically and internationally have conducted exten-
sive research on the accounting of carbon emissions from land use. Among the various
methodologies, bookkeeping models [3], sample plot surveys [4], and emission inventory
approaches [5] are the most commonly used. Of these, the emission inventory method is
recognized for its simplicity, practicality, and broad applicability, making it widely adopted.
From a research perspective, studies on land-use carbon emissions have expanded across
multiple dimensions, covering topics such as the spatiotemporal differentiation of carbon
emissions [6,7], carbon budgets [8], the effects of carbon emissions [9], and future carbon
emission projections [10]. For instance, Huang et al. [11] applied a land use transfer matrix
and carbon emission coefficient method to assess the impact of land use change on carbon
patterns in the Poyang Lake Basin. Liu et al. [12] evaluated carbon budget trends in Jiangsu
Province using carbon emission and sink accounting models. Li et al. [13] employed
emission coefficient conversion methods to analyze changes in land use carbon emissions
and influencing factors in Gansu Province. Additionally, Shen et al. [14] used the Tapio
decoupling model to examine the decoupling relationship between carbon emissions and
economic growth across four major regions of China. Furthermore, GIS and RS technologies
have been applied to interpret different land use types, supporting the development of
refined and systematic carbon budget cycling frameworks [15].

However, existing studies have largely focused on macro-scale analyses, and the long-
term spatiotemporal evolution of carbon emissions from land use remains insufficiently
understood. In particular, the dual role of cultivated land as both a carbon source and a
carbon sink, as well as the complexity and heterogeneity of the decoupling mechanisms
between land use change and carbon emissions, have been largely overlooked. Research
specifically targeting Jilin Province is notably scarce, and in global studies on the mecha-
nisms linking land use change and carbon emissions, Jilin Province has received insufficient
attention. Most current studies fail to systematically analyze the dual role of cultivated
land and neglect the spatiotemporal heterogeneity of how land use changes influence
carbon emission decoupling. Therefore, developing land spatial optimization and targeted
emission reduction policies adapted to the actual conditions of Jilin Province remains an
urgent challenge.

In response, this study utilizes land use data for Jilin Province from 2002 to 2022 to
analyze the spatiotemporal characteristics of carbon emissions across different periods
and their relationships with economic growth and ecological carrying capacity. It further
explores the spatial heterogeneity and driving mechanisms of land use change and carbon
emission decoupling. The findings provide scientific support and policy guidance for
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the province’s low-carbon transition and green development, while also offering valuable
insights for sustainable development and carbon reduction strategies in similar regions
worldwide.

2. Materials and Methods

2.1. Study Area Overview

Jilin Province (40°52'—46°18' N, 121°38'-131°19’ E) is a central region in the revitalization
of the northeast’s old industrial base and the modernization of agriculture (Figure 1). Covering
an area of approximately 187,400 km?, the province consists of one sub-provincial city, seven
prefecture-level cities, one autonomous prefecture, 60 counties (cities, districts), and the
Changbai Mountain Protection and Development Zone Administrative Committee, with
Changchun as the provincial capital. Jilin experiences a temperate continental monsoon
climate, characterized by distinct seasonal changes. The average annual temperature ranges
from 2 °C to 6 °C, and the annual precipitation typically falls between 400 and 900 mm. The
province’s topography is marked by significant variation: the southeastern part is dominated
by mountainous terrain and rich forest resources, serving as a vital ecological barrier; the
central region is part of the Songliao Plain, with flat, expansive land; while the northwest
features plains and wetlands, with the western part of the province being a typical agropastoral
zone. As a key national grain production base, Jilin’s total grain output in 2022 reached
4.08 million tons, maintaining a leading position in the country for several years. Notably, corn
production accounts for about 10% of the national total, and the province holds an international
reputation as part of the “Golden Corn Belt.” In terms of industry, Jilin has developed a
diverse industrial system centered around automotive manufacturing, petrochemicals, and
agricultural product processing. Changchun, the provincial capital, is known as the “cradle
of China’s automobile industry,” with FAW Group consistently producing over 10% of the
country’s annual automobile output.
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Figure 1. Overview of the Study Area.
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2.2. Data Sources

The land use raster data for Jilin Province from 2002, 2007, 2012, 2017, and 2022 were
obtained from the CLCD dataset published by the research team of Professor Huang Xin at
Wuhan University [16], with a spatial resolution of 30 m x 30 m. In this study, five time
points (2002, 2007, 2012, 2017, and 2022) were selected for analysis. These years correspond
to the available periods of the CLCD dataset, which provides consistent and high-quality
land use data at five-year intervals across China. This temporal resolution effectively
captures long-term land use dynamics and economic transitions while maintaining data
consistency and model stability.

The CLCD dataset was produced through a combination of pixel- and object-based
supervised classification methods using Landsat surface reflectance data, incorporating
temporal-spectral metrics and time-series analysis on the Google Earth Engine platform.
A spatio-temporal consistency adjustment was applied to ensure continuity among different
years, including temporal filtering and post-classification refinement to reduce misclassifi-
cation noise. The overall accuracy of the CLCD data exceeds 85%, and the Kappa coefficient
is higher than 0.80, as verified by visual interpretation and comparison with high-resolution
satellite imagery. The CLCD data were further integrated with supplementary information
from the Resource and Environmental Data Center of the Chinese Academy of Sciences
(http:/ /www.resdc.cn/). According to the national land use classification standard [17],
land use types in Jilin Province were reclassified into six major categories: cultivated land,
woodland, grassland, water bodies, construction land, and unutilized land.

Energy consumption, socioeconomic, and population data for Jilin Province were
sourced from the China Statistical Yearbook and “the Jilin Province Statistical Yearbook”.
The administrative boundary vector data for Jilin Province was generated using standard
maps, with the review number GS (2024) 0650.

2.3. Research Methods and Ideas
2.3.1. Dynamic Degree of Land Use Change
A single land use dynamic degree is used to analyze the land use changes in Jilin

Province, and the equation is

u-u, 1 o
Ta><f><100/o 1

In the equation, K is the single land use statistic, U, is the initial land use data, U} is

K:

the final land use data, and T is the time period.

2.3.2. Accounting of Carbon Emissions from Land Use

Regional land use changes significantly affect the carbon cycle of terrestrial ecosys-
tems and are a key driver of regional carbon emission increases. Among these land use
types, carbon emissions from woodland, grassland, water bodies, and unutilized land
tend to remain relatively stable over extended periods, allowing for direct estimation of
their carbon emissions using the carbon emission coefficients provided in the IPCC (2006)
Guidelines for National Greenhouse Gas Inventories [18]. These coefficients (t-hm~2) rep-
resent the average carbon emissions or absorptions per unit area and are derived from
long-term observations of ecosystem carbon fluxes, including soil respiration, vegetation
growth, and organic carbon storage. Specifically, the coefficients are calculated by convert-
ing ecosystem carbon density (tC-hm~?2) into equivalent CO, emissions using molecular
weight conversion (1 tC = 3.667 tCO,). For construction land, carbon emissions are esti-
mated indirectly using regional primary energy consumption data, as this land use type
primarily contributes to emissions through human activities such as industrial production,
transportation, and residential energy use. Given that cultivated land functions both as
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a carbon source and a carbon sink [19], its carbon emissions are determined through a
comprehensive approach that accounts for both CO, emissions from soil respiration and
fertilizer use and the carbon fixation capacity of crops during photosynthesis. The net
carbon emission coefficient for cultivated land is thus derived as the difference between
the gross emission coefficient and the carbon sequestration coefficient associated with crop
biomass accumulation. Accordingly, the direct calculation method for carbon emissions
from cultivated land, woodland, grassland, water bodies, and unutilized land, and the
indirect calculation method for construction land, are defined in Equations (2) and (3),
respectively. The carbon emission and absorption coefficients used in this study are sum-
marized in Table 1 [19-33], which integrates parameters from the IPCC Guidelines and
relevant empirical studies on China’s terrestrial ecosystems.

Table 1. Land use classification and corresponding carbon emission coefficients.

Land Use Type Carbon Emission Coefficient/(t-hm—2)
Cultivated land 0.497
Woodland —0.604
Grassland —0.021
Waters —0.253
Unutilized land —0.005

The carbon emission coefficients used in this study were derived from the IPCC (2006)
Guidelines for National Greenhouse Gas Inventories [18]. Although several regionally
adjusted coefficients for China have been reported, the differences from the IPCC defaults
are generally limited at the provincial level. Therefore, the IPCC coefficients were adopted
to ensure consistency and comparability with previous studies. However, uncertainties
may still exist due to regional variations in land-use structure, vegetation types, and man-
agement practices. Future research could further refine these coefficients by incorporating
localized empirical data to enhance the accuracy of carbon emission estimates.

Direct Carbon Emission Accounting Method:

Cairecty = )_ Ai X EF; (2)

In the equation, Cyjrec1y represents the total carbon emissions from non-construction
land, A; represents the area of the i-th type of land use, and EF; represents the carbon
emission coefficient of the i-th type of land use. When EF; is positive, it indicates that this
type of land is a carbon source; if it is negative, it indicates that it has a carbon sink function.

Indirect carbon emission accounting method:

Cindirectly = ZE] = ch]q]g] &)

In the equation, Cjygirecty represents the total carbon emissions generated by construc-
tion land. E; is the carbon emissions corresponding to the j-th type of energy, FC; is the
actual consumption of the j-th type of energy, g; is the standard coal conversion coefficient
of the j-th type of energy, and ¢; is the carbon emission coefficient of the j-th type of energy.
In the study, the consumption of various energy sources, including raw coal, coke, and
natural gas, is uniformly converted into standard coal units (Table 2) to more accurately
calculate the total carbon emissions from construction land.
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Table 2. Conversion coefficients of various energy sources to standard coal and carbon emission
coefficients.

Types of Energy

Coal Coke Gasoline Kerosene Diesel Oil Fuel Oil Natural Gas

Energy standard coal conversion

coefficient/ (kg-kg ™)

Energy carbon emission coefficient/

(kg-kg™)

0.7143 0.9714 1.4714 1.4714 1.4571 1.4286 1.7143

0.7559 0.855 0.5538 0.5714 0.5921 0.6185 0.5042

2.3.3. Carbon Ecological Carrying Capacity

In recent years, with the continuous development of the low-carbon economy, the
concept of carbon ecological carrying capacity has attracted increasing attention. Existing
research primarily defines carbon ecological carrying capacity from three dimensions: spe-
cific regions, different types of vegetation, and the amount of fixed CO; [34,35]. However,
a universally applicable standard has yet to be established. Therefore, this study builds
on the work of previous scholars and defines carbon ecological carrying capacity as the
total amount of CO, fixed by woodland, grassland, and crops within a given region during
a specific time period [36]. This definition explores the carbon reduction potential in Jilin
Province from the perspectives of woodland, grassland, and crops.

The carbon ecological carrying capacities of woodland and grassland were estimated
using their net ecosystem productivity (NEP), which represents the net carbon accumu-
lation of vegetation and soil per unit area over time. Land area data for woodland and
grassland (T, Ty) were derived from CLCD land use classification results. The equations
for calculating the carrying capacity of woodland and grassland are as follows:

44
C. =T, x NEP, x — 4)
12
44
=T EP —
Cf f x N f X 12 (5)

In the equation, C, and Cyare the carbon ecological carrying capacities of woodland
and grassland, respectively. T, and Ty are their areas, respectively. NEP, and NEP; are their
average net ecological productions, respectively. The ratio of their CO; to carbon molecular
weight is 44/12.

The Net Ecological Productivity (NEP) data used in this study were derived from
the Resource and Environmental Science Data Center of the Chinese Academy of Sciences
(https://www.resdc.cn/). Specifically, NEP, and NEPf represent the average net ecological
productivity of forest and grassland ecosystems, respectively. These values were calculated
based on the Net Primary Productivity (NPP) dataset generated by the CASA model, with
a spatial resolution of 30 m x 30 m, which provides consistent and high-quality long-
term estimates of ecosystem productivity across China. NEP values were extracted by
overlaying the NPP dataset with land use classification data to isolate forest and grassland
areas and then averaged for each category. Finally, the NEP values were converted into CO,
equivalents according to the molecular weight ratio (1 gC = 44/12 gCO,). This approach
ensures spatial and temporal consistency between NEP estimation and land use data.

The carrying capacity of crops is determined by five key factors. Carbon sequestration
is closely related to crop type, yield, and physiological characteristics. The carrying capacity
of crops was calculated based on the total carbon stored in aboveground and belowground
biomass. Parameters including carbon content per unit biomass (C;), moisture coefficient
(M;), and root-to-shoot ratio (N;) were obtained from field survey data and relevant studies
(As shown in Table 3) [37]. Economic yield data (P;) were derived from the Jilin Statistical
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Yearbook (2002-2022). The estimation was conducted for six main crops: paddy rice, wheat,
corn, soybean, peanut, and flue-cured tobacco. The equation used is:

44
Co =3y Gi1 = M) x (14 Nj) x Pi x oo 6)

Table 3. Estimation parameters of vegetation carbon storage for major crops in Jilin province,
including carbon content, moisture coefficient, root-to-shoot ratio, and average economic yield.

Type Carbon Content (%) Moisture Coefficient (%) Root-Shoot Ratio
Paddy Rice 41.71 11.86 0.60
Wheat 47.07 11.67 0.39
Corn 46.37 12.23 0.16
Soybean 44.5 15.00 0.13
Peanut 45.00 15.00 0.72
Flue-cured 45.00 15.00 0.32

Tobacco

In the equation, Cq represents the carbon capacity of the crop, C; represents the carbon
content per unit of biomass, M; is the moisture coefficient of the crop type, N; is the
root-shoot ratio coefficient of the crop type, and P; is the economic yield of crop type L.

2.3.4. Correlation Analysis Between Land Use Types and Carbon Emissions

The Gray Relational Analysis (GRA) method was first proposed by Professor Deng
Julong in 1995 [38], with the aim of revealing the degree of association between variables
within a system. This method offers significant advantages when dealing with situations
such as small sample sizes and irregular data distributions. It is characterized by its
simplicity in computation and high efficiency. In this study, the relationships among
land use types and carbon emissions are complex and interdependent. Compared with
methods such as Partial Least Squares Regression (PLS-R), Generalized Additive Models
(GAM), and machine learning approaches (Random Forest, XGBoost, Light GBM), GRA
offers advantages including low data requirements, minimal model assumptions, and
clear interpretability. Therefore, this study employs Gray Relational Analysis, utilizing
SPSS Statistics 27 and MATLAB R2021a software, to quantitatively assess the degree of
association between various land use types and carbon emissions. This approach helps to
identify the primary and potential influencing factors. The equation used is:

Goi = %Zzzl Yoi (k) (7)

The value range of the correlation degree Gy; is [0, 1]. The closer its value is to 1,
the stronger the correlation between the driving factor and land use carbon emissions,
indicating a greater degree of influence.

2.3.5. Tapio Decoupling Model

The decoupling development theory was initially introduced by the Organization for
Economic Co-operation and Development (OECD) with the goal of establishing a model to
express the environmental pressure associated with economic growth [39,40]. One of the
primary objectives of decoupling research is to identify an ideal decoupling state amidst the
dynamic changes between economic growth and resource consumption [41]. Given that the
Tapio model allows for the analysis and comparison of data across different time periods,
it provides a more detailed assessment of the decoupling relationship between land use
carbon emissions and the economy. The decoupling model is presented in Equation (8).

AC/Cy

= AGDP/GDF, ®)
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where ¢ is the decoupling elasticity index; AC is the difference in carbon emissions between
the current year and the base year, in ten thousand tons; AGDP is the difference in regional
gross domestic product between the current year and the base year, in 100 million yuan; C
and GDP are the carbon emissions and regional gross domestic product of the base year,
respectively.

Based on the value of e and the relative growth rates of carbon emissions and GDP, the
Tapio model classifies the decoupling relationship into eight categories: strong decoupling,
weak decoupling, expansive coupling, expansive negative decoupling, strong negative
decoupling, weak negative decoupling, recessive coupling, and recessive decoupling
(Figure 2). These categories reflect the direction and intensity of interaction between eco-
nomic activity and carbon emissions. For example, strong decoupling indicates economic
growth accompanied by declining carbon emissions, while expansive negative decoupling
signifies that emissions increase faster than economic output.

ACiCo 4 Ack0

AGDP>0
e>1.2 7 AC>0
Strong Negative ¢+ AGDP>0
. L 4 ,’.4@ 0<e<1.2
Decoupling $$, & o e
% K 1P P
oY X <Q A\%
% S &K LT
AC<0 S, Ve -
AGDP<0 Q. e AC>0
<0 ;L. AGDP>0
,. .7 Weak  0<es08
7’
4“7 Decoupling
7
Weak Negative . *,’ AGDP/GDP,
ACO  pecoupling . *~ 7
AGDP<0 . 5 e Strong
0<e<0.8 /"\4?’ S22 Decoupling
&’ GQJ%% B Qo ’ g ~
A OQ\\S\/l 53 2
e St 28 AC<0
AC<0 ] AGDP>0
AGDP<0 4 e<0
0.8<e<12 ,”
B ¢ AC<0
’ AGDP<0
e>1.2

Figure 2. Classification of Tapio decoupling states illustrating eight possible relationships between
economic growth and carbon emissions.

2.4. Flowchart

This study adopts a systematic, multi-stage framework to examine the relationship
between land use change and carbon emissions. Land use types were classified into carbon
source areas (cultivated and construction land) and carbon sink areas (woodland forest,
grassland, water, and unutilized land) based on remote sensing data. Carbon emissions
were estimated using the emission coefficient and energy consumption methods to reveal
the spatiotemporal evolution of net carbon emissions. The carbon ecological carrying
capacity was then analyzed to assess the net carbon effect. Finally, correlation analysis and
the Tapio decoupling model were applied to explore the linkage and decoupling between
land use structure and carbon emissions, providing scientific support for low-carbon land
use planning. The detailed analysis flow is shown in Figure 3.
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Figure 3. Flowchart and research method.

3. Results
3.1. Dynamic Changes in Land Use Types

The distribution of land use types in Jilin Province, in terms of both their area pro-
portions and dynamic changes, exhibits distinct characteristics across different periods
and land use categories. From 2002 to 2022, cultivated land consistently accounted for
the largest share, maintaining an average proportion of 90,000 km?, approximately 46%.
Woodland and built-up areas followed, with respective shares of around 43% and 4%.
Together, these three land use types made up more than 90% of the total land area. The
remaining land use types, ranked by area proportion from high to low, include grasslands,
water bodies, and unutilized land. This distribution pattern indicates that cultivated land,
woodland, and built-up areas were the dominant land use types in Jilin Province during
this period.

As shown in Table 4, during the years 2002-2007, land use patterns exhibited a “three
increases and three decreases” trend. The areas of grasslands, construction land, and
water bodies all showed an increasing trend, while the areas of cultivated land, woodland,
and unutilized land experienced a decline. From 2007 to 2012, the most notable increase
occurred in construction land, which expanded by 2.54%, followed by unutilized land
and water bodies. This growth is closely related to significant urbanization and the rapid
expansion of urban areas. 2012-2017, compared to the previous period, the most substantial
change occurred in grasslands, which decreased by 3.58%. The decline in woodland was
also more pronounced, showing a more significant reduction. From 2017 to 2022, the
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water area increased by 403.99 km?, while the changes in the areas of cultivated land and

woodland were relatively minimal.

Table 4. Land use area and dynamic degree in Jilin Province from 2002 to 2022.

Land Use Area/km? Land Use Dyonamic
Land Type Degree/%
2002 2007 2012 2017 2022 2002-2007 2007-2012 2012-2017 2017-2022

Cultivated Land 89,143.88  87,946.63  88,855.98  89,885.43  89,745.28 —0.269 0.207 0.232 —0.031

Woodland 84,698.35  83,742.77  82,362.19  81,941.26  82,139.31 —0.226 —0.330 —0.103 0.048
Grassland 5744.28 6847.79 6579.43 5402.62 4957.70 3.842 —0.784 —3.577 —1.647

Waters 2368.26 2636.15 2783.61 2775.77 3179.76 2.262 1.119 —0.056 2911

Construction Land 6007.86 6958.41 7843.62 8702.28 9159.59 3.164 2.544 2.189 1.051
Unutilized Land 2796.94 2627.84 2334.74 2052.21 1577.94 —1.209 —2.231 —2.420 —4.622

As illustrated in Figure 4, the land-use dynamics in Jilin Province from 2002 to 2022 fol-
lowed a distinct and structured transformation trend. The most substantial land transitions
occurred among grasslands, unutilized land, and cultivated land, indicating continuous
adjustment between ecological and productive land categories. Specifically, grasslands
exhibited the largest outflow, primarily converting into cultivated land and unutilized
land, which reflects the province’s emphasis on agricultural expansion during earlier years,
followed by partial degradation in marginal zones. Conversely, unutilized land showed a
significant inflow toward grasslands, construction land, and waters. These bidirectional
conversions between grasslands and unutilized land reveal a dynamic balance between
ecological restoration and land exploitation.

Cultivated land [l Woodland | Grassland [0 Waters [ Construction land | Unutilized land

3585.2085

4132.62

4183.2981

4782.4596

3194.6229

- \ 1268.3214
2679.4548

2445.9075

1927.8774

1482.9516

1575.9486 A D k00887 \ W s 09303
/ SIS > & 0\ A D 546.8229
W5121992 59404, 3—;69’9 N }“’”5 N
—68 3883 \ N ;!611.5581
3343301 75353 [s4ti709 D L9555 138.0946
2002 2007 2012 2017 2022

Note:The unit is km?.

Figure 4. Net changes in area of land use types in Jilin province from 2002 to 2022.

Overall, Figure 4 demonstrates that Jilin Province’s land-use change over the past
two decades is characterized by a progressive increase in construction land, a relative
stability in cultivated land, and a gradual reduction in grassland and unutilized land areas.
These transformations collectively reveal a shift from an ecologically dominated to a more
economically driven land-use structure, reflecting the region’s evolving balance between
development and ecological sustainability.

From the perspective of land use spatial patterns, cultivated land is primarily con-
centrated in the central lowland areas, as well as in the eastern mountainous and semi-
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2002

mountainous regions. Over the period from 2002 to 2022, its distribution exhibited an
initial increase followed by a subsequent decrease. Forestland is predominantly located
in the eastern mountainous regions, with a noticeable trend of area reduction. Grassland
is mainly distributed along the western plains’ edges and partly on the peripheries of
eastern forest areas. Although water bodies occupy a relatively small area, there has been
an observable expansion in their spatial extent, particularly in regions previously occupied
by cultivated land. Urban built-up areas are largely concentrated in the central urban
cluster core, the river valley plains of various regions, and along major transportation
corridors. The area of urban land has consistently increased throughout the study period,
reflecting the rapid urbanization process in Jilin Province during this time. Unutilized
land has significantly decreased, particularly in areas previously occupied by cultivated
land or water bodies, which have been extensively converted for other uses. For instance,
large areas of unutilized land in the western part of the province have been converted into
grassland, serving as a direct manifestation of Jilin Province’s success in the reclamation of
saline-alkali land (see Figure 5).

2007 2012

2017

2022

Legend A

Cultivated land
Il Woodland
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Figure 5. Spatial distribution of land use types from 2002 to 2022.

3.2. Spatiotemporal Evolution of Carbon Emissions from Land Use

As shown in Table 5, the carbon emissions from construction land contribute the most,
accounting for approximately 90%, while the carbon emissions from cultivated land are
the lowest, fluctuating around 10%. This indicates that the rapid urbanization process
has led to an increasing pressure on carbon emissions. In terms of carbon sequestration,
forestland has consistently served as the primary carbon sink, with its carbon storage
capacity declining from —511.90 x 10* t to —496.43 x 10* t, reflecting a weakening trend.
This decline may be linked to a decrease in forest cover or ongoing ecosystem degradation.
Conversely, grassland, water bodies, and unutilized land contribute minimally to carbon
sequestration, with their contributions remaining below —10 x 10 t. Therefore, it is crucial
to control the expansion of built-up areas and promote the increase in forestland and water
bodies. Such measures could reduce carbon emissions and enhance carbon absorption,
ultimately leading to a reduction in the overall carbon output of Jilin Province.
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Table 5. Estimation of carbon emissions from different land use types in Jilin province from 2002 to
2022.

Carbon Source Carbon Sink

Year Construction  Cultivated Unutilized Net Carbon

Woodland Grassland Waters Emissions
Land Land Land

2002 2864.40 443.05 —511.90 —1.21 —6.00 —0.14 2788.20

2007 5137.56 437.09 —506.12 —1.45 —6.67 —0.13 5060.28

2012 7106.16 441.61 —497.78 —1.39 —7.05 —-0.12 7041.45

2017 5382.92 446.73 —495.23 —1.14 —7.03 —0.10 5326.14

2022 5098.79 446.03 —496.43 —1.05 —8.05 —0.08 5039.22

Unit: /10* t.

From a temporal perspective, the net carbon emissions from land use in Jilin Province
exhibit distinct phase characteristics over the period of 2002-2022. The first phase
(2002-2012) represents a period of rapid growth, with emissions increasing from
2788.20 x 10* t to 7041.45 x 10* t. This phase is closely associated with rapid economic
development and a significant rise in urbanization levels, during which the continuous
expansion of construction land drove a sustained increase in regional carbon emissions.

The second phase (2012-2022) marks a shift to a relatively stable or even slightly
decreasing trend in carbon emissions. This change can primarily be attributed to the
gradual implementation of national energy conservation and emission reduction policies.
As a key old industrial base in China, Jilin Province has been significantly influenced
by these national policy directives, particularly in terms of its industrial structure and
energy consumption patterns. This phase reflects the interactive relationship between
policy interventions and regional development, illustrating the effectiveness of regulatory
measures in shaping local carbon emissions.

This study employs a natural discontinuity method to categorize net carbon emissions
into five distinct levels, with Level 1 representing the minimum and Level 5 representing
the maximum (Figure 6). The differences in net carbon emissions across various prefecture-
level cities in Jilin Province are evident. From the spatial distribution of land-use carbon
emissions between 2002 and 2022, it is clear that carbon emissions in the province are
predominantly concentrated in the central region, with Changchun City as the core. The
emissions exhibit a spatial gradient extending outward from Changchun. Notably, the
land-use carbon emission changes in Liaoyuan and Songyuan cities show the most signifi-
cant fluctuations during this period. Changchun City consistently remains in the Level 1
category for net carbon emissions, primarily due to the concentration of industrial develop-
ment in the region. In addition, the central part of Jilin, including Songyuan and Jilin cities,
also experiences relatively high carbon emissions. The Chang-Ji-Tu Development and
Opening-Up Pilot Zone, along with the north—south industrial corridor involving Siping,
further reinforced emission intensity in the central zone by accelerating urban—industrial
integration and land-use conversion. In contrast, the Yanbian Korean Autonomous Pre-
fecture, Baishan City, Tonghua City, and Liaoyuan City have consistently remained in
low-carbon emission areas, as these regions are predominantly characterized by cultivated
land and forestland. With relatively rich forest resources, the carbon emissions per unit
area of land use in these areas are comparatively low.
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Figure 6. Spatiotemporal distribution of carbon emissions from land use in Jilin province from

2002 to 2022.

3.3. Spatio-Temporal Analysis of Carbon Ecological Carrying Capacity

The study applies a natural discontinuity method to classify carbon ecological carrying
capacity into five levels, as shown in Figure 7. Yanbian Korean Autonomous Prefecture

exhibits the highest carbon ecological carrying capacity, followed by Changchun, Baicheng,

Songyuan, and Jilin cities. Siping, Liaoyuan, Tonghua, and Baishan cities have the lowest

levels of carbon ecological carrying capacity. The analysis reveals that the overall car-

bon ecological carrying capacity of Jilin Province has shown a fluctuating upward trend

throughout the study period. There was a gradual decline in carbon ecological carrying
capacity from 2007 to 2012, but it rapidly increased to 10,647.23 million tons in 2017.
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Figure 7. Spatial and temporal distribution of carbon ecological carrying capacity in Jilin province.

To further assess the spatial distribution characteristics of carbon ecological capac-
ity across cities, this study presents a visual analysis of the evaluation results (Figure 8).
Over the past two decades, the carbon carrying capacity of grasslands in each city has
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2002

remained relatively stable, with Songyuan and Baicheng cities exhibiting comparatively
higher capacity. The differences in the carrying capacity of forestland are more pronounced
than those of grassland. The carbon ecological capacity of forestland in Baishan, Jilin,
Tonghua, and Yanbian Korean Autonomous Prefecture is significantly higher than in
other regions, while Baicheng and Songyuan cities have the lowest forestland carrying
capacity. Among prefecture-level cities, the variation in the carrying capacity of crops
is the most notable, dominating the total carbon ecological capacity, with a proportion
of approximately 60%. Specifically, Baicheng, Songyuan, Jilin, and Changchun cities
show considerably higher crop carrying capacities than other cities. Compared to forest-
land and grassland, crops exhibit a stronger carbon sink potential, which aligns with the
region’s advanced agricultural development and extensive crop planting areas.
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Figure 8. Comparison of carbon carrying capacities among woodlands, crops, and grasslands in
Jilin province.

3.4. Analysis of Gray Relational Degree and Decoupling Status

As shown in Table 6, the gray relational degrees between different land use types
and carbon emissions in Jilin Province follow the order: cultivated land > woodland >
water bodies > construction land > grassland > unutilized land. Among them, cultivated
land exhibits the strongest correlation with carbon emissions, with a relational degree of
0.756, followed by woodland (0.749). This indicates that cultivated land and woodland
play the most significant roles in the province’s carbon emission process. This result is
closely related to Jilin Province’s location in the black soil region of Northeast China, where
agricultural production dominates the regional land use structure.

Table 6. Gray correlation degree between land types and net carbon emissions from land use.

Land Type Relevance Ranking
Cultivated land 0.756 1
Woodland 0.749 2
Waters 0.704 3
Construction land 0.677 4
Grassland 0.626 5
Unutilized land 0.555 6
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Compared with other regions, Jilin’s correlation pattern differs considerably. For
example, in northern Jiangsu Province, carbon emissions are more closely associated with
construction land such as industrial, transportation, and water conservancy facilities [42];
in Hebei Province, construction land also shows the highest correlation [43]; while in
Shanxi Province, woodland has the largest impact [44]. These differences mainly stem
from variations in regional land use structure, industrial development pathways, and
energy consumption patterns. In Jilin, where agriculture remains the key economic sector,
carbon emissions from cultivated land—including agricultural inputs, soil respiration, and
biomass burning—constitute a major component of total emissions. Meanwhile, woodland
functions as an important carbon sink, offsetting part of the emissions but still exhibiting
a strong association due to its extensive area and productivity.

From Table 7, it can be seen that the overall decoupling relationship between carbon
emissions and economic growth in Jilin Province exhibits stage-based fluctuations over time.
During 2002-2007, the decoupling elasticity index was 0.65, indicating a weak decoupling
state—carbon emissions increased more slowly than the economy, reflecting an early stage
of green development. From 2007 to 2012, the index decreased to 0.31, remaining in
a weak decoupling state but suggesting reduced efficiency in emission reduction relative
to economic growth. From 2012 to 2017, the decoupling index turned —0.97, representing
strong decoupling, meaning that carbon emissions declined significantly despite continuous
economic growth—an ideal stage of sustainable development. However, during 2017-2022,
the index rose to 0.43, shifting to a weak negative decoupling state, indicating a partial
rebound effect of emissions during rapid economic expansion.

Table 7. Decoupling relationship between carbon emissions and economic development.

2002-2007 2007-2012 2012-2017 2017-2022
City Decoupling Decouplin, Decoupling Decouplin; Decoupling Decouplin, Decouplin Decouplin,
pling pling pling pling pling pling pling pling
Index Types Index Types Index Types Index Types
Baicheng City 0.433 weak 0.174 weak ~37.939 forced 3.297 recession
decoupling decoupling decoupling decoupling
. . recession weak forced recession
Baishan City 1886 decoupling 0.362 decoupling —11.283 decoupling 1.908 decoupling
e s growth weak recession weak negative
Jilin City 0-890 connection 0-289 decoupling 2477 decoupling 0-463 decoupling
. . weak weak forced weak negative
Liaoyuan City 0321 decoupling 0-201 decoupling —2:304 decoupling 0.712 decoupling
. . weak weak forced recession
Siping City 0.696 decoupling 0-347 decoupling —1.644 decoupling 1.030 connection
. weak weak recession weak negative
Songyuan City 0-309 decoupling 0-209 decoupling 1441 decoupling 0773 decoupling
Tonghua City 1.000 growth 0276 weak 4.854 recession 1.310 Recession
connection decoupling decoupling decoupling
Yanbian Korean negative weak recession forced
Autonomous 2.213 decoupling 0.449 decouplin 3.977 decouplin —2.356 decouplin
Prefecture of growth ping ping ping
. weak weak forced growth
Changchun City 0723 decoupling 0-314 decoupling —0-546 decoupling 0-908 Connection
The Whole 0.652 weak. 0311 weak —0.968 forceq 0.430 weak negative
province decoupling decoupling decoupling decoupling

Spatially, the decoupling status varies across cities. During 2002-2007, most cities,
such as Baicheng, Liaoyuan, Siping, Songyuan, and Changchun, exhibited weak decou-
pling, reflecting early progress in low-carbon transition. In 2007-2012, all cities achieved
weak decoupling, where emission growth rates were lower than GDP growth, suggest-
ing an increasing potential for strong decoupling in the short term. Between 2012 and
2017, five cities—Baicheng, Baishan, Liaoyuan, Siping, and Changchun—achieved strong
decoupling (55.6% of the sample), whereas the remaining cities showed recession de-
coupling, mainly due to their continued dependence on resource-intensive industries.
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By 2017-2022, Yanbian Korean Autonomous Prefecture achieved strong decoupling, re-
alizing simultaneous economic growth and emission reduction. In contrast, Changchun
City showed a growth connection type, where carbon emissions still increased but at a rate
3.5 times slower than economic growth, indicating improved carbon efficiency within rapid
economic development.

Overall, these results highlight a temporal shift from weak to strong decoupling fol-
lowed by a mild reversal, as well as a spatial heterogeneity in decoupling performance
across Jilin Province. Regions with stronger industrial restructuring and cleaner energy
transitions—such as Yanbian and Changchun—exhibited more favorable decoupling trends.
This pattern suggests that optimizing land use structure, promoting low-carbon agricul-
tural practices, and accelerating green industrial transformation are key pathways for
maintaining long-term strong decoupling and achieving sustainable carbon reduction in
Jilin Province.

3.5. Validation of the Results

To ensure the reliability of the results, both data consistency and methodological robust-
ness were verified. The estimated carbon emissions and their temporal trends (2002-2022)
were compared with the China Energy Statistical Yearbook and previous studies, showing
strong consistency in magnitude and direction. Spatially, the distribution of emissions
and carbon ecological carrying capacity corresponded well with land use changes—areas
converted to construction land exhibited higher emissions, while woodland and grassland
maintained stronger sink capacities. In addition, a sensitivity test adjusting carbon emission
coefficients by +10% resulted in less than 5% variation in total emissions, indicating model
stability. These validations confirm that the proposed framework reliably captures the
spatiotemporal dynamics of land use-related carbon emissions in Jilin Province.

4. Discussion

This study provides a systematic analysis of the spatiotemporal distribution of carbon
emissions from land use in Jilin Province and its relationship with economic decoupling.
It reveals the temporal and spatial variations in the province’s progress toward carbon
reduction goals, as well as the impact of policy interventions. The results indicate that land
use types and their associated carbon emissions in Jilin exhibit significant stage-specific
differences and spatial heterogeneity. Notably, during land use transitions, the expansion
of construction land and cultivated land is closely related to the enhanced carbon carrying
capacity of crops.

Firstly, the study shows distinct temporal fluctuations in carbon emissions in Jilin
Province. Between 2002 and 2012, carbon emissions increased significantly, followed by
a decline from 2017 to 2022. This change in emission trends is closely tied to the province’s
economic development stages and national policy interventions. The earlier increase in car-
bon emissions coincided with the rapid economic growth during the implementation of the
revitalization plan for the Northeast’s old industrial base [45]. After 2012, the deceleration and
even reduction in carbon emissions can likely be attributed to the effective implementation of
energy-saving and emission-reduction policies under the 12th Five-Year Plan [46].

In terms of spatial distribution, carbon emissions are highly concentrated in the central
region, with Changchun at its core. This pattern is primarily driven by two factors: first,
as the economic, industrial, and population hub of the province, Changchun has seen
continuous expansion of construction land, which has been identified as a major source
of carbon emissions; second, the central region is a key agricultural zone in Jilin, where
emissions from cultivated land play a significant role [47]. Notably, Jilin’s carbon emission
trajectory, characterized by an initial increase followed by a decline, contrasts with the
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persistent growth patterns observed in some western regions like Ningxia [48]. However, it
mirrors the trend in Shandong Province [49], reflecting the province’s early successes in
economic transformation and carbon reduction efforts.

Additionally, the carbon sequestration capacity of crops in Jilin Province dominates
the overall carbon sink, with agricultural regions such as Baicheng and Songyuan con-
tributing significantly to crop-based carbon sequestration. This finding contrasts with the
conclusions drawn from studies in Shandong Province, where forest carbon sinks play
a dominant role [49], highlighting Jilin’s distinctive position as a major grain-producing
area. However, the carbon sequestration capacity of forests in Jilin is relatively weak and
unevenly distributed, with the majority concentrated in the Changbai Mountain region in
the eastern part of the province. This raises concern, as forests are typically a core compo-
nent of regional carbon sinks. The limited contribution of Jilin’s forest carbon capacity may
be linked to the observed trend of forest area contraction followed by expansion during
the study period [50], where early reductions in forest resources diminished their carbon
sink potential.

On the other hand, the decoupling relationship between economic development and
carbon emissions in Jilin Province exhibits certain stage-specific fluctuations. In regions
such as Baicheng and Yanbian, strong decoupling was achieved during specific phases,
indicating that local governments have made notable progress in the green transformation
process. For instance, areas with strong decoupling tend to have a higher proportion of
the tertiary sector or a more advanced level of agricultural modernization, while regions
still experiencing weak decoupling may remain heavily dependent on energy-intensive
industries [51]. The phased changes in Jilin’s decoupling relationship also reflect the
effectiveness of policy interventions. Since the 13th Five-Year Plan, the province has
implemented measures such as the energy consumption revolution and industrial struc-
ture adjustments, including the promotion of new energy industries and the elimination
of outdated production capacities, which have contributed to the improvement of the
decoupling status [46].

The analytical framework and findings of this study also have broader applicability
beyond Jilin Province. The approach used to couple land-use carbon emissions with
economic decoupling analysis can be extended to other provinces and regions with similar
socio-economic or ecological characteristics, particularly those undergoing rapid land-use
transitions or industrial restructuring. For instance, agricultural regions in northeastern and
northern China, where cultivated land plays a dominant role in the carbon balance, could
adopt a similar framework to evaluate how changes in land-use policy and agricultural
modernization influence carbon dynamics. Likewise, in forest-dominated or urbanizing
landscapes—such as southern or coastal provinces—the same methodological structure can
be adjusted to emphasize forest carbon sequestration or construction land emissions. This
adaptability demonstrates that the proposed framework is not limited to a single regional
context but can serve as a reference model for assessing the interactions among land-use
change, carbon emissions, and economic development across diverse landscape systems.

Beyond these findings, the observed spatiotemporal patterns of carbon emissions are
also closely linked to the evolution of China’s and Jilin Province’s public policy frame-
works. The introduction of major national strategies—such as the “Grain Security Strategy,”
the “Northeast Revitalization Plan,” and the “Dual-Carbon Goals” (carbon peaking and
neutrality)—has directly influenced land-use decisions, industrial layout, and ecological
restoration efforts. In particular, Jilin’s implementation of policies including the “Black Soil
Conservation Project,” the “Return of Farmland to Forests and Grasslands Program,” and
“High-Standard Farmland Construction” has altered the balance between carbon sources
and sinks, leading to improved land-use efficiency and enhanced carbon sequestration
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capacity in recent years. At the same time, local governments have aligned economic
transformation initiatives with national green development policies, promoting renewable
energy and modern agriculture, which jointly accelerated the transition toward low-carbon
land use. These policy-driven changes underscore the pivotal role of institutional frame-
works and governance in shaping the province’s carbon emission trajectory.

5. Conclusions

The analysis of the spatiotemporal distribution of carbon emissions from land use
in Jilin Province and its relationship with economic decoupling leads to the following
conclusions:

(1). Over the period from 2002 to 2022, Jilin Province exhibited significant stage-specific
variations in land use types. The area of water bodies and construction land generally
showed an expanding trend, while the area of cultivated land remained relatively
stable, consistently accounting for approximately 46% of total land use.

(2). Spatiotemporal Variations in Carbon Emissions: The carbon emissions from land
use in Jilin displayed significant spatiotemporal heterogeneity. In terms of temporal
trends, the province’s carbon emissions initially increased, followed by a subsequent
decline. Spatially, carbon emissions were primarily concentrated in the central region,
with Changchun as the core.

(3). The carbon sequestration capacity of crops in Jilin exhibited significantly higher
urban variation compared to forests and grasslands. Agricultural areas, particularly
cities such as Baicheng and Songyuan, demonstrated a stronger carbon sequestration
capacity in crops.

(4). The correlation between different land use types and carbon emissions in Jilin Province,
ranked from highest to lowest, is as follows: cultivated land, woodland, water bodies,
construction land, grasslands, and unutilized land. Additionally, the relationship
between carbon emissions and economic development exhibited stage-specific fluctu-
ations. Some regions, such as Baicheng and Yanbian, achieved strong decoupling of
carbon emissions from economic growth, while other areas still face issues of resource-
dependent growth. These regions require optimized development paths to facilitate
low-carbon growth.

Limitations and Future Perspectives

Although this study provides valuable insights into the spatiotemporal dynamics of
land-use carbon emissions and economic decoupling in Jilin Province, several limitations
should be acknowledged. First, the estimation of carbon emissions relied on the IPCC
(2006) default coefficients, which may not fully reflect regional variations in emission char-
acteristics. Second, the analysis was based primarily on land use and bioeconomic data,
without incorporating detailed local energy consumption or technological factors. Future
research could integrate higher-resolution datasets, localized carbon emission coefficients,
and dynamic simulation models to enhance the precision of carbon accounting. Addition-
ally, comparative analyses with other provinces or cross-regional studies would further
clarify the role of policy frameworks and socio-economic transitions in shaping low-carbon
land-use patterns.
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