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Abstract: Forest carbon sinks are a crucial component in achieving China’s “dual carbon” goals. This study
integrates GIS-LCA technology to systematically examine the spatiotemporal evolution of China’s forest car-
bon sinks and quantitatively assess afforestation carbon sequestration efficiency and carbon sink influencing
mechanisms. The research findings indicate: (1) From 2003 to 2022, China’s total forest carbon sink increased
from 11.78 billion tons to 19.76 billion tons, with an average annual growth rate of 2.9%. This overall upward
trend corroborates the research findings of other domestic scholars. The center of forest carbon sinks is mainly
located in Shaanxi Province, showing a clear southeastward migration trend. (2) Forest carbon sink capacity
exhibits significant regional differentiation: cold spot areas in the northeast gradually weakened, while hot
spot areas in the west peaked in 2015 and subsequently declined. This shift reflects the complex interplay
between climate change and human activities on carbon sink capacity. (3) Provincial-level analysis of affor-
estation carbon sequestration efficiency based on GIS-LCA technology reveals notable spatial disparities, with
a national average of 579 t CO2/km?. Eastern provinces performed the best, averaging 749.6 t CO2/km?, while
central and western provinces showed similar efficiencies at 471.5 t CO2/km? and 494.4 t CO2/km?, respec-
tively. This study provides theoretical support for advancing the high-quality development of China’s forest

carbon sinks and achieving carbon neutrality goals.

Keywords: forestry carbon sinks; dual carbon goals; high-quality development; GIS-LCA; spatiotemporal
pattern

1. Introduction

Global climate change has emerged as one of the most severe challenges facing humanity in
the 21st century. In response, countries worldwide have proposed carbon neutrality goals (Tian et
al., 2025; Yao et al., 2025). Based on data from the United Nations Framework Convention on
Climate Change (UNFCCC), as of 2023, a total of 130 countries had pledged to attain carbon neu-
trality, accounting for two-thirds of global carbon emissions (Gao et al., 2025; Hu et al., 2021). As
the world’s largest carbon emitter, China announced its “dual carbon” goals in 2020, aiming to
“peak carbon emissions before 2030 and achieve carbon neutrality before 2060.” This commitment
not only underscores China’s sense of responsibility in global climate governance but also adds
new momentum into global efforts to combat climate change. Achieving these “dual carbon” goals
requires a multi-pronged approach, among which forestry carbon sinks play an irreplaceable role
as a critical carbon sequestration pathway. Forests, as the dominant component of terrestrial eco-
systems, possess strong carbon sequestration capacity (T. Wang et al., 2024). Through photosyn-
thesis, forests absorb carbon dioxide from the atmosphere and store it in vegetation and soil, thereby
reducing greenhouse gas concentrations and mitigating climate change. Studies indicate that global
forests annually absorb approximately 2 billion tons of carbon dioxide, equivalent to one-third of
emissions from fossil fuel combustion (Pan et al., 2024). Thus, strengthening forestry carbon sinks
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is of great significance for realizing China’s “dual carbon” objectives. Currently, the major global
forestry carbon sink projects, as shown in Table 1, provide valuable references for China (Zhang
& Yao, 2024). In recent years, China has placed a high priority on forestry carbon sink develop-
ment, implementing a series of policy measures to promote the development and trading of forestry
carbon sink projects. In 2021, the State Council of China (2021) issued the “Guidelines on Accel-
erating the Establishment of a Green, Low-Carbon, and Circular Economic Development System,”
explicitly calling for “strengthening forestry carbon sink capacity building and promoting the de-
velopment and trading of forestry carbon sink projects.” Additionally, the National Forestry and
Grassland Administration (2021) released the “Guidelines for validation and verification of forestry
carbon projects,” offering technical support and policy guidance for project development. By 2022,
China had launched a nationwide network of forestry carbon sink pilot projects, aiming to enhance
ecological carbon sequestration capacity through diversified afforestation and forest management
initiatives.

Table 1. Major Global Forestry Carbon Sink Project.
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2025) mate Change reduction tar- Reforestation tion projects require mately 5 years

forestless land be-
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Afforestation, Refor-
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gets set in the
Kyoto Protocol

Afforestan'on, tion Restoration:
Reduce costs Reforestation, Forestless land for at
Verified Carbon Standard for applicants Vegetation Res-
. . . least 10 years before
VCS (Yang & (by Climate Group Inter- and improve the toration, Im- roiect initiation:
Park. 2 02g5) 2006  national, International quality and sus- Global proved Forest RI; q dce d Defores t;_ 2-5 years
’ Emission Trading Asso- tainability of Management, .
- . tion and Forest Deg-
ciation, etc.) emission reduc- Reduced Defor- S
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tion projects estation, and For- forest for at least 10
est Degradation years before initia-
tion
Improve the Afforestation and
World Wide Fund for Na- quality of emis- Reforestation pro-
GS (Yang & ture (WWF) and other in- sion reduction Afforestation, jects require forest- B
Park, 2025) 2003 ternational non-govern- projects and en- Global Reforestation less land for at least 25 years
mental organizations hance their sus- 10 years before pro-
tainability ject initiation

However, compared with developed countries, the development of forestry carbon sinks in
China is still in its early stages and faces numerous challenges, such as an imperfect policy system,
inadequate scientific and technological innovation capabilities, and an underdeveloped market-ori-
ented mechanism (Hubbart et al., 2025; J. Zhang et al., 2025). Specifically, in terms of the policy
system, although China has introduced a series of policies to support forestry carbon sink develop-
ment, deficiencies remain in implementation details and supporting measures, resulting in limited
policy effectiveness. Regarding scientific and technological innovation capabilities, China lags be-
hind international advanced levels in forestry carbon sink monitoring, measurement, and verifica-
tion technologies, which constrains the high-quality development of forestry carbon sink projects.
In terms of market-oriented mechanisms, despite the formal relaunch of the CCER (Chinese Certi-
fied Emission Reduction) market in January 2024 (with the forestry carbon sink trading process
illustrated in Figure 1), the listing of the first batch of CCERs in September, and the registration of
the first CCER project in December, China’s forestry carbon sink trading market remains immature
(Nian et al., 2025; Xu, 2024). The pricing mechanism and trading rules for carbon sink projects
require further refinement, which affects the enthusiasm of social capital to participate in forestry
carbon sink projects.


https://sccpress.com/ars

A&R 2025, Vol. 3, Iss. 3, 0013

3 of 17

CCER project
devel process

Third-party verification Third-party validation

‘ Methodology

o . i | PDD public - :
Project assessment ‘ T ——— Carbon pool selection
__Prnjecl boundary

i

Project additional carbon
sink (emission reduction)

Prepare PDD and Document
application materials validation
additionality

Third-party (DOE) On-site validation

viliibiien Land eligibility
Approval and filing by the | | I EFarein Land or forest land
National Development and ownershi

Reform Commission b

Baseline scenario and

Post-change project
validation

Verification content

Monitoring report public

Validation content Additional carbon sink (emission
reduetion) ealeulation

Document verification i
Carry out work and | — - -
- — monitoring | Credit period selection
On-site verification |

Verification report
preparation

]

Third-party verification Momiorslplan

of emission reductions

Environmental and socio-
cconomic impact

Figure 1. Flowchart for the Development of CCER Forestry Carbon Sink Projects.

To enhance the global reference value of this study, this section systematically compares the
similarities and differences between mainstream international carbon sink projects, such as the
Clean Development Mechanism (CDM) and Verified Carbon Standard (VCS), and China’s Certi-
fied Emission Reductions (CCER) in terms of methodologies, verification costs, trading liquidity,
and localization pathways:

(1) In terms of methodologies, CDM/VCS has developed a modular and dynamically updatable
system that covers diverse forest types and incorporates risk buffers. In contrast, CCER suf-
fers from outdated updates and insufficient support for complex systems like mixed forests.
China can draw on the modular approach of CDM/VCS to develop refined, region-specific,
and dynamically adjustable methodologies tailored to its context.

(2) Regarding verification costs and accessibility, while international projects entail high third-
party fees and cumbersome processes, digital monitoring and “simplified procedures” have
emerged to lower the barriers for small-scale projects. CCER still needs to shorten verification
cycles and enhance transparency. It is recommended to promote simplified procedures inte-
grating remote sensing, the Internet of Things, and smallholder farmer engagement to improve
inclusivity.

(3) Concerning trading liquidity, VCS benefits from global carbon finance, offering a rich array
of derivatives and mature price discovery mechanisms. In contrast, the revived CCER market
remains small in scale, lacking market makers and financial instruments. To address this,
China should accelerate the development of a national-level platform, introduce market mak-
ers and futures/options, and increase the offset ratio of allowances to stabilize demand.

(4) The localization challenges stem from the incompatibility of international additionality bench-
marks and private capital models with China’s collective forest tenure and government-led
ecological projects. A “absorb-transform-innovate” strategy is needed: absorbing scientific
methodologies and transparent mechanisms, transforming them to align with China’s institu-
tional framework, and innovating to form a forestry carbon sink governance system that com-
bines international standards with Chinese characteristics. This approach will enable refined
methodologies, intelligent verification, and market-oriented trading without blindly replicat-
ing international models, significantly enhancing the influence of China’s CCER in global
climate governance.

Scholars both domestically and internationally have conducted extensive research on forestry
carbon sinks. In terms of strategy selection, based on real-world forestry carbon sink financing
mechanisms, scholars have constructed three financing model frameworks: bank carbon sink ex-
pected earnings pledge, industrial investment funds, and BOT (Build-Operate-Transfer; He & Ren,
2023; J. Yang et al., 2025; Zhou et al., 2025). They have also considered moral hazards during
project development and the supervisory intensity of regulatory authorities, establishing a stochas-
tic differential game model between project development enterprises and forest farmers. Regarding
carbon trading, based on the “dual carbon” goals, scholars have studied the impact of incorporating
forestry carbon sinks into the carbon trading framework on China’s regional carbon reduction costs
(X. Li et al., 2022). They have found that numerous constraints exist in the forestry carbon sink
pledge loan financing process, including limited pledged underlying assets, the absence of a unified
accounting and evaluation system for pledged assets, an imperfect credit risk compensation mech-
anism, a lack of relevant institutional guarantees, and the absence of a comprehensive financial
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service system (Begemann et al., 2025; Mohan, 2025; von Liipke et al., 2025). In terms of optimi-
zation strategies, scholars have explored the comparison, constraints, and optimization strategies
of forestry carbon sink insurance models, as well as the practical patterns and desirable approaches
to determining the ownership of certified emission reductions from forestry carbon sinks. These
studies provide theoretical support and practical guidance for improving the development of for-
estry carbon sinks in China. However, further theoretical research and refined practical pathways
are still needed to better address the challenges.

Against this backdrop, the role of GIS-LCA carbon footprint assessment software is particu-
larly critical. As an integration of Geographic Information System (GIS) and Life Cycle Assess-
ment (LCA) technologies, this software provides robust technical support for the development and
management of forestry carbon sink projects (Garcia-Pérez et al., 2018; Guillén-Lambea et al.,
2023). By integrating spatial data analysis, carbon sink measurement models, and life cycle assess-
ment methods, the GIS-LCA software can accurately calculate the carbon sequestration capacity
of forest ecosystems, evaluate the carbon reduction potential of forestry projects, and offer a scien-
tific basis for carbon sink trading. Specifically, it plays a significant role in precise monitoring and
measurement, carbon footprint assessment, policy support, and decision optimization, as well as
the establishment of market-oriented mechanisms. For instance, by integrating remote sensing data,
ground monitoring data, and climate models, the software enables dynamic monitoring and precise
measurement of forest carbon sinks, identifies carbon sink hotspots, and optimizes project layouts.
Meanwhile, its full life cycle carbon footprint assessment function covers stages such as afforesta-
tion, tending, harvesting, and reuse, enhancing project transparency and credibility while providing
reliable data support for carbon sink trading. Additionally, the GIS-LCA software can simulate
carbon sequestration potential under different policy scenarios, offering scientific evidence for pol-
icymakers to optimize carbon sink development goals and incentive mechanisms. By providing
precise carbon sink data, it also promotes transparency and standardization in the carbon sink trad-
ing market, attracting social capital participation.

Building on this, this paper, grounded in the realities of China’s forestry carbon sink develop-
ment and utilizing GIS-LCA carbon footprint assessment software, aims to systematically evaluate
the carbon reduction potential and full life cycle carbon footprint of forestry carbon sink projects.
The application of the GIS-LCA platform is intended to identify and connect a full life cycle path-
way, thereby enabling an integrated analysis of the carbon footprint across each stage of forestry
carbon sink projects. It explores effective pathways for optimizing the layout of forestry carbon
sink projects, improving carbon sink measurement accuracy, and facilitating market-oriented trans-
actions, thereby providing scientific evidence and policy recommendations to drive high-quality
development of China’s forestry carbon sinks. The innovative aspects of this paper are primarily
reflected in the following two dimensions: First, by integrating GIS spatial analysis techniques with
LCA life cycle assessment methods, it constructs a carbon footprint assessment framework tailored
to China’s forestry carbon sink projects, addressing deficiencies in spatial precision and systemicity
inherent in traditional approaches. Second, based on multi-source data integration and scenario
simulation, it proposes innovative pathways for optimizing the layout of forestry carbon sink pro-
jects and designing market-oriented mechanisms, offering new theoretical support and practical
references for relevant policy formulation and implementation.

2. Materials and Methods

2.1. Research Data

This study focuses on data related to forest stock volume, with the specific numerical unit of
forest stock volume being 10,000 cubic meters. These data are primarily collected from the China
Statistical Yearbook and the China Forestry and Grassland Yearbook. Compiled by relevant na-
tional departments, these two yearbooks offer a high degree of assurance in terms of data accuracy
and authority, providing solid data support for the research. In terms of time span, the study selects
data spanning two decades from 2003 to 2022. This period covers multiple important stages in
China’s forestry development, encompassing both the initial exploration and adjustment phase of
forestry policies and the subsequent rapid development phase of forestry ecological construction.
Through a systematic analysis of the data from these two decades, we can gain a more comprehen-
sive and in-depth understanding of the dynamic trends in China’s forest stock volume, explore the
influencing factors behind these trends, and provide robust data evidence and decision-making ref-
erences for formulating scientific and rational forestry development policies and promoting sus-
tainable forestry development. Additionally, the data related to the GIS-LCA software primarily
originates from various data documents collected by the platform, which have not been disclosed
in publicly available information.

2.2. Evaluation of Forestry Carbon Sink Potential
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In terms of carbon sink accounting, various methods already exist, such as the biomass
method, carbon turnover model method, remote sensing technology method, and micrometeoro-
logical method. However, these methods still have certain limitations, including high technical re-
quirements, difficulties in data acquisition, or reliance on research findings from other fields, which
make them challenging to implement. In contrast, the volume method is considered a relatively
straightforward approach, as it accounts for ecological factors such as stand growth and litterfall
and features a more mature calculation system. Therefore, this paper selects the volume method to
calculate carbon sinks across different regions. The volume method specifically comprises two
components: First, based on forest stock volume, it calculates the biomass carbon sink primarily
attributed to trees using parameters such as the stock volume expansion factor, bulk density, and
carbon content rate (Ji et al., 2025). Second, on this basis, it further calculates the carbon sinks of
understory vegetation and forest land by utilizing proportional relationships and conversion coef-
ficients. The calculation model is presented as follows:

C,=C,+C, +C|

=VxOxpxy+a(Vxoxpxy)+ SV xox pxy) M
Equation (2) illustrates the calculation method for the total forestry carbon sink. Here, Cf
represents the total forestry carbon sink, Cy, denotes the carbon sink of trees, Cv signifies the carbon
sink of understory vegetation, and Cs indicates the carbon sink of forest land. The calculations of
these carbon sinks are all based on the forest stock volume V, biomass expansion factor 6, bulk
density p, and carbon content rate y. In the equation, a and B represent the carbon sink conversion
coefficients for understory vegetation and forest land, respectively. Their values are referenced
from the study by Xue et al. (2017), with a = 0.195 and = 1.244. Additionally, the equation
provides the values of the carbon content rate y = 0.500, biomass expansion factor 6 = 1.900, and
bulk density p = 0.500. By utilizing these parameters and the equation, we can calculate the total
forestry carbon sink of forests, which holds significant importance for assessing forests’ carbon
storage capacity and formulating relevant carbon sink policies.

2.3. GIS-Based Spatial Distribution and Potential Assessment of Forestry Carbon Sinks

The concept of the “center of gravity” in physics, in brief, refers to the equilibrium point of
an object’s mass distribution. Its calculation involves first summing the products of the masses of
individual particles and their respective positions, and then dividing by the total mass. This concept
has been borrowed by geography and statistics to describe the concentrated areas of various ele-
ments (such as population density, intensity of economic activities, and resource allocation) within
a specific geographical region, with a particular focus here on the concentrated areas of grain pro-
duction. The gravity model plays a crucial role in this context, as it efficiently evaluates the match
between various indicators of regional development and central point analysis, revealing the mo-
bility and agglomeration characteristics of these elements in geographical space. The displacement
of the center of gravity over time visually illustrates the transfer paths of regional development
elements, making the model highly valuable for understanding the trajectories and trend changes
of these elements (Chen et al., 2025; J. Wang et al., 2022). The specific calculation steps are as
follows:

B @)
T
i=1
2T,
y=" 3)

In the formula: x and y represent the longitude and latitude values, respectively, of the centroid
coordinates for a certain attribute within the study area; n denotes the number of sub-units; Xi and
Yi are the geographic centroid coordinates of the i-th sub-unit; Ti indicates the value of a certain
attribute in the region, which, in this paper, refers to the gross domestic product (GDP) and the area
of urban construction land. From the centroid coordinates, the distance of spatial movement of the
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centroid for a certain attribute within the study area can be calculated using the following formula
(L. Lietal., 2023):

d= p\/(xm _xi)2 +(yi+t _yi)2 (4)

In the formula: d represents the distance of centroid movement; (X;, yi) and (Xi+t, yi+) are the
centroid coordinates of a certain attribute in the i-th and (i+t)-th years, respectively; p is the con-
version rate between planar coordinates and geographic coordinates, typically taken as a constant
value of 111.11 km.

2.4. Hotspot Analysis

The hotspot analysis employs the Getis-Ord Gi* index, proposed by British mathematicians
Getis and Ord in 1992, for its analytical framework. Initially developed as a new analytical theory
to address the spatial independence issues that global Moran’s I statistics failed to properly reveal,
this method can reflect the clustering effects of high and low values within spatial data over a
certain range. By calculating each feature in the dataset, it identifies locations where high or low
values spatially cluster (Iamtrakul et al., 2025). Statistically, a feature with a high value does not
automatically signify a significant hotspot; it only qualifies as such when surrounded by other fea-
tures with similarly high values (Kato, 2025).

* Z:‘:l VVI‘/ _)?Z';:l VVU’

G = =
JZW - W)
n—1
/\_/= Z_::lXj 3 (5)
n b
S= 2 X
n

In the formula: X is the attribute value of spatial feature j; W ; is the spatial weight between
features i and j, defined as 1 if they are adjacent and 0 otherwise; n is the total number of spatial

features; X is the mean of the spatial features’ attribute values; S is the standard deviation of the
spatial features’ attribute values; Gi* statistic is represented as a z-score. A higher z-score indicates
tighter clustering of high values among spatial features, while a lower z-score indicates tighter
clustering of low values. Through GIS maps, the spatial locations of these attribute values can be
visualized, allowing for an analysis of whether they exhibit clustering effects. From the map, the
Getis-Ord z-value for the selected attribute of a geographic object can be observed. A higher z-
value, represented by a color trending towards red, indicates that the attribute is a spatial hotspot;
conversely, a lower z-value, represented by a color trending towards blue, indicates that the attrib-
ute is a spatial cold spot.

2.5. GIS-LCA Carbon Footprint Assessment

The “GIS-LCA Carbon Footprint Assessment Software” (https://Ica.qibebt.ac.cn/#/index),
originally developed by the team led by Academician Xie Kechang and Director Tian Yajun from
the Pan-Energy Big Data and Strategic Research Center of the Chinese Academy of Sciences (here-
inafter referred to as the “Center”), represents the first in-depth integration of Geographic Infor-
mation System (GIS) and Life Cycle Assessment (LCA) technologies. This innovation enables
precise carbon footprint accounting and spatial traceability. The tool is capable of tracking the en-
tire life cycle of a product, from raw material acquisition, production and processing, usage, to final
disposal, conducting quantitative analysis of greenhouse gas emissions at each stage, and scientif-
ically evaluating their potential impacts on climate change. This study systematically analyzed the
carbon sequestration efficiency of afforestation across various provinces in China based on GIS-
LCA carbon footprint assessment technology.
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3. Analysis of the Current Development Status of Forestry Carbon Sinks in China

3.1. Assessment of Forestry Carbon Sink Potential

Through a temporal analysis of China’s total forestry carbon sink (Cf, in units of 100 million
tons) and its constituent elements—carbon sink of trees (Cb), carbon sink of understory vegetation
(Cv), and carbon sink of forest land (Cs)—from 2003 to 2022, the study reveals that China’s for-
estry carbon sink system exhibits significant phased growth characteristics (Figure 2). During the
research period, Cf steadily increased from 11.78 billion tons in 2003 to 19.76 billion tons in 2022,
with an average annual growth rate of 2.9%. Specifically, the growth process of Cf can be divided
into three distinct phases: a rapid growth period (2003—2006), during which Cf increased from
11.78 billion tons to 14.02 billion tons; a plateau period (2006-2009), when the total carbon sink

remained relatively stable; and a sustained growth period (after 2009), reaching two interim peaks
of 17.12 billion tons in 2013 and 19.76 billion tons in 2018. In terms of carbon sink composition,
forest land carbon sink (Cs) consistently dominated, contributing 10.08 billion tons in 2022, ac-
counting for 51.0% of the total; tree carbon sink (Cb) followed with 8.1 billion tons (41.0%); alt-
hough understory vegetation carbon sink (Cv) had the smallest share (1.58 billion tons, 8.0%), its
growth trend remained synchronized with Cb and Cs, indicating its non-negligible role in the car-
bon sink function of forest ecosystems. These findings corroborate the research results of scholars
such as Wu Weiguang, Xue Longfei, and Zhang Xufang, further confirming the reliability of the
study’s conclusions (Wu et al., 2024; X. Zhang et al., 2016; Xue et al., 2017). The results demon-
strate that China’s forestry carbon sink system has achieved qualitative improvements over the past
two decades, reflecting significant achievements in sustainable forest resource management and
the continuous enhancement of ecosystem service functions. The improvement in China’s forestry
carbon sink capacity not only provides crucial support for the realization of domestic carbon neu-
trality goals but also makes a positive contribution to global climate governance and ecological
sustainable development.
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Figure 2. Trends in China’s Forestry Carbon Sink from 2003 to 2022.

In recent years, China’s forestry carbon sink has played an increasingly important role in ad-
dressing climate change and achieving carbon neutrality goals. Based on an analysis of spatial dis-
tribution maps of forestry carbon sinks at four time points—2003, 2009, 2015, and 2022—the dy-
namic trends and regional distribution characteristics of China’s forestry carbon sink can be sys-
tematically assessed. In 2003, China’s forestry carbon sink was primarily concentrated in the north-
eastern, southeastern, and southwestern regions, covering major forest areas such as the Northeast
Forest Region and key forest areas in the south. By 2009, the spatial distribution of forestry carbon
sinks exhibited significant changes, with an increase in carbon sinks in the southwestern region and
a decline in some central areas. By 2015, carbon sinks in the southeastern region further increased,
and the central region also showed recovery. The latest data from 2022 indicate that carbon sinks
in the northeastern, southeastern, and southwestern regions remain at high levels, with an overall
distribution tending towards equilibrium. These changes reflect significant temporal and spatial
differences in China’s forestry carbon sinks, with factors such as policy changes (e.g., the Natural
Forest Protection Program and the Grain for Green Program), climate change, and shifts in land
use patterns exerting important influences on carbon sink variations.
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3.2. Current Status and Trends of Forest Resources

As shown in Figure 3, from 2003 to 2022, the centroid of China’s forestry carbon sink re-
mained primarily within Shaanxi Province, exhibiting a pronounced southeastward shift. This spa-
tial trajectory not only reflects the dynamic redistribution of carbon sequestration capacity but also
signals underlying shifts in ecological governance, land use transitions, and regional development
strategies. Initially centered in central Shaanxi in 2003, the centroid’s southeastward migration—
particularly pronounced in 2009, 2015, and 2022—coincides temporally with key national ecolog-
ical initiatives. These include the sloping land conversion program and the Natural Forest Protec-
tion Program, which were intensified in the Loess Plateau and its surrounding regions during the
mid-2000s and 2010s. The 2015 peak and subsequent decline in western hotspot regions may reflect
not only the maturation of early-planted forests but also the exhaustion of marginal lands suitable
for afforestation, compounded by drought-induced mortality during extreme climate events. Addi-
tionally, the southeastward shift aligns with increasing human activity pressure in the northwest—
such as expanded infrastructure development and agricultural intensification—which may have un-
dermined local carbon sink stability. Mechanistically, these policy-climate-human interactions
likely reconfigured the regional balance of carbon uptake, driving the observed centroid migration.
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Figure 3. Spatial Evolution Trend of China’s Forestry Carbon Sink from 2003 to 2022.

The standard deviational ellipse analysis further elucidates the directional asymmetry of this
redistribution. The Y-axis dispersion (18.644) significantly exceeds that of the X-axis (9.556), in-
dicating a north-south elongated pattern of carbon sink distribution. This anisotropy may reflect the
orographic and bioclimatic gradient along the Loess Plateau-Qinling transition zone, where affor-
estation programs were disproportionately implemented along elevation and precipitation gradi-
ents. The rotation angle (64.46°) aligns closely with the northeast-southwest orientation of this
topographic transition, suggesting that geo-ecological constraints—rather than administrative
boundaries—have shaped the macro-scale configuration of carbon sinks. Thus, the spatial evolution
of China’s forestry carbon sink is not merely a descriptive pattern but a composite signature of
policy intervention, climate variability, and anthropogenic land use dynamics, warranting region-
specific attribution in future mechanism-focused studies.

3.3. Evolution Characteristics of Forest Resources

By analyzing hotspot and coldspot maps across different years, the dynamic changes in carbon
sink capacity and their significance in various regions can be clearly observed. As illustrated in
Figure 4, in 2003 (Figure 4a), northeastern China exhibited a prominent coldspot area (dark blue),
indicating low forestry carbon sink capacity with a confidence level as high as 99%. The remaining
regions were primarily classified as non-significant areas (yellow), suggesting that the carbon sink
capacities in these areas were not statistically significant. By 2009 (Figure 4b), the extent of the
coldspot in northeastern China had diminished, while a significant hotspot (dark orange) emerged
in a western province, with a confidence level of 90%, indicating a notable increase in forestry
carbon sink capacity in that region. The rest of the areas remained predominantly non-significant.
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In 2015 (Figure 4c), the coldspot in northeastern China further weakened, and the hotspot area in
the west expanded significantly, with the confidence level rising to 95% and reaching its peak at
99% that year, demonstrating a continuous enhancement in forestry carbon sink capacity in the
western region. By 2022 (Figure 4d), the coldspot in northeastern China had nearly vanished, and
while the hotspot area in the west persisted, its color lightened, and the confidence level decreased.
Additionally, some new coldspot areas (grayish-blue) emerged, with a confidence level of 90%,
indicating a reduction in carbon sink capacity and weakened statistical significance in these regions.

a. 2003 b. 2009 .

0 2,000
o™ = s = s IV
Nine-Dash Line Not Significant
- Cold Spot - 99% Confidence [ Hot Spot - 90% Confidence

I- Cold Spot - 95% Confidence - Hot Spot - 95% Confidence
Cold Spot - 90% Confidence - Hot Spot - 99% Confidence

Figure 4. Spatial Distribution of Cold and Hot Spots in China’s Forestry Carbon Sink from 2003 to 2022.

The observed peak and subsequent decline of the western hotspot after 2015 suggest that the
enhancement of carbon sink capacity in this region may have encountered limiting factors. Potential
mechanisms could include:

(1) Policy implementation cycles—if the region had undergone large-scale afforestation or eco-
logical restoration projects prior to 2015, the maturation of these forests or reduced post-pro-
ject maintenance could lead to growth saturation or degradation;

(2) Climate variability—periods of drought or extreme temperature events after 2015 could have
suppressed vegetation growth and carbon uptake efficiency;

(3) Human activity interference—increased land use pressure or infrastructure development in
the region may have fragmented forest landscapes, undermining their carbon sequestration
function. In summary, from 2003 to 2022, China’s forestry carbon sink capacity exhibited
significant regional variations: the coldspot in northeastern China gradually weakened, while
the hotspot in the west peaked in 2015 before experiencing a decline. These changes reflect
the dynamic evolution of forestry management and carbon sink capacity across different re-
gions, providing crucial scientific insights for formulating regional carbon sink policies and
addressing climate change.

3.4. Analysis of the Differences in Carbon Sequestration Effects of Afforestation Among Chinese
Provinces from the GIS-LCA Perspective

Against the backdrop of global climate change, forests, as the largest carbon reservoirs in
terrestrial ecosystems, play a crucial role in achieving carbon neutrality goals due to their carbon
sequestration capacity. This study developed a visualization model for the carbon sequestration
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effects of provincial afforestation based on the GIS-LCA software platform (as shown in Figure 5).
Through the GIS-LCA platform, a full life cycle pathway was identified, enabling the integration
of all stages of afforestation into a coherent framework to analyze the carbon footprint across each
stage. With “forest land use” as the core node, the afforestation processes of various provinces were
linked to the same “forest land use” process. By utilizing this “forest land use” node, connections
were established among the afforestation processes of 31 provinces in China, quantifying the dif-
ferences in carbon sequestration efficiency per unit area (1 km?) during the afforestation process
across provinces (higher values indicate greater carbon sequestration efficiency during afforesta-
tion).
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Figure 5. Visualization Model of Provincial Afforestation Carbon Sequestration Efficiency Based on GIS-
LCA.

From the perspective of the bar chart heights and colors in the afforestation carbon sequestra-
tion efficiency model, where higher values represent stronger efficiency, provinces with high effi-
ciency include Shandong, Jiangsu, and Ningxia; those with relatively high efficiency are Shaanxi,
Tianjin, and Shanghai, among others; provinces with moderate efficiency include Beijing, Inner
Mongolia, and Hebei, among others; while provinces with relatively low efficiency include Qinghai
and Sichuan, among others. This phenomenon may be related to the climatic suitability of each
region. Shandong is located in the warm temperate sub-humid climatic region, and Jiangsu is situ-
ated in the northern subtropical humid climatic region. The suitable temperatures and soil moisture
levels in these areas are likely reasons for their high carbon sequestration efficiency. Similarly,
Shaanxi and Tianjin, like Shandong, are located in the warm temperate sub-humid climatic region,
demonstrating relatively high afforestation carbon sequestration efficiency on a national scale. In
contrast, Qinghai is located in the plateau subfrigid sub-arid climatic region, where the low tem-
peratures in the frigid zone and arid climate have a certain impact on tree growth, thereby affecting
the carbon sequestration efficiency of afforestation.

As shown in Table 2, the model results indicate that the afforestation carbon sequestration
efficiency of various provinces exhibits significant regional differentiation characteristics. Again,
larger numerical values correspond to higher carbon sequestration efficiency. The average affor-
estation carbon sequestration efficiency across the 31 provinces in China is 579 t CO2/km?. From
the perspective of the three major regions—eastern, central, and western China—the eastern prov-
inces demonstrate the most outstanding performance in afforestation carbon sequestration effi-
ciency, with an average of 749.6 t CO2/km?. Among them, Shandong ranks first nationwide with a
carbon sequestration efficiency of 1,925 t CO2/km?, followed by Jiangsu with 1,543 t CO2/km?. The
afforestation carbon sequestration efficiencies of the central and western provinces are relatively
close, at 471.5 t CO2/km? and 494.4 t CO2/km?, respectively. In the central region, Shanxi, Henan,
and Anhui exhibit relatively high carbon sequestration efficiencies, while in the western region,
Ningxia, Shaanxi, and Gansu perform relatively well. In contrast, Sichuan’s carbon sequestration
efficiency is only 83 t CO2/km?, less than half of that of Shandong, making it one of the provinces
with the lowest carbon sequestration efficiency nationwide. This regional differentiation character-
istic may be closely related to factors such as climatic conditions, soil types, and afforestation pol-
icies, providing a scientific basis for further optimizing regional afforestation strategies.
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Table 2. Results of Carbon Sequestration Efficiency of Provincial Afforestation Based on GIS-LCA.

Eastern Central Western

Region kg CO2/km? Region kg CO2/km? Region kg CO2/km?
Shandong 1,925,000 Shanxi 751,000 Ningxia 1,173,000
Jiangsu 1,543,000 Henan 719,000 Shaanxi 890,000
Tianjin 882,000 Anhui 606,000 Gansu 776,000
Shanghai 802,000 Heilongjiang 444,000 Chonggqing 686,000
Fujian 758,000 Hubei 390,000 Ig‘:;: Mon-— 555 000
Beijing 552,000 Jilin 343,000 Xinjiang 511,000
Hebei 515,000 Jiangxi 327,000 Guangxi 454,000
Zhejiang 487,000 Hunan 192,000 Guizhou 421,000
Guangdong 396,000 Yunnan 331,000
Liaoning 233,000 Qinghai 120,000
Hainan 153,000 Sichuan 83,000

Xizang 64,000

4. Conclusions and Prospects

4.1. Research Conclusions

()

2

A3)

Through multi-dimensional analysis, this study draws the following key conclusions:

China’s total forestry carbon sink has experienced significant growth, with its spatial distri-
bution pattern demonstrating dynamic evolution characteristics. From 2003 to 2022, China's
total forestry carbon sink increased from 11.78 billion tons to 19.76 billion tons, with an av-
erage annual growth rate of 2.9%, indicating a steady improvement in China’s forestry carbon
sink capacity. In terms of spatial distribution, the centroid of forestry carbon sinks is primarily
concentrated within Shaanxi Province, exhibiting a notable southeastward migration trend. In
2003, the centroid was located in central Shaanxi Province and subsequently shifted south-
eastward gradually, with particularly pronounced migration characteristics observed in 2009,
2015, and 2022. This evolutionary pattern reveals the combined influence of multiple driving
factors, including regional development disparities, policy guidance, and natural conditions.

The forestry carbon sink capacity exhibits significant regional differentiation characteristics.
During the study period, the spatial heterogeneity of China’s forestry carbon sink capacity
was prominent. Cold spot areas in Northeast China demonstrated a gradual weakening trend,
indicating an improvement in the region’s carbon sink capacity. In contrast, hot spot areas in
western China peaked in 2015 before experiencing a certain degree of decline, potentially
related to the impacts of climate change and human activities. These changes in spatial distri-
bution characteristics provide an important basis for a deeper understanding of the spatiotem-
poral evolution patterns of China’s forestry carbon sink.

Analysis of provincial afforestation carbon sequestration efficiency based on the GIS-LCA
software platform. Against the backdrop of global climate change, forests, as the largest car-
bon reservoirs in terrestrial ecosystems, play a crucial role in achieving carbon neutrality goals
due to their carbon sequestration capacity. This study constructed a visualization model for
the carbon sequestration effects of provincial afforestation based on the GIS-LCA platform,
with “forest land use” as the core node, and quantified the differences in carbon sequestration
efficiency per unit area (1 km?) during the afforestation process across 31 provinces in China.
The results showed significant regional differentiation in afforestation carbon sequestration
efficiency among provinces, with a national average of 579 t CO2/km?. Eastern provinces
performed the best, with an average of 749.6 t CO»/km?, with Shandong (1,925 t CO»/km?)
and Jiangsu (1,543 t CO2/km?) demonstrating the highest efficiency. Central and western
provinces had similar efficiencies, at 471.5 t CO2/km? and 494.4 t CO2/km?, respectively, with
provinces such as Shanxi, Henan, Ningxia, and Shaanxi performing relatively well, while Si-
chuan (83 t CO2/km?) had lower efficiency. Climatic conditions are a crucial factor influenc-
ing carbon sequestration efficiency, with warm temperate and subtropical humid climate
zones, such as those in Shandong and Jiangsu, being suitable for tree growth, while arid cli-
mate zones in plateau subfrigid regions, such as Qinghai, exhibit lower efficiency.
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4.2. Prospects

Combining the deficiencies identified during this research process, future research can further
explore the following key aspects to promote the continuous development of this field in depth.

4.2.1. Deepening Research on the GIS-LCA Model

Although the GIS-LCA model was applied in this study, there is still room for in-depth ex-
ploration in terms of model details. Future research should focus on refining the technical frame-
work of the GIS-LCA model, detailing and elaborating its technical framework diagram to clearly
illustrate the entire process from data collection and processing to final carbon sink measurement.
Particularly, it is essential to delve into the specific setting basis and interrelationships of various
parameters within the model. For instance, in the construction method of Life Cycle Inventory
(LCI), clarify the dynamic variation patterns of parameters under different forest types and man-
agement measures to enhance the model’s applicability across diverse geographical regions and
forest management scenarios. Simultaneously, conducting extensive model validation work is cru-
cial. By comparing and analyzing with field monitoring data and results from other authoritative
models, the accuracy and reliability of the GIS-LCA model can be assessed. In-depth cause analysis
should be carried out for the model’s performance discrepancies in different regions and forest
ecosystems, followed by targeted model optimization to improve its universality and scientific ri-
gor.

4.2.2. Strengthening Data Management and Quality Assessment

Data serves as the foundation for forestry carbon sink research. While this study has elabo-
rated on data sources and quality assessment to some extent, further strengthening is needed. In the
future, a more comprehensive data management system should be established, integrating multi-
source data, including national forest resource inventory data, satellite remote sensing data, and
ground survey data, to achieve real-time data updates and sharing. By constructing a unified data
platform, data acquisition efficiency and utilization value can be enhanced, providing more com-
prehensive and accurate data support for forestry carbon sink research. In terms of data quality
assessment, stricter and more detailed standards should be formulated. Not only should data accu-
racy be evaluated, but also data completeness, consistency, and timeliness. Advanced data analysis
techniques, such as data mining and machine learning, should be employed to identify and correct
anomalies and errors in the data. Simultaneously, uncertainty analysis of data quality should be
conducted to quantify the impact of different data sources and measurement methods on research
results, providing stronger guarantees for the reliability of research conclusions.

4.2.3. Comprehensively Analyzing Factors Influencing Carbon Sink Efficiency

This study has preliminarily explored differences in carbon sink efficiency at the provincial
level. However, the analysis of numerous factors influencing carbon sink efficiency is not yet com-
prehensive and in-depth enough. Future research needs to systematically identify and quantify the
contributions of different factors to carbon sink efficiency, constructing a comprehensive influenc-
ing factor model. From the perspective of natural factors, in-depth research should be conducted
on the impact mechanisms of soil type, texture, and nutrient content on forest growth and carbon
sink capacity, analyzing differences in carbon cycling processes within forest ecosystems under
different soil conditions. Simultaneously, consider topographic and geomorphic factors such as al-
titude, slope, and aspect on the spatial distribution of forest carbon sinks, revealing the intrinsic
connections between geographical environments and carbon sink efficiency. In terms of human
factors, detailed assessments should be made on the long-term impacts of forest management and
operation measures on carbon sink efficiency, including different afforestation methods, thinning
intensities, and forest pest and disease control measures on the dynamic changes in forest biomass
growth and carbon storage. Furthermore, in-depth research should be conducted on the guiding role
of policy incentives in the development of forestry carbon sinks, analyzing the impacts of various
ecological compensation policies and carbon trading policies on the enthusiasm and behavioral
choices of forest farmers and enterprises participating in forestry carbon sink projects, providing
theoretical bases for formulating more scientifically effective policies.

4.2.4. In-Depth Exploration of the Formation Mechanisms of Carbon Sink Hotspot Regions

This study has identified hotspot and coldspot regions for carbon sinks, but in-depth analysis
of the formation mechanisms of hotspot regions still needs strengthening. Future research should
combine socioeconomic, policy implementation, and natural environmental factors in the regions
to conduct in-depth mechanistic studies. For carbon sink hotspot regions, analyze the specific im-
plementation effects and pathways of regional policies. For example, study the differences in im-
plementation intensities, funding inputs, and management models of major ecological projects such
as the “Grain for Green Program” and the “Natural Forest Protection Program” in different regions,
and how these differences affect forest carbon sink growth. Simultaneously, consider the impacts
and recovery mechanisms of extreme climate events on the carbon sink capacity of hotspot regions,
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assessing the stability and sustainability of carbon sinks in hotspot regions under a climate change
background. Additionally, attention should be paid to the impacts of human activity intensity on
carbon sink hotspot regions. Research the changes in forest ecosystem structures and functions
caused by human activities such as urbanization, agricultural expansion, and infrastructure con-
struction, and how these changes feed back into the carbon sink process. By establishing a coupled
model of human activities-forest ecosystems-carbon sink capacity, the complex mechanisms un-
derlying the formation of carbon sink hotspot regions can be deeply revealed, providing targeted
strategies for regional ecological protection and carbon sink enhancement.

5. Development Suggestions

As illustrated in Figure 6, under the backdrop of the “dual carbon” goals, promoting high-
quality development of China’s forestry carbon sink requires collaborative efforts across four key
dimensions: mechanism refinement, technological innovation, scientific planning and innovative
management, and deepening international cooperation.

Policy-driven: The market mechanism is gradually
improving, and the investment window period has opened

Diversified development path

mprove the
mechanism

Forestry
carbon sinks

T

. High-quality development h
Carbon and cross-sector integration Carbon

sink +

culture and Carbon
tourism sink +
technology

Figure 6. Schematic Diagram of the Development Pathway for China’s Forestry Carbon Sinks.

5.1. Mechanism Refinement: The Fundamental Guarantee for the Implementation of Forestry
Carbon Sink Projects

Establishing a policy framework and innovating market mechanisms are crucial for promoting
the sustainable development of forestry carbon sinks. First, a legal and regulatory system centered
on a Forestry Carbon Sink Law should be established to clarify the legal status and rights and
responsibilities of various stakeholders in the development, trading, and supervision of carbon sink
projects (He et al., 2025; Liu et al., 2023). This system should integrate international measurement
methodologies with local conditions to refine technical standards for carbon sink monitoring and
accounting, ensuring scientific rigor and transparency. Furthermore, policies should be regionally
differentiated and tailored to local ecological conditions. In high-efficiency eastern provinces (e.g.,
Shandong, Jiangsu), afforestation efforts should be scientifically expanded in non-agricultural ar-
eas, promoting integrated models such as “urban forests + carbon sinks” to enhance synergistic
benefits between carbon sequestration and ecosystem services. In ecologically fragile yet poten-
tially high-yield regions of central and western China (e.g., Shanxi, Ningxia), enhanced policy sup-
port should be provided to promote adaptive afforestation based on water resource availability,
advancing ecological protection and restoration in tandem. In ecologically sensitive or low-effi-
ciency areas such as Sichuan and Qinghai, conservation should take precedence, with pilot adaptive
afforestation projects carefully implemented based on local climatic and ecological conditions, and
carbon sink initiatives advanced prudently. Second, market mechanisms must be innovated by es-
tablishing a unified national forestry carbon sink trading platform, leveraging blockchain technol-
ogy to enhance transaction transparency and credibility, and developing financial instruments such
as carbon sink futures, options, and pledge financing to invigorate the market. Additionally, a car-
bon sink price stabilization fund should be established, regional trading alliances promoted, cross-
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border trading mechanisms explored, and China’s pricing power in the global carbon market
strengthened.

5.2. Technological Innovation: The Core Driving Force for High-Quality Development of For-
estry Carbon Sinks

Technological innovation serves as the core driving force for the high-quality development of
forestry carbon sinks, permeating all aspects from basic research and technological application to
talent cultivation (Wise & Parker, 2025). In the field of basic research, it is crucial to establish
national major science and technology projects focused on forestry carbon sinks, break through key
technological bottlenecks, and construct national key laboratories to promote deep interdisciplinary
integration and build a big data platform for forestry carbon sinks. Simultaneously, introduce block-
chain technology to ensure data credibility and transparency, develop an intelligent carbon sink
management platform based on GIS-LCA for dynamic optimization and precise management of
carbon sink projects, and accelerate the application and commercialization of new technologies. In
talent cultivation, establish interdisciplinary forestry carbon sink programs to train compound tal-
ents, set up talent training bases, implement the “Forestry Carbon Sink Young Talent Program,”
and attract high-level overseas talents.

5.3. Scientific Planning and Management: The Key Pathway for the Implementation of Forestry
Carbon Sink Projects

Establish a comprehensive carbon sink potential assessment system in China, prioritizing pro-
ject deployment in ecologically fragile areas and regions with high carbon sink potential to achieve
efficient resource allocation and maximize ecological benefits. Simultaneously, adopt a “multi-plan
integration” approach to align carbon sink project planning with national land use, ecological pro-
tection, and other relevant plans, avoiding conflicts and resource waste. Introduce participatory
planning to incorporate the opinions of local communities and stakeholders, enhancing project sus-
tainability and social acceptance. Additionally, refine the environmental impact assessment system
to scientifically evaluate ecological impacts, ensuring a balance between ecological and economic
benefits and minimizing negative environmental impacts. Innovating management models is cen-
tral to the efficient implementation of projects. It is essential to implement full lifecycle manage-
ment, establishing a comprehensive regulatory mechanism from project initiation to operation to
ensure orderliness across all stages. Introduce third-party certification bodies to objectively assess
implementation effects, enhancing transparency and credibility. Establish a performance evaluation
system to regularly conduct effect assessments, providing data support for subsequent project op-
timization. Develop an intelligent management platform that integrates big data and artificial intel-
ligence technologies to achieve precise management and dynamic optimization, improving man-
agement efficiency. The monitoring system is a crucial safeguard for the smooth implementation
of projects. Construct a national-provincial-municipal three-tier monitoring network to achieve
comprehensive monitoring, ensuring data accuracy and completeness. Develop an intelligent mon-
itoring platform that combines remote sensing, Internet of Things, and artificial intelligence tech-
nologies to enable real-time monitoring and dynamic assessment of carbon sinks. Additionally,
establish a data-sharing mechanism to promote data openness and sharing, improving utilization
efficiency. Further enhance monitoring capabilities through technical training and equipment up-
grades to ensure scientific and reliable results, providing a solid data foundation for the sustainable
development of projects.

5.4. Deepening International Cooperation: A Strategic Pathway to Enhance the International
Competitiveness of Forestry Carbon Sinks

By actively participating in the formulation of carbon sink rules under the UNFCCC frame-
work, promote the establishment of unified carbon sink measurement and trading standards, en-
hancing the normativity and transparency of the international carbon sink market (Nasiritousi et al.,
2025; Yang & Park, 2025). Simultaneously, deepen cooperation with countries along the Belt and
Road Initiative to explore international markets and optimize regional carbon sink resource alloca-
tion. Actively engage in shaping international carbon sink standards to strengthen China’s voice
and influence in the global carbon market. Expand international collaboration by forging in-depth
partnerships with developed nations in carbon sink technology, management, and policy, leverag-
ing their best practices, while enhancing support for developing countries through technical assis-
tance and financial aid to foster mutual benefits and win-win outcomes—reinforcing China’s lead-
ership in global climate governance. Establishing robust international exchange platforms is
equally critical. Host global forestry carbon sink forums to facilitate knowledge sharing and tech-
nological collaboration, establish international carbon sink technology transfer centers to accelerate
the dissemination of innovations, and participate in mutual recognition mechanisms for carbon sink
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certification to promote the seamless circulation of carbon credits. Together, these efforts will sig-
nificantly enhance the international competitiveness, market reach, and global influence of China’s
forestry carbon sink initiatives.
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