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A B S T R A C T

Forest activities and fire disturbance (FAFD) play an important role in the global carbon cycle. Although many 
studies have been explored to examine the individual effect of forestation, forest harvest, and forest fire on the 
carbon cycle in China, their combined impacts remain unclear. Moreover, rare research has been examined the 
impacts of these activities at the species level on the net carbon budget. By integrating remotely sensed, detailed 
tree species and statistical data into a spatialized modeling approach, we estimated the carbon budget from three 
major FAFD (i.e., forestation, forest harvest and forest fire) in China during 1986-2020. We found that FAFD 
overall showed net carbon sequestration of total -710.64±136.4 Tg C with sequestration of -1529.36 ± 202.59 
Tg C from forestation and emission of 585.38 ± 29.91 Tg C from forest harvest and 233.34 ± 36.28 Tg C from 
fire. Spatially, the national average carbon sequestration density from FAFD was -172.95 Mg C km-2, with 
notable regional variations. Carbon emissions from forest harvest and fire offset 53.52% (38.26% and 15.26%, 
respectively) of carbon sequestration from forestation. More than 90% of tree species exhibited net carbon 
sequestration from forestation and harvest. The national offset impact of forest harvest varied by tree species, 
ranging from 3.51% to 101.27%. Owing to high carbon emission from forest harvest, Quercus and Eucalyptus 
showed large offset effects over 97%. In contrast, Pinus tabulaeformis and Larix demonstrated small offset effects 
of only 3.51% and 10.23% due to high carbon sequestration. These findings highlight the importance of ac
counting for carbon emissions from deforestation and forest fire when aiming to maximize carbon sequestration 
through forestation.

1. Introduction

Forest activities and disturbance (FAFD) are fundamental in shaping 
forest structure and dynamics, significantly influencing the carbon 
sequestration capacity of forest ecosystems (Guimberteau et al., 2017; 
Kaimowitz, 2018; Kelly et al., 2020; Turner, 2010; Yang and Huang, 
2021; Yu et al., 2022). Forestation contributed about 1.3 Pg C annually 
to the global carbon sink (Friedlingstein et al., 2023). Forest harvest as 
one of forest activities, acted as a major disturbance, representing the 
second-largest anthropogenic source of CO2 emissions, after fossil fuel 

combustion (IPCC, 2019; Pan et al., 2024). Forest fire, another impor
tant disturbance, contributed approximately 2 Pg C per year in emis
sions, accounting for about 20% of anthropogenic carbon sources (van 
der Werf et al., 2017; Zheng et al., 2021). Estimating the carbon budget 
associated with FAFD and assessing their contribution at the national 
scale are critical for achieving China’s carbon neutrality goals.

Four primary methodologies have been developed to estimate the 
carbon budget of FAFD. They include forest inventory method (Dixon 
et al., 1994; Fang et al., 2001; Pan et al., 2011; Piao et al., 2009), 
empirical statistical models (Fehrmann and Kleinn, 2006; Houghton and 
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Nassikas, 2017), process models (Piao et al., 2009; Piao et al., 2017; 
Sitch et al., 2008), and atmospheric inversions (Bousquet et al., 2000; 
Gurney et al., 2002; Wang et al., 2020). Many studies have applied these 
methods to estimate the carbon budget of China’s FAFD (Pan et al., 
2011; Piao et al., 2009; Chang et al., 2022; Tong et al., 2020; Yu et al., 
2020, 2024). However, considerable discrepancies existed across esti
mates, even within the same approach. For instance, estimates based on 
forest inventory survey ranged from 137.3 to 201.1 Tg C yr-1 (Fang et al., 
2007; Fang et al., 2018; Piao et al., 2009). The Chinese government’s 
estimates, following IPCC National Greenhouse Gas Inventory Guide
lines, spanned from 111.1 to 313.9 Tg C yr-1 (Department of Climate 
Change, Ministry of Ecology and Environment of China, 2018; National 
Development and Reform Commission of China, 2004, 2012, 2016, 
2018a). Estimates based on process models ranged from 118 to 290 Tg C 
yr-1 (He et al., 2019; Jiang et al., 2016; Piao et al., 2009; Stephens et al., 
2007; Tian et al., 2011), while estimates from atmospheric inversion 
varied from 280 to 450 Tg C yr-1 (Jiang et al., 2016; Jiang et al., 2013; 
Piao et al., 2009; Wang et al., 2020; Yang et al., 2017; Zhang et al., 
2014), with Wang et al. (2020) estimating as high as 1.1 Pg C yr-1. These 
discrepancies mainly stemmed from data limitations and the inherent 
limitations of each method (Piao et al., 2022). For example, inventory 
method provides direct measurements of vegetation carbon stocks with 
high accuracy, but it requires substantial labor and material resources, 
and suffers from long data-update cycles that cannot capture exactly 
annual carbon stock dynamics (Huang et al., 2023; Piao et al., 2022). 
Ecosystem process modeling method demands numerous input param
eters (e.g., photosynthetic rate, respiration rate, soil carbon decompo
sition rate), and many of which rely on field measurements or empirical 
estimates, introducing significant uncertainties for simulating carbon 
budgets for diverse tree species at a national scale. Additionally, certain 
highly sensitive parameters (such as temperature sensitivity co
efficients) may vary across different ecosystems or climatic conditions, 
leading to error propagation in model outputs (Piao et al., 2022). The 
atmospheric inversion method offers a distinct advantage of enabling 
real-time assessment of terrestrial carbon sink dynamics and their 
climate responses at global scales. However, the spatial resolution of net 
carbon flux estimates derived from this approach remains relatively 
coarse, limiting its capacity to accurately differentiate carbon fluxes 
among distinct ecosystem types and overcome constraints imposed by 
the limited number and uneven distribution of monitoring stations 
(Peylin et al., 2013; Piao et al., 2022). Although empirical models lack 
mechanism and cannot adequately represent plant biological charac
teristics, their simple data requirements, operational convenience, and 
incorporation of detailed regional vegetation parameters allow them to 
produce reasonably reliable results (Chen et al., 2016; Houghton et al., 
2012).

Although the empirical-based models lack biophysical processes, 
their estimates can still be highly reliable when detailed data and 
localized parameters are used (Houghton and Nassikas, 2017). The 
Bookkeeping model is a notable example of such an empirical model, 
and has been widely used to estimate the carbon budget globally 
(Friedlingstein et al., 2023; Houghton, 2005; Houghton et al., 1983) and 
regionally like China (Houghton and Hackler, 2003), Europe (Olofsson 
et al., 2009; Kuemmerle et al., 2011), and the United States (Houghton, 
et al., 1999). Several studies have also assessed the carbon budget of 
FAFD at the provincial scale in China (Chen et al., 2016; Wang et al., 
2022), though a comprehensive assessment at national scale is still 
lacking. In addition, existing studies by Bookkeeping model on FAFD 
typically used coarse plantation functional types, without detailing tree 
species or specific parameters (e.g., vegetation carbon density). The 
usage of coarse vegetation types introduced significant uncertainty in 
the final estimates. Moreover, many studies assumed linear vegetation 
growth, which overlooked the natural S-shaped growth patterns of trees 
(Cheng et al., 2023; Xu et al., 2017; Xu and Li, 2010). Another challenge 
is the spatialization of modeling results. Since FAFD statistics are typi
cally aggregated at the provincial or national level, pixel-scale modeling 

is challenging due to the lack of specific location data. Consequently, 
carbon budget results lack spatial details. However, the availability of 
remote sensing products, such as land cover change data (Xia et al., 
2023; Yang and Huang, 2021; Zhang et al., 2024), forest fire distribution 
data (Loboda, 2018; Randerson et al., 2018), and forest disturbance data 
(Goward, 2016; Hansen et al., 2013; Liu et al., 2023), offers a solution to 
generate spatial distribution of carbon budget. By integrating these 
remote sensing products with forest activity statistics, a spatially explicit 
Bookkeeping model framework could be developed, enabling the spatial 
modeling of carbon budget for FAFD.

In summary, current research on carbon budget estimation for FAFD 
using empirical models faces challenges in parameter refinement, 
localization at the tree species level with appropriate growth curves, and 
spatialization at the pixel scale. This study aims to develop a spatially 
explicit, tree species–localized Bookkeeping model by integrating FAFD 
statistics (i.e., forestation area, harvested wood product volume, and 
fire-affected area), land cover change data, remote sensing products of 
forest fire and disturbance, detailed tree species data, and S-shaped 
growth curves. This framework will estimate the national carbon budget 
for FAFD in China from 1986 to 2020. The specific objectives are: (1) to 
identify the spatial patterns of three FAFD types: forestation, forest 
harvest, and forest fire; (2) to spatially simulate carbon budget of each 
FAFD with species-specific parameters; (3) to investigate carbon budget 
from the three FAFD types across different regions, periods, tree species 
in China; and (4) to assess the offset effect of carbon emission from forest 
harvest and fire on carbon sequestration from forestation.

2. Data and methods

2.1. Data collection

Fig. 1 illustrates the study’s four main stages: data collection, data 
preprocessing, carbon budget modeling, and result analysis. The data
sets used in this study include statistical data of forestation area, har
vested wood product volumes, forest fire area, and tree species 
information at province level, model parameters from literature, remote 
sensing products of land use/cover, fire distribution and forest distur
bances. Details can be found in Table 1 and supplementary materials.

2.2. Methods

2.2.1. Definition of different forestation and forest harvest types
In this study, forestation was divided into afforestation, reforestation 

after harvest (RAH), and reforestation after fire (RAF). Afforestation 
refers to the planting of forests on land that was not previously forested, 
while RAH refers to replanting after logging or clear-cutting, and RAF 
refers to reforestation on land affected by forest fire. Forest harvest was 
divided into two types: Harvest for reforestation (HFRFT) and Harvest 
for other land use (HFOLU). Note that HFRFT is RAH.

2.2.2. Data processing
(1) Carbon density
The collected carbon density of each tree species and forest type was 

checked for each province. For provinces lacking specific data, a simple 
gap-filling method was applied: missing values for carbon density were 
estimated using the mean values from other provinces within the same 
sub-climate zone. The averaged provincial carbon density of each tree 
species was used in estimating the carbon budget for forestation and 
forest harvest, while that of each forest type was used for carbon budget 
calculations of forest fire. The average vegetation carbon densities were 
used for forestation carbon budget estimates through the piecewise 
linear method. The specific vegetation carbon density of each major tree 
species in each province can be found in the Excel file named ‘Param
eters of local special Bookkeeping model.xlsx’ in supplementary 
materials.

(2) The area and volume allocation process of the three types of 
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FAFDs
We followed a five-step approach to allocate area or volume: 

1) First, identifying the spatial locations of forestation, forest harvest, 
and forest fire by using remote-sensing datasets (Fig. 2a).

2) Second, determining the proportions of each forest type for each 
FAFD (Fig. 2b).

3) Third, allocating the statistical areas or volumes according to the 
aforementioned proportions of different forest types or activity- 
methods for each FAFD (Fig. 2b).

4) Fourth, distributing these allocated areas or volumes among the 
corresponding pixels of forest types and activity-methods at each 
FAFD (Fig. 2b).

5) Finally, allocating the area and volume allocated to each pixel among 
specific tree species, with the ratios obtained from the literature. It 
should be noted that forest fire was only specified to the forest - type 
level, so this last step does not apply to forest fire.

(a) Forest fire
Determining the Final Forest Fire Distribution for Each Year: 

Since the original spatial data for forest fire did not fully align with the 
forest extent in the land use/land cover dataset (due to differences in 
data sources), non-forested areas were removed from the forest fire 
dataset to ensure spatial consistency (Fig. 2a). This adjustment provided 
a more accurate spatial distribution of forest fire for this study. The 

resulting forest fire locations were then classified into five forest types 
based on the land use/land cover dataset: evergreen broadleaved forest, 
deciduous broadleaved forest, evergreen needle-leaved forest, decidu
ous needle-leaved forest, and mixed leaf forest (Fig. 2b).

Allocating Forest Fire Statistical Area to Each Pixel by Year: The 
provincial forest fire statistical area was proportionally distributed 
across pixels representing the five forest types. Allocation was based on 
each forest type’s proportion, calculated by dividing the pixel count of 
each type by the total number of forest pixels within the province 
(Fig. 2b) (The detail of proportion for five vegetation types can be seen 
in the Excel file named ‘Proportion of plantation function types.xlsx’ in 
supplementary materials (https://data.mendeley.com/datasets/5kp 
76xww4r/3)). This ensured an accurate spatial representation of forest 
fire areas across different forest types annually.

(b) Forestation
Determining the Distribution of Three Forestation Types 

Annually: The distribution of afforestation was mapped through land 
cover change analysis conducted at two-year intervals. For reforestation 
after fire (RAF), distribution matched the locations of prior forest fire 
events, as RAF typically occurs in these fire-affected areas. Reforestation 
after harvest (RAH) was mapped by excluding overlaps with the newly 
identified forest fire distribution, afforestation area, and areas of harvest 
for other land use (HFOLU) from forest disturbance distribution 
(Fig. 2a). Once the three forestation types were allocated, each fores
tation pixel was classified into one of five forest types based on the land 

Fig. 1. Framework of this study.
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use/land cover dataset.
Allocation of Forestation Statistical Area to Each Pixel Annually: 

The area for each forestation type (afforestation, RAF, and RAH) was 
distributed proportionally based on the provincial forestation statistics. 
First, the area proportions of these three types were calculated by 
dividing the pixel count of each type by the total number of forestation 
pixels. Then, the actual forestation area assigned to each pixel was 
determined by dividing the statistical area of each forestation type by its 
corresponding pixel count, ensuring an accurate spatial allocation of 
forestation area at the pixel level for each year.

Allocation of Forestation Area to Each Tree Species: unlike forest 
fire, after allocating forest area to each pixel according to different forest 
types, we further apportioned the forestation area within each pixel 
based on the proportion of tree species. The forestation area for each tree 
species in each pixel was proportionally distributed based on the total 
forestation area of each forest type (Fig. 2b). The area proportions for 
each tree species within each forest type were determined by the tree 
species distribution at the provincial level, which was sourced from the 
literature (see the Excel file named ‘Proportion of tree species.xlsx’ in 
supplementary materials (https://data.mendeley.com/datasets/5kp 
76xww4r/3) for details). This method ensured that the forestation 
area was allocated to each tree species according to the provincial 
species composition and forest type distribution.

(c) Forest harvest
Determining the Distribution of Two Forest Harvest Types 

Annually: Since Harvest for Reforestation (HFRFT) is essentially the 
same as reforestation after harvest (RAH), its spatial distribution was 
identical to that of RAH. The distribution of harvest for other land use 
(HFOLU) was derived through land cover change analysis conducted 
over two-year intervals. After allocating the two forest harvest types 
spatially, each harvest pixel was categorized into one of the five forest 
types based on the land use/land cover dataset. This process ensured 
that each harvest area was correctly classified according to its forest type 
and land use characteristics.

Allocation of Wood Harvest Statistical Volume to Each Harvest 
Pixel Annually: The total harvested wood volume was allocated to the 
two harvest types based on their respective proportions (Fig. 2b). The 
proportion of each harvest type was calculated by dividing its pixel 
count by the total number of harvest pixels. Once the proportions were 
determined, the actual harvest volume for each pixel was allocated by 
evenly distributing the total volume of its respective harvest type across 
its corresponding pixel count. This ensured that the harvested wood 

Table 1 
Data used in this study.

Data type Category Scale Description Source

Statistical 
data

Forestation 
area and 
forest fire 
area

1986- 
2020, 
Provincial 
scale

Area of 
protection, 
timber, 
economic, and 
fuel plantation 
from China 
Forestry and 
Grassland 
Statistical 
Yearbook; 
adjusted to 92% 
survival rate.

China Forestry 
Statistical 
Yearbook (htt 
p://202 
.99.63.1 
78/c/www/t 
jnj.jhtml), 
National Bureau 
of Statistics of 
China (https: 
//www.stats. 
gov.cn/).

Harvested 
wood 
products 
(HWP) 
volume

1986- 
2020, 
Provincial 
scale

Volumes of 
fuelwood, paper 
wood, timber, 
and man-made 
wood from China 
Forestry and 
Grassland 
Statistical 
Yearbook.

Forest fire 
area

1986- 
2020, 
Provincial 
scale

1986–2017: 
China Forestry 
and Grassland 
Statistical 
Yearbook; 
2018–2020: 
National Bureau 
of Statistics of 
China.

Literature 
data

Tree species Provincial 
scale

Provincial-level 
tree species for 
forestation/ 
harvest.

Forestry 
Professional 
Knowledge 
Service System 
(http://lygc.lk 
net.ac.cn), CNKI 
(https://www. 
cnki.net), Web 
of science (https 
://webofscience 
.clarivate.cn/ 
wos/alldb/bas 
ic-search)

Classification 
of Age Classes 
and Age 
Groups

Regional 
scale

Age 
classifications 
from Forestry 
Industry 
Standards of 
China (National 
Forestry and 
Grassland 
Administration, 
2018).

National 
Forestry and 
Grassland 
Administration 
(https://www. 
forestry.gov. 
cn/)

Parameters of 
model

Provincial 
scale, 
Regional 
scale

Growth curve (a, 
b, c) of 
forestation, 
carbon density 
for tree species, 
harvest and fire 
model 
parameters from 
literature.

See the Excel 
file named 
‘Parameters of 
local special 
Bookkeeping 
model.xlsx’ in 
supplementary 
materials (http 
s://data.mende 
ley.com/datase 
ts/5kp 
76xww4r/3) for 
details

Remote 
sensing 
data

Land use/ 
cover dataset

1985- 
2020, 30 
m × 30m

Global Land- 
cover Dynamic 
Monitoring 
Product with 
Fine 
Classification 
System with 

Zhang et al. 
(2024)

Table 1 (continued )

Data type Category Scale Description Source

annual updates 
since 2000; 
accuracy: 
80.88% (basic 
classification 
system), 73.24% 
(level-1 
validation).

Forest fire 
dataset

1985- 
2020, 30 
m × 30m

Global Annual 
Burned Area 
Map with annual 
updates since 
2000; user 
accuracy: 
86.93%, 
producer 
accuracy: 
69.97%.

Long et al. 
(2019)

Forest 
disturbance 
dataset

1986- 
2020, 30 
m × 30m

Annual updates; 
accuracy: 76% 
(forest fire), 96% 
(forest 
management)

Liu et al. (2023)
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Fig. 2. Spatial distribution of FAFD (a), area allocation to PFT and tree species (b) (Note: Take Guizhou Province, China, as an example).
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volume was accurately distributed across the spatially allocated harvest 
areas.

Allocation of Wood Harvest Statistical Volume to Each Tree 
Species: Consistent with the forestation process, once the volume from 
forest harvest was assigned to each pixel by forest type, we subsequently 
distributed the harvested volume per pixel among the corresponding 
tree species in proportion. The area proportions for each tree species 
within each forest type were determined by the species distribution at 
the provincial level, which was sourced from the literature (see the Excel 
file named ‘Proportion of tree species.xlsx’ for details). This method 
ensured that the wood harvest volume was distributed to each tree 
species according to its proportion within the respective forest type and 
province.

2.2.3. Localized Bookkeeping models and descriptions
The Bookkeeping model developed by Houghton et al. (1983) esti

mates changes in carbon storage by analyzing land cover change rates 
and the associated alterations in carbon accumulation per hectare in 
vegetation and soil. A key feature of the model is its ability to track 
carbon fluxes resulting from both human activities and natural distur
bances. This is achieved by defining response curves that represent 
carbon changes in live vegetation biomass, dead vegetation biomass, 
harvested wood products, and soil (Houghton and Nassikas, 2017).

In this study, vegetation carbon pools were divided into four main 
categories: (1) live vegetation carbon pool, which includes afforestation, 
RAH and RAF; (2) dead vegetation carbon pool, representing on-site 
dead biomass due to harvest or fire; (3) harvested wood product 
(HWP) carbon pool; and (4) combustion carbon pool, namely the 
directly released carbon by fire (Fig. 1). Due to significant uncertainties 
in soil carbon, this study focused solely on carbon sequestration and 
emissions related to forest vegetation.

The annual change in the forest vegetation carbon pool was 
expressed as: 

ΔVCt =
∑Min(T,N)

t=1
(ΔLVCt +ΔWPCt +ΔDVCt +ΔBVCt) (1) 

where ΔVCt is the annual change of forest vegetation carbon pool for 
FAFD, ΔLVCt is the change of living vegetation carbon pool, ΔWPCt is 
the change of HWP carbon pool, ΔDVCt is the change of dead vegetation 

carbon pool, and ΔBVCt is the change of vegetation combustion carbon 
pool. T represents the maturity period of the vegetation, and N is the 
study period.

(1) Forestation: Six growth models (Piecewise linear, Logistics, 
Hossfeld, Korf, and two Richards curves) were used to simulate tree 
growth across provinces (Fig. 3a). Parameters a, b, and c (Table 2) for six 
S-shaped growth curves were derived from previous studies, which 
fitted these curves based on forest resource inventory data across regions 
(Li, 2011; Lu et al., 2019; Xu et al., 2010). Protection plantations were 
assumed to stop sequestering carbon after reaching maturity, while 
other plantations were harvested at rotation age. Final results were 
averaged across the six models to reduce error and produced the cor
responding standard deviation. The carbon budget for forestation only 
considered ΔLVCt, with ΔWPCt and ΔDVCt setting as zero as it was 
already calculated in forestation harvest section. The ΔLVCt for fores
tation was calculated as: 

ΔLVCt = At × ΔVDt (2) 

ΔVDt = (VDt1 − VDt2)/(t1 − t2) (3) 

Where At is the forestation area, and ΔVDt is the change in vegetation 
carbon density between two consecutive age stages with VDt1 and VDt2 

Fig. 3. Vegetation carbon response curves of FAFD: changes in vegetation carbon storage of forestation, reforestation after harvest and fire (a); changes in carbon 
stocks of forest harvested wood products (b); changes in carbon stocks of forest after direct combustion (c); changes in carbon stocks of dead vegetation from harvest 
and forest fire (d). (Modified from Chen et al. (2016)).

Table 2 
Description of different growth curves.

Model Formula source Note

Richard VD = a×(1-exp 
(-b☓T))^c

Pienaar 
(1973)

VD is the vegetation carbon 
density (t/ha), and T is the forest 
age (years). a, b, and c are 
growth curve parameters. a1, 
b1, and a2, b2, and a3, b3, and 
a4, b4 indicate parameters of 
young forest, middle forest, 
near-mature forest and mature 
forest, respectively.

Logistics VD = a/ 
(1+b☓exp(-c☓T))

Von 
Gadow 
(1998)

Hossfeld VD = a/(1+b/ 
T^c)

Zeide 
(1993)

Korf VD = a☓exp(-b/ 
T^c)

Zeide 
(1989)

Piecewise 
linear

VD =
⎧
⎪⎪⎨

⎪⎪⎩

a1 × T + b1
a2 × T + b2
a3 × T + b3
a4 × T + b4

Chen et al. 
(2016)
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representing carbon densities at years t1 and t2.
(2) Forest harvest: the carbon budget for forest harvest included 

ΔWPCt and ΔDVCt, excluding ΔLVCt as regrowth was considered under 
forestation section. HWPs were divided into man-made wood, timber 
wood, paper wood, and fuelwood, with the first three decaying expo
nentially (Wang et al., 2024). Fuelwood emissions were completed 
within one year (Fig. 3b).ΔWPCt was calculated by: 

ΔWPCt = C(t) + Inflow(t) − C(t+1) (4) 

C(t+1) = e− k × C(t) +
(
1 − e− k)/k × Inflow(t) (5) 

Inflow(t) = Ht × D × CF (6) 

Where C(t) and C(t+1) are the HWP carbon stocks in year t and t+1, 
respectively; k is the decay constant, calculated as k=ln2/tHL, where tHL 
is the half-life span of wood product; and Inflow(t) is the newly added 
HWP carbon stock in year t, Ht represents the HWP volume in year t, D is 
the basic wood density, and CF is the carbon fraction.

This study assumed that dead vegetation left on site after harvest 
released carbon (ΔDVC,t) into the atmosphere exponentially over time 
(Chen et al., 2016) (Fig. 3d): 

ΔDVC = Ht × D × CF × (1/HE − 1) ×
(
1 − e− k’T’) (7) 

where Tʹ, kʹ are the decomposition time and constant, respectively. And 
HE is the harvest efficiency. It is worth noting that the parameters of the 
above formula were divided into three types: maximum, medium and 
minimum, so final results were the average of the three types parameters 
with the corresponding standard deviation.

(3) Forest fire: Forest fire carbon budgets included ΔBVCt and 
ΔDVCt , with ΔLVCt setting as zero as it was already included in the 
forestation section. Fire released carbon directly, and the remaining 
dead vegetation decomposed exponentially (Fig. 3d). The equations 
were: 

ΔBVCt = At × VD × CE × Fabove (8) 

ΔDVCt = At × VDt × Fabove × (1 − CE) ×
(
1 − e− kʹTʹ) (9) 

where At is burned area, VD is the vegetation carbon density during the 
fire, CE is the combustion efficiency, Fabove is the proportion of above
ground biomass to the total vegetation, and Fabove = 1/(1+R) (R is the 
ratio of root to stem). The release time Tʹ is assumed same as that for 
dead vegetation after harvest. Forest fire carbon budget results were also 
averaged across the results of three type of parameterizations to reduce 
error and produce the corresponding standard deviation.

2.2.4. Spatially modelling
This study modeled the carbon budget of each forest activity and fire 

disturbance type at the pixel level. The generated pixel data of foresta
tion area for the three forestation types, wood product volume and forest 
fire area as described in Section 2.2.2 was implemented in the pixel- 
based modelling with corresponding localized parameters as described 
in Section 2.2.3.

3. Result

3.1. Total carbon budget from forest activities and fire disturbance

The total carbon budget of FAFD from 1986 to 2020 indicated a net 
carbon sequestration of approximately 710.64 ± 136.4 Tg C (Table 3) 
(the SD indicated cumulative estimates calculated by summarizing the 
average value of different methods). Significant differences were noted 
among different FAFD (Fig. 4a, b). Forestation was the major contributor 
to carbon sequestration, with an estimated 1529.36 ± 202.59 Tg C 
(Table 3). On the other hand, forest fire and harvest were the primary 
sources of carbon emissions, contributing 30% (233.34 ± 36.28 Tg C) 
and 70% (585.38 ± 29.91 Tg C) of emissions, respectively. Most regions 
showed net carbon sequestration, except the East region, which had net 
emissions of 33.85 ± 27.87 Tg C (Table 3). The Southwest region led in 
the highest carbon sequestration (290.04 ± 69.63 Tg C), followed by the 
Northwest region with carbon sequestration at 230.13 ± 51.99 Tg C. 
Spatially, the national average carbon sequestration density from FAFD 
was 172.95 Mg C km-2 (Fig. 4e), with notable regional differences. Se
questrations were concentrated in southwestern, northern, and north
western China, while emissions were concentrated in eastern, southern 
China, the Greater Khingan Range, and Tibet.

Provincial results revealed that Chongqing had the highest carbon 
sequestration from forestation (88.16 Tg C), while Tianjin had the 
lowest (2.07 Tg C). Jiangsu showed the highest emissions (43.09 Tg C), 
and Beijing the lowest (1.43 Tg C) (Fig. 4f). Jiangxi and Hunan had 
strong carbon sequestration (500 to 2000 Mg C km⁻2), contrasting with 
the weak carbon emission (0 to 500 Mg C km⁻2) in Fujian, Guangdong, 
Guangxi, and Zhejiang. This difference was attributed to Jiangxi and 
Hunan’s extensive forestation and lower harvest and fire impact, while 
the latter provinces had higher harvest and fire-affected areas (Fig S1a- 
c).

From 1986 to 1989, the national carbon budget indicated a net weak 
emission, transitioning to net sequestration from 1989 onwards, rising 
from 5.42 Tg C to 35.32 Tg C (Fig. 4g). This trend was supported by 
increased sequestration from forestation and reduced carbon emissions 
from harvested wood products. The Southwest and Northwest regions 
consistently showed increasing net sequestration, driven by large 
forestation areas (Table S1). The North region experienced emissions 

Table 3 
Total carbon budget from FAFD in China from 1986 to 2020 (unit: Tg C).

North Northeast East Southcentral Southwest Northwest China

Forest fire ​ ​ ​ ​ ​ ​
BVC 24.86±3.03 22.97±0.11 9.97±3.79 6.94±2.56 9.45±2.14 0.88±0.06 75.07±11.68
DVC 52.39±6.43 48.7±0.22 21.15±8.04 14.66±5.41 19.59±4.4 1.79±0.12 158.28±24.61
VC 77.25±9.46 71.68±0.32 31.12±11.83 21.61±7.97 29.04±6.54 2.66±0.18 233.34±36.28
Forest harvest ​ ​ ​ ​ ​ ​
WPC 26.81±2.15 29.33±2.77 106.33±8.16 70.85±5.28 23.49±1.73 2.88±0.21 259.68±20.3
DVC 49.28±2.14 30.92±1.06 137.04±4.56 86.15±0.8 19.89±0.98 2.44±0.12 325.7±9.61
VC 76.08±4.28 60.24±3.83 243.37±12.72 157±6.08 43.38±2.71 5.31±0.32 585.38±29.91
Forestation ​ ​ ​ ​ ​ ​
LVC/VC -301.76±101.64 -151.71±29.69 -240.64±52.42 -234.7±60.52 -362.46±78.88 -238.1±52.49 -1529.36±202.59

​ ​ ​ ​ ​
Total FAFD -148.43±87.9 -19.79±25.54 33.85±27.87 -56.09±46.47 -290.04±69.63 -230.13±51.99 -710.64±136.4

Note: ΔLVCt is the change of living vegetation carbon pool, ΔWPCt is the change of HWP carbon pool, ΔDVCt is the change of dead vegetation carbon pool, and ΔBVCt 

is the change of vegetation combustion carbon pool. Forestation SD: reflecting the variation across six growth-curve models, Harvest/Fire SD: reflecting the variation 
across parameter sets (min/medium/max) for emission factors
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from 1986 to 2000, peaking in 1996 at 18.03 Tg C due to the major fire 
(1.04 × 106 ha, contributing 9.27% to total fire emission and offsetting 
1.41% to the total carbon sequestration from forestation (Table 6)) in 
Inner Mongolia Province, followed by stable sequestration growth. 
Similarly, spikes in Northeast China (orange line, 2003 and 2006) were 
driven by large fires in Heilongjiang Province (burned areas: 2.87 × 105 
ha and 3.26 × 105 ha, respectively), accounting for 6.52% and 4.5% of 
total fire carbon emission, respectively (Table 6). The Southcentral and 
East regions showed sequestration trends before 2010, shifting to 
emissions after (Fig. 4h), likely due to an emission rise from harvested 
wood product (Fig. S1f).

3.2. Carbon sequestration from forestation

During the period 1986-2020, forestation contributed to total carbon 

sequestration of 1529.36±202.59 Tg C, averaging 43.7±25.79 Tg C yr-1 

(Table 4) (the SD indicated cumulative estimates calculated by sum
marizing the average value of six growth-curve models). Among the 
three forestation types, afforestation was the dominant contributor, 
accounting for 82.41% of the total sequestration, while RAF and RAH 
contributed 12.15% and 5.44%, respectively. Notably, carbon seques
tration from RAF was approximately double that from RAH. The 
sequestration from afforestation showed a gradual increase with an 
annual growth rate of 36.01 ± 4.53 Tg C, attributed to the expansion of 
afforestation areas supported by ecological conservation projects. In 
contrast, RAF and RAH showed a decline in carbon sequestration trends 
post-2000, likely due to reduced reforestation areas (Fig. 5a).

Regionally, the Southwest region accounted for the highest propor
tion of carbon sequestration at 23.7%, followed by the Southcentral 
region at 15.35%. The Northeast region had the lowest contribution 

Fig. 4. Carbon budget from FAFD at a national scale (a-d. Multiple comparisons and ex-post comparisons of carbon budget from different FAFD types, growth curves, 
regions, and periods; e. spatial distribution of carbon budget; f. Provincial carbon budget; g-h. Annual carbon budget. Negative values indicate carbon sequestration, 
positive values represent emissions. Nodata for Taiwan Province, Hongkong and Macao. Abbreviations: F (Forestation), FH (Forest Harvest), FF (Forest Fire); R1 
(Richar1), L (Logistic), R2 (Richar2), H (Hossfeld), K (Korf), PL (Piecewise Linear); N (North), NE (Northeast), E (East), SC (Southcentral), SW (Southwest), NW 
(Northwest). Map lines delineate study areas and do not necessarily depict accepted national boundaries.).
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(9.92%) due to its smaller forestation area of 133.73 × 104 ha 
(Table S1). Temporally, all regions exhibited a consistent increase in 
carbon sequestration (Fig. 5b).

Among forest use types, protection plantations led with 715.85 Tg C, 
representing over 40% of total forestation carbon sequestration. Timber 
plantations and economic plantations followed, contributing 31.25% 
and 19.98%, respectively, while fuel plantations had the least contri
bution at 1.96%. The carbon sequestration of protection, timber, and 
economic plantations showed rapid growth, whereas fuel plantations 
grew slowly throughout the period (Fig. 5c).

Spatial results showed that the average carbon sequestration density 
from forestation was -238.45 Mg C km⁻2. This density was higher in 
central and western China (500 to -3000 Mg C km⁻2) and lower in 
eastern and northwestern China (0 to 500 Mg C km⁻2) (Fig. 5d). This 
spatial distribution was primarily driven by afforestation, which had an 
average density of 208.18 Mg C km⁻2 (Fig. 5e). RAH had a higher carbon 
sequestration density in southeastern China, due to significant timber 
plantation areas planted between 1986 and 2020 (Fig. 5f). The south
western, northeastern, and southeastern China showed strong carbon 
sequestration densities from RAF (50 to -1000 Mg C km⁻2), corre
sponding to substantial RAF areas (Fig. 5g).

3.3. Carbon emission from forest harvest

Carbon emission from forest harvest was 585.38±29.91 Tg C, with 
an emission rate of 16.73±0.85 Tg C yr-1 (Table 5) (the SD indicated 
cumulative estimates calculated by summarizing the average value of 
different parameter sets). Of these emissions, 44.29% came from HWP, 
while 55.71% originated from decomposing dead vegetation left on-site. 
Emissions from forest harvest largely stemmed from harvested forest 
and other land use (HFOLU), which contributed 92.06% (538.90 Tg C) 
of the emissions, in contrast to harvested forest after reforestation and 
afforestation (HFRAH), which contributed 7.94% (46.47 Tg C). This 
discrepancy was primarily due to the significantly larger volume of HWP 
under HFOLU, nearly ten times that of HFRAH (Fig. S2b). Over time, 
emissions from forest harvest exhibited an exponential increase, mainly 
driven by HFOLU (Fig. 6a).

HWP-specific carbon emissions totaled 259.68 ± 20.3 Tg C, with an 
emission rate of 7.42 ± 0.58 Tg C yr-1 (Table 5). The East and South
central regions accounted for nearly 70% (177.18 Tg C) of these emis
sions due to higher HWP production. Among HWP types, man-made 
wood contributed the most, around 50% (131.64 Tg C) of total HWP 
emissions. Despite the volume of timber wood products were much 
higher than that of fuel wood, their emissions were similar due to timber 
wood’s slower decomposition rate. Paper wood had the smallest 
contribution (3%) due to its lower stock. The emissions from all HWP 
types showed an accelerating trend (Fig. 6c). Notably, the carbon 
emissions from decomposing dead vegetation exceeded those from 
HWP, reaching 325.7 Tg C, with an emission rate of 5.95 Tg C yr-1 

(Table 5). This was due to the quicker carbon release rate from 
decomposing vegetation compared to the slower release from HWP. 

Additionally, durable wood products like furniture (lifespan over 50 
years) helped sequester carbon and contributed minimally to emissions 
during this period.

Spatially, forest harvest produced an average carbon emission den
sity of 92.04 Mg C km⁻2 (Fig. 6d). HFOLU emissions were most signifi
cant in eastern and southern China (50–1500 Mg C km⁻2) and lowest in 
western China (0–50 Mg C km⁻2), aligning with lower land conversion 
rates and smaller HWP volumes in the west. The spatial pattern of 
HFOLU emissions mirrored the total forest harvest emissions, averaging 
89.69 Mg C km-2 and forming the main contribution to overall emission 
density (Fig. 6e). HFRFT emission density showed a similar but smaller 
pattern, averaging 14.57 Mg C km-2 (Fig. 6f). Provinces such as 
Guangdong, Fujian, Zhejiang, Guangxi, and Anhui, where extensive 
plantations of species like eucalyptus and Cunninghamia lanceolata exist, 
had the highest emission densities, contributing over 50% of total 
emissions (Fig. 4f). The Northwest region, home to significant refores
tation efforts under the Three-North Shelter Forest Project (272.17 ×
104 ha, 16% of total forestation), showed minimal carbon emissions 
(0–50 Mg C km⁻2).

3.4. Carbon emission from forest fire

The total carbon emissions from forest fire ranged from 189.06 to 
233.34±36.28 Tg C, with approximately 30% released through direct 
combustion and about 70% from the decomposition of dead vegetation 
left on the site (Table 3) (the SD indicated cumulative estimates calcu
lated by summarizing the average value of different parameter sets). The 
carbon emission from forest fire exhibited significant interannual vari
ability, generally showing a decreasing trend. Notable peaks in emis
sions were recorded in 1987, 1996, 2003, 2006 and 2009, together 
comprising roughly 39.37% of total emissions over the study period 
(Fig. 7b). The year of 1996 represented the most significant impact, 
contributing 10.85% of emissions and offsetting 1.65% of forestation 
carbon sequestration, primarily due to large-scale forest fires in Inner 
Mongolia that alone accounted for 9.27% of emissions and 1.41% of 
sequestration offset (Table 6). The year of 2003 followed closely, 
responsible for 9.74% of emissions and 1.48% of forestation carbon 
sequestration offset, driven by major fire events in Heilongjiang Prov
ince (6.52% emissions, 0.99% offset) and Inner Mongolia (1.90% 
emissions, 0.29% offset) (Table 6). This decline in emissions suggested 
that government fire prevention and control strategies were effective. 
The North and Northeast regions were the highest contributors, with 
emissions of 77.25 Tg C and 71.68 Tg C respectively, each representing 
about 30% of the total emissions (Table 3). The Southwest and East 
regions had similar contributions at around 13% each (29.04 Tg C and 
31.12 Tg C), while the Northwest region had the lowest emissions (2.66 
Tg C), reflecting its smaller burned area (Table 3). Carbon emissions 
from vegetation combustion specifically totaled 75.07 Tg C, with a rate 
of 2.14 Tg C yr-1, while emissions from decomposing dead vegetation 
reached 158.28 Tg C (Table 3).

Spatially, the forest fire resulted in an average carbon emission 

Table 4 
Total carbon sequestrations from forestation in China from 1986 to 2020 (unit: Tg C; SD: variation across six growth-curve models).

North Northeast East Southcentral Southwest Northwest China

Types of forests based on use ​ ​ ​ ​ ​ ​ ​
Protection plantation -207.44±81.15 -66.82±17.2 -60.87±14.38 -69.47±15.63 -169.24±40.04 -142.01±29.76 -715.85±114.06
Timber plantation -53.15±15.49 -64.74±9.82 -120.64±33.84 -101.82±23.38 -106.59±21.15 -30.98±6.94 -477.91±67.04
Economic plantation -38.8±9.32 -16.69±4.7 -49.76±12.34 -61.28±13.46 -82.29±17.79 -56.83±15.6 -305.64±38.85
Fuel plantation -2.37±1.11 -3.46±1.56 -3.44±0.58 -8.07±1.86 -4.35±1.12 -8.27±2.04 -29.97±4.07
Forestation methods ​ ​ ​ ​ ​ ​ ​
Afforestation -242.03±70.4 -116.08±24.42 -184.93±39.55 -194.35±50.31 -292.57±58.47 -230.4±51.52 -1260.37±158.56
Reforestation after Harvest -8.36±2.56 -9.37±2.37 -24.57±6.05 -15.54±3.78 -20.32±5.33 -4.95±1.06 -83.13±12.2
Reforestation after fire -51.36±30.73 -26.26±4.42 -31.15±7.53 -24.8±6.96 -49.56±16.6 -2.74±0.6 -185.87±42.22
​ ​ ​ ​ ​ ​ ​ ​
Total forestation -301.76±101.64 -151.71±29.69 -240.64±52.42 -234.7±60.52 -362.46±78.88 -238.1±52.49 -1529.36±202.59
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density of 142.42 Mg C km-2 (Fig. 7a). The carbon emission density was 
higher in the northeast and southeast of China (50-1500 Mg C km-2), 
while lower in the other regions (0-50 Mg C km-2) (Fig. 7a). Provincially, 
Heilongjiang and Inner Mongolia collectively contributed approxi
mately 60% (146.22 Tg C) of the total carbon emissions.

3.5. Carbon budget of major tree species in forestation and forest harvest

At the national scale, Populus, Cunninghamia lanceolata, Pinus 

massoniana, and Quercus species were the primary carbon-sequestering 
trees, accounting for 25.13% (313.79 Tg C), 19.39% (204.62 Tg C), 
17.45% (217.92 Tg C), and 11.09% (138.46 Tg C) of the total carbon 
sequestration, respectively (Fig. 8d and e). Populus had the highest 
impact, particularly in the East and Northwest, sequestering 96.77 Tg C 
and 87.60 Tg C, respectively. Cunninghamia lanceolata and Pinus mas
soniana were notable in the Southcentral, East, and Southwest regions. 
Eucalyptus, known for its fast growth and high yield, contributed 30.13 
Tg C, mainly in the East and Southcentral, with Guangxi Province alone 

Fig. 5. Carbon sequestration from forestation (a-c: annual carbon sequestration of different forestation types, regions and plantation types; d-g: spatial distribution of 
carbon sequestration density from forestation, afforestation, RAH and RAF, respectively. Note: map lines delineate study areas and do not necessarily depict accepted 
national boundaries).
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accounting for 16.19 Tg C (53.74% of the total for eucalyptus). Quercus 
and Larix played significant roles in the North and Northeast, contrib
uting 11.08% (67.09 Tg C) and 14.97% (112.73 Tg C) of the total 
sequestration, respectively.

In terms of carbon emissions from forest harvest, Pinus massoniana, 
Populus, and Quercus were the main contributors, making up 17.56% 
(102.49 Tg C), 16.89% (98.54 Tg C), and 24.02% (140.21 Tg C) of total 
emissions, respectively. Emissions from Pinus tabuliformis and Cupressus 
were relatively small, at 0.56% and 3.00%. Regional differences were 
notable, with lower emissions from Pinus massoniana in the Southwest 
and from Populus and Quercus in the Northwest due to smaller harvest 
volumes. Eucalyptus emissions were significant in the Southcentral re
gion (5% of total emissions) due to extensive planting. Larix contributed 
3.28% (19.12 Tg C) of total emissions, with more than 80% occurring in 
the Northeast.

3.6. Carbon offset of forest harvest and fire

More than half (53.53%) of the carbon sequestered from forestation 
was offset by emissions from forest harvest and fire during 1986–2020. 
The impact of forest fire on carbon sequestration was generally small 
(under 20% in most regions), while forest harvest had a significant offset 
effect (over 30% in most regions). Nationally, forest harvest accounted 

for 38.28% of the offset, more than double that of forest fire (15.26%). 
The East region showed the highest offset disparity, while the Northwest 
had the smallest (Fig. 9c). Spatial variability in these offset effects was 
evident, with most areas showing less than 50% offset (Fig. 9a and b). 
However, in eastern, southern, and southeastern China, forest harvest 
offset reached 50% to 500% (Fig. 9a), with some areas in Jiangsu, 
Zhejiang, Fujian, Guangdong, and Guangxi exceeding 200% due to high- 
yield plantations (Fig. 9d). High offset effects from fire were seen in 
regions like the Greater Khingan Mountains, driven by frequent fire and 
events like the 1987 fire, which emitted 0.025-0.050 Pg C (Houghton 
and Hackler, 2003).

The offset effect of forestation carbon sequestration by carbon 
emissions from forest harvest varied across tree species, with an average 
offset effect of 42.52%. Notably, Quercus and Eucalyptus showed higher 
offset effects of 101.27% and 97.64%, respectively (Fig. 9d), largely due 
to their higher carbon emission from forest harvest (Fig. 9e). In contrast, 
Pinus tabulaeformis and Larix demonstrated minimal offset effects of only 
3.51% and 10.23% (Fig. 9d), associated with lower harvest emission and 
higher carbon sequestration through forestation (Fig. 9e). Regionally, 
the offset effect of Pinus massoniana in East and Southcentral regions was 
ten times higher than in the Southwest region (Fig. 9g-i), reflecting the 
notably higher carbon sequestration rates from forestation in the latter 
region (Fig. 8f-h). Larix exhibited negligible offset effects in the North 
and Northwest regions, at 3.04% and 0.96%, respectively. In the 
Northeast, Southcentral, and East regions, Quercus demonstrated offset 
effects exceeding 100%, reaching 486.73% in the East, indicating a 
substantial offset impact. Populus exhibited relatively small offset effects 
of 1.13% to 21.34% across North, Northeast, Southcentral, and North
west regions but a significantly higher effect in the East at 79.44% due to 
lower forestation sequestration. Principal timber species, Cunninghamia 
lanceolata and Eucalyptus, also varied regionally with the former having 
offset effects of 28.10% to 39.54% in East and Southcentral while the 
latter having offset effects ranging from 97.55% to 124.20% (Fig. 9g-h).

4. Discussion

4.1. Comparison with other estimates

Our estimated carbon sequestration from forestation ranges from 
17.01 to 71.89 Tg C yr-1, which is comparable to the range (20.50 to 
-53.25 Tg C yr-1) from previous studies based on the inventory method 
(Fang et al., 2001; Guo et al., 2013; Xu et al., 2010; Yu et al., 2020) and 
empirical model method (Cheng et al., 2024) (Fig. 10a). Notably, our 
estimates during 1989-1998, 1989-2008, and 1989-2003 align closely 
with the findings from Fang et al. (2001), Guo et al. (2013), and Xu et al. 
(2010). Our result is around 20 Tg C yr⁻¹ higher than Yu et al. (2020), 
which analyzed the carbon change based on 2748 planted forests sites at 
a nationwide field campaign between 2011 and 2015. This discrepancy 
arises primarily because Yu’s study classifies subtropical plantations as 
coniferous forests (e.g., Cunninghamia lanceolata and Pinus massoniana). 
However, subtropical regions also contain extensive fast-growing 
broadleaf plantations, such as eucalyptus, which are not accounted for 
in this classification. Similarly, the result (50.83 Tg C yr⁻¹) exceeds that 
of Cheng et al. (2024) (40 Tg C yr⁻¹), which calculated the carbon 
storage using the age-carbon storage relation based on national forest 
inventory data, as it accounts for carbon sequestration from forests 
established before 1990.

Our estimated carbon emission from forest harvest during 1990- 
2004 is 0.75 Tg C yr-1, which is much lower than the finding of Bai 
(2007) (14.77 Tg C yr-1) using carbon stock-change approach, produc
tion approach and atmospheric-flow approach of estimating HWP car
bon stock (Fig. 10b). This large discrepancy may be explained by the 
assumption difference in carbon emission of forest products. Bai (2007)
assumes the carbon release of forest products is linear with its lifespan, 
causing large carbon emission in the earlier years. In contrast, this study 
assumes the carbon release increases with the age of use. Similarly, our 

Table 5 
Total carbon emission from forest harvest in China (unit: Tg C; SD: variation 
across parameter sets (min/medium/max) for emission factors).

Region Carbon 
stock 
types

Man- 
made 
wood

Paper 
wood

Fuel 
wood

Timber 
wood

Total 
wood

North WPC 14.23 
±1.19

0.22 
±0.02

3.26 
±0.26

9.09 
±0.68

26.81 
±2.15

​ DVC 24.63 
±1.09

0.73 
±0.02

1.45 
±0.11

22.47 
±0.91

49.28 
±2.14

​ Total 38.86 
±2.28

0.95 
±0.04

4.71 
±0.37

31.56 
±1.59

76.09 
±4.29

Northeast WPC 7.3 
±0.74

0.51 
±0.06

9.28 
±0.7

12.24 
±1.28

29.33 
±2.77

​ DVC 10.84 
±0.34

0.83 
±0.01

4.57 
±0.33

14.68 
±0.38

30.92 
±1.06

​ Total 18.14 
±1.08

1.34 
±0.07

13.85 
±1.03

26.92 
±1.66

60.25 
±3.83

East WPC 66.42 
±4.5

1 
±0.09

25.71 
±2.58

13.2±1 106.33 
±8.16

​ DVC 106.9 
±3.96

1.73 
±0.02

8.33 
±0.11

20.09 
±0.46

137.04 
±4.56

​ Total 173.32 
±8.46

2.73 
±0.11

34.04 
±2.69

33.29 
±1.46

243.37 
±12.72

Southcentral WPC 36.6 
±2.59

5.04 
±0.33

17.79 
±1.55

11.42 
±0.81

70.85 
±5.28

​ DVC 56.84 
±0.74

7.71 
±0.07

5.32 
±0.05

16.28 
±0.08

86.15 
±0.8

​ Total 93.44 
±3.33

12.75 
±0.4

23.11 
±1.6

27.7 
±0.89

157 
±6.08

Southwest WPC 6.34 
±0.49

0.77 
±0.05

11.54 
±0.84

4.84 
±0.35

23.49 
±1.73

​ DVC 8.26 
±0.4

1.24 
±0.08

3.31 
±0.17

7.07 
±0.33

19.89 
±0.98

​ Total 14.6 
±0.89

2.01 
±0.13

14.85 
±1.01

11.91 
±0.68

43.38 
±2.71

Northwest WPC 0.75 
±0.06

0.03 
±0.00

1.11 
±0.07

0.98 
±0.07

2.88 
±0.2

​ DVC 0.84 
±0.05

0.05 
±0.00

0.49 
±0.02

1.05 
±0.05

2.44 
±0.12

​ Total 1.59 
±0.11

0.08 
±0.00

1.6 
±0.09

2.03 
±0.12

5.32 
±0.32

China WPC 131.64 
±9.57

7.58 
±0.54

68.69 
±6

51.76 
±4.19

259.68 
±20.3

​ DVC 208.31 
±6.57

12.29 
±0.06

23.47 
±0.8

81.64 
±2.18

325.7 
±9.61

​ Total 339.95 
±16.14

19.87 
±0.6

92.16 
±6.8

133.4 
±6.37

585.38 
±29.91
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Fig. 6. Carbon emission from forest harvest (a-c: annual carbon emission in different harvest type, region and forest type, respectively; d-f: spatial distribution of 
carbon density from forest harvest, harvest for other land use and harvest for reforestation, respectively. Note: map lines delineate study areas and do not necessarily 
depict accepted national boundaries).
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forest harvest carbon emission during 2000-2020 (10.54 Tg C yr-1) is 
also lower than that from Wang et al. (2024) (20.80 Tg C yr-1) using a 
first-order decay method. This is mainly due to the differences in the 
assumed lifespan of product usage. It is also worth noting that our 
estimated emission rate during 1999-2008 (3.61 Tg C yr-1) is around two 
times larger than the results reported by Lun et al. (2012) (1.98 Tg C 
yr-1) using a carbon stock-change approach. The main reason is that Lun 
et al. (2012) assumes no carbon release during the usage of products. 
Our estimated emissions from forest fire (0.30-2.70 Tg C yr⁻¹) overall 
align well with previous studies which used emission factor method 
(China Academy of Science, 2023; Tian et al., 2003; Fan et al., 2024) or 
analyzed volumes of stem loss from forest fire (Zhang et al., 2016) 
(1.00-3.60 Tg C yr⁻¹) (Fig. 10c). The estimation is lower than that of Fan 
et al. (2024) mainly due to the different sources of vegetation carbon 
density. The used vegetation carbon density of Fan et al. (2024) is 
derived from remote sensing products of ESA, resulting in a significantly 
higher estimate (Fig. 10c).

4.2. Reliability of the estimated carbon budget using localized 
Bookkeeping model

It is worthy noted that the validation of carbon budget from three 
FAFD types is challenging due to the lack of corresponding long-term 
CO2 monitoring data. For the part of carbon sequestration from fores
tation, one way to validate our results is to compare with existing results 
from previous studies which estimated carbon sequestration based on 
forest inventory data. Results show that our estimates of forestation 
carbon sequestration align closely with previous studies using plot- 
based inventory method at national scale (Fig. 10a) (Fang, et al., 
2001; Xu et al., 2010; Guo et al., 2013; Cheng et al., 2024) and also 
provincial scale with a high validation accuracy (R2 = 0.69) (Fig. 11) 
(Zhang, 2009; Guan et al., 2016; Han and Liang, 2015; Liu et al., 2017; 
Jiao and Hu, 2005; Jia, 2014; Li, 2015; Wu et al., 2019; Zhang et al., 
2025; Ma, 2024; Liu, 2015; Zhang et al., 2018; Wang 2014; Li, 2012). 
Given that forest inventory is a well-established method for estimating 

Fig. 7. Distribution of carbon emission from forest fire (a) and annual carbon emission from total forest fire process in six regions (b) (Note: map lines delineate study 
areas and do not necessarily depict accepted national boundaries).
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forest carbon stocks (Piao et al., 2022), this consistency supports the 
reliability of our results.

Validating carbon emissions from forest fires directly is extremely 
challenging, as pre- and post-fire biomass measurement requires un
predictable pre-fire surveys and is impractical beyond site scale. Simi
larly, validating emissions from post-harvest dead vegetation 
decomposition and harvested wood product (HWP) oxidation requires 
prohibitively complex controlled experiments. Consequently, (1) for fire 
emissions, we employed the widely accepted emission factor method 
(IPCC, 2006; van der Werf et al., 2010; Binte Shahid et al., 2024; Dobosz 
et al., 2025), which is recognized as a robust alternative with direct field 
measurement (Akagi et al., 2011; Bougma et al., 2023; Wang et al., 
2022) and fire emission estimates are compared to existing regional 
studies (Fig. 10c); (2) For decomposition and HWP emissions, IPCC 
guidelines are followed with key refinements: exponential decay re
places linear assumptions for dead vegetation, and the first-order decay 
(FOD) method is used for HWPs (Harmon et al., 2020; IPCC, 2006; Spear 
and Hart, 2025; Wu et al., 2025; Zhou et al., 2023)). Utilizing these 
established, guideline-based methodologies represents a practical and 
accepted alternative in the absence of direct verification.

4.3. Uncertainty and future direction

To quantify the uncertainty of method for allocating area or volume 
(section 2.2.2), an experiment was further conducted by assuming the 
fire-affected area as the vegetation type with either the largest or 
smallest area proportion within each province. Similar experiments 
were also conducted for forestation area and harvest volume. The 
change ratio was then calculated, comparing with the normal scenario 
results. Results showed that the change ratio was relatively small, 
ranging from 5.43% to 7.11% for forestation, 1.26% to 2.51% for forest 
fire, and 0.07% to 10.21% for forest harvest (Table S2). Therefore, the 
uncertainty of area and volume allocation method used in this study is 
limited.

The main uncertainty in carbon sequestration estimation from 
forestation arises from parameter discrepancies among different growth 
curves. The carbon sequestration estimates vary significantly across the 
six curves (Fig. 3a; Fig. 12), with the highest estimate from the piecewise 
linear curve exceeding the lowest from the Korf curve by 564.58 Tg C 
between 1986 and 2020. This study averaged the carbon sequestration 

estimates from all six curves to minimize errors caused by parameter 
variability. Limited to the data availability, growth curve parameters 
were only distinguished between southern and northern China, lacking 
provincial-level refinement. This may lead to discrepancies in repre
senting actual carbon density for specific tree species.

For forest harvest, the decay coefficient, which determines carbon 
release rates from forest products, is based on IPCC national-level data, 
but we minimized uncertainty by province- and species-specific wood 
density, carbon fractions, and harvest coefficients, with climate-zone 
decomposition rates. This could introduce regional and provincial bia
ses in carbon release estimates. We have reduced the uncertainty of 
vegetation types by using provincial-level carbon densities for five 
functional vegetation types. However, in forest fire analysis, burning 
efficiency and decomposition coefficients, which vary by tree species, 
are generalized by plant function types as coniferous or broadleaf due to 
the poor data accessibility, potentially biasing the total carbon emission 
estimates.

Future parameterization efforts should focus on deepening the un
derstanding of plant growth responses and carbon release processes. 
Incorporating longer, more consistent time series and higher-resolution 
spatial datasets is crucial to improve the accuracy of the simulated 
budget. The spatialized Bookkeeping model can integrate land cover, 
forest disturbance, and fire distribution data to map the spatial distri
bution of forest activities and track carbon stock changes.

The increase in forest carbon sequestration in China over the past 
decade has been mainly attributed to climate change, ecological resto
ration projects, and forest management (Fang et al., 2018). This study 
examines the impact of land management (such as forestation and forest 
harvest) and fire disturbance on forest carbon sequestration in China, 
but does not consider the effects of climate change and other anthro
pogenic management practices (such as agricultural management). Tang 
et al. (2018) found that warming can enhance the gross primary pro
ductivity (GPP) of China’s forests, but this does not necessarily lead to an 
increase in carbon stocks. Under extreme climatic conditions (such as 
drought), tree mortality can result in a decline in forest productivity and 
carbon stocks (Anderegg et al., 2015; Peng et al., 2011; Vicente-Serrano 
et al., 2013; Allen et al., 2010). Long-term plot monitoring data from the 
Changbai Mountain aging forests over 30 years showed that climate 
warming has led to a reduction of 7.3 Mg C hm-2 in carbon sequestration 
in spruce and fir forests, and a reduction of 0.96 Mg C hm-2 in red 
pine-broadleaf mixed forests (Dai et al., 2013). Li et al. (2021) found 
that the subtropical forests in southern China were carbon sinks from 
2003 to 2016, but became a strong carbon source during the drought 
years of 2011-2013. The other anthropogenic management practices 
(pest and disease control, understory vegetation management, inter
cropping, thinning, and fertilization) interventions significantly influ
ence forest carbon stock dynamics (Yu et al., 2024; Fang et al., 2018; Pan 
et al., 2011). Recent studies demonstrate that moderate thinning 
(retaining 60-70% stand density) can substantially enhance the growth 
of dominant trees, increasing aboveground biomass carbon stocks by 
19-28% (Yu et al., 2024). Conversely, the removal of understory ferns 
has been shown to reduce microbial carbon use efficiency and carbon 
accumulation, leading to an approximate 22% decline in carbon storage 
(Saponaro et al., 2025). Pest and disease outbreaks offset 3.1% of 
China’s forest biomass carbon sequestration (Liu et al., 2020), while 
fertilization combined with dry-season irrigation can boost carbon 
storage in eucalyptus plantations by 37.4% (Yang et al., 2023). Addi
tionally, understory vegetation conversion in Chinese hickory planta
tions increased soil carbon stocks by approximately 15% (Deng et al., 
2023). Therefore, future efforts should be towards to integrating the 
comprehensive effects from climate change and other anthropogenic 
management factors.

4.4. Implications and future strategies

Our estimates indicate stronger carbon sequestration from forest 

Table 6 
The contribution from major fire on total carbon budget during 1986-2020.

Contribution of 
major fire at 
total fire carbon 
emission

1987 1995 1996 2003 2006 2009

China 4.36% 2.90% 10.85% 9.74% 6.77% 4.74%
The North region 2.33% 1.36% 9.28% 1.90% 1.01% ​
The Northeast region ​ 0.68% ​ 6.53% 4.52% ​
The East region ​ ​ ​ ​ ​ 2.25%
Inner Mongolia 

Province
2.32% 1.34% 9.27% 1.90% 0.96% ​

Heilongjiang 
Province

​ ​ ​ 6.52% 4.50% ​

Fujian Province ​ ​ ​ ​ ​ 2.00%
Contribution of 

maior fire at 
total carbon 
budget

1987 1995 1996 2003 2006 2009

China 0.66% 0.44% 1.65% 1.48% 1.03% 0.72%
The North region 0.36% 0.21% 1.41% 0.29% 0.15% ​
The Northeast region ​ 0.10% ​ 1.00% 0.69% ​
The East region ​ ​ ​ ​ ​ 0.72%
Inner Mongolia 

Province
0.35% 0.20% 1.41% 0.29% 0.15% ​

Heilongjiang 
Province

​ ​ ​ 0.99% 0.69% ​

Fujian Province ​ ​ ​ ​ ​ 0.30%
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activities and fire disturbance by 2030 (1.3 Pg C, annual increase of 0.04 
Pg C) and 2060 (2.5 Pg C, annual increase of 0.04 Pg C). Under existing 
policy scenarios, China’s CO2 emissions are projected to reach approx
imately 10.8 Gt in 2030 and 7.2 Gt in 2060, according to reports by the 
International Energy Agency (IEA, 2023) and the Ministry of Ecology 
and Environment of China (2021). Previous studies indicate terrestrial 
ecosystems could offset 13.6% of emissions by 2030 and 23% by 2060 
(Huang et al., 2022), with forests accounting for 6.1% and 10.0% when 
considering future forest area change (Liu et al., 2024). The offset effect 
is 3% by 2030 and 4.4% by 2060 for existing forest without considering 
future area change (Huang et al., 2022; Liu et al., 2024). Our studies 
indicate the offset effect is 1.4% by 2030 and 2.0% by 2060 without 
considering future area change and growth of existing natural forest. 
Thus, FAFD can contribute 46.67% and 45.45% of total offset of existing 
forest by 2030 and 2060, respectively. While current forest sequestra
tion capacity is insufficient to fully offset emissions, the future potential 
is great with broader and more intensive afforestation and reforestation 
actions, declining forest wood demand and proactive and effective fire 

prevention measures.
It is essential to plant high carbon-sequestration tree species to 

achieve China’s carbon neutrality goal by 2060 (Qin et al., 2024; Xu 
et al., 2023). Our findings show significant differences in the net carbon 
sequestration capacities of tree species across regions (Fig. 9). Therefore, 
optimizing species selection, such as selecting tree species with strong 
carbon sequestration potential in newly established plantations and 
diversifying plantings, and ensuring continuous maintenance, can 
further enhance the national carbon sequestration capacity (Qin et al., 
2024; Xu et al., 2023). In addition, expanding the planting of 
drought-tolerant species like Populus and desert tree species in regions 
with low-vegetation areas such as Inner Mongolia, southern Ningxia, 
and Xinjiang, is also an important strategy to enhance the national forest 
carbon sequestration.

Reduction of emissions from forest harvest and fire is also critical. 
Although harvested wood retains substantial carbon, it gradually re
leases carbon during processing, transport, and use. Therefore, 
improving the production process of forest products, enhancing wood 

Fig. 8. Carbon budget from forestation and forest harvest in different tree species in China from 1986-2020 (Note: map lines delineate study areas and do not 
necessarily depict accepted national boundaries).
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utilization efficiency, and reducing waste are essential strategies. These 
goals can be achieved through the adoption of more efficient processing 
technologies and low-carbon transportation methods. Additionally, 
extending harvest cycles and wood product lifespan can also reduce 
carbon emissions. Fire emissions can be minimized through better 
monitoring, early warning systems, effective firefighting, and rational 
forest planning.

5. Conclusions

Forest activities and disturbances in China have led to significant 

shifts in forest carbon stocks, with forest harvest, forest fire, and fores
tation each contributing uniquely to these changes. This study reveals 
that harvest and fire notably impact the net carbon sequestration ca
pacity of forests, with emissions from these activities offsetting 38.26% 
and 15.26% of the carbon sequestered by forestation, respectively
—altogether offsetting nearly half of the gains from forestation efforts. 
Consequently, these activities present a net carbon sequestration of 
710.64±136.4 Tg C across impacted areas. The offset effects exhibit 
considerable spatial variability, with most regions showing offsets below 
50%. However, in eastern, southern, and southeastern China, carbon 
offsets from forest harvesting ranged from 50% to 500%, with areas in 
Jiangsu, Zhejiang, Fujian, Guangdong, and Guangxi exceeding 200% 

Fig. 9. Carbon emission offset from forest harvest and fire on the carbon sequestration from forestation (Note: map lines delineate study areas and do not necessarily 
depict accepted national boundaries).

Fig. 10. Carbon budget comparison of forestation (a), forest harvest (b) and 
forest fire (c) with other studies.

Fig. 11. Comparison of estimated carbon sequestration from forestation with 
previous inventory based studies at provincial scale.
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due to the high output from commercial plantations. In addition, fire in 
regions like the Greater Khingan Mountains contributed high offset 
levels. At a national scale, the offset impact from forest harvesting varies 
among tree species, spanning from 3.51% to 101.27%, with an average 
offset of 42.52%. These findings suggest that to optimize the carbon 
sequestration potential of forestation, carbon emissions from harvest 
and fire must be addressed. Future forest management initiatives should 
therefore be designed with careful consideration, especially in regions 
where carbon offsets from harvest and fire are substantial, as targeted 
management could significantly enhance carbon sequestration 
outcomes.
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