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Introduction: China’s forests have sequestrated a significant amount of carbon 
over the past two decades. However, it is not clear whether China’s forests will 
be able to continue to have as much carbon sequestration potential capacity in 
the future.

Methods: In order to research China’s forest carbon storage and carbon 
sequestration potential capacities at spatial and temporal scales, we built a digital 
forest model for each province of China using the data from The China Forest 
Resources Report (2014– 2018) and calculated the carbon storage capacity and 
sequestration potential capacity of each province with the current management 
practices without considering natural successions.

Results: The results showed that the current forest carbon storage is 10.0 Pg 
C, and the carbon sequestration potential in the next 40 years (from year 2019 
to 2058) will be 5.04 Pg C. Since immature forests account for the majority of 
current forests, the carbon sequestration capacity of the forest was also high 
(0.202 Pg C year−1). However, the forest carbon storage reached the maximum 
with the increase of stand maturity. At this time, if scenarios such as afforestation 
and reforestation, human and natural disturbances, and natural succession are 
not considered, the carbon sequestration capacity of forests will continue to 
decrease. After 90 years, all stands will develop into mature and over-mature 
forests, and the forest carbon sequestration capacity is 0.008 Pg year−1; and the 
carbon sequestration rate is ~4% of what it is nowadays. The change trend of 
forest carbon in each province is consistent with that of the country. In addition, 
considering the large forest coverage area in China, the differences in tree species 
and growing conditions, the forest carbon storage and carbon sequestration 
capacities among provinces were different. The growth rate of carbon density 
in high-latitude provinces (such as Heilongjiang, Jilin, and Inner Mongolia) was 
lower than that in the south (Guangdong, Guangxi, or Hunan), but the forest 
carbon potential was higher.

Discussion: Planning and implementing targeted forest management strategies 
is the key to increasing forest carbon storage and extending the service time of 
forest carbon sinks in provinces. In order to reach the national carbon neutrality 
goals, we recommend that each province have an informative strategic forest 
management plan.
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1. Introduction

Since the Industrial Revolution, a large amount of fossil fuel has 
been utilized and a significant amount of carbon dioxide has been 
released into the atmosphere. The carbon emission is far more than the 
amount absorbed by the marine and terrestrial ecosystems. Forest 
carbon sequestration is the most cost effective nature-based way to 
reduce the CO2 in the atmosphere (Münnich Vass, 2017). Accurate 
estimates of carbon storage and the carbon sequestration potential of 
forests are critical for achieving the strategic goal of carbon neutrality 
(Broadstock et  al., 2021). In order to reduce CO2 emission, many 
countries and regions have promised to achieve carbon neutrality 
within certain time frames. At the United Nations Climate Action 
Summit in September 2019, 66 parties committed to achieve net-zero 
emissions, and China committed to achieve carbon neutrality by the 
year 2060 (UNFCCC, 2019). The carbon sequestration capacity 
depends on the photosynthesis (P) and respiration (R) potential of the 
trees (Jiang et al., 2020). E.P.Odum’s ecological succession hypothesis 
is one of the main hypotheses to explain the overall development of 
forest community. Trees sequestrated CO2 through photosynthesis and 
released carbon through respiration. According to the hypothesis, the 
biomass increases in the early stage of ecological succession when 
P/R > 1. The value of P/R will be close to 1 when the stands in the forest 
reach mature growth. The carbon budget of the ecosystem will reach a 
balance, and the forest biomass will reach the maximum limit (Odum 
Eugene, 1969). In other words, the forest carbon sink tends to be zero 
when the stands in the forest reach mature stages. Meanwhile, a crucial 
issue has emerged for our world: if forests lost the function of doing 
carbon sequestration, what would be the fate of the CO2 emitted by the 
industry? This is why scientists need to estimate and predict future 
changes in forest carbon storage and carbon sequestration capacity.

There are 4.1 billion ha forests in the world, and the annual forest 
carbon sequestration is about 1.1 ± 0.8 Pg C year−1 (Pan et al., 2011). 
Existing forests will continue to absorb large amounts of CO2, but the 
future sequestration capacities will depend on forest management. 
Studies have shown signs of carbon sequestration saturation in 
tropical rainforests in Africa and in the Amazon (Hubau et al., 2020), 
tropical Borneo (Qie et al., 2017) and in parts of Europe (Nabuurs 
et al., 2013). The carbon sequestration rate of forests is closely related 
to their age structure (Pan et al., 2004). The carbon sequestration rate 
of young and middle-aged forest is relatively high, and the carbon 
sequestration capacity rate begins to decline gradually (Pregitzer and 
Euskirchen, 2004; Zhou et al., 2015) because of stand aging. In theory, 
by the end of the life cycle, trees will eventually die and become a 
carbon source, resulting in carbon release (Maia et al., 2020).

Since the 1970s, China has implemented large-scale afforestation 
and reforestation programs to protect the ecological environment. At 
present, the area of plantation forests in China ranks the first in the 
world, and the forest area has increased from 12.7% in early 1970 to 
21.6% in 2013. China’s forests are making a positive response to global 
carbon neutralization (China, S.F.A.O, 2014). Previous forest carbon 
sequestration studies have predicted the future carbon sequestration 
capacities, for example, He et al. (2017) predicted the change of carbon 
storage and carbon sequestration rate of Chinese forests from 2010 to 
2050, Cai et al. (2022) predicted carbon sequestration rate for the time 
period 2010–2060, while Xu et  al. (2010) predicted carbon 
sequestration rates for the period 2000–2050, and Yao et al. (2018) 
predicted carbon sequestration rate for the period 2010–2040. These 

results show that Chinese forests will be able to maintain a higher 
carbon sequestration rate and absorb more CO2 from the atmosphere 
in the next 30–50 years. These studies play an important role in the 
specific contribution of forests to conduct carbon neutralization by the 
year 2060. However, how the forest carbon sequestration capacity will 
change after 2060 is unknown. We need to learn more about the forest 
carbon sequestration capacity to make smart forest management 
decisions to achieve and maintain carbon neutrality after the year 2060.

The Bonn Challenge1 launched in 2011, encourages countries to 
restore 150 million ha of forest by 2020 and 350 million ha (Hawes, 
2018) by 2030, and countries around the world have actively responded 
to global climate change. China has implemented a series of measures 
since the 1970s, such as the Three-North Shelter Forest program, the 
Natural Forest Protection program and many other programs. From 
2001 to 2010, the total carbon sequestration of these programs was 
132 Tg C year−1 (Lu et al., 2018), which made a significant contribution 
to China’s current and future CO2 emission reduction (Wang et al., 
2018). So far, China has nearly 60 million ha of plantation forests, 
accounting for 31.76% of the total forest area in China, and most areas 
are still in the juvenile stages. Due to excessive deforestation over the 
last decades, more than 60% of the second growth natural forests are 
still at young and middle-age stages (Dai et al., 2018). The potential 
carbon sequestration capacity for the near future (from 2010 to 2060) 
will be significant, however, the carbon sequestration capacity for the 
distant future (after 2060) is not clear yet. Therefore, the analysis of 
forest carbon storage and carbon sequestration capacity is required at 
both a national scale and provincial scales.

The carbon storage and carbon sequestration capacities are 
particularly important for China’s long-term forest management. The 
objectives of this research are to predict the carbon storage and 
sequestration capacities of China in the long-term based on the 
current management practice and the data of the China Forest 
Resources Report (2014–2018).

2. Data and Methods

2.1. Data collection and compilation

China is located in the northern hemisphere, with forests covering 
a wide range of latitudes from north to south. The latitude and climatic 
differences between the north and south of China make the country’s 
climate complex and diverse. The latitudinal spatial of forests makes 
China’s forest types diverse, such as tropical rain forests, subtropical 
evergreen broad-leaved forests, warm temperate deciduous broad-
leaved forests, temperate coniferous and broad-leaved mixed forests, 
and cold temperate coniferous forests. The longitude spatial makes the 
country’s forests mainly concentrated in the east, and the west is 
mostly grassland and desert.

Since the 1970s, every 5 years, the State Forestry Administration 
of China has published statistics about forest resources. According to 
the data, forests are divided into three major categories: arborescence 
forest, economic forests and bamboo forests (this study does not 
include economic forests or bamboo forests). Furthermore, according 

1 www.bonnchallenge.org
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to the dominant tree species, the forest was divided into 36 forest 
types, and each forest type was divided into five age classes: young 
forest, middle-aged forest, premature forest, mature forest and over-
mature forest. The classification of age classes will be carried out with 
the age classes and age groups of main tree species in the Technical 
Regulations on Forest Resource Inventory of China 
(Supplementary Table  1; Administration, C.S.F, 2014). The study 
covers the entire national forest area of 31 provinces of China.

The key to the prediction of forest carbon storage is to understand 
the relationship between biomass accumulation and forest ages. In 
recent years, many studies have found that the Logistic equation can 
better describe the relationship between biomass density and forest 
ages (Zhou et al., 2014; He et al., 2017). Xu et al. (2010) used the 
logistic function to fit the biomass growth curves statistically. In this 
study, we used the logistic curves of forest stand types by Xu, combined 
with the latest national forest inventory data in China, to calculate and 
predict the forest carbon storage capacities of each province.

 
B =

+

w
kect1  

(1)

where B is the biomass density (Mg C ha−1); t is the forest age (year); 
w k and c are the model parameters. Xu used China’s forest data to fit 
logistic curves of biomass and age of different forest types. We can see 
the fitted parameter values (w k and c) for each forest type in 
Supplementary Table 2.

2.2. Carbon storage calculations

China Certified Emission Reduction (CCER) was launched in 
2011, from which the development of forestry carbon sequestration 
projects has attracted widespread attention from around the world (Ye 
et  al., 2021). At present, the CCER forestry carbon sequestration 
project is divided into Afforestation carbon sequestration 
methodology, forest management and carbon sequestration 
methodology, bamboo afforestation carbon sequestration 
methodology, and bamboo management and carbon sequestration 
methodology. Those methodologies accord with the present situation 
of ecological development in China, and have the characteristics of 
being universal, cost effective, and environmentally integrated as well 
as being scientific and reasonable (Li L. et al., 2019).

Forest management and carbon calculation methodology was 
used to calculate the carbon storage amount of each province. The 
carbon storage amount mainly included four carbon pools, living 
trees, dead trees, litter, and harvested wood production. The carbon 
storage of this study was calculated and predicted based on the current 
forest area without considering afforestation and reforestation, or any 
human and natural disturbances in the future using Eq. 2.
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where CForest  is the total forest carbon of the country; CTree ,  
CCDW,  CLitter ,  CHWP  represent the carbon pools of live trees, dead 
wood, litter carbon, and harvested wood production, respectively; A is 

the total area of each forest stand type; i, t, and j parameters represent 
the forest stand types, age groups, and provinces. CTree  is generally 
calculated as the biomass multiplied by the carbon density of each tree 
species. Many studies used the default values of 0.5 to transfer biomass 
to carbon storage (Taeroe et al., 2017; Cai et al., 2022; Chen et al., 2022), 
but there were significant differences in carbon density among different 
species. The average carbon density of the deciduous species was <0.5, 
and the coniferous species was higher than 0.5. We calculated the 
carbon storage using the average carbon density of each tree species 
based on the Forestry Standard—Standing tree Biomass Model and 
Carbon parameters (forestry standard number: LY/T2258-2014, LY/
T2259-2014, LY/T2260-2014, LY/T2261-2014, LY/T2262-2014, LY/
T2263-2014, LY/T2264-2014, LY/T2655-2016, LY/T2654-2016, LY/
T2659-2016, LY/T2661-2016, LY/T2660-2016, LY/T2656-2016, LY/
T2657-2016, LY/T2658-2016). In addition, CHWP is equal to zero 
because forest harvesting was not involved in this study.

The biomass of the whole tree was mainly composed of two parts: 
aboveground biomass and belowground biomass. Most studies ignore 
the belowground biomass or use the average ratio of 0.25 given by FAO 
(Chen et al., 2022). We calculated the belowground carbon according 
to the ratio of belowground biomass to aboveground biomass of each 
tree species given by the National Greenhouse Gas Inventory Report 
of China 2005 (Commission, N.D.a.r, 2014) as Eqs 3, 4.

 C B CFTree Tree, ,i i i= ×  (3)
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where CFi  is the carbon density of the tree species i. BTree  is the live 
tree biomass. BAGB  and BBGB  represent aboveground biomass and 
belowground biomass, respectively.

 C C DFCWD Tree CWD, , ,i i i= ×  (5)

where CCWD,i  is the dead wood carbon of tree species i; CTree,i  is 
live tree carbon; DFCWD,i  is the ratio of dead wood carbon and live 
tree carbon of tree species i.

According to the Chinese forest biomass database, we discovered 
that the correlation between the ratio of litter biomass to the 
aboveground biomass and aboveground biomass was given by Eq. 6.

  
C B CFLitter Litter AGB Litter, ,i if= ( )×  

(6)

where CLitter  is litter carbon of the tree species i; CFLitter,i  is the 
carbon rate of litter in tree species i, and 0.37 is the amount of C per 
kg of dry litter biomass; fLitter AGBB( )  is the percentage of litter 
biomass to the aboveground biomass (%).

2.3. Carbon storage predictions

In our study, the entire carbon pool change was affected by the 
changes of trees, dead wood, and litter. We  did not consider the 
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changes of soil organic carbon pool and carbon storage of shrub and 
grass under the forest. In addition, the change of carbon pool caused 
by extreme climate (fire, flood, and drought) was not within the scope 
of our study. This function was used to determine forest carbon 
sequestration capacity:

 Total _ t1 t0 Tree _ t1 t0 CDW _ t1 t0 Litter _ t1 t0C C C C C− − −= + ∆ + ∆ + ∆
 

(7)

where CTotal t_ 1  is the total carbon stock in year t1; Ct0  is the current 
carbon storage; CDW _ t1 t0C −∆ , and Litter _ t1 t0C −∆  represent the 
variation of the change of carbon storage of trees, dead wood, and 
litter during t1-t0, respectively. Forest Simulation and Optimization 
System (FSOS)2 were used for the analysis in this study (Liu et al., 
2006). FSOS is a forest planning system with artificial intelligence 
algorithm to balance and optimize multiple forest functions using 
cloud computing. FSOS is a widely used decision support system with 
stand dynamic modeling and landscape modeling.

3. Results

3.1. Temporal patterns of forest carbon 
storage and carbon sequestration capacity

The current forest carbon storage in China is 10.0 Pg, and this rate 
will continue to increase in the future. The total carbon storage will 
increase from 10.0 Pg to 16.2 Pg, with a total growth potential of 62% in 
the next 200 years (Figure 1). The total forest carbon storage will increase 
gradually and attain a stable stage with the increase of time. On the 
national scale, the carbon sequestration capacity has already reached its 
peak and has begun to gradually decrease. Forest carbon sequestration 
capacity is currently the greatest (0.202 Pg year−1), and the decline of 
forest carbon sequestration capacity has changed from fast to slow, which 
is what it will be in the future. If forests continue to develop at this trend, 
they will play a smaller role in achieving the goal of carbon neutrality.

Using the age and age classification of each forest type, we drew a 
national forest age structure figure. At present, the forest area of each 
age class accounts for 32.67% (young forest), 30.39% (middle-aged 
forest), 15.59% (premature forest), 14.11% (mature forest), and 7.24% 
(overmature forest) of the total forest area, respectively (Figure 2). 
Combined with the changes of forest carbon sequestration capacity, 
the current forests are mainly young, and the carbon sequestration 
capacity is at its peak. The proportion of young and middle-aged 
forests gradually decreased with stands beginning to age. The forest 
will change from a young state to a mature state, and the carbon 
sequestration capacity also will decrease. After 35 years, all the young 
forests will have been transformed into middle-aged forests, and the 
carbon sequestration capacity will drop from 0.202 Pg year−1 to 
0.063 Pg year−1; additionally, the carbon sequestration rate might 
decrease 69%. The middle-aged forest will develop into premature 
forests over the next 70 years, the carbon sequestration capacity of the 
forest will be 0.016 Pg year−1, and the carbon sequestration capacity 
will decrease by 92%. After 90 years, all the stands will have developed 

2 http://forestcloud.ca

into mature and overmature forests, and the carbon sequestration 
capacity of forest will be 0.008 Pg year−1, and the carbon sequestration 
rate will be ~4% of the current forest carbon sequestration capacity. 
When the forest is all overmature (after 130 years), the carbon 
sequestration capacity will be  0.0017 Pg year−1, and the carbon 
sequestration rate will be reduced by 99%.

3.2. Spatial patterns of forest carbon 
storage and carbon sequestration capacity

There are great differences in carbon storage capacities among the 
different provinces (Figure 3). The regions with higher carbon storage 
capacities are mainly in northeastern and southwestern China. 
Heilongjiang province has the highest carbon storage of 1.49 Pg C, 
followed by Sichuan (1.28 Pg C), Inner Mongolia (1.16 Pg C) and 
Yunnan (0.87 Pg C). The forest carbon storage of the eastern coastal 
provinces is lower than that in the northeastern or southwestern 
provinces. The lowest carbon storage was in the central area (Henan, 
Anhui, Shandong, Shanxi, Jiangsu, and Shanghai) of China, which 
ranged from 0.002 Pg to 0.16 Pg. Although the land area of this 
western regions is very large, the forest area is relatively small. Due to 
the harsh environment, there are few types of woodlands suitable for 

FIGURE 1

The carbon storage and carbon sequestration capacity of China’s 
forests in contemporary times and in the future.

FIGURE 2

The age structure of China’s forests in currently and in the future.
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tree growth, the trees grow slowly, and the forest carbon storage 
potential is lower than that in other areas.

The carbon sequestration capacities in forest ecosystems were 
distributed heterogeneously across China. The current forest carbon 
sequestration capacities in the southwestern and eastern regions are at 
their peaks, and have greatly reduced with stand aging (Figure 4). Most 
regions in the central-southern region (Guangdong, Guangxi, Hunan, 
Hubei et al.) have not yet reached the maximum carbon sequestration 
capacities yet and they will reach the maximum around the year 2028. 
Through the comparative analysis of carbon storage and the carbon 
sequestration capacity of 31 provinces in China, generally speaking, 
there is a positive correlation between forest carbon sequestration 
capacity and carbon storage, such as in Heilongjiang or in Inner 
Mongolia, Sichuan or the Yunnan provinces. The corresponding 
carbon sequestration capacity is also higher than that of other 
provinces. Interestingly, although the carbon sequestration capacity of 
forests in the Guangxi Province is lower than that in the Yunnan 
Province, it is still higher than that in Heilongjiang, Inner Mongolia or 
Sichuan. In addition, the carbon sequestration capacity of other 
provinces in the southern regions (Guangdong, Hunan, Hubei) is also 
higher than that of most other provinces in China.

3.3. Spatial and temporal patterns of future 
forest carbon densities

At present, the average carbon density of all forest is 56.69 Mg C 
ha−1 in China, and only 9 provinces are above the average level 
(Figure  5). The areas with higher carbon densities are mainly 
concentrated in the northeast, northwest and southwest of China, and 
the lower carbon density areas are in the eastern and south-central 
regions. The forest carbon density (91.68 Mg C ha−1) of Xinjiang is the 
highest, followed by Tibet (84.78 Mg C ha−1), Sichuan (83.18 Mg C 
ha−1), Jilin (75.57 Mg C ha−1), Heilongjiang (75.07 Mg C ha−1) and other 
regions. The carbon density in Tianjin, Jiangsu and Guangxi is much 
lower than other provinces, and the forests of Guangxi are mainly 
young plantation forests. The carbon density of provinces in the eastern 
and southeastern regions is low, and the carbon density is between 20 
and 40 Mg C ha−1, but the future growth rate is expected to be faster.

In the next 40 years, the average forest carbon density of China 
will increase greatly in the eastern, central and southern regions of 
China, from 56.69 Mg C ha−1 in 2018 to 86.38 Mg C ha−1 in 2058. 
We  also found that the increment rate of carbon density in most 
provinces in southern China was higher than that in the north, but the 

FIGURE 3

Carbon storage of China’s forests by the provinces.
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potential of forest carbon sequestration in southern China will likely 
account for a major part of the whole carbon uptake process in 
the future.

4. Discussion

4.1. Uncertainties of future forest carbon 
storages

Forest carbon sequestration provides a low-cost, nature-based 
solution for national carbon neutral strategies with enormous 

potential capacities for the future. Piao et al. (2022a) compared and 
analyzed four large-scale ecosystem carbon storage and carbon 
sequestration capacity methods. The existing carbon storage 
estimation methods of forest vegetation have been relatively mature. 
Our study uses the inventory method to calculate the carbon storage 
of China’s forests without including economic forests and bamboo 
forests. The total carbon storage is 10.0 Pg C of various vegetation 
types of 31 provinces. Tang et al. (2018) also calculated the carbon 
storage of China’s forests by vegetation types. The carbon storage of 
Chinese forests is 10.5 ± 2.0 Pg C. Chen et al. (2022) calculated that the 
carbon storage of natural forest of China was 9.4 ± 1.45 Pg C using a 
similar method and the data of 762 natural forest sites in 2010. The 

FIGURE 4

Carbon sequestration capacities (Tg C year−1) of 31 provinces over the next 200 years. Forests in China are divided into six regions: Northwestern region 
(Shaanxi, Gansu, Xinjiang, Qinghai, and Ningxia), Northern region (Inner Mongolia, Hebei, Inner Mongol, Shanxi, Beijing, and Tianjin), Northeastern 
region (Heilongjiang, Jilin, and Liaoning), Southwestern region (Sichuan, Yunnan, Tibet, Guizhou, and Chongqing), Central southern region (Guangxi, 
Guangdong, Hubei, Hunan, Henan, and Hainan), and Eastern region (Fujian, Jiangxi, Zhejiang, Shanghai, Anhui, Shandong, and Jiangsu).
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previous studies estimated that the carbon storage is 1.4 Pg C in the 
plantation forests (Zhang et al., 2015), and 10.8 Pg C in the natural 
forests. The results of all these studies are consistent with those of this 
study. Due to the lack of economic forest and bamboo forest data, the 
total carbon storage of this study is slightly lower than that of 
other studies.

4.2. Temporal changes of carbon storage 
and carbon sequestration capacity of 
provinces

To better understand the characteristics of forest carbon 
sequestration and the contribution to carbon neutrality, based on the 

calculation of carbon storage, we forecasted the forest carbon storage 
and sequestration capacities of China for the next 200 years. From 
2019 to 2048, the increment of forest carbon storage will be 4.48 Pg C, 
and the average carbon sequestration will be 0.15 Pg C year−1. He et al. 
(2017) predicted that the increment of carbon storage of forest 
vegetation of China will be  13.92 Pg C and the average carbon 
sequestration will be 0.34 Pg C year−1 from 2010 to 2050, which is 
much higher than our results. While Yao et al. (2018) predicted that 
the increment from 2010 to 2050 will be 6.69 Pg C (the average carbon 
sequestration is 0.17 Pg C year−1). Xu et al. (2010) predicted 7.23Pg C 
(0.14 Pg C year−1) from 2000 to 2050, and Cai et al. (2022) predicted 
0.211 Pg C year−1 from 2010 to 2060. These results are similar to ours. 
Our results showed that in the next 40 years, the carbon storage will 
increase from 10.0 Pg C to 15.04 Pg C, and the average carbon 

FIGURE 5

Carbon density (Mg C ha−1) of 31 provincial regions.
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sequestration will be only 0.13 Pg C year−1. However, it is worth noting 
that after 90 years, when all forests have transitioned to a mature state, 
the carbon sequestration capacity of forests will be only 4% of the 
current level, and forests almost lost their carbon sequestration 
capacity. Our results supported E.P.Odum’s ecological succession 
hypothesis. The forests will gradually enter the old seral stages, the 
carbon sequestration capacities will decrease greatly, and the carbon 
storage of the whole forest will gradually reach the upper limit in 
stable environment conditions (Odum Eugene, 1969; Hubau et al., 
2020; Piao et al., 2022b). Of course, our research object is only the 
current forests in China. In the future, due to afforestation and 
reforestation, human management, natural succession of forests, and 
natural disturbances such as hurricanes, floods, droughts, and 
wildfires that forests may suffer. These factors will affect the carbon 
storage and carbon sequestration capacity of forests (Fekete et al., 
2017; Ceccherini et al., 2020; Walker et al., 2020; Anderegg et al., 2022; 
Phillips et al., 2022). Studies showed that China’s terrestrial carbon 
sequestrations will offset 2.8%–18.7% of fossil fuel emissions by the 
year 2060 (Cai et al., 2022; Yang et al., 2022). However, China will also 
face more severe challenges in achieving the goal of carbon neutrality 
because of the decrease in forest carbon sequestration capacities. The 
carbon sequestration capacity will tend to be  zero as the forest 
gradually enters the mature stage (Odum Eugene, 1969).

4.3. Spatial distribution of carbon storage 
and carbon sequestration capacities

The study showed that the carbon storage and carbon 
sequestration capacities have large spatial heterogeneity in China, and 
the carbon storage capacity in the northeastern and southwestern 
regions is much higher than that in other regions. The difference in 
carbon storage among the different provinces is mainly related to the 
forest areas of each province. In the last 20–25 years, carbon storage in 
the northeast of China has increased from 1.79 Pg C from 1994 to 
1998 to 2.17 Pg C from 1997 to 1999 (Fang et al., 2001), a 45.95% 
increase because of plantations (Luo et al., 2020), mainly due to the 
3-North Shelter Forest Program that has been implemented by China 
since 1979. The project requires that the afforestation areas in the three 
northern areas increase from 5.05% to 15.95% by 2050. The fast-
growing trees absorb CO2 quickly because of the good climatic 
conditions in the southeast of the Tibet Plateau, with suitable 
temperature and sufficient precipitation. Another main reason for the 
carbon storage increase is that the area is less disturbed (Keith et al., 
2009). Forest disturbances have always been the major factors affecting 
forest carbon storage and carbon sequestration capacity (Seidl et al., 
2014). Storms, droughts, pests, wildfires and human disturbances have 
a great impact on the global carbon storage. For example, Kurz et al. 
(2008) predicted that continued insect outbreaks in British Columbia 
will lead to forest loss of about 374,000 square kilometers of forest area 
between 2000 and 2020, and they also indicated that the forest fires in 
western Canada have also released a huge amount of carbon. With 
global warming, climate extremes such as droughts and storms can 
decrease the regional ecosystem carbon stocks (Reichstein et  al., 
2013). Lasslop et  al. (2020) used simulations from seven global 
vegetation models to estimate the fire impacts on global tree cover and 
the carbon cycle, and found that global fires reduce forest cover and 
vegetation carbon storage by 10%. In addition, there is sufficient 

evidence to prove that deforestation has reduced forest carbon stocks 
in the Amazon by 5.1 ± 3.7% (Li et al., 2022).

According to the 2014 IPCC’s report, forest carbon sequestration 
is the most cost-effective way for national carbon neutral strategies. 
Forest carbon sequestration capacities can be increased by reducing 
deforestation, sustainable management and afforestation (IPCC, 
2004). In China, forests are widely distributed, with large latitude and 
longitude spans, and complex terrain. In general, the national forest 
area, the forest carbon storage and the carbon sequestration capacity 
have been positively correlated. In areas with high carbon storage, 
forest carbon sequestration capacity will also be stronger. However, it 
is worth noting that some low-latitude provinces have lower carbon 
storage than high-latitude provinces, but their carbon sequestration 
capacity is stronger than that of high-latitude provinces. For example, 
the total carbon storage of the Guangxi Province is lower than that of 
Heilongjiang and Inner Mongolia, but its carbon sequestration 
capacity is also greater. The reasons may be  as follows: First, the 
proportion of young and middle-aged forests in the Guangxi Province 
is 84% higher than that in Heilongjiang (61%) and in Inner Mongolia 
(53%), and the carbon sequestration capacity of young and middle-
aged forests is still relatively strong. Second, there are great differences 
in forest types among the provinces. The southern forests are 
dominated by short-life cycle tree species with a short maturity period, 
while the northern tree species have a longer life cycle. The southern 
forests mainly have the fastest growth and shortest rotation species 
(Populus spp., Cunninghamia lanceolata, Eucalyptus robusta, Larix 
spp.), which have greater carbon sequestration capacities if we manage 
them properly. Third, the environment in the southern region is more 
suitable for tree growth, with suitable temperatures and precipitation 
enabling trees to grow year-round, while the annual growth of the 
cycle of trees in the northern region is short. Here, we also found that 
although the current carbon sequestration capacity of some south-
central provinces (Guangdong, Hunan, and Hubei) is not much 
different from that of Heilongjiang and Inner Mongolia, the carbon 
sequestration capacity in the future will decline much more rapidly 
than in these other provinces. This is related to the growth 
characteristics of the forest ecosystems in each province. Long life-
cycle tree species have a longer carbon sink service time. To maintain 
a higher level of forest carbon sequestration capacity after achieving 
the carbon neutralization, China needs to manage forests more 
effectively to improve forest carbon sequestration capacity as much as 
possible. Ameray et al. (2021) proposed three management strategies 
for boreal, temperate and tropical forests: extensive forest 
management, intensive forest management and old-growth forest 
conservation. Old-growth forests can store more carbon than young 
forests, and although older forests have a slower rate of carbon 
sequestration, old-growth forest will release more carbon after logging 
(Harmon et al., 1990). Intensive forest management is one way to 
increase the carbon sequestration capacity of fast-growing tree species. 
Extensive forest management increases forest carbon sequestration 
capacity and soil carbon storage through partial cutting (Dalmonech 
et al., 2022). Due to the strong spatial heterogeneity of China’s forest 
carbon, it is very necessary to implement corresponding management 
strategies for forest conditions in different regions. For example, 
forests in Guangxi, Guangdong, and Fujian should focus on intensive 
forest management to improve the carbon sequestration capacity of 
fast-growing species such as Cunninghamia lanceolata and Eucalyptus 
robusta. Provinces such as Heilongjiang, Inner Mongolia, Jilin, and 
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Liaoning have long forest life cycles. It is recommended to adopt 
extensive forest management and increase forest and soil carbon 
storage through partial cutting. Forests in Yunnan, Sichuan and Tibet 
are less disturbed and have higher carbon density, so it is 
recommended to focus on protection.

Currently, the forests of China will have largest carbon storage 
potential and strongest carbon sequestration capacities by the year 
2058, but the role of forest carbon sequestration will decline gradually. 
Therefore, the key to maintaining the high carbon sequestration 
capacity of forests lies in two points. First, increase the forest area as 
much as possible and increase the carbon storage potential. From the 
late 1990s to 2010, the cumulative afforestation area of six key forests 
projects begun in China increased by 106.31 × 106 ha. The potential 
afforestation area in the future (2010–2050) is about 300,000 ha, and 
the carbon sequestration potential of afforestation may reach 2.52 Pg. 
These afforestation projects are the key to increasing carbon storage 
in China’s forest ecosystems (Huang et al., 2012). Second, maintain a 
reasonable forest age structure and maintain a certain proportion of 
young and middle-aged forests through forest management measures. 
Here we suggest that national-scale forest planning should implement 
targeted measures on a province-by-province basis. For forests with 
fast growing trees in the south, high-intensity management and 
reforestation methods are used to maintain the high carbon 
sequestration capacity of forests (Busch et al., 2019; Veldkamp et al., 
2020). Aiming at the slow-growing forests in the north, increasing the 
forest area is not the main goal, but improving forest quality through 
low-intensity management is the key (Canadell and Raupach, 2008; 
Feng et al., 2022; Kreier, 2022). The objectives of this research are to 
comprehensively analyze forest carbon reserves and carbon 
sequestration potential at a national scale as well as to understand the 
changes of forest carbon sequestration capacities, and provide a 
reference for decision-makers so that they can make more effective 
and more intelligent decisions.

4.4. Carbon density in forest ecosystems

Forest stand ages are important factors for the carbon 
sequestration capacities of forest ecosystems because the carbon 
accumulation greatly depends on forest stand ages (Yao et al., 2018). 
At present, 63.06% of China’s forests are young and middle-aged 
forests, so China’s forests currently maintain a high forest carbon 
sequestration capacity. But the carbon sequestration capacity declines 
rapidly with the succession of ecosystems. When the forest is fully 
succeeded to a mature state (after 90 years), the carbon sequestration 
capacity of the forest decreases by 68%. Therefore, to maintain the 
high carbon sequestration capacity of forests, a certain proportion of 
young forests must be maintained. The forest carbon sequestration 
capacities of China have increased by 34% through afforestation and 
reforestation after the forests were destroyed before the 1990s (Pan 
et al., 2011). The high proportion of young and middle-age forests 
make China’s current forest carbon density (56.69 Mg C ha−1) lower 
than the United States (88 Mg C ha−1; Pan et al., 2011; Nelson et al., 
2017). The areas with high carbon densities in China are mainly 
concentrated in the Northeast, Northwest and Southwest, and the 
carbon densities in South-Central and Eastern areas are relatively 
small. The mature and over-mature forests are mainly located in the 
Northeast, Northwest and Southwest.

The current forest is dominated by immature forest stands, 
with strong carbon sequestration capacities, and the carbon 
density will increase from 56.69 Mg C ha−1 to 86.38 Mg C ha−1 
over the next 40 years (by 2058). However, the forest carbon 
sequestration capacities will decrease after the stands reach the 
mature and over-mature stageswithin the next 40 years. The 
average carbon density of the national forest will reach the stable 
stage 91.93 Mg C ha−1 after 100 years, and the carbon density of 
New  Zealand’s natural forest will be  227 Mg C ha−1 when it 
reaches the stable stage. There are two main reasons for the 
differences: the natural forest of New Zealand Forest Inventory is 
mainly composed of primordial forest, which has a more stable 
structure and a higher carbon storage capacity with a longer 
growing season and good rainfall (Paul et al., 2021). Reasonable 
age structure is the key to maintaining high carbon sequestration 
capacity of forests (Li Y. et al., 2019).

5. Conclusion

The results of this study analyzed the changes of forest carbon 
storage and carbon sequestration capacities in China. The current 
forest carbon storage in China is 10.0 Pg C. Before the national 
carbon neutrality strategic goal is achieved in 2060, the forest still 
has 5.04 Pg increment space. However, in the next 40 years, the 
carbon sequestration capacity will be  greatly reduced, from 
0.202 Pg year−1 to 0.050 Pg year−1, and the carbon sequestration 
capacity will decrease by 75%. These changes in the trends of 
forest carbon in the provinces are basically the same as those in 
the country, and as the new forests, the possible disturbances in 
the future, and the forest succession are not considered, the 
carbon sequestration capacity of forest tends to zero with the 
forest age. Therefore, in order to maintain a high forest carbon 
sequestration capacity and a longer service time for forest carbon 
sinks, we have to make more comprehensive strategic plans for 
our forests. At present, restoration, afforestation, reforestation 
and sustainable forest development will be  the main methods 
through which to extend the service time of forest carbon sinks. 
Because of the strong spatial–temporal heterogeneity of forest 
carbon in China, to formulate and implement afforestation and 
management strategies according to the changes of forest carbon 
pools and the carbon sequestration capacity in each province, 
strategies need to be developed and implemented.

We suggest that the carbon trades should include the carbon 
storage amount and time in the future because the carbon 
sequestration of all forests will be gradually reduced to zero when the 
forests recover to the stable stages. Paying fees by carbon storage 
amount and time will be a more effective way to keep carbon in the 
forests and reduce the amount of carbon in the atmosphere. The 
combination of carbon storage fee and the carbon sequestration fee 
can be a long-term effective way to reduce the greenhouse gas amount 
in the atmosphere.
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