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Abstract: Accurate analysis of the carbon sink capacity of forest vegetation is particularly important
for achieving China’s carbon neutral strategy. In this study, we put forward the concept of the full
carbon sink, which includes the sink capacity of forest components carbon sink tree arbors and
bushes, sparse forest land, unclosed forest land, other shrubs, nursery, barren mountain shrubs, urban
and rural green areas surrounding trees and scattered forests, and forest soil. The plot measurement
method was used based on the forest resource inventory data and the plot data of the China Forest
Ecosystem Research Network to accurately estimate the full carbon sequestration of forest vegetation
in the Three Northeastern Provinces. The results showed that the full carbon sink is 69.45 TgC yr_l,
which is equivalent to neutralizing 22% of carbon emissions from energy consumption. Among the
three provinces, the vegetation of Heilongjiang Province was the largest carbon sink, accounting
for 63% of the total. Regarding the contribution of each component to the full carbon sink, tree
arbors accounted for 78%, followed by other forest vegetation at 13%, then soil at 9%. Crop output
was the main factor influencing the spatial pattern of the full carbon sink. The full carbon sink
of forest vegetation can objectively reflect the important role of forestry in achieving the carbon
neutrality strategy.

Keywords: three provinces in Northeast China; spatial pattern; full carbon neutral ability; impact factors

1. Introduction

With the rapid development of society, excessive emissions of greenhouse gases re-
sulted in severe environmental problems. CO; makes up the largest portion of these
greenhouse gases [1,2]. The Chinese government announced in 2020 that it would achieve
carbon neutrality by 2060 [3]. According to the Global Carbon Project, terrestrial ecosystems
absorbed 31% of CO, emissions from fossil fuel combustion during the years 2010-2019 [4].
As important components of terrestrial ecosystems, forests accumulate over 45% of the
carbon (C) in the terrestrial biosphere, and thus play a significant role in the global car-
bon balance [5]. Accurate evaluation of the carbon sink capacity of forest ecosystems is
particularly important for achieving the “carbon peaking and carbon neutrality goals”.

There are many methods to estimate the capacity of a forest as a carbon sink, such
as plot measurement method, biomass expansion factor (BEF) method, eddy covariance
(EC) method and remote sensing (RS) interpretation method. Each of these methods yields
different results [6]. Fang et al. estimated the forest biomass carbon storage in China with
the BEF method in 2001, the result showed that the carbon accumulation rate was 0.021 PgC
per year [7]. Many countries have adopted the BEF method combined with the stock change
for reporting carbon stock changes under the United Nations Framework Convention on
Climate Change (UNFCCC) and Intergovernmental Panel on Climate Change (IPCC) [8].
However, the BEF method can only be used to roughly estimate a forest carbon sink
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due to the fact that wood density varies greatly in different regions and for different tree
species. Long-term carbon flux observations can provide evidence for understanding
the relationship between carbon and climate change [9]. Some researchers [10], using
observations from flux data combined with inventory data, estimated the net carbon
absorption of semiarid forests to be a large carbon sink. Yu et al., studied the carbon
fluxes in terrestrial ecosystems of China with the EC method and found that they had a
relatively large C sequestration rate that ranged from 168.8 to 592.4 g¢C m~2 year—! [11]. EC
is considered an ideal method that can directly measure the carbon dioxide flux between
the forest ecosystem and the atmosphere; however, the results are hard to interpret due to
the limited observation points and the physical characteristics of carbon dioxide sinking at
night. Piao et al. estimated the annual carbon sequestration rate was 0.019 PgC per year
using satellite data and the RS method [12]. Yu et al. [13] used integrated meteorological
data, remote sensing data, and soil data to simulate changes in soil respiration and the
relationship between respiration and the carbon sink process in a terrestrial ecosystem.
Kumar et al. [14] estimated the soil organic carbon with the RS method, the results showed
that NDVI was a good predictor for soil organic carbon estimation. However, there is
still some incompleteness in the theory and technology of the RS method. Based on
forest inventory data, Dixon et al. [15] confirmed that terrestrial ecosystems in the Northern
Hemisphere are an important carbon sink. Fang et al. [16] and Tang et al. [17] systematically
investigated more than 17,000 quadrat data from forests, grasslands, shrubs, farmland,
and other ecosystems. They assessed China’s terrestrial ecosystem carbon storage and
its changes. They found that the average annual carbon sink on land in China between
2001 and 2010 was 0.201 PgC year~!. Pan et al. [18] used global forest survey data and
long-term observation data to reassess the global carbon budget of forests and found that
the global total carbon sink of forests was as high as 4.0 PgC year!. The plot measurement
method, however, is the most direct method for measuring a forest carbon sink. Although
the measurement process is time-consuming and labor-intensive, carbon stocks in different
compartments are estimated at a specific time, and successive measurements at different
times provide the opportunity to record changes in C stocks over time, which can lead to
direct and accurate calculations of the forest carbon sink [6,19].

A recent study showed that the previous study underestimated the land carbon
sink over Southwest China and over Northeast China because of afforestation [20]. The
Northeast region of China is an important industrial base with the highest forest cover [21],
and this area is also sensitive to climate change [22]. Accurate analysis of the carbon
sink capacity of forest vegetation in Northeast China can best reflect the role and position
of forestry in the overall layout of the ecological civilization construction, and serves
society as well as providing scientific and technological support for the implementation
of forestry in achieving the carbon neutral strategy. However, current research on carbon
sequestration has mostly focused on the arbor forests or soils, while the research about
the carbon sequestration capacity of shrubs, scattered trees, and surrounding trees is still
insufficient. How to consider all forest components in estimating carbon sequestration is
vital to carbon neutrality.

Therefore, based on using the forest resource inventory data and biomass data obtained
via the plot measurement method in the Three Northeast Provinces of China, this study
proposes the concept of full carbon sink, which includes all the vegetation components of a
forest ecosystem. We set out to analyze the spatial pattern of a full carbon sink, and analyze
the impact factor of this pattern. The main objectives of this study were: (1) to propose
the concept of full carbon sink and calculate the full carbon sink in the Three Northeast
Provinces; (2) to analyze the component differences among the full carbon sink in the Three
Northeastern Provinces, and (3) to discuss how climate factors (annual average temperature
and annual average precipitation) and socio-economic factors (population density, farmers’
net incomes, primary industry proportion, and crop output) influence the spatial pattern of
the full carbon sinks.
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2. Materials and Methods
2.1. Study Area

The Three Northeast Provinces, in the northeast of the People’s Republic of China,
is the collective name of the three provinces of Liaoning, Jilin and Heilongjiang, located
at 38°43'-53°33’ N, 118°02’-135°53' E [23]. The area spans from south to north across
the warm temperate zone, the middle temperate zone, and the cold temperate zone with
a humid and semi-humid continental monsoon climate [24]. The main forest types are
cold-temperate coniferous forests and mixed coniferous and broad-leaved forests [25].
According to the data from the Ninth National Forest Resource Inventory, the total forest
area is 33.47 Mha, and this includes 31.85 Mha of arbor forests [21]. The area of various
forestry land is shown in Table 1.

Table 1. Statistics of forest land in the Three Northeast Provinces.

Shrub

Arb Sparse Unclosed Non Forest Scattered Surrounding
Provinces Total Tr or Special Other Forest Forest Nursery Forested Suitable C,; ere Trees
rees Bushes Shrubs Land Land Land Land rees (Number)
Heilongjiang ~ 24.54 19.84 0.06 0.20 0.08 0.15 0.02 0.05 4.14 141 6710
Proportion  100.00% 80.87% 0.25% 0.83% 0.31% 0.60% 0.06% 0.21% 16.87% ’
Jilin 9.05 7.75 0.10 0.08 0.02 0.13 0.0022 0.02 0.95 039 2991

Proportion 100.00% 85.62% 1.13% 0.83% 0.23% 1.49% 0.02% 0.24% 10.44% ’
Liaoning 7.37 4.26 1.46 0.35 0.04 0.17 0.03 0.13 0.93 0.03 22 588
Proportion 100.00% 57.83% 19.88% 4.81% 0.51% 2.27% 0.34% 1.72% 12.65% . ’

Unit: Mha.

2.2. Methods

2.2.1. Data Sources

The data needed for this study mainly included forest resource data, vegetation carbon
storage data and soil carbon storage data. The forest resource data came from the Ninth
National Forest Resource Inventory data (2014-2018), which are based on the results of
a sample survey. The data used in our study include the area and storage volume of
various forestry lands, the area of each age group (young, middle-aged, near-mature,
mature, and over-mature forests), dominant tree species (groups). The pre-processing
of forest resources inventory data refers to the “Technical regulations for continuous
forest inventory” [26]. Tree species (groups) with similar physiological and ecological
characteristics were consolidated in each region’s forest resources inventory to obtain the
area and accumulation data of the dominant tree species (groups) by age group. The criteria
for the classification of age groups referred to the “Division of Age Classes and Age Groups
of Major Tree Species” [27].

The vegetation carbon storage data and soil carbon storage data were derived from the
long-term monitoring data of forest research stations of Chinese Forest Ecosystem Research
Network and several auxiliary monitoring stations in the Three Northeastern Provinces
(Figure 1) and refer to “Methodology for field long term observation of forest ecosystem”
during the forest inventory period [28].

The assessment of the carbon sink on a regional scale was a large and complex project.
Therefore, it was suitable to divide into multiple homogeneous ecological assessment units
for evaluation. We conducted scale transformation of plant and soil carbon sequestration
utilizing the distributed evaluation system at five different levels (Figure 2). The first
assessment level was made by the provincial administrative regions, the second level by
municipal administrative regions, the third level by dominant species, the fourth level by
age groups (Figure 2), and the fifth level by forest origin (natural or plantation). Ultimately,
7650 relatively homogeneous (20 x 20 m) assessment units that were determined. Results
for the entire study area were obtained by converting and combining the results of all
relatively homogeneous assessment units.
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Figure 1. Geographical location and distribution of sample plots in the Three Northeast Provinces.
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2.2.2. Vegetation Carbon Sink

Firstly, we used the harvesting method to obtain forest biomass data (including the
biomass of tree trunks, branches, leaves, and roots of the tree layer, as well as the biomass
of shrubs, herb layers and interlayer plants, and necromass and litterfall mass) referring to
“Methodology for field long-term observation of forest ecosystem” [28] and the methods
proposed by other researchers [16,17].

The height and DBH of each tree were measured in a sample plot, and standard trees
were selected according to the data obtained from the survey. The standard trees were
felled and brought back to the laboratory for drying and weighing to obtain the biomass of
trunks, roots, branches, leaves, flowers, and fruits. Five 2 x 2 m shrub squares and five
1 x 1 m herb squares were set up in each plot. The biomass of shrubs and herbs as well as
the biomass of interlayer plants (vines, etc.) was measured by the full harvest method.

The standard tree biomass equation is:

Ws = Wr + Wr + Wg + Wy, (1)

where W; is the biomass of a standard tree (kg); Wr is the biomass of the roots (kg); Wr is
the biomass of the trunk (kg); Wp is the biomass of the branches (kg); and Wy, is the biomass
of leaf, flower, and fruits (kg).

The equation of arbor forest biomass per unit area is:

G n

W = n Z WS/ (2)
Y gs5=1
s=1

where W is the biomass of arbor forest biomass per unit area (kg~m’2) ; G is the total cross-
sectional area at DBH (m?); and g; is the cross-sectional area at DBH of a standard tree (m?).
The litterfall was collected by the direct collection method, and the necromass (including
standing dead wood, fallen wood, stumps, and dead large branches) was collected by the
line intersect sampling method. All collected samples were brought back to the laboratory
for drying and weighing.

Then, the net primary productivity (NPP) of vegetation was measured according to
the dynamic data of vegetation biomass.

The equation is:

NPP =L+ N+ AW, ©)]

where NPP is net primary productivity (kg'-m~2-a~!); L is the production of litterfall
(kg-m~2-a~1); N is the production of necromass (kg-m~2-a~1); and AW is the change in the
biomass per unit area.
Carbon sequestration was estimated with the photosynthesis method [28]. The equa-
tion is:
Gueg = 0.4445 x S; x NPP, 4)

where Gy is the amount of vegetation carbon sequestration(kg-afl) ; and S; is the area of
the ith sampling points (m?).

This method was also applied to sparse forest land, unclosed forest land, nurseries, and
nonforested land. The carbon sink of scattered trees and surrounding trees was calculated
based on the NPP for each species. Otherwise, the emission of C from burning, deforestation
and decay of vegetation was not estimated in this study because of insufficient data.

2.2.3. Soil Carbon Sink

We set up soil sampling points according to the spatial distribution of soil types and
vegetation types. Soil samples were collected to measure soil texture, bulk density, and
organic carbon at depth intervals of 0-10, 10-20, 20-30, 30-50, and 50-100 cm using a soil
auger. Within each depth interval, at least five samples from the forest and shrubland
plots were collected along two diagonal lines. Then, we collected soil samples through
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the profile method and brought them back to the laboratory to measure soil organic
carbon (SOC) content. For this part of our work, we referred to “Methodology for field
long-term observation of forest ecosystem” [28] and “Forest soil analysis methods (LY /T
1210-1275)” [29]. The dichromate oxidation method was used to measure organic C content.
Soil bulk density was sampled and analyzed by the sampling spoon (100 cm?). Firstly,
we calculated the SOC density in different soil horizons, and the SOC density varied
with vegetation type. Secondly, we converted the SOC density into soil C density, which
represented the weight of organic C in the 1 m? soil-cubic at the soil profile depth of 1.0 m.
Finally, the soil C density was multiplied by the area of each vegetation type to estimate
the amount of soil carbon sequestration over the region. The equations are:

SOCDk = Ck X Dy X E X (1 — Gk) x 100, (5)
k
TSOC = Y SOCD; x S;, 6)
i=1
TSOC, — TSOC,_
Gsoil = . . n, @)

n

where SOCDy, is the SOC density (kg-m~2) at the kth profile; k is the profile depth of soil;
Cy is the SOC content (gC-kg~!) at the kth profile; Dy is the average soil bulk density
(g-cm’g’) at the kth profile; Ej is the thickness (cm) of the soil at the kth profile; Gy is the
volume percentage (%) of the fraction >2 mm at the kth profile; TSOC is the soil carbon
storage (kg-a~!); i is the number of sampling points; and G,; is the amounts of soil carbon
sequestration (kg-a~?)
So, the full carbon sink is the sum of the vegetation carbon sink and soil carbon sink.
The equation is:
Grun = Guoeg + Gsoil, (8)

where Gy is the amount of full carbon sequestration (kg-a=1).

2.3. Driving Factors Analysis

Factors affecting the spatial patterns of carbon sequestration in the Three Northeast
Provinces included climate factors including annual average temperature (°C) and an-
nual average precipitation (mm), and socio-economic factors including population density
(people/km?), farmers’ net incomes (Yuan), primary industrial proportion (%), and crop
output (x 10* ton). All data came from the Statistical Yearbook (2020) [30-32]. We used
SPSS24.0 software to analyze the relationship between these factors and the carbon seques-
tration rate. The person correlation coefficient was used to study the impact of various
factors on the spatial pattern of the full carbon sinks.

3. Results
3.1. Full Carbon Sink of Forest Vegetation in the Three Northeastern Provinces

The full carbon sink of forest vegetation in the Three Northeastern Provinces is
69.45 TgC year~!. In 2019, this sink neutralized 22% of carbon emissions from energy
consumption based on the statistical yearbook data [30-32] and carbon emission coeffi-
cient [33]. We divided the full carbon sink into three parts in this study: arbor forests
vegetation, forest resource soil (arbor trees and special bushes), and other forest vegetation
(sparse forest land, unclosed forest land, other shrubs, nursery, barren mountain shrubs,
urban and rural green areas surrounding trees and scattered forests). The carbon sink of
the different components are shown in Figure 2. The arbor forest vegetation contributed
the largest carbon sequestration, accounting for 78% of the total. The Three Northeastern
Provinces have a total area of 31.85 Mha of arbor forests, accounting for 77.78% of the total
forest land area. Arbor forests in a forest ecosystem are mainly responsible for serving as
a carbon sink. In other words, arbor forests are the key factor for determining regional
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carbon sequestration ability. Other forest vegetation absorbs CO, through photosynthesis
and fix it as biomass in plants during growth. The annual carbon sequestration of forest soil
only accounts for 9% of the total, but it is a huge carbon pool, and fluctuations of the soil
component will have a huge impact on climate change. For example, part of the organic
carbon fixed in the soil will be decomposed and transformed by soil microorganisms and
returned to the atmosphere in the form of CO,; the remaining will be converted into stable
organic carbon after years of accumulation and stored in the soil [34].

3.2. Spatial Differences of the Full Carbon Sink in the Three Northeastern Provinces

The carbon sink capacity of forests is quite different due to the differences in the
composition of forest resources and environmental conditions. Arbor trees were the main
carbon sink in each province. It can be seen from Figure 3 that Heilongjiang Province has
the largest proportion of the full carbon sink, accounting for 63% of the total, which is
mainly attributed to it having the largest forest area; followed by Jilin Province, which
accounted for 19% of the total. The lowest was Liaoning Province, which accounted for
18% of the total. The full carbon sink of forest vegetation neutralized 42% (Heilongjiang
Province), 25% (Jilin Province), and 8% (Liaoning Province) of energy consumption carbon
emissions (Figure 4).

12.88%

\

9.52% —A

77.60%

arbor forests vegetation = forest resources soil ~ ® other forests vegetation

Figure 3. Proportion of different components of the full carbon sink.

]

11.83%

.-

Heilonjiang Province
43.82 TgC

’

8.66% Liaoning Province
12.34 TgC

Jilin Province
13.29 TgC

Figure 4. Different components of forest full carbon sink in various provinces.

3.3. Driving Factors Influencing Carbon Sequestration in the Three Northeastern Provinces

Spatial heterogeneity of carbon sequestration was influenced by climate and socio-
economic factors (Table 2). In general, the carbon sequestration rate increased with increas-
ing annual average temperature (correlation coefficient = 0.354, p = 0.083) and per precipi-
tation (correlation coefficient = 0.323, p = 0.115) but the effects of climate were relatively
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weak. Our results also indicated that intensive human activities have reduced the carbon
sequestration ability. With the exception of population density, the socio-economic factors
showed a negative correlation with the rate of carbon sequestration. Crop output had a sig-
nificant negative impact on carbon sequestration as well (correlation coefficient = —0.463,
p = 0.02). Other factors only weakly influenced the spatial patterns (p > 0.05).

Table 2. Correlationship between carbon sequestration and driving factors.

a b c d e f g
a 1 0.354 0.323 0.339 —0.036 —0.463 * —0.325
b 0.354 1 —0.183 0.749 0.602 —0.349 —0.687 **
c 0.323 —0.183 1 0.009 —0.348 —0.066 0.163
d 0.339 0.749 ** 0.009 1 0.301 —0.28 —0.547 *
e —0.036 0.602 ** —0.348 0.301 1 —0.315 —0.385
f —0.463 * —0.349 —0.066 —0.28 —0.315 1 0.434*
g —0.325 —0.687 ** 0.163 —0.547 ** —0.385 0.434 % 1

Note: a: carbon sequestration rate, b: annual average temperature, c: annual average precipitation, d: population
density, e: farmer’s net income, f: crop output, and g: primary industry proportion. ** Corrected significance at
p <0.01. * Corrected significance at p < 0.05.

4. Discussion
4.1. Characteristics of Carbon Sequestration in the Three Northeastern Provinces

We found that the arbor trees were the largest most of the carbon sink; however, the
ability of other forest land should not be ignored. Sparse forest land refers to the forest land
in close proximity to trees, the canopy closure is sparse (0.1 to 0.19), which can effectively
increase forest resources, expand the forest area, and improve the ecological environment.
The competition of these trees is relatively weak, and their rapid growth rate reflects their
strong carbon sequestration ability. Unclosed forest land refers to the land after artificial
afforestation, the plantation is evenly distributed, and the land is one of the important
potential resources to improve the forest coverage. It is in the initial stage of afforestation,
which is also the peak period of tree growth, and has a strong carbon sink capacity. The
nurseries are the base of breeding and cultivating seedlings. Because of the large planting
density, carbon density is inevitable. Studies have shown that the carbon density of nursery
was significantly higher than that of the unclosed forest land and the surrounding trees [35].
There is almost no growth limit factor (competition, water, fertilizer) in urban and rural
greening trees, and the growth rate is closer to the peak of productivity. It also means that
its carbon sequestration ability is strong.

4.2. Main Driving Factors Influencing Carbon Sequestration Ability in the Three Northeastern
Provinces

Our results indicate that the patterns of carbon sequestration’s abilities weakly coin-
cide with temperature and precipitation distribution patterns. We also found that ecosystem
carbon sequestration is more constrained by water availability in dry areas than in hu-
mid areas because of the impact on plant production and microbial respiration [36]. We
suggest that carbon stocks are relative to human activities, which can provide guidance
for land-based carbon management strategies. Lu et al. have shown that the key eco-
logical restoration projects have made a huge contribution to carbon dioxide emission
reduction. The implementation of these projects has meant 56% of the carbon sink in the
project area, and it increased the carbon storage of 97.7 TgC [37]. Since the 1980s, the
Three Northeastern Provinces have carried out a number of national and provincial forestry
ecological projects. The forest area and forest quality have been improved, and the carbon
sequestration capacity of the forest ecosystem has also been strengthened. According to the
2016 National Report on the Monitoring of Ecological Benefits of the Grain for Green Pro-
gram” [38], the carbon sequestration in the project area in the Three Northeastern Provinces
was 5.34 TgC year~!, contributing 8% to the full carbon sink of the study area, which is
similar to the results in other studies [39,40]. The Grain for Green Program changed land
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use methods, improved soil structure, and had sustainable carbon sequestration benefits.
According to the “2015 National Report on the Monitoring of Ecological Benefits of Natural
Forest Resource Protection Project in Northeast and Inner Mongolia Key State-owned Forest
Area” [41], the forest carbon sequestration during the implementation of the project was
8.36 TgC year~! in Heilongjiang Province, and 1.26 TgC year~! in Jilin Province, which
are contributed to 20% and 9% of the area’s full carbon sink, respectively. A series of forest
projects were implemented in the study area by artificial afforestation, closing hills for
afforestation, forest management, and so on. This series has improved the structure of the
ecosystem and thus enhanced the carbon sequestration capacity of the ecosystem [42].

The implementation of forestry projects has been to change forest structure, which can
be seen in the Ninth National Forest Resources Inventory data (Figure 5). Most studies
have shown that as the forest age increases, the forest productivity reaches its maximum
and then begins to decline [2,43], and forest productivity in the subsequent mature stage
decreases significantly [44]. In terms of carbon sequestration per unit area, the fastest
growth and highest carbon sequestration capacity of the arbor trees vegetation in Liaoning
Province is mainly due to the high proportion of young and middle-aged forests reach-
ing 71.18% of their capacity. According to the “China Forest Resources Inventory Report
(2014-2018)” [21], the annual net growth rate of forest stock in Liaoning Province is 5.64%,
which is higher than Heilongjiang Province (3.01%) and Jilin Province (2.90%). The pro-
portion of young and middle-aged forests in Heilongjiang Province is 61.11%, while the
proportions of all age groups in Jilin Province are similar. The annual growth in Jilin
Province is lower than that of the other two provinces, and the amount of carbon sequestra-
tion capacity is also lower. In addition, carbon sequestration capacity may be impacted by
tree species composition [45], litterfall production [46], and species richness [47].

O Overmature forest [ Mature forest (1 Near mature forest [0 Middle-aged forest 0 Young forest
100% —224% 5.03% 4.92%
90% | 12.25%
13.78%
18.52% °
80% I 14.33%
70% F 20.18%
e
< 60% 24.15% 26.36%
2
£ 50% |
2
S 40% | 40.29%
& 26.93%
30% |
7.03%
20% - 47.03%
10% k 22.26% 20.83%
0% 1 1 J
Liaoning Province Jilin Province Heilongjiang Province
Province

Figure 5. Proportion of different age groups of arbor forests in the Three Northeast Provinces.

4.3. Precision Analysis

The rate of carbon sequestration per unit area of vegetation in the Three Northeastern
Provinces (1.37-2.12 tC-hm~2.year ') is relatively consistent with the result of temper-
ate forests of Yu et al., using observation data combined with the integration analysis of
52 flux tower observation data (1.9 tC-hm~2-year~!) [11], and higher than the results of
Piao et al. (0.13 tC-hm~2-year ') based on remote sensing data and forest resource inven-
tory data [12], lower than the results of Cai et al. (2.16-3.47 tC-hm’z'year’l) [48] and
Geetal. (3.5 tC~hm’2~year’1) [49] using simulation method based on the field measure-
ment combined with the model. The data obtained from satellites include vegetation
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carbon storage data, and the calculated annual carbon sequestration capacity does not
conform to the law of tree growth, which leads to an underestimation of the carbon se-
questration. Simple numerical simulation of the carbon cycle process using the model
method may ignore the carbon loss process which may lead to overestimation of the
carbon sequestration. The rate of soil carbon sequestration in this study was between
0.18-0.20 tC'hm_Z'year_l, which is a little lower than the results of Zhu et al., for the
northern forest areas of China (0.24 tC-hm~2.year~!) [50], and similar to the result of Fang
etal. (0.2 tC-hm’z-year’l) [16]. At the regional scale, Xu et al. [51] found that temperate
forest carbon sinks were 0.94 tC-hm~2-year~! based on monitoring data and flux data,
which are similar to the results of Harris et al. [52] (0.64 tC-hm~2-year~!). On a global scale,
Wang et al. [53] calculated a global forest carbon sink with average of 1.16 tC-hm~2-year~!
based on the collected flux tower data from 75 sites. In summary, the results in this study
were a little higher than the characteristics of temperate forests in the Northern Hemisphere
because of the large scale estimation, but are similar to those in other studies conducted
in China.

In the process of calculating the full carbon sink, we realized that the orchards can
also be regarded as a carbon sink besides the fruit production function. The carbon in the
fruit is removed from the orchard ecosystem through harvesting [54]. This particular study
only discusses the carbon captured by fruit formation process. Other studies have shown
that the carbon sequestration capacity of China’s apple orchards is equivalent to 5.6%
of the national forest carbon sink. Increasing the output of orchards through reasonable
management measures will not only bring economic benefits but also help neutralize
carbon dioxide [55]. Otherwise, the emission of C from burning, deforestation, and decay
of vegetation was not estimated in our study because of the insufficient data. However,
we feel we have shown that the net absorption of C based on calculating absorption and
discharge accurately reflects the ability of carbon neutralization of forest vegetation.

Assuming that existing forest lands will be converted into arbor forests, we use the
existing forest carbon sequestration capacity to estimate the potential carbon sequestration
in the Three Northeastern Provinces. Hypothetically, in the future, the forest area of
Liaoning, Jilin, and Heilongjiang provinces will reach 7.36, 9.05, and 24.54 Mha, and the
annual carbon sequestration will reach 80 TgC year ™!, an increase of 13% compared to
the results of this study. In fact, due to the limitation of water and heat conditions, not
all forest lands can be converted into arbor forests. However, with the development of
forest protection work and the continuous improvement of forest management methods,
the carbon sequestration capacity of forests will be further strengthened.

4.4. Uncertainty

Forest ecosystems have complex spatial and temporal heterogeneity and extensive
internal linkages, which must be addressed in the study of forest ecosystem carbon seques-
tration and which make it difficult to estimate the full carbon sink of forests. Different
analytical methods produce different results. Compared with the IPCC method, the method
used in this study and the IPCC method are both based on the principle of calculating the
biomass stock of two periods to calculate carbon sequestration. The difference is that in this
study, the NPP of the dominant tree species is obtained through the biomass calculation of
two periods, and then the carbon sequestration is calculated based on the photosynthesis
equation, which is flow calculation. The allometry model and BEF method was used in
the IPCC carbon account, carbon storage is calculated based on the carbon content in dry
matter, which is stock calculation. When applying the IPCC method at the national and
regional scales, carbon emissions were also considered at the tier 2 level. In this study, due
to the lack of data, carbon losses caused by factors such as land use conversion were not
calculated. When using IPCC method, due to differences in parameters among different
dominant tree species and age groups, accounting and correction should be made based
on actual situations. The method used in this study investigates the biomass of different
age groups and dominant tree species in the sample plot through long-term positioning
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monitoring. This method is equivalent to supplementing the IPCC method on a smaller
regional scale, making the assessment of regional carbon sink function more accurate. The
calculation method for carbon sequestration in shrublands and soil is basically consistent
with the IPCC method, using the difference between the two periods for calculation.

In addition, different countries have different definitions of forests, with Chinese
forests including arbor trees, bamboo, and shrubs specifically designated by the state. These
categories can obtain detailed data for carbon sequestration assessment in forest resource
inventory. However, vegetation such as nursery, barren mountain shrubs, urban and rural
green areas surrounding trees and scattered forests that do not meet the definition of
forests also store a large amount of carbon, but are not measured in traditional forest carbon
sequestration assessment. The innovation of this study is to also consider these categories of
forest land, thus evaluating the full carbon sink. However, this method ignores the carbon
sink process, the results for the estimation of dynamic changes may be inaccurate. Therefore,
it is necessary to use a combination of multiple methods to expand the spatiotemporal
range and accuracy of ecosystem surveys and to use long-term observations to enhance
the spatiotemporal representativeness of sample plots. It is also necessary to strengthen
the observations of specific forests (shrubs, unclosed forest, surrounding trees) and carbon
cycle components in the future. There are still many deficiencies in the understanding of
ecosystem processes and their responses to climate change and human activities. We only
selected the data from statistic books to study the impact factor of full carbon sink. Due to
the complexity of the carbon cycle process, the driving factors for a carbon sink are not yet
clear. Therefore, it is necessary to use model simulations and other means to deeply analyze
the factors that affect the spatiotemporal distribution and dynamic changes in carbon sink,
providing support for ecosystem management to enhance the carbon sink.

5. Conclusions

Based on the Ninth Forest Resource Inventory Data, we identified the full carbon
sink of forest vegetation in the Three Northeastern Provinces to be 69.45 TgC, which is
equivalent to neutralizing 22% of carbon emissions produced by energy consumption.
Heilongjiang Province has the highest forest carbon sink capacity, accounting for 63% of
the total. In terms of the full carbon sink for this region, the carbon sequestration of the
arbor forest vegetation, other forest vegetation and the forest soil accounted for 77%, 13%,
and 10%, respectively. Crop output is the main factor impacting the spatial pattern of the
full carbon sink. Our findings identify the important role that forestry and forest vegetation
have in achieving a carbon neutrality strategy.
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