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ABSTRACT
Energy consumption dominates annual CO2 emissions in China. It is essential to significantly reduce CO2
emissions from energy consumption to reach national carbon neutrality by 2060, while the role of terrestrial
carbon sequestration in offsetting energy-related CO2 emissions cannot be underestimated. Natural climate
solutions (NCS), including improvements in terrestrial carbon sequestration, represent readily deployable
options to offset anthropogenic greenhouse gas emissions. However, the extent to which China’s terrestrial
carbon sequestration in the future, especially when target-oriented managements (TOMs) are
implemented, can help to mitigate energy-related CO2 emissions is far from certain. By synthesizing
available findings and using several parameter-sparse empirical models that have been calibrated and/or
fitted against contemporary measurements, we assessed China’s terrestrial carbon sequestration over
2010–2060 and its contribution to offsetting national energy-related CO2 emissions. We show that
terrestrial C sequestration in China will increase from 0.375± 0.056 (mean± standard deviation)
Pg C yr−1 in the 2010s to 0.458± 0.100 Pg C yr−1 under RCP2.6 and 0.493± 0.108 Pg C yr−1 under the
RCP4.5 scenario in the 2050s, when TOMs are implemented.Themajority of carbon sequestration comes
from forest, accounting for 67.8–71.4% of the total amount. China’s terrestrial ecosystems can offset
12.2–15.0% and 13.4–17.8% of energy-related peak CO2 emissions in 2030 and 2060, respectively.The
implementation of TOMs contributes 11.9% of the overall terrestrial carbon sequestration in the 2020s and
23.7% in the 2050s.Themost likely strategy to maximize future NCS effectiveness is a full implementation
of all applicable cost-effective NCS pathways in China. Our findings highlight the role of terrestrial carbon
sequestration in offsetting energy-related CO2 emissions and put forward future needs in the context of
carbon neutrality.

Keywords: terrestrial carbon sequestration, natural climate solutions, CO2 emission, energy consumption,
carbon neutrality

INTRODUCTION
Atmospheric CO2 concentration has increased by
48% since the pre-industrial era [1] and this increase
will continue [2]. To achieve the Paris Agreement
target of limiting the global temperature rise to well
<2◦Cabove thepre-industrial level and topursue ef-
forts to keep warming at <1.5◦C, global efforts are
urgently needed to reduce greenhouse gas emissions
by 50% in the next 10 years and reach net zero by the
2050s so that the 1.5◦C target can be possible [3,4].

Energy consumption dominates CO2 emis-
sions in China, accounting for ∼88% of the
total annual CO2 emission in the year 2010
[5]. Chinese government has pledged to reach
peak CO2 emissions before 2030 and carbon
neutrality before 2060. The CO2 emission from
energy consumption in 2030 is projected to be
10.2–12.5 Pg CO2 yr−1, or 2.8–3.4 Pg C yr−1 (1
Pg = 1012 kg) depending on different scenarios
[5]. Coal is still the major energy source in China,
contributing 56.8% to the total energy consumption
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in 2020. Much attention has been paid to CO2
mitigation in energy sectors. To reach carbon
neutrality, the percentage of coal in energy con-
sumption should be reduced from 43.2−46.0% in
2030 to 9.1−25.2% in 2050 [6], or the percentage of
non-fossil energy consumption should be increased
from 24.2−28.7% in 2030 to 85% in 2060 [7].
The non-fossil energy includes mainly wind, solar,
hydraulic and nuclear. It is a big challenge to reduce
fossil energy consumption, especially coal, to reach
carbon neutrality in China.

Although it is essential to reduce CO2 emissions
from energy consumption, the role of terrestrial car-
bon sequestration cannot be underestimated in car-
bon neutrality. Natural climate solutions (NCS)
or nature-based climate solutions, which promote
conservation, restoration and land management im-
provement to increase terrestrial carbon sequestra-
tion or reduce emissions from ecosystems [8], have
been well recognized as one of the most effective,
readily available mitigation options [9–13]. Global
NCS could provide a quarter or more of the cost-
effectivemitigation needed by 2030 [14]. Reforesta-
tion is potentially a large-scale method for seques-
trating CO2 in the biomass and soils of ecosystems.
The carbon (C) sequestration from tropical refor-
estation between 2020 and 2050 could be increased
by 1.55 Pg C at a carbon price of US$20 tCO2

−1

[15]. The NCS could have offset 21% of the net
annual emissions of the USA in 2016 [16].

Global terrestrial ecosystems sequestered C and
this sequestration has shown an increased trend over
the last four decades.The rates of C sequestration by
global terrestrial ecosystems were 2.0, 2.6, 2.9 and
3.4 Pg C yr−1 during the 1980s, 1990s, 2000s and
2010s, respectively, offsetting 36−41%of fossil CO2
emissions [17]. Terrestrial ecosystems in China se-
questered C at rates of 0.19–0.26 Pg C yr−1 over
the 1980s–1990s [18], 0.20–0.33 Pg C yr−1 dur-
ing the 2000s [19–21], offsetting 28–37% and 11–
18% of fossil CO2 emissions over the 1980s–1990s
and the 2000s, respectively. The forest ecosystem
plays a dominant role in China’s terrestrial C se-
questration [19,22].The implementation of six eco-
logical restoration projects since the late 1970s has
significantly increased ecosystemC sequestration in
China, contributing 56% to the overall C sequestra-
tion across the restored regions [23].

A few studies have estimated the C sequestra-
tion from China’s terrestrial ecosystems in the fu-
ture. Under different climate scenarios, model sim-
ulations showed terrestrial C sequestration at rates
of 0.256–0.397 Pg C yr−1 between 2020 and 2060
when the land use remained as in the 1970s [24].
Scientists paid specific attention to future C seques-
tration in forests. Based on age-dependent changes

in the forest biomass, the vegetation C sequestra-
tion was estimated to be 0.145 Pg C yr−1 between
2000 and 2050 [25]; 0.176 Pg C yr−1 between 2008
and 2050, taking afforestation into consideration
[26]; and 0.28 −0.42 Pg C yr−1 between 2010 and
2050, with forest area kept unchanged [27]. How-
ever, these age-dependent estimates [25–27] nei-
ther included below-ground biomass nor took CO2
fertilization into account. More recent studies have
suggested that the historic land C sinks were un-
derestimated in current models due to an underval-
ued CO2 fertilization effect [28]. Multi-model es-
timates suggested that an increase in atmospheric
CO2 of 100 ppmwould sequester 3.1–3.5 Pg C yr−1

in global terrestrial ecosystems [29,30]. Enhanced
global terrestrial GPP (gross primary productivity)
due to CO2 fertilization reached 1.8 Pg C yr−1 dur-
ing 2001–2014 [31]. Nevertheless, the CO2 fertil-
ization effect on C sequestration can be reduced in a
mature forest [32] and in plants growing in nutrient-
poor soils [33,34], and can even be diminished over
timewhenplants growunder long-termCO2 enrich-
ment conditions [35,36].

Management practices in China have shown
that forest plantations increased C sequestration
[18,23,37], grazing exclusion in degraded grasslands
promoted C storage [38,39] and the enhancement
of residue retention in croplands improved soil C se-
questration [40,41]. China has proposed a series of
target-oriented plans associatedwith ecological con-
servation and restoration [42–45], which will un-
doubtedly promote future terrestrial C sequestra-
tion nationwide.

C sequestration in China’s terrestrial ecosystems
over the past decades has been well recognized and
quantified [18,19]. Under different climate change
scenarios, some model simulations projected fu-
ture C sequestration in forests [46], cropland soils
[47] and grasslands [48] in China. However, the
extent to which China’s terrestrial C sequestration
in the future, especially when target-oriented man-
agements (TOMs) are implemented, can help to
mitigate energy-related CO2 emissions is far from
certain due to a lack of integrated investigations.
This limits our overall evaluation of future C se-
questration in China’s terrestrial ecosystems and
the role in offsetting energy-related CO2 emissions.
Here, we focus onChina’s terrestrial ecosystems, in-
cluding forests, shrubland, grassland, cropland and
wetland. By synthesizing available findings and us-
ing several parameter-sparse empirical models, we
first estimate the C sequestration in China’s ter-
restrial ecosystems over the period 2010–2060 by
taking into consideration CO2 fertilization impacts,
TOMs and below-ground biomass. We then evalu-
ate the contribution of terrestrial C sequestration to
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offsetting energy-related CO2 emissions in China
over the period 2010–2060.We expect that our esti-
mates of future terrestrial C sequestration in China
could serve as the basis for national policy making
and further research in this area.

RESULTS
Carbon sequestration during the period
2010–2060
By synthesizing available findings and using several
parameter-sparse empirical models [Equations
(1)–(8) and Equations (S1)–(S9) in Supplemen-
tary Methods] that have been calibrated and/or
fitted against contemporary measurements, we
estimated China’s terrestrial C sequestration in
2010–2060.

Terrestrial C sequestration in China at baseline
shows a slight decrease under RCP2.6 (Fig. 1a) but
remains relatively stable under RCP4.5 (Fig. 1b)
from 2010 to 2060. The TOMs promote C se-
questration with time (Fig. 1). An overall increase
in China’s terrestrial C sequestration was esti-
mated to be from 0.375 ± 0.056 [mean ± stan-
dard deviation (SD)] Pg C yr−1 in the 2010s
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Figure 1. Estimated C sequestration in terrestrial ecosystems under RCP2.6 (a) and
RCP4.5 (b). Shaded area shows the aggregated standard deviation.

Table 1. Estimated C sequestration rate (Pg C yr−1) under
two climate scenarios.

RCP2.6 RCP4.5

Component Decade Mean SDa Mean SD

Vegetation 2010s 0.203 0.027 0.203 0.027
2020s 0.210 0.029 0.210 0.029
2030s 0.225 0.032 0.229 0.032
2040s 0.237 0.050 0.247 0.052
2050s 0.250 0.061 0.267 0.065

Soil 2010s 0.173 0.029 0.173 0.029
2020s 0.187 0.033 0.187 0.033
2030s 0.203 0.035 0.207 0.036
2040s 0.207 0.038 0.217 0.040
2050s 0.209 0.039 0.226 0.043

Total 2010s 0.375 0.056 0.375 0.056
2020s 0.397 0.062 0.397 0.062
2030s 0.428 0.067 0.435 0.068
2040s 0.444 0.088 0.464 0.092
2050s 0.458 0.100 0.493 0.108

aThe mean value of the aggregated standard deviation (SD) for a certain
decade.

to 0.458 ± 0.100 Pg C yr−1 under RCP2.6 and
0.493 ± 0.108 Pg C yr−1 under an RCP4.5 sce-
nario in the 2050s (Table 1). In 2030 and 2060,
terrestrial ecosystems can sequester 0.415 ± 0.064
and 0.456 ± 0.105 Pg C yr–1 under RCP2.6, and
0.417± 0.065 and 0.496± 0.114PgCyr–1 under an
RCP4.5 scenario. Terrestrial C sequestration under
RCP4.5 is 7.6% higher than that under an RCP2.6
scenario in the 2050s (Table 1). The contribution
of TOMs to the total C sequestration accounts for
4.0% in the 2010s and 23.7% in the 2050s (Fig. 1b
and Table S1), indicating the importance of TOMs
in C sequestration. The vegetation C sequestration,
on average, contributes 52.5–54.5% of the total C
sequestration (Table 1).

Forests can sequester 0.260–0.350 Pg C yr−1 be-
tween the 2010s and 2050s. Vegetation C seques-
tration accounts for 72.4% of the total C sequestra-
tion.TheTOM(area increase via afforestation) con-
tributes 4.6% in the 2010s and 25.2% in the 2050s
to the total C sequestration (Table S2). During
the period of 2010s–2050s, shrubland can sequester
0.027–0.028 PgC yr−1 at baseline, but theC seques-
tration will decrease (Table S3) due to part of the
shrubland area being transformed to forest (please
see Methods). Carbon sequestration in grassland is
estimated to be 0.018–0.031 Pg C yr−1. The contri-
bution ofTOM(restoration via exclosure fromgraz-
ing) to the total C sequestration will increase from
13.9% in the2020s to30.5% in the2050s (Table S4).

Cropland soils can sequester C at rates of
0.043–0.059 Pg C yr−1. The increase in crop
residue retention and the expansion of no-till areas
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Table 2. Contribution of different ecosystems to C sequestration (%).

Item Decade Forest Shrubland Grassland Cropland Wetland

Baseline 2010s 68.7 7.4 5.0 10.6 8.3
2020s 68.3 7.9 5.3 9.8 8.7
2030s 69.1 8.0 5.4 8.7 8.9
2040s 69.4 8.0 5.5 8.1 9.0
2050s 69.9 8.0 5.5 7.7 9.0

Baseline+TOMs 2010s 69.2 6.5 4.8 11.5 8.1
2020s 67.8 5.4 5.4 12.8 8.6
2030s 67.9 4.2 5.9 13.3 8.7
2040s 69.4 3.3 6.0 12.5 8.7
2050s 71.4 2.4 6.0 11.5 8.8

(Methods) contribute10.8% in the2010s and48.7%
in the 2050s to the total C sequestration (Table S5).
Carbon sequestration in wetland soils is estimated
to be 0.031–0.043 Pg C yr−1 between the 2010s
and 2050s (Table S6), 2.7–21.7% of which is at-
tributed to an increase in area through restoration
(Methods).

The majority of C sequestration comes from
forests, accounting for 67.8–71.4% of the total
amount. Cropland soils, wetland soils, grassland
and shrubland contribute 11.5–13.3%, 8.1–8.8%,
4.8–6.0% and 2.4–6.5%, respectively, to the to-
tal C sequestration when the TOMs are deployed
(Table 2).

Contribution of C sequestration to
offsetting energy-related CO2 emissions
According to the People’s Republic of China Third
National Communication on Climate Change [5],
the energy-related CO2 emissions in China were 7.6
Pg CO2 yr−1, or 2.1 Pg C yr−1, in 2010 and are
projected to be 10.2–12.5 Pg CO2 yr−1, or 2.8–
3.4 Pg C yr−1, in 2030 (peak emissions), depend-
ing on different policy scenarios (see details in Ta-
ble S7).Using Equation (10), we calculated the con-
tribution of terrestrial C sequestration to offsetting
energy-related CO2 emissions.

Terrestrial C sequestration at baseline can off-
set 14.8–15.5% of energy-related CO2 emissions in
the 2010s, but this offsetting effect will decline to
10.3–13.5% of energy-related peak CO2 emissions
in the 2050s depending on CO2 emission scenarios
(Fig. 2a, c and e).This is due not only to an increase
inCO2 emissions from 2010 to 2030 (Table S7) but
also to a lack of TOMs in terrestrial ecosystems. In
contrast, TOMs can largely promote the offsetting
effect. Terrestrial C sequestration can offset 15.3–
16.0% of energy-relatedCO2 emissions in the 2010s
and 13.5–17.6% of energy-related peak CO2 emis-

sions in the 2050swhen theTOMs are put into prac-
tice (Fig. 2b, d and f).

The total C sequestration can offset 12.2–15.0%,
12.9–16.2% and 13.3–17.2% of energy-related peak
CO2 emissions in 2030, 2040 and 2050 under dif-
ferent scenarios, respectively. In 2060, terrestrial
C sequestration can offset 13.4–16.4% and 14.6–
17.8% of energy-related peak CO2 emissions under
RCP2.6 and RCP4.5 scenarios (Fig. 2b, d and f),
while the offsetting at baseline (Fig. 2a, c and e) is
∼24% lower than those with TOMs.

DISCUSSION
Achievability and implications
Forest-based NCS have experienced growing inter-
est in recent years as a potentially major contribu-
tor to meeting Paris Agreement carbon targets [13].
Table 2 shows that the forest sector accounts for
the vast majority of terrestrial C sequestration. The
TOM contributes 25.2% to the forest C sequestra-
tion in the 2050s (Table S2). Forest areas increased
from 195.89 Mha (million hectares) in 2008 to
220.57Mha in 2020 at a mean rate of 2.03Mha yr−1

(Fig. S1a). Meanwhile, forest coverage increased at
amean rate of 0.23% yr−1 (Fig. S1b). As a target, the
forest area is proposed to increase by 47Mha on the
basis of 2020 and the forest coverage will reach and
stabilize at >26% by 2050 (Fig. S1b). Accordingly,
the increase rates would be 1.57 Mha yr−1 for the
area and 0.10% yr−1 for the coverage. From practice
over the past 10 years, the increase in forest areas and
thus the promotion of C sequestration is achievable
in the future.

There is a general agreement that the techno-
logically achievable soil organic carbon (SOC)
sequestration via management practices is sig-
nificant in global croplands [49,50]. Cropland
soils can contribute 11.5−13.3% to the total
C sequestration in China (Table 2), which is
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RCP2.6 RCP4.5
2010s 14.8 14.8
2020s 11.2 11.2
2030s 10.4 10.5
2040s 10.3 10.7
2050s 10.3 11.1
2060 10.1 11.0

RCP2.6 RCP4.5
2010s 15.3 15.3
2020s 12.6 12.6
2030s 12.5 12.7
2040s 13.0 13.6
2050s 13.5 14.4
2060 13.4 14.6

RCP2.6 RCP4.5
2010s 15.2 15.2
2020s 12.2 12.2
2030s 11.7 11.9
2040s 11.7 12.1
2050s 11.7 12.5
2060 11.5 12.5

RCP2.6 RCP4.5
2010s 15.7 15.7
2020s 13.7 13.7
2030s 14.2 14.4
2040s 14.7 15.3
2050s 15.3 16.4
2060 15.2 16.5

RCP2.6 RCP4.5
2010s 15.5 15.5
2020s 12.9 12.9
2030s 12.6 12.8
2040s 12.6 13.1
2050s 12.6 13.5
2060 12.4 13.4

RCP2.6 RCP4.5
2010s 16.0 16.0
2020s 14.5 14.5
2030s 15.3 15.5
2040s 15.9 16.5
2050s 16.5 17.6
2060 16.4 17.8
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Figure 2. Percentage of offsetting energy-related CO2 emissions via (a, c, e) terrestrial C sequestration at baseline and
(b, d, f) baseline + target-oriented managements. The scenarios of energy-related CO2 emissions are (a, b) reference,
(c, d) policy-I and (e, f) policy-II. Supplementary Methods and Table S7 show detailed information about energy-related CO2

emission under different scenarios.

substantially attributed to TOM (Table S5). The
current SOCdensity (0–30 cm) inChina’s cropland
is ∼37.4 Mg C ha−1 [51], lower than the global
mean of ∼53 Mg C ha−1 [52]. The SOC density is
expected to reach 57.6−58.5 Mg C ha−1 in 2060
if TOM is practiced. Taking the global mean as a
reference, the achievability of SOC sequestration is
most likely possible in the future.

We assumed that a part of cropland will be trans-
formed to wetland between 2010 and 2030. The
cropland area will be reduced from 130Mha in 2010
to 128.6 Mha in 2030 (Table S8), corresponding to
a 1.1% reduction, or 0.05% per year. In light of the
National DATA created by the National Bureau of

Statistics of China (https://data.stats.gov.cn/), the
production of grain yield in China, on average, in-
creasedby1.9%per year over theperiod2011–2020.
The 0.05% yr−1 reduction in cropland area may not
affect food security.

Grazing exclusion (GE) is well recognized to
be an important strategy for restoring degraded
grasslands and promoting C storage [38]. The im-
plementation of the Grassland Ecological Com-
pensation Policy in China over 2008−2013 leads
to a 3.2% increase in NDVI (normalized dif-
ference vegetation index) [53]. Analysis of the
data from the China Environmental Status Bul-
letin shows that the production of hay from 2005
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to 2017 increased at a rate of 2.97 Tg DW yr−1

(1 Tg = 109 kg; DW represents dry weight) in
China’s grassland (Fig. S2a), which is substantially
attributed to GE (Fig. S2b). Improvements in hay
production can lead to a synchronous increase in
below-ground biomass and thus SOC. The TOM
can contribute 30.5% to the grassland C sequestra-
tion in the 2050s (Table S4).The accumulative area
of GE over 2003−2012 was 43.54 Mha. GE in an
additional 57.5 Mha of the moderately and heavily
degraded area between 2021 and 2060 (Table 3) is
very likely to improve grassland C sequestration.

China emitted 28% of global fossil CO2 emis-
sions in 2019 [17] and the fossil CO2 emissions are
likely to keep increasing before reaching a peak in
2030 (Table S7).TheNCSshouldbe taken into con-
sideration to meet the 2060 carbon neutrality goal
[54], although much attention has been paid to re-
ducing the fossil CO2 emissions [6,7,55]. China’s
terrestrial ecosystems in 2060 can sequester 0.456
and 0.496 Pg C yr–1 under RCP2.6 and RCP4.5 sce-
narios, respectively, suggesting that there would be
room for 0.456–0.496 Pg C yr–1 emissions in en-
ergy sectors in 2060, corresponding to 13.4–17.8%
of energy-related peak CO2 emissions. There is no
doubt that terrestrial C sequestration in China will
greatly reduce the pressure on cutting CO2 emis-
sions from energy consumption. We have reason to
believe that the NCS in the next 40 years can and
should play an irreplaceable role in accomplishing
the carbon neutrality goal by 2060.

Uncertainties and limitations
Unlike previous model simulation studies on global
[30,56,57] or ecosystem-specific C sequestration
[46,58], we synthesized and analysed available find-
ings and used several parameter-sparse empirical
models (seeMethods andSupplementaryMethods)
to make our estimates of C sequestration, which
makes it difficult to calculate uncertainties. How-
ever, the large SD in the estimates ofC sequestration
(Table 1) suggests higher uncertainties of the esti-
mates.The uncertainties may principally come from
several sources, including the usage of various esti-
mates fromdifferent researchers, simplifications due
to a lack of information, the assumptions of TOMs
and imperfect empirical models.

Very few investigations have focused on fu-
ture forest C sequestration in China. Existing
estimates of age-dependent C sequestration in
forest above-ground biomass are divergent from
different researchers, with a range from 500 [25] to
649 kgC ha−1 yr−1 [26] over the period 2010–2050
without CO2 fertilization. It is widely accepted
that the accumulation of forest biomass tends to

slow down with stand age and thus the rates of C
sequestration decrease accordingly [22,25,27]. The
available findings [25,26,59] used in this study have
also taken into consideration forest ages. Without
taking the CO2 fertilization effect into considera-
tion, the forest biomassC sequestration in the 2050s
will be 8.7 ± 5.7% lower than in the 2010s at base-
line. This reduction in C sequestration with time is
attributed to increasing forest age, although large
variations exist in the reduction between individual
studies. These divergent estimates [25,26,59] used
in this study would inevitably introduce uncertain-
ties into our estimates of forest C sequestration. We
estimatedC sequestration in below-ground biomass
using a mean value of the root:shoot ratio in forests
[22]. This might have also induced uncertainties,
since the root:shoot ratio depends not only on
forest types, but also on climates [60].

We assumed a linear increase in forest area, the
area of GE and the proportion of crop residue re-
tention over the period 2021–2060 under TOMs
(see Supplementary Methods) due to a lack of
information. This increase may not occur linearly
but may vary from year to year, depending on lo-
cal implementation of TOMs. The linear simplifi-
cation would lead to uncertainties in our annual
estimates.

Evidence suggests a substantial increase in global
photosynthesis since pre-industrial times. Elevated
CO2 is likely responsible for about half of the in-
crease [61,62]. Based on available studies on the re-
sponse of GPP [31,63] and NPP (net primary pro-
duction) [64] to elevated CO2, we used a value
of a 0.13% increase in C sequestration per rising
ppm of CO2 to quantify the CO2 fertilization ef-
fect [Equation (4)]. An ensemble ofmodels showed
that the relationship between the amplitude of the
CO2 seasonal cycle and the magnitude of CO2 fer-
tilization of GPP is almost linear across the entire
ensemble of models [63]. The historical CO2 fer-
tilization effect on global GPP was also linearly in-
creased with the atmospheric CO2 concentration
over the period 1901–2010 [65]. Changes in the
residual terrestrial C sink from the global budget
showed a linear trend over the period of the 1960s to
2000s [29]. These findings [29,63,65] support our
linear quantification of the CO2 fertilization effect.
Moreover, data from multi-model estimates of fu-
ture biomass C sequestration in China’s forests [46]
showed a linear correlation between the biomass C
change and the atmospheric CO2, with a CO2 fer-
tilization effect of 0.21% ppm–1 under the RCP2.6,
RCP4.5 and RCP8.5 scenarios, which is higher than
the 0.13% ppm–1 used in this study [Equation (4)].

The CO2 fertilization effect is now widely ac-
knowledged [29–31,65,66], whereas nutrients may
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constrain the response of terrestrial C sequestration
to elevated CO2 [32–34]. Our quantification of the
CO2 fertilization effect [Equation (4)] did not take
nutrients limitation into consideration, whichmight
have yielded a bias in the estimates of terrestrial C
sequestration. Without taking the CO2 fertilization
effect into consideration, China’s terrestrial ecosys-
tems could sequester 0.427 PgC yr–1 in 2060, corre-
sponding to 12.6–15.3%of energy-related peakCO2
emissions.

To quantify the impacts of TOMs on C seques-
tration, several parameter-sparse empirical models
were established based on available observations
(see Supplementary Methods). Insufficient data
used to establish empirical models led to an incom-
plete understanding of critical processes, though
these empirical models [Equations (S1), (S4), (S6)
and (S8) in Supplementary Methods] are statisti-
cally significant. Parameter-sparse empirical models
fitted against measurements can be accurate for the
contemporary period, whereas they may not cap-
ture additional processes that become important at
higher levels of CO2 and climate change, especially
extreme events. It is necessary to make filed obser-
vations under TOMs across a wider domain with
various climates, soils and practices to better under-
stand the impacts of TOMs on C sequestration, and
thus reduce the uncertainties in the estimates of C
sequestration.

We estimated terrestrial C sequestration at the
national scale, but its spatial distribution is unclear
due to a lack of detailed information. For instance,
we simply do not know where the forest area will in-
crease from2020 to 2060, though the national target
is certain [45]. Similar to forests, the TOMvia GE is
proposed for grassland, but we are unable to iden-
tify the location and size in the future. We are aware
that the effects of TOMs implementation on C se-
questration are variable, depending on climates and
soils [23,38]. To objectively estimate spatially spe-
cific C sequestration, particularly under the TOMs,
a detailed spatio-temporal distribution of land-cover
change and the area of TOMs should be clearly
projected.

Climate change accelerates both the magnitude
and frequency of extreme events such as flooding,
drought and storms [67], leading to reduction in
terrestrial C sequestration [68–70]. Ignoring the
impact of future extreme events on C sequestration
is also a limitation of this study. To obtain reliable
estimates of future C sequestration, a better under-
standing and descriptions of both the occurrence of
climate extremes and the ecosystem carbon-cycle
processes that are triggered by climate extremes
need to be achieved [68].

Future needs
Changes in climate will continue with increasing at-
mospheric CO2 and other greenhouse gases. The
effect of increasing atmospheric CO2 concentra-
tions on plant growth can be directly measured only
at site-specific experiments such as FACE (free-
air CO2 enrichment) experiments [33,71–73]. To
quantify the impacts at the plant and ecosystem lev-
els, researchers rely on other estimates taken from
models or FACE experiments, or use proxy data
from satellite images [74]. However, differing pro-
jections of the C amount absorbed by plants in
the future have emerged from the terrestrial bio-
sphere models [74]. Although the effect of CO2
on global ecosystem productivity is well recognized,
the estimated size of the effect spans an order of
magnitude across studies [62], which greatly im-
pedes the ability of models to project future C
sequestration [75].

Combining multiple models with data [66] and
using model ensembles [29,30] are expected to
improve accuracy of C sequestration estimates and
thus reduce uncertainties. Although empirical mod-
els [Equations (S1), (S4), (S6) and (S8) in Sup-
plementary Methods] can reasonably capture C
changes in the contemporary period to support the
estimation of terrestrial C sequestration, attention
should be paid to several aspects in relation tomodel
projections of future C sequestration in China’s ter-
restrial ecosystems. First, China has proposed a se-
ries of target-oriented plans associated with eco-
logical conservation and restoration [42–45]. The
region-specific managements associated with these
plans should be incorporated into the models to
better capture the changes in terrestrial C seques-
tration. Second, Earth system models (ESMs) sim-
ulate physical, chemical and biological processes
that underlie climate [76], which are likely to have
strong predictive capability of terrestrial C seques-
tration when extrapolating to climates and human
disturbances that have not yet occurred. However,
ESMs cannot yet represent the rich ecological de-
tail needed to capture spatial heterogeneity at lo-
cal scales [76]. Further research is needed to better
translate observations into abstract model represen-
tations [76] and take the impacts of extreme climate
events [68,77] and nutrients limitation [33,34,78]
into consideration in models with high spatial res-
olution. Third, it is critical that the ensemble mod-
els such as DGVMs [79] should be widely vali-
dated and calibrated with independent observations
from country-specific or region-specific field loca-
tions that are representative of climate, soil and
managements [80], especially in China’s terrestrial
ecosystems. The fluctuation among model outputs
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[81–83] should also be assessed to further im-
prove the model performance. It is expected that
the improvement of process-level models can cap-
ture important features of changing environments
andmanagements with high spatial resolution, lend-
ing support to projecting terrestrial C sequestration
in China.

Biodiversity experiments have shown that plant
diversity promotes plant productivity [84–86]
and SOC [87] through niche partitioning among
species. Forest above-ground biomass C accumu-
lation in 16-species mixtures was over twice the
amount of C observed in average monocultures
after 8 years [88]. In subtropical China, the log-
transformed forest NPP is positively correlated
with species richness [89]. Above-ground woody
biomass C and SOC storage in mixed-species
broadleaved forests were 82–100% and 11–38%
higher than those in single-species broadleaved
forests, respectively [90]. Total biomass in the
planted forests with a coniferous–broadleaf mixture
was 72–77% higher than in those with single species
34 years after the establishment of the plantations
[91]. Nonetheless, the improvement in forest
biomass C storage in plantations with mixed species
depends also on the selection of species. For exam-
ple, total biomass storage in the mixed Citrus hystrix
and Pinus massoniana plantations was 67% higher
than inmonocultureC. hystrixbut 27% lower than in
monoculture P. massoniana plantations [92]. China
is one of the fivemost forest-rich countries [93].The
increase in forest area is generally achieved through
afforestation.Carbon sequestration in planted forest
is expected to be promoted when multi-species
mixtures or mono species with high productivity
are planted in China’s afforestation. Moreover,
attention should be also paid to region-specific
investigations by taking into consideration soils and
climates. Appropriate plantation practice will not
only be conducive to improving Chinese forest C
sequestration, but also likely to provide lessons to
other countries worldwide.

Grazing intensity significantly affects below-
ground C and nitrogen (N) cycling in grasslands.
Heavy grazing decreases soil C and N pool sizes
[94]. In a desert steppe in Inner Mongolia, below-
ground biomass (BGB) in light grazing (LG) plots
was significantly higher than in moderate (MG)
and heavy grazing (HG) plots but no significant
difference was observed betweenMG and HG plots
over a 10-year experiment [95]. However, the BGB
did not show significant difference between LG
and MG plots under the same grazing intensity
treatments in a desert steppe, though the BGB in
HGplots was significantly lower than in LG andMG
plots over a 12-year experiment [96]. The carrying

capacity of China’s grasslands is region-specific and
widely variable. In Inner Mongolia, for instance,
the carrying capacity was suggested to be 1.0–2.2
sheep units (SU) ha–1 for the western desert steppe
and 1.8–4.0 SU ha–1 for the eastern higher-rainfall
meadow steppe [97], suggesting that carrying
capacity is related to grassland types, climates
and soils. An appropriate stocking density fit to
carrying capacity is expected to promote grassland
C sequestration [12]. Although we are aware of
the possible influence of reduced grazing intensity
on C sequestration, an accurate estimate will be
hard without knowing detailed information on the
carrying capacity and corresponding overgrazing
area. To better understand the role of grazing
intensity in C sequestration nationwide, future
research should focus on identifying historical and
spatial changes in carrying capacity and overgrazing,
and on determining the rates of C sequestration
across different grassland types.

Urban greenery not only improves air qual-
ity but also promotes C sequestration [98]. The
urban forests in the USA sequestered C at a rate of
0.037 Pg C yr−1 with a total of 5.5 billion trees [99].
The C sequestration of street trees in Beijing’s ur-
ban districts was 3.1 Gg C yr−1 (1 Gg = 106 kg)
in 2014 [100]. The green space in China’s urban
area increased from 2.13 Mha in 2010 to 3.15 Mha
in 2019 (https://data.stats.gov.cn/) and the urban-
ization will continue in the future. The increasing
green space in urban areas should contribute to ter-
restrial C sequestration but an accurate estimate is
still lacking. It is thus urgently required to assess
and project the C sequestration in China’s urban
trees.

There is evidence that semi-arid and desert soils
sequester C in the aquifers and/or soils underneath
in the form of inorganic C [101–103]. Desert soils
in the Tarim Basin, for example, sequester inorganic
C at a rate of 21.4 g C m−2 yr−1 in the aquifers
C [101]. Inorganic C sequestration should not be
neglected while counting terrestrial C sequestra-
tion in China. Attention in the future should be
paid to the in situ measurements across a wider do-
main of semi-arid and desert soils, so as to robustly
estimate inorganic C sequestration at a national
scale.

More recent investigation shows that soil amend-
ment with powdered basalt in natural ecosystems
can remove atmospheric CO2 with great potential,
though its side effects are unknown [104]. The
basalt soil amendment should be considered as a
possible option when assessing NCS options for
offsetting anthropogenic CO2 emissions, but the
feasibility and its effectiveness in China should be
demonstrated first.

Page 8 of 14

https://data.stats.gov.cn/


Natl Sci Rev, 2022, Vol. 9, nwac057

We focus on technologically achievable C se-
questration via NCS in China, while full imple-
mentation of all cost-effective NCS worldwide, in-
cluding 20 pathways of conservation, restoration
and improved land management, can offer 37% of
the needed mitigation through to 2030 and 20%
through to 2050 [8]. To evaluate the future contri-
bution of NCS to C reduction and C neutrality, it
is required to quantify the maximum effectiveness
of all available cost-effective NCS in China, such
as the conservation of existing forests and improve-
ments in plantations, cropland nutrient manage-
ment, grazing-optimal intensity and grazing-animal
management, andwetland conservation and restora-
tion. The implementation of NCS in China is no
doubt a viable option in accomplishing carbon neu-
trality. It is also important to act on the full range of
possible incentives and policy levers [105]. Launch-
ing action now and learning from past experience
can help deliver climate mitigation and sustainable
development goals [106].

METHODS
Literature survey
We screened and reviewed peer-reviewed journal ar-
ticles published prior to the end of June 2021 inWeb
of Science, Google Scholar and China Knowledge
Resource IntegratedDatabase (CNKI) to obtain the
data associated with terrestrial C sequestration in
China. Carbon sequestrations in different ecosys-
temswere synthesized and analysed using these data
(Supplementary Methods). All of these data meet
the following criteria: (i) the period and the area of
investigation are clear for a given ecosystem; (ii) the
duration of given management practice, such as ex-
closure of degraded grassland from grazing, is clear;
(iii) the depth of soil sampling is clear; and (iv) filed
measurements have replicates. When necessary, the
raw data were extracted by digitizing graphs using
the GetData Graph Digitizer v. 2.24 (free software
at http://getdata-graph-digitizer.com/). Table S10
shows a summary of variables in the existing esti-
mates and site-specific observations with necessary
information.

SOC sequestration vs ecosystem C
sequestration
Terrestrial C sequestration includes C in both veg-
etation and soils. Due to intensive labor work in
the measurement of SOC in situ, the ratio of soil
to ecosystem C sink is usually used to estimate soil
C sequestration. Approximately 30% of forest C se-

questration is attributed to soils in Europe [107] and
33% in Russian forests [108]. These ratios have not
been verified in China, though they were adopted to
estimate soil C sequestration in China’s [109] and
the world’s forests [110].

Synthesizing the surveyed data, we grouped the
ratio of soil to ecosystem C sequestration for forests
by latitude, but did not group for shrubland and
grassland due to insufficient data (Supplementary
Methods). The ratio of soil to ecosystem C seques-
tration was computed using Equation (1):

RCSoi l = dCSoi l

dCECO
= dCSoi l

dCSoi l + dCVG
, (1)

where RCSoi l is the ratio of soil to ecosystem C se-
questration. dCECO , dCSoi l and dCVG represent
the changes in ecosystem C, SOC and vegetation C
in a given period, respectively.

The soil C sequestration (CSoil) can be computed
using Equation (2) when the vegetation C seques-
tration (CVG) is available. The vegetation C seques-
tration can also be estimated using Equation (3)
when CSoil is available:

CSoi l = RCSoi l

1 − RCSoi l

× CVG , (2)

CVG = 1 − RCSoi l

RCSoi l

× CSoi l , (3)

where CVG and CSoil represent C sequestration in
vegetation and soil without CO2 fertilization, re-
spectively. We did not regard the increase in the
above-ground biomass (AGB) in grassland, crop-
land andwetland as an acceptableC sink because the
AGB in these ecosystems is generally used as live-
stock food(i.e. grazing andhay), falls into the surface
as litter or is harvested (Supplementary Methods).

CO2 fertilization effect
CO2 fertilization has led to a large increase in the
land C uptake in the recent past [29–31]. The per-
centage contribution of CO2 fertilization to land C
uptake ranges from 33% to 85% with a mean of 55%
[61].TheCO2 fertilization effect onGPPwas found
to be 0.13% ppm–1 for high-latitude ecosystems
(60◦N–90◦N) and 0.11% ppm–1 for extra-tropical
ecosystems (30◦N–90◦N) [63]. Similarly, the CO2
fertilization effect on global GPP was estimated to
be 0.138% ppm−1 [31]. These two estimates are
comparable with the response of NPP to elevated
CO2 concentrations (0.128 ± 0.001% ppm–1) in
four free-air CO2 enrichment experiments in forest
stands (35◦54’N–45◦40’N) [64].We used the value
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Table 3. Scenarios for target-oriented management in different ecosystems.

Ecosystem Baseline Target-oriented management

Forest The observed area from 2011 to 2020 was adopted,
and the area remains unchanged after 2020.

The area will increase by 47 million hectors in 2050 based on the 2020 value
[45], 60% and 40% of which come from shrubland and grassland, respectively.

Shrubland The area remains unchanged. Part of the area will be transformed to forest after 2020.
Grassland The area remains unchanged. Part of the area will be transformed to forest after 2020. 50% of the moderately

and above degraded area (57.5Mha) in Tibet, Inner Mongolia, Xinjiang,
Qinghai and Gansu will be restored by enclosure between 2021 and 2060.

Cropland The area remains unchanged. Crop yield, the
proportion of crop residue retention, manure input
and no-till practice remain at the 2010s level.

Part of the area will be transformed to wetland after 2010. Crop yield will
increase by 0.5% per year between 2021 and 2060 based on the mean of
2016−2020 values.The proportion of crop residue retention will increase from
the baseline to 60% in 2060 and manure input will remain unchanged.The
proportion of no-till area will increase from the baseline to 30% in 2060.

Wetland The area remains unchanged. The area increased by 474.5× 103 ha between 2010 and 2020, and will increase
by 929.5× 103 ha between 2021 and 2030 [111] based on the 2020 value via
wetland restoration.

of 0.13% ppm–1 to quantify the CO2 fertilization
effect as:

fC O2 = 1 + 0.0013 × ([CO2]i−[CO2]2010) ,

(4)

where fC O2 is the CO2 fertilization effect. [CO2]i
is the atmospheric CO2 concentration (ppm) in
the ith year (i = 2010, . . . , 2060) under RCP2.6
andRCP4.5 scenarios. [CO2]2010 is the atmospheric
[CO2] in 2010. We used the observed atmospheric
[CO2] between 2010 and 2019. We did not take
RCP6.0 and RCP8.5 scenarios into consideration
because global efforts are reducing anthropogenic
CO2 emissions.The vegetation and soil C sequestra-
tion in the ith year (i = 2010, . . . , 2060) with CO2
fertilization (CCO2

VG, i , CCO2
Soi l , i ) in a given ecosystem

were then calculated using Equations (5) and (6),
respectively:

CCO2
VG,i = (

CVG B ,i + �CVG,i
) × fC O2 , (5)

CCO2
Soi l ,i =

⎧⎪⎪⎨
⎪⎪⎩

RCSoi l
1−RCSoi l

× CCO2
VG,i for forest and shrubland

(
CSoi l B ,i + �CSoi l ,i

)
× fC O2 for grassland and wetland,

(6)

CSRi, j = CCO2
VG,i + CCO2

Soi l ,i , (7)

whereCVG B ,i represents the vegetationC sequestra-
tion at baseline.�CVG,i and�CSoi l ,i are the incre-
ments of vegetation and soil C sequestration in the

ith year (i = 2010, . . . , 2060) under TOMs, respec-
tively. CSRi, j is the C sequestration rate in the ith
year for a given ecosystem j. Vegetation C seques-
tration in croplands and wetlands is not included
in CSRi, j . The calculations of �CVG,i for forest,
shrubland andgrassland are given inEquations (S2),
(S3) and (S5) in the Supplementary Methods. The
Supplementary Methods also show the calculations
of �CSoi l ,i for grassland and wetland in Equations
(S7) and (S9), respectively.Carbon sequestration in
cropland soils was computed using a biogeophysi-
cal model (Agro-C). Agro-C [112] has been widely
tested in China and was used to compile a national
inventory of SOC change in agricultural soils in the
People’s Republic ofChinaThirdNational Commu-
nication on Climate Change [5]. Detailed methods
and data sources are described in the Supplementary
Methods.

The total amount of C sequestration (TCSi ) in
five terrestrial ecosystems in the ith year (i = 2010,
. . . , 2060) was calculated using:

TCSi =
5∑
j=1

CSRi, j , (8)

where subscript j represents a given ecosystem. The
uncertainty of the C sequestration estimates in all
ecosystems was computed using an aggregated stan-
dard deviation (SDi ) as:

SDi =
√√√√

5∑
j=1

SD2
i, j , (9)

whereSDi is the aggregated standarddeviation in the
ith year (i= 2010, . . . , 2060). Subscript j represents a
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given ecosystem. SDi, j was derived from individual
findings for a given ecosystem.

Scenarios for TOMs
Net-zero CO2 emissions implies a balance between
anthropogenic CO2 emissions and removals over a
specified period [113]. NCS actions include protec-
tion, restoration and sustainablemanagementof nat-
ural C sinks and reservoirs that increase C storage
and/or avoid greenhouse gas emissions across global
forests, wetlands, grasslands and agricultural lands
[8]. The forest area in China was 98.08 Mha dur-
ing 1950−1962 [37] and increased to 220.6 Mha
in 2020, projected to be 267.6 Mha in 2050 un-
der TOM [45]. The increase in forest area was and
should be attributed to reforestation. Furthermore,
C sequestration in natural forests is also included in
national greenhouse gas inventories [77].

Following NCS actions, the TOMs include the
expansion of forest areas, restoration of moderately
and above degraded grasslands via exclosure from
grazing, increase in theproportionof crop residue re-
tention and no-till areas, and restoration of wetland
(Table 3).

Calculating the contribution of terrestrial
C sequestration to offsetting
energy-related CO2 emissions
Thecontributionof terrestrialC sequestration tooff-
setting energy-relatedCO2 emissionswas calculated
using Equation (10):

PTCSECO2
(%) =

⎧⎪⎨
⎪⎩

TCSi
ECO2,i

for i = 2010 to 2030

TCSi
ECO2,2030

for i = 2031 to 2060,
(10)

where PTCSECO2
(%) is the proportion of terrestrial C

sequestration offsetting energy-related CO2 emis-
sions. TCSi is the total amount of C sequestration
in five terrestrial ecosystems in the ith year under
different scenarios. The C sequestration was con-
verted to CO2 by a coefficient of 44/12. ECO2,i and
ECO2,2030 represent energy-related CO2 emissions
in the ith year and the year 2030, respectively. The
People’s Republic of China Third National Com-
munication on Climate Change [5] reports energy-
related CO2 emissions in 2010, 2020 and 2030
under different policy scenarios.The annual energy-
related CO2 emissions before 2030 were linearly

interpolated between 2010 and 2020, and between
2020 and 2030.

DATA AVAILABILITY
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(eds.). Global Warming of 1.5◦C: an IPCC Special Report on
the Impacts of Global Warming of 1.5◦C above Pre-industrial
Levels and Related Global Greenhouse Gas Emission Path-
ways, in the Context of Strengthening the Global Response to
the Threat of Climate change, Sustainable Development, and
Efforts to Eradicate Poverty. Geneva: World Meteorological
Organization, 2018, 4–28.

4. United Nations Environment Programme. Emissions Gap Re-
port 2020. https://www.unep.org/emissions-gap-report-2020
(26 April 2022, date last accessed).

Page 11 of 14

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwac057#supplementary-data
https://library.wmo.int/index.php?lvl=notice_display&id=21795#.YmdvqO1BzyQ
https://library.wmo.int/index.php?lvl=notice_display&id=21795#.YmdvqO1BzyQ
https://www.unep.org/emissions-gap-report-2020


Natl Sci Rev, 2022, Vol. 9, nwac057

5. The People’s Republic of China Third National Communication on Cli-
mate Change (in Chinese). https://www.mee.gov.cn/ywgz/ydqhbh/wsqtkz/
201907/P020190701762678052438.pdf (26 April 2022, date last accessed).

6. Team of comprehensive report. A comprehensive report on China’s long-term
low-carbon development strategy and transformation path research (in Chi-
nese). China Population, Resources and Environment 2020; 30: 1−25.

7. Fan D, Li F andWang Z et al. Development status and prospects of China’s en-
ergy minerals under the target of carbon peak and carbon neutral (in Chinese
with English abstract). China Mining Magazine 2021; 30: 1–8.

8. Griscom B, Adams J and Ellis PW et al. Natural climate solutions. Proc Natl
Acad Sci USA 2017; 114: 11645–50.

9. Griscom B, Busch J and Cook-Patton SC et al. National mitigation potential
from natural climate solutions in the tropics. Phil Trans R Soc B 2020; 375:
20190126.

10. Paustian K, Lehmann J and Ogle S et al. Climate-smart soils. Nature 2016;
532: 49–57.

11. Roe S, Streck C and Obersteiner M et al. Contribution of the land sector to a
1.5◦C world. Nat Clim Chang 2019; 9: 817–28.

12. Smith P, Calvin K and Nkem J et al.Which practices co-deliver food security,
climate change mitigation and adaptation, and combat land degradation and
desertification? Glob Change Biol 2020; 26: 1532–75.

13. Anderegg WRL, Trugman AT and Badgley G et al. Climate-driven risks to the
climate mitigation potential of forests. Science 2020; 368: eaaz7005.

14. Goldstein A, Turner WR and Spawn SA et al. Protecting irrecoverable carbon
in Earth’s ecosystems. Nat Clim Chang 2020; 10: 287–95.

15. Busch J, Engelmann J and Cook-Patton SC et al. Potential for low-cost carbon
dioxide removal through tropical reforestation. Nat Clim Chang 2019; 9: 463–
6.

16 Fargione JE, Bassett S and Boucher T et al. Natural climate solutions for the
United States. Sci Adv 2018; 4: eaat1869.

17. Friedlingstein P, O’Sullivan P and JonesMW et al.Global carbon budget 2020.
Earth Syst Sci Data 2020; 12: 3269–340.

18. Piao S, Fang J and Ciais P et al. The carbon balance of terrestrial ecosystems
in China. Nature 2009; 458: 1009–13.

19. Fang J, Yu G and Liu L et al. Climate change, human impacts, and
carbon sequestration in China. Proc Natl Acad Sci USA 2018; 115:
4015–20.

20. Zhang HF, BZ Chen and van der Laan-Luijkx IT et al. Net terrestrial CO2 ex-
change over China during 2001–2010 estimated with an ensemble data as-
similation system for atmospheric CO2. J Geophys Res Atmos 2014; 119:
3500–15.

21. Jiang F, HW Wang and Chen JM et al. Nested atmospheric inversion for the
terrestrial carbon sources and sinks in China. Biogeosciences 2013; 10: 5311–
24.

22. Tang X, Zhao X and Bai Y et al. Carbon pools in China’s terrestrial ecosystems:
new estimates based on an intensive field survey. Proc Natl Acad Sci USA
2018; 115: 4021–6.

23. Lu F, Hu H and Sun W et al. Effects of national ecological restoration projects
on carbon sequestration in China from 2001 to 2010. Proc Natl Acad Sci USA
2018; 115: 4039–44.

24. Tao F and Zhang Z. Dynamic responses of terrestrial ecosystems struc-
ture and function to climate change in China. J Geophys Res 2010; 115:
G03003.

25. Xu B, Guo ZD and Piao SL et al. Biomass carbon stocks in China’s forests
between 2000 and 2050: a prediction based on forest biomass–age relation-
ships. Sci China Life Sci 2010; 53: 776–83.

26. Qiu Z, Feng Z and Song Y et al. Carbon sequestration potential of forest vege-
tation in China from 2003 to 2050: predicting forest vegetation growth based
on climate and the environment. J Clean Prod 2020; 252: 119715.

27. He N, Wen D and Zhu J et al. Vegetation carbon sequestration in Chinese
forests from 2010 to 2050. Glob Change Biol 2017; 23: 1575–84.

28. Haverd V, Smith B and Canadell JG et al. Higher than expected CO2 fertil-
ization inferred from leaf to global observations. Glob Change Biol 2020; 26:
2390–402.

29. Liu Y, Piao S and Gasser T et al. Field-experiment constraints on the enhance-
ment of the terrestrial carbon sink by CO2 fertilization. Nat Geosci 2019; 12:
809–14.

30. Fernández-Martı́nez M, Sardans J and Chevallier F et al. Global trends in car-
bon sinks and their relationships with CO2 and temperature. Nat Clim Chang
2019; 9: 73–9.

31. Ueyama M, Ichii K and Kobayashi H et al. Inferring CO2 fertilization effect
based on global monitoring land-atmosphere exchange with a theoretical
model. Environ Res Lett 2020; 15: 084009.

32. Jiang M, BE Medlyn and Drake JE et al. The fate of carbon in a mature forest
under carbon dioxide enrichment. Nature 2020; 580: 227–31.

33. Oren R, Ellsworth DS and Johnsen KH et al. Soil fertility limits carbon seques-
tration by forest ecosystems in a CO2-enriched atmosphere.Nature 2001; 411:
469–72.

34. Ellsworth DS, IC Anderson and Crous KY et al. Elevated CO2 does not increase
eucalypt forest productivity on a low-phosphorus soil. Nat Clim Chang 2017;
7: 279–82.

35. Norby RJ, Warren JM and Iversen CM et al. CO2 enhancement of forest pro-
ductivity constrained by limited nitrogen availability. Proc Natl Acad Sci USA
2010; 107: 19368–73.

36. Reich PB, Hobbie SE and Lee1 T et al. Nitrogen limitation constrains sustain-
ability of ecosystem response to CO2. Nature 2006; 440: 922–5.

37. Fang J, Chen A and Peng C et al. Changes in forest biomass carbon storage
in China between 1949 and 1998. Science 2001; 292: 2320–2.

38. Hu Z, Li S and Guo Q et al. A synthesis of the effect of grazing exclu-
sion on carbon dynamics in grasslands in China. Glob Change Biol 2016; 22:
1385–93.

39. Deng L, Shangguan ZP andWu GL et al. Effects of grazing exclusion on carbon
sequestration in China’s grassland. Earth-Sci Rev 2017; 173: 84–95.

40. Han X, Xu C and Dungait JAJ et al. Straw incorporation increases crop yield
and soil organic carbon sequestration but varies under different natural condi-
tions and farming practices in China: a system analysis. Biogeosciences 2018;
15: 1933–46.

41. Jiang G, Zhang W and Xu M et al. Manure and mineral fertilizer effects on
crop yield and soil carbon sequestration: a meta-analysis andmodeling across
China. Glob Biogeochem Cycle 2018; 32: 1659–72.

42. National Development and Reform Commission. National construction
planning for the major projects of ecological protection and restora-
tion (2021–2035) (in Chinese). https://www.ndrc.gov.cn/xxgk/zcfb/ghwb/
202112/t20211222˙1308922.html?code=&state=123 (26 April 2022, date last
accessed).

43. State Forestry Administration of China. National forest management
plan (2016–2050) (in Chinese). http://www.gov.cn/xinwen/2016-07/28/
content˙5095504.htm (26 April 2022, date last accessed).

44. Ministry of Agriculture and Rural Affairs of China. The 14th five-year
plan for national green agricultural development (in Chinese). http://www.
moa.gov.cn/nybgb/2021/202109/202112/t20211207˙6384020.htm (date last
accessed).

Page 12 of 14

https://www.mee.gov.cn/ywgz/ydqhbh/wsqtkz/201907/P020190701762678052438.pdf
https://www.mee.gov.cn/ywgz/ydqhbh/wsqtkz/201907/P020190701762678052438.pdf
http://dx.doi.org/http://www.cpre.sdnu.edu.cn/WKC/WebPublication/paperDigest.aspx?paperID$=$ae705132-5af4-45b7-9a13-04367ed2db38
http://dx.doi.org/http://www.chinaminingmagazine.com/index/info/index/id/6065.html
http://dx.doi.org/10.1073/pnas.1710465114
http://dx.doi.org/10.1073/pnas.1710465114
http://dx.doi.org/http://dx.doi.org/10.1098/rstb.2019.0126
http://dx.doi.org/10.1038/nature17174
http://dx.doi.org/10.1038/s41558-019-0591-9
http://dx.doi.org/10.1111/gcb.14878
http://dx.doi.org/10.1126/science.aaz7005
http://dx.doi.org/10.1038/s41558-020-0738-8
http://dx.doi.org/10.1038/s41558-019-0485-x
http://dx.doi.org/10.1126/sciadv.aat1869
http://dx.doi.org/10.5194/essd-12-3269-2020
http://dx.doi.org/10.1038/nature07944
http://dx.doi.org/10.1073/pnas.1700304115
http://dx.doi.org/10.1002/2013JD021297
http://dx.doi.org/10.5194/bg-10-5311-2013
http://dx.doi.org/10.1073/pnas.1700291115
http://dx.doi.org/10.1073/pnas.1700294115
http://dx.doi.org/10.1029/2009JG001062
http://dx.doi.org/10.1007/s11427-010-4030-4
http://dx.doi.org/10.1016/j.jclepro.2019.119715
http://dx.doi.org/10.1111/gcb.13479
http://dx.doi.org/10.1111/gcb.14950
http://dx.doi.org/10.1038/s41561-019-0436-1
http://dx.doi.org/10.1038/s41558-018-0367-7
http://dx.doi.org/10.1088/1748-9326/ab79e5
http://dx.doi.org/10.1038/s41586-020-2128-9
http://dx.doi.org/10.1038/35078064
http://dx.doi.org/10.1038/nclimate3235
http://dx.doi.org/10.1073/pnas.1006463107
http://dx.doi.org/10.1038/nature04486
http://dx.doi.org/10.1126/science.1058629
http://dx.doi.org/10.1111/gcb.13133
http://dx.doi.org/10.1016/j.earscirev.2017.08.008
http://dx.doi.org/10.5194/bg-15-1933-2018
http://dx.doi.org/10.1029/2018GB005960
https://www.ndrc.gov.cn/xxgk/zcfb/ghwb/202112/t20211222_1308922.html?code=&state=123
https://www.ndrc.gov.cn/xxgk/zcfb/ghwb/202112/t20211222_1308922.html?code=&state=123
http://www.gov.cn/xinwen/2016-07/28/content_5095504.htm
http://www.gov.cn/xinwen/2016-07/28/content_5095504.htm
http://www.moa.gov.cn/nybgb/2021/202109/202112/t20211207_6384020.htm
http://www.moa.gov.cn/nybgb/2021/202109/202112/t20211207_6384020.htm


Natl Sci Rev, 2022, Vol. 9, nwac057

45. State Forestry Administration of China. The Forestry Action Plan to Address
Climate Change. Beijing: China Forestry Press, 2010.

46. Yao Y, Piao S and Wang T. Future biomass carbon sequestration capacity of
Chinese forests. Sci Bull 2018; 63: 1108–17.

47. Yu Y, Huang Y and Zhang W. Projected changes in soil organic carbon stocks
of China’s croplands under different agricultural managements, 2011–2050.
Agric Ecosyst Environ 2013; 178: 109–20.

48. Wang Z, Chang J and Peng S et al. Changes in productivity and carbon storage
of grasslands in China under future global warming scenarios of 1.5◦C and
2◦C. J Plant Ecol 2019; 12: 804–14.

49. Zomer RJ, Bossio DA and Sommer R et al. Global sequestration potential of
increased organic carbon in cropland soils. Sci Rep 2017; 7: 15554.

50. Batjes NH. Technologically achievable soil organic carbon sequestration in
world croplands and grasslands. Land Degrad Dev 2019; 30: 25–32.

51. Qin Z, Huang Y and Zhuang Q et al. Soil organic carbon sequestration potential
of cropland in China. Glob Biogeochem Cycle 2013; 27: 711–22.

52. Sun W, Huang Y and Zhang W et al. Carbon sequestration and its potential in
agricultural soils of China. Glob Biogeochem Cycle 2010; 24: GB3001.

53. Hou L, Xia F and Chen Q et al. Grassland ecological compensation policy in
China improves grassland quality and increases herders’ income. Nat Com-
mun 2021; 12: 4683.

54. Qin Z, Deng X and Griscom B et al. Natural climate solutions for China: the
last mile to carbon neutrality. Adv Atmos Sci 2021; 38: 889–95.

55. Cheng J, Tong D and Zhang Q et al. Pathways of China’s PM2.5 air qual-
ity 2015–2060 in the context of carbon neutrality. Natl Sci Rev 2021; 8:
nwab078.

56. Fatichi S, Pappas C and Zscheischler J et al. Modelling carbon sources and
sinks in terrestrial vegetation. New Phytol 2019; 221: 652–68.

57. Cai W and Prentice IC. Recent trends in gross primary production and their
drivers: analysis and modelling at flux-site and global scales. Environ Res Lett
2020; 15: 124050.

58. JuWM, Chen JM and Harvey D et al. Future carbon balance of China’s forests
under climate change and increasing CO2. J Environ Manage 2007; 85: 538–
62.

59. Liu Y. Carbon carrying capacity and carbon sequestration potential of global
forests based on the integrated analysis of inventory dataset (in Chinese
with English abstract). Doctoral Thesis. University of Chinese Academy of Sci-
ences, 2013.

60. Luo Y, Wang X and Zhang X et al. Root:shoot ratios across China’s forests:
forest type and climatic effects. For Ecol Manage 2012; 269: 19–25.

61. Tharammal T, Bala G and Devaraju N et al. A review of the major drivers
of the terrestrial carbon uptake: model-based assessments, consensus, and
uncertainties. Environ Res Lett 2019; 14: 093005.

62. Walker AP, De Kauwe MG and Bastos A et al. Integrating the evidence for
a terrestrial carbon sink caused by increasing atmospheric CO2. New Phytol
2021; 229: 2413–45.

63. Wenzel S, Cox PM and Eyring V et al. Projected land photosynthesis con-
strained by changes in the seasonal cycle of atmospheric CO2. Nature 2016;
538: 499–501.

64. Norby RJ, DeLuciac EH and Gielend B et al. Forest response to elevated CO2 is
conserved across a broad range of productivity. Proc Natl Acad Sci USA 2005;
102: 18052–6.

65. Sun Y, Gu L and Dickinson RE et al. Impact of mesophyll diffusion on es-
timated global land CO2 fertilization. Proc Natl Acad Sci USA 2014; 111:
15774–9.

66. Keenan TF, Luo X and De Kauwe MG et al. A constraint on historic growth in
global photosynthesis due to increasing CO2. Nature 2021; 600: 253–8.

67. Harris RMB, Beaumont LJ and Vance1 TR et al. Biological responses to the
press and pulse of climate trends and extreme events. Nat Clim Change 2018;
8: 579–87.

68. Reichstein M, Bahn M and Ciais P et al. Climate extremes and the carbon
cycle. Nature 2013; 500: 287–95.

69. Castanho ADA, CoeMT and Brando P et al. Potential shifts in the aboveground
biomass and physiognomy of a seasonally dry tropical forest in a changing
climate. Environ Res Lett 2020; 15: 034053.

70. Maia VA, Santos ABM and de Aguiar-Campos N et al. The carbon sink of
tropical seasonal forests in southeastern Brazil can be under threat. Sci Adv
2020; 6: eabd4548.

71. Reich PB, Hobbie SE and Lee1 T et al. Nitrogen limitation constrains sustain-
ability of ecosystem response to CO2. Nature 2006; 440: 922–5.

72. Norby RJ, Warren JM and Iversen CM et al. CO2 enhancement of forest pro-
ductivity constrained by limited nitrogen availability. Proc Natl Acad Sci USA
2010; 107: 19368–73.

73. Norby RJ, De Kauwe MG and Domingues TF et al.Model–data synthesis for
the next generation of forest free-air CO2 enrichment (FACE) experiments.
New Phytol 2016; 209: 17–28.

74. Huntingford C and Oliver RJ. Constraints on estimating the CO2 fertilization
effect emerge. Nature 2021; 600: 224–5.

75. Pihl E, Alfredsson E and BengtssonM et al. Ten new insights in climate science
2021: a horizon scan. Glob Sustain 2021; 4: 1–18.

76. Bonan GB and Doney SC. Climate, ecosystems, and planetary futures:
the challenge to predict life in Earth system models. Science 2018; 359:
eaam8328.

77. Piao S, Zhang X and Chen A et al. The impacts of climate extremes on the
terrestrial carbon cycle: a review. Sci China Earth Sci 2019; 62: 1551–63.

78. Hungate BA, Dukes JS and Shaw MR et al. Nitrogen and climate change.
Science 2003; 302: 1512–3.

79. O’Sullivan M, Friedlingstein P and Sitch S et al. Changes in terrestrial car-
bon fluxes, stocks, and residence times over recent decades using TRENDY
DGVMs. Abstract EGU2019-17763-2, EGU General Assembly, Vienna, 7–12
April 2019.

80. Intergovernmental Panel on Climate Change. Refinement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories. Calvo Buendia E, Tanabe
K and Kranjc A et al. (eds.). Geneva: IPCC, 2019.

81. Piao SL, Ciais P and Lomas M et al. Contribution of climate change and rising
CO2 to terrestrial carbon balance in East Asia: a multi-model analysis. Glob
Planet Change 2011; 75: 133–42.

82. Zaehle S, Medlyn BE and De Kauwe MG et al. Evaluation of 11 terrestrial
carbon–nitrogen cycle models against observations from two temperate free-
air CO2 enrichment studies. New Phytol 2014; 202: 803–22.

83. Smith WK, Reed SC and Cleveland CC et al. Large divergence of satellite and
Earth system model estimates of global terrestrial CO2 fertilization. Nat Clim
Change 2016; 6: 306–10.

84. Reich PB, Tilman D and Isbell F et al. Impacts of biodiversity loss escalate
through time as redundancy fades. Science 2012; 336: 589–92.

85. Liang J, Crowther TW and Picard N et al. Positive biodiversity-productivity
relationship predominant in global forests. Science 2016; 354: aaf8957.

86. Pastore MA, Hobbie SE and Reich PB. Sensitivity of grassland carbon pools
to plant diversity, elevated CO2, and soil nitrogen addition over 19 years. Proc
Natl Acad Sci USA 2021; 118: e2016965118.

Page 13 of 14

http://dx.doi.org/10.1016/j.scib.2018.07.015
http://dx.doi.org/10.1016/j.agee.2013.06.008
http://dx.doi.org/10.1093/jpe/rtz024
http://dx.doi.org/10.1038/s41598-017-15794-8
http://dx.doi.org/10.1002/ldr.3209
http://dx.doi.org/10.1002/gbc.20068
http://dx.doi.org/10.1029/2009GB003484
http://dx.doi.org/10.1038/s41467-021-24942-8
http://dx.doi.org/10.1038/s41467-021-24942-8
http://dx.doi.org/10.1007/s00376-021-1031-0
http://dx.doi.org/10.1093/nsr/nwab078
http://dx.doi.org/10.1111/nph.15451
http://dx.doi.org/10.1088/1748-9326/abc64e
http://dx.doi.org/10.1016/j.jenvman.2006.04.028
http://dx.doi.org/10.1016/j.foreco.2012.01.005
http://dx.doi.org/10.1088/1748-9326/ab3012
http://dx.doi.org/10.1111/nph.16866
http://dx.doi.org/10.1038/nature19772
http://dx.doi.org/10.1073/pnas.0509478102
http://dx.doi.org/10.1073/pnas.1418075111
http://dx.doi.org/10.1038/s41586-021-04096-9
http://dx.doi.org/10.1038/s41558-018-0187-9
http://dx.doi.org/10.1038/nature12350
http://dx.doi.org/10.1088/1748-9326/ab7394
http://dx.doi.org/10.1126/sciadv.abd4548
http://dx.doi.org/10.1038/nature04486
http://dx.doi.org/10.1073/pnas.1006463107
http://dx.doi.org/10.1111/nph.13593
http://dx.doi.org/10.1038/d41586-021-03560-w
http://dx.doi.org/10.1017/sus.2021.2
http://dx.doi.org/10.1126/science.aam8328
http://dx.doi.org/10.1007/s11430-018-9363-5
http://dx.doi.org/10.1126/science.1091390
http://dx.doi.org/10.1016/j.gloplacha.2010.10.014
http://dx.doi.org/10.1016/j.gloplacha.2010.10.014
http://dx.doi.org/10.1111/nph.12697
http://dx.doi.org/10.1038/nclimate2879
http://dx.doi.org/10.1038/nclimate2879
http://dx.doi.org/10.1126/science.1217909
http://dx.doi.org/10.1126/science.aaf8957
http://dx.doi.org/10.1073/pnas.2016965118
http://dx.doi.org/10.1073/pnas.2016965118


Natl Sci Rev, 2022, Vol. 9, nwac057

87. Chen X, Chen HYH and Chen C et al. Effects of plant diversity on soil
carbon in diverse ecosystems: a global meta-analysis. Biol Rev 2020; 95:
167–83.

88. Huang Y, Chen Y and Castro-Izaguirre N et al. Impacts of species richness on
productivity in a large-scale subtropical forest experiment. Science 2018; 362:
80–3.

89. Ouyang S, Xiang W and Wang X et al. Effects of stand age, richness and
density on productivity in subtropical forests in China. J Ecol 2019; 107: 2266–
77.

90. Yu W, Deng Q and Kang H. Long-term continuity of mixed-species
broadleaves could reach a synergy between timber production and soil
carbon sequestration in subtropical China. Forest Ecol Manag 2019; 440:
31–9.

91. Wu W, Zhou X and Wen Y et al. Coniferous-broadleaf mixture increases soil
microbial biomass and functions accompanied by improved stand biomass and
litter production in subtropical China. Forests 2019; 10: 879.

92. He Y, Qin L and Li Z et al. Carbon storage capacity of monoculture and
mixed-species plantations in subtropical China. Forest Ecol Manag 2013; 295:
193–8.

93. Food and Agriculture Organization of the United Nations. Global Forest Re-
sources Assessment 2010. FAO Forestry Paper 163. https://www.fao.org/
3/i1757e/i1757e00.htm (26 April 2022, date last accessed).

94. Zhou G, Zhou X and He Y. Grazing intensity significantly affects belowground
carbon and nitrogen cycling in grassland ecosystems: a meta-analysis. Glob
Change Biol 2017; 23: 1167–79.

95. Wang H, Dong Z and Guo J et al. Effects of grazing intensity on organic carbon
stock characteristics in Stipa breviflora desert steppe vegetation soil systems.
Rangel J 2017; 39: 169–77.

96. Zhang R, Wang Z and Han G et al. Grazing induced changes in plant diver-
sity is a critical factor controlling grassland productivity in the desert steppe,
northern China. Agri Ecosyst Environ 2018; 265: 73–83.

97. Zhang YJ, Zhang XQ and Wang XY et al. Establishing the carrying capacity of
the grasslands of China: a review. Rangel J 2014; 36: 1–9.

98. Isaifan RJ and Baldauf RW. Estimating economic and environmental benefits
of urban trees in desert regions. Front Ecol Evol 2020; 8: 16.

99. Nowak DJ and Greenfield EJ. US urban forest statistics, values, and projec-
tions. J For 2018; 116: 164–77.

100. Tang YJ, Chen AP and Zhao SQ. Carbon storage and sequestration of urban
street trees in Beijing, China. Front Ecol Evol 2016; 4: 53.

101. Li Y, Wang YG and Houghton RA et al. Hidden carbon sink beneath desert.
Geophys Res Lett 2015; 42: 5880–7.

102. Liu J, Fa K and Zhang Y et al. Abiotic CO2 uptake from the atmosphere by
semiarid desert soil and its partitioning into soil phases. Geophys Res Lett
2015; 42: 5779–85.

103. Carmi I, Kronfeld J and Moinester M. Sequestration of atmospheric carbon
dioxide as inorganic carbon in the unsaturated zone under semi-arid forests.
Catena 2019; 173: 93–8.

104. Goll DS, Ciais P and Amann T et al. Potential CO2 removal from enhanced
weathering by ecosystem responses to powdered rock. Nat Geosci 2021; 14:
545–9.

105. Anderson CM, DeFries RS and Litterman R et al. Natural climate solutions are
not enough. Science 2019; 363: 933–4.

106. Qin Z, Griscom B and Huang Y et al. Delayed impact of natural climate solu-
tions. Glob Change Biol 2021; 27: 215–7.

107. Janssens IA, Freibauer A and Ciais P et al. Europe’s terrestrial biosphere ab-
sorbs 7 to 12% of European anthropogenic CO2 emissions. Science 2003; 300:
1538–42.

108. Shvidenko A and Nilsson S. A synthesis of the impact of Russian forests on
the global carbon budget for 1961–1998. Tellus Ser B-Chem Phys Meteorol
2003; 55: 391–415.

109. Fang JY, Guo ZD and Piao SL et al. Terrestrial vegetation carbon sinks in China,
1981–2000. Sci China Ser D-Earth Sci 2007; 50: 1341–50.

110. Pan Y, Birdsey RA and Fang J et al. A large and persistent carbon sink in the
world’s forests. Science 2011; 333: 988–93.

111. National Forestry and Grassland Administration of China. The 13th
Five-year Plan for Wetland Protection. https://www.forestry.gov.cn/
sites/main/main/gov/content.jsp?TID=2379 (22 April 2022, date last
accessed).

112. Huang Y, Yu YQ and Zhang W et al. Agro-C: a biogeophysical model for sim-
ulating the carbon budget of agroecosystems. Agric For Meteorol 2009; 149:
106–29.

113. Intergovernmental Panel on Climate Change. Annex I: Glossary. In: Masson-
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