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The terrestrial ecosystem in China mitigates 21%–45% of the national contemporary fossil fuel CO2 emis-
sions every year. Maintaining and strengthening the land carbon sink is essential for reaching China’s tar-
get of carbon neutrality. However, this sink is subject to large uncertainties due to the joint impacts of
climate change, air pollution, and human activities. Here, we explore the potential of strengthening land
carbon sink in China through anthropogenic interventions, including forestation, ozone reduction, and lit-
ter removal, taking advantage of a well-validated dynamic vegetation model and meteorological forcings
from 16 climate models. Without anthropogenic interventions, considering Shared Socioeconomic
Pathways (SSP) scenarios, the land sink is projected to be 0.26–0.56 Pg C a�1 at 2060, to which climate
change contributes 0.06–0.13 Pg C a�1 and CO2 fertilization contributes 0.08–0.44 Pg C a�1 with the stron-
ger effects for higher emission scenarios. With anthropogenic interventions, under a close-to-neutral
emission scenario (SSP1-2.6), the land sink becomes 0.47–0.57 Pg C a�1 at 2060, including the contribu-
tions of 0.12 Pg C a�1 by conservative forestation, 0.07 Pg C a�1 by ozone pollution control, and 0.06–
0.16 Pg C a�1 by 20% litter removal over planted forest. This sink can mitigate 90%–110% of the residue
anthropogenic carbon emissions in 2060, providing a solid foundation for the carbon neutrality in China.
� 2024 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As one of the top CO2 emitters [1], China is confronted with
massive challenges to reaching carbon neutrality. Many mitigation
policies and technical solutions have been proposed to cut off
emissions and/or to increase sequestrations [2,3]. Among those
anthropogenic measures, the potential of ecosystems is less recog-
nized, although they act as the largest carbon sink on land [1]. Cur-
rently, the land carbon sink in China is estimated to be 0.2 to 1.1
petagram (Pg) carbon (C) per year [4–6]. The large uncertainty is
in part due to the complexity of the Chinese ecosystem, which cov-
ers a wide range of vegetation types, from boreal forests in the
north to subtropical forests in the south [7]. The fast growth of
atmospheric CO2 due to anthropogenic emissions provides a strong
fertilization effect that drives the ecosystem to a large sink [1].
However, such sink is subject to the changes in both CO2 and cli-
mate, leading to the uncertain potential of land ecosystems for car-
bon sequestration in the future [8,9].

Many natural climate solutions have been proposed to farm the
ecosystem for additional carbon uptake [10]. Among those solu-
tions, forestation (including afforestation and reforestation) has
shown the largest potential [10] and has been found to be respon-
sible for large-scale greening [11] and strengthened carbon sinks
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[12,13] in China. However, compared with forestation, other
known methods show very limited potential in enhancing ecosys-
tem carbon sinks in China [14]. Considering the water and nutrient
constraints on forest expansion [15], it is necessary to explore
alternative solutions. Here, we assess the potential of two alterna-
tive methods, ozone (O3) control, and litter removal, in strengthen-
ing the land carbon sink in China. Surface O3 is an air pollutant
with its precursors emitted from human activities [16], and it
weakens plant photosynthesis due to its strong oxidizing capacity
[17,18]. Studies have shown the large benefits of O3 mitigation on
the recovery of ecosystem productivity [19] but have not yet quan-
tified the possible gains in regional carbon sinks. Aboveground lit-
terfall is composed of dead leaves, twigs, bark, and so on. This
debris typically decomposes within 1–3 years [20], leading to an
increase in soil organic carbon (SOC) and heterotrophic respiration.
Although litter removal might have negative impacts on SOC accu-
mulation, field experiments reported that it helped reduce the car-
bon loss of the whole ecosystem through decreasing soil
respiration [21,22].

In this study, we applied the state-of-the-art Yale Interactive
terrestrial Biosphere (YIBs) model [23], which was extensively val-
idated with ground-based and satellite observations, to project
future changes in the land carbon sink in China at 2060 (averaged
for 2050-2064). The model considers the age effect of new planta-
tion with dynamic tree growth through carbon accumulation (Sup-
porting Information 1 online). It also implements a well-
established O3 vegetation damage scheme [18] that has been vali-
dated both globally [24] and in China [17]. We performed a total of
1152 simulations, each of which was driven with hourly meteoro-
logical forcings derived from one of 16 climate models of the Cou-
pled Model Intercomparison Project phase 6 (CMIP6) under 4
Shared Socioeconomic Pathways (SSPs) in 18 groups of varied con-
figurations. For the land cover change (LCC), we used a recently
updated dataset [25] that well captured the trend of forest area
in China as reported by national inventories during 1980–2018.
We extended the updated LCC to 2100 with assumptions of fast,
medium, and slow forestation rates for the future projection of car-
bon sink. As a comparison, we also used historical LCC at 1850–
2014 and future LCC at 2015–2100 under four SSP scenarios from
CMIP6 archive [26] to drive the YIBs model. We compared the
potentials of strengthening land carbon sinks, measured as net bio-
spheric productivity (NBP), through forestation, O3 reduction, and
litter removal in China
2. Data and methods

2.1. Models

We used the YIBs [23] vegetation model to project future
changes in the leaf area index (LAI) and carbon sinks in China.
The original YIBs model simulates the leaf photosynthesis [27]
and stomatal conductance [28] of eight plant functional types
(PFTs), including evergreen broadleaf forest (EBF), evergreen
needleleaf forest (ENF), deciduous broadleaf forest (DBF), shrub-
land, C3/C4 grassland, and C3/C4 cropland. To account for the sepa-
rate impacts of LCC in natural (NF) and planted (PF) forests, we
added three tree PFTs, including EBF of PF, ENF of PF, and DBF of
PF. The leaf-level fluxes are upscaled to the canopy level through
integration with the LAI.

The assimilated carbon is allocated to leaves, roots, and wood to
support plant development following the mass balance scheme
used in the TRIFFID model [29]. In this scheme, the total vegetation
carbon density, Cv (kg C m�2), is the sum of leaf biomass Cl, root
biomass Cr, and wood biomass Cw, all of which are related to the
changes in the balanced LAI, Lb (m2 m�2), as follows:
2623
Cl ¼ Cr ¼ r � Lb; ð1Þ

Cw ¼ aw � L5=3b ; ð2Þ
where r is the PFT-specific leaf carbon density (kg C m�2), and
aw is a PFT-dependent parameter in the power law relating
the LAI to wood biomass. The Lb is a function of vegetation height
H (m):

Lb ¼ bh � H3=2; ð3Þ
where bh is a PFT-dependent parameter. The actual LAI, L, is related
to Lb through a phenological factor p:

L ¼ p � Lb: ð4Þ
The model updates wood biomass every 10 d as follows:

DCw ¼ Pcg

1þ DCl=DCw þ DCr=DCw
; ð5Þ

where Pcg is the accumulated net carbon flux available for growth:

Pcg ¼ kg � NPP �Kl; ð6Þ
the parameter kg is the fraction of net primary productivity (NPP)
available for growth. Kl is the total litterfall amount from leaves,
roots, and wood calculated as follows:

Kl ¼ cl � Cl þ cr � Cr þ cw � Cw; ð7Þ
where cl, cr , and cw are PFT-dependent conversion parameters
related to leaf temperature and soil moisture. As a result, the pre-
dicted changes in NPP and Kl determine that of wood biomass
DCw (Eq. (5)), which is used to update the Lb (Eq. (2)), H (Eq. (3)),
L (Eq. (4)), Cl, Cr (Eq. (1)), and the total vegetation carbon Cv. Litter-
fallKl will be used as input to drive the soil carbon cycle and to pre-
dict the changes in soil respiration Rs and soil carbon density. The
NBP of the ecosystem is calculated as:

NBP ¼ NEP� Elcc ¼ NPP� Rs � Elcc; ð8Þ
where Elcc is the emission from LCC. The NEP is net ecosystem pro-
ductivity, which represents the carbon assimilation by alive vegeta-
tion. The age effect of new plantation on NBP is considered
(Supporting Information 1 online) and validated against measure-
ments at 27 flux tower sites (Table S1 online). We also designed
sensitivity experiments to compare the age effect on land carbon
sink from site level to the spatial resolution of 1� � 1� used for this
study.

The YIBs model has implemented a flux-based scheme [18] to
predict O3 vegetation damage. In this scheme, the GPP reduction
rate F is dependent on the stomatal O3 flux FO3 above a PFT-
dependent threshold TO3 :

F ¼ �a � FO3 � TO3

� �
; if FO3 > TO3 ;

0; if FO3 � TO3 ;

(
ð9Þ

where a is the damaging sensitivity coefficient, which varies among
PFTs with a low or high value to represent the interspecific uncer-
tainties [18]. In this study, we applied the average of the low and
high values of a to indicate the mean sensitivity to O3 damage.
The stomatal O3 flux FO3 is dependent on both stomatal conduc-
tance gs and ambient O3 concentrations ([O3]):

FO3 ¼ ½O3�
rb þ k � rs ; ð10Þ

where rb (s m�1) is the boundary layer resistance and rs (s m�1) is
the stomatal resistance to water (=1/gs). A constant ratio k=1.67 is
multiplied with rs to derive the stomatal resistance to O3. A higher
[O3] and/or a lower rs can result in higher stomatal O3 fluxes and
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consequent O3 damage. We assume no impacts of O3 on plant res-
piration, although experiments show that excessive O3 exposure
may enhance vegetation respiration for detoxification [30]. As a
result, the O3 damage effects on the land carbon sink may be under-
estimated in our simulations.
2.2. Datasets

To validate model performance, we used datasets including
satellite-based LAI, a benchmark GPP, 1580 sites of surface O3,
and the national forest inventory. We summarized experimental
data from 77 literature about the impacts of litter removal on soil
carbon fluxes and nutrients (Supporting Information 2 online). We
selected a total of 27 tree sites with age information and at least 10
years of measurements of carbon fluxes and simultaneous meteo-
rology at half-hourly interval from the FLUXNET network (Support-
ing Information 1 online). We also collected multiple carbon-
related variables simulated by 17 (including YIBs) dynamic global
vegetation models (DGVMs) from the intercomparison project of
trends in the land carbon cycle (TRENDY) [31] (Table S2 online).
To drive the YIBs model, we used daily surface meteorology pre-
dicted by 16 climate models from the CMIP6 archive (Table S3
online) at both historical (1850–2014) and future (2015–2100)
periods under four climate scenarios (Fig. S1 online). All the daily
meteorology was downscaled to hourly time step with the diurnal
cycle from a reanalysis data product [32]. In addition, we used the
ensemble mean surface O3 concentrations predicted by 13 CMIP6
models (Table S4 online). The monthly mean O3 was downscaled
to hourly time step by applying the seasonal and diurnal cycles
from a coupled climate-chemistry-carbon model [23]. All these
forcing data were interpolated to the same 1� � 1� resolution as
the YIBs model. For details, please refer to Supporting Information
3 (online).
2.3. LCC in China

We used the annual vegetation coverage from both CMIP6 [26]
and an inventory-based data product [25] for the present-day sim-
ulations. The PFTs of CMIP6 LCC data were converted to YIBs PFTs
accordingly (Table S5 online). The original CMIP6 LCC underesti-
mated trends in forest coverage during 1980–2018 compared with
the national forest inventory (Fig. 1a). As a result, we adopted a
recently updated LCC data product for 1900–2018 that was devel-
oped by harmonizing multiple inventory datasets and the high-
resolution satellite images in China [25]. This dataset separated
the coverage of natural and planted forests, which were further
classified into EBF, ENF, and DBF grid by grid using the ratio of
PFT cover retrieved by satellites [33] (Fig. S2 online). The new
LCC data successfully reproduced the changes of forest cover
(Fig. 1a) and other PFTs (Fig. S3 online) as reported by the national
inventory. Based on the updated LCC, we generated three future
LCC scenarios beyond the year 2018 (Fig. 1a). The LCC1 maintained
the same forestation rate as 1980–2018 grid by grid in China,
resulting in a continuous forest growth rate of 0.32% a�1 on the
national scale. The LCC2 followed LCC1 but with half of the foresta-
tion rate at each grid and the national average rate of 0.16% a�1.
The LCC3 adopted the same present-day rate but with a maximum
cap of 25% for forest area increase in each grid. The LCC3 scenario
was designed because recent studies estimated that global refor-
estation would be limited to 25% due to the constraints of climatic,
edaphic, and topographic conditions [15]. With such environmen-
tal constraints, the forestation rate in LCC3 is only 0.007% a�1 after
the year 2030. For details, please refer to Supporting Information 4
(online).
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2.4. Simulations

We performed a total of 1152 runs with the YIBs model. These
runs can be aggregated into 18 groups, each of which was forced by
different combinations of boundary conditions (Table 1). For all
simulations, the YIBs model was run over China with a spatial res-
olution of 1��1� at the hourly time step through the period of
1800-2100. Groups with the prefix of ‘ALL’ were forced with
interannually-varied meteorology and CO2 concentrations. Groups
with the prefix of ‘CO2’ (‘MET’) were the same as ‘ALL’ runs except
that CO2 concentrations (meteorological variables) after the year
2015 were fixed to the values at 2015. Groups with prefixes of
‘O3M’ applied the same boundary conditions as ‘ALL’ runs except
that O3 vegetation damage effects were included with the mean
O3 sensitivities. Groups with prefixes of ‘O3F’ followed the config-
urations in ‘O3M’ except that O3 concentrations after the year 2015
were fixed to the values at 2015. Groups with prefixes of ‘LIT20’ or
‘LIT50’ were the same as ‘ALL’ runs except that above-ground litter
(cl � Cl þ cw � Cw in Eq. (7), including leaf residue and wood debris)
was removed by 20% or 50% before entering the soil carbon pool
during 2015–2100. Groups with suffixes of ‘LCC1’, ‘LCC2’, ‘LCC3’,
or ‘SSP’ were forced with land cover datasets from LCC1, LCC2,
LCC3, or four CMIP6 SSP scenarios (Fig. 1a). For groups with
LCC1, the same land cover data LCC1 were applied for all the four
climate scenarios. Similar rules were applied for LCC2 and LCC3
runs. However, for the group with a suffix of ‘SSP’, four different
SSP LCCs (the solid colorful lines in Fig. 1a) were applied under
the corresponding climate scenarios. Groups with suffixes of
‘FIX15’ (‘FIX80’) were forced with LCC fixed at the year 2015
(1980) thereafter.

We compared the multi-model ensemble mean NBP at 2060
(2050-2064) among different simulations, so as to isolate the con-
tributions by natural (CO2 or climate) and anthropogenic processes
(forestation, O3 change, or litter removal). The CO2 effect was quan-
tified as ‘ALL_LCC1 – CO2_LCC1’ (‘ALL_LCC3 – CO2_LCC3’) for sim-
ulations with LCC1 (LCC3). Similarly, the climatic effect was
calculated by ‘ALL_LCC1 – MET_LCC1’ (‘ALL_LCC3 – MET_LCC3’).
The contributions of LCC were quantified as ‘ALL_LCC1 – ALL_
FIX15’ and ‘ALL_LCC3 – ALL_FIX15’ for simulations with LCC1 and
LCC3, respectively. The effect of O3 change was estimated by
‘O3M_LCC1 – O3F_LCC1’ (‘O3M_LCC3 – O3F_LCC3’). The role of lit-
ter removal was quantified as ‘LIT20_LCC1 – ALL_LCC1’
(‘LIT20_LCC3 – ALL_LCC3’) or ‘LIT50_LCC1 – ALL_LCC1’
(‘LIT50_LCC3 – ALL_LCC3’) for different ratios of clearance.
2.5. Validations

The YIBs model joined the TRENDY project and performed
favourably against the multimodel ensemble of DGVMs for the glo-
bal carbon metrics such as GPP, LAI, vegetation biomass, soil car-
bon, and ecosystem respiration [1]. In this study, we validated
the simulated GPP and NEP at global FLUXNET sites (Fig. S4 online)
and the GPP and LAI in China (Fig. S5 online). The evaluations
showed correlation coefficients of 0.75–0.84 and relative mean
biases of 13.5%–18.2% between the ensemble of simulations and
observations for GPP and LAI. The simulated NEP showed larger
biases with the correlation coefficient of 0.49 and relative mean
biases of �55% at 145 sites (Fig. S4b online), because both negative
and positive NEPs at observational sites offset each other and lead
to a moderate mean NEP of 0.43 g C m�2 d�1 as the denominator.
We further compared the simulated responses of carbon fluxes and
the LAI to the changes in CO2, climate, and land cover with an
ensemble of 16 other DGVMs from the TRENDY-v10 project, which
provides the same protocols, meteorological forcing, and LCC for all
DGVMs. The YIBs model predicted a reasonable mean state of car-



Fig. 1. Comparisons of different land cover changes (LCC) and their impacts on the simulated trends of the leaf area index (LAI). (a) Annual forest coverage in China during
1900–2100 is adopted from the CMIP6 (Hist and SSP scenarios) archive. An updated land cover for 1900–2018 (Hist_updated) is developed [25] based on national inventory
(red asterisks). Three updated schemes (LCC1, LCC2, and LCC3) assume varied LCC extending from the Hist_updated data to the year 2100. The trends of the LAI (units: m2 m�2

per century) during 2000–2014 are compared between (b) observations from MODIS satellite retrieval and simulations from the YIBs vegetation model with land cover from
the (c) Hist_updated (ALL_LCC1) and (d) CMIP6 Hist datasets (ALL_SSP). The significant trends at the 95% level from (b) observations and (c, d) ensemble mean of simulations
are shown with dots. The area-weighted mean trends in the LAI are shown in (b–d).
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bon fluxes and LAI during 2000–2014 in China (Table S6 online).
Meanwhile, the YIBs model yielded comparable responses of GPP,
NBP, and LAI to climate change and LCC relative to other DGVMs
(Fig. S6 online). For details, please refer to Supporting Information
5 (online).

3. Results

3.1. Land carbon sink at present

The national inventory showed that forest coverage in China
increased from 12.0% during 1977–1981 to 23.0% during 2014–
2018, with an average trend of 0.32% a�1 (Fig. 1a). The updated
LCC successfully reproduced this observed trend of forest cover
change, while the CMIP6 LCC showed only moderate variations in
China during 1990-2014. The satellite retrieval revealed a signifi-
cant greening tendency in China [11], with a mean trend of
0.64 m2 m�2 per century in the LAI during 2000–2014 (Fig. 1b).
Driven with the updated LCC, the YIBs model captured the
2625
observed maximum LAI enhancement in the southwest and
yielded a national mean trend of 0.65 m2 m�2 per century
(Fig. 1c). However, simulations using CMIP6 LCC largely underesti-
mated the increasing trend of LAI (Fig. 1d).

With the updated LCC, the YIBsmodel predicted a sink of 0.48 Pg
C a�1 at present (Fig. 2a). This land sink was equivalent to 27.7% of
the national carbon emissions in 2000–2014 and was within the
range of 21%–45% estimated by other studies [4–6]. As a
comparison, simulations with CMIP6 LCC yielded a weak sink of
0.15 Pg C a�1 in China (Fig. 2b). Such differences of NBP are mainly
attributed to that of NEP (Eq. (8)). Inclusion of the observed
tendency in forest cover change resulted in a strong NEP of
0.70 Pg C a�1, much higher than that of 0.25 Pg C a�1 for simulations
with CMIP6 LCC (Fig. S7 online). The forest in China acts as the
major sink, which is in part offset by the carbon loss due to the
reduction of shrubland and grassland (Fig. S8 online). The simula-
tion with the updated LCC also captured the historical changes in
the national carbon sink, which was lower at 0.17 Pg C a�1 during
1981–2000 and higher at 0.51 Pg C a�1 during 2006-2009, consis-



Table 1
Summary of sensitivity experiments for future projectiona.

ID Experiments CO2 Met Land cover change b O3 damages c Litter control d

Types Variation Sens Variation Reduce Variation

1 ALL_LCC1 1850–2100 1850–2100 LCC1 1850–2100 None - None -
2 ALL_LCC2 1850–2100 1850–2100 LCC2 1850–2100 None - None -
3 ALL_LCC3 1850–2100 1850–2100 LCC3 1850–2100 None - None -
4 ALL_FIX80 1850–2100 1850–2100 LCC1 1850-1980 None - None -
5 ALL_FIX15 1850–2100 1850–2100 LCC1 1850–2015 None - None -
6 ALL_SSP 1850–2100 1850–2100 SSP 1850–2100 None - None -
7 CO2_LCC1 1850–2015 1850–2100 LCC1 1850–2100 None - None -
8 CO2_LCC3 1850–2015 1850–2100 LCC3 1850–2100 None - None -
9 MET_LCC1 1850–2100 1850–2015 LCC1 1850–2100 None - None -
10 MET_LCC3 1850–2100 1850–2015 LCC3 1850–2100 None - None -
11 O3M_LCC1 1850–2100 1850–2100 LCC1 1850–2100 Mean 1850–2100 None -
12 O3M_LCC3 1850–2100 1850–2100 LCC3 1850–2100 Mean 1850–2100 None -
13 O3F_LCC1 1850–2100 1850–2100 LCC1 1850–2100 Mean 1850–2015 None -
14 O3F_LCC3 1850–2100 1850–2100 LCC3 1850–2100 Mean 1850–2015 None -
15 LIT20_LCC1 1850–2100 1850–2100 LCC1 1850–2100 None - 20% 2015–2100
16 LIT50_LCC1 1850–2100 1850–2100 LCC1 1850–2100 None - 50% 2015–2100
17 LIT20_LCC3 1850–2100 1850–2100 LCC3 1850–2100 None - 20% 2015–2100
18 LIT50_LCC3 1850–2100 1850–2100 LCC3 1850–2100 None - 50% 2015–2100

a For all simulations, time period is from 1800 to 2100. The forcings at the year before 1850 is fixed to 1850. For runs with forcing during 1850–2100, the input is updated
day by day from 1850 to 2100. For runs with forcing during 1850–2015, the input is updated day by day from 1850 to 2015, and then is fixed to the year 2015 thereafter with
the annual cycle. For runs with forcing during 1850–1980, the input is updated day by day from 1850 to 1980 and then is fixed to the year 1980 thereafter.

b For runs driven with LCC1 to LCC3, historical (1900–2018) LCC is adopted from updated LCC [25] and future (2019–2100) is assumed with fast (LCC1), medium (LCC2),
and slow (LCC3) forestation rates. For runs driven with CMIP6 LCC, the historical (1850–2014) and future (2015–2100) LCC under four SSP scenarios are applied for
corresponding climate scenarios.

c For O3 runs, the mean damaging sensitivities are applied.
d For LIT runs, the reduction of litterfall is applied after the year 2015.
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tent respectively with other estimates of 0.19–0.26 Pg C a�1 [5] and
0.39–0.51 Pg C a�1 [34] for the corresponding periods (Fig. 3a).

3.2. Projection of future carbon sink

The SSP inventory projects a high anthropogenic carbon emis-
sion of 5.27 Pg C a�1 under the SSP5-8.5 scenario and a low emis-
sion of 0.52 Pg C a�1 under the SSP1-2.6 scenario in China at 2060.
We explored how much of these emissions could be mitigated by
ecosystems. With fixed forest cover at the year 2015, the land car-
bon sink in 2060 is projected to be 0.26 Pg C a�1 under SSP1-2.6
and 0.56 Pg C a�1 under the SSP5-8.5 scenario (‘ALL_FIX15’ in
Table S7 online), equivalent to 50.0% and 10.6% of the correspond-
ing carbon emissions, respectively. At 2060, the land carbon sink is
0.53 Pg C a�1 with LCC1 and SSP1-2.6 climate (Fig. 2c and
‘ALL_LCC1’ in Table S7 online), almost equal to the total anthro-
pogenic emissions in China under the same scenario. Such a sink
will be 0.87 Pg C a�1 under the SSP5-8.5 scenario but account for
only 16.4% of the contemporary carbon emissions (Fig. 2d). As a
comparison, with a conservative forestation rate (LCC3), the
national carbon sink will be 0.38 Pg C a�1 under SSP1-2.6
(Fig. 2e) and 0.70 Pg C a�1 under the SSP5-8.5 (Fig. 2f) scenario
(‘ALL_LCC3’ in Table S7 online).

With the same LCC (either LCC1 or LCC3), the national sink in
2060 is 0.33 ± 0.01 Pg C a�1 higher under SSP5-8.5 than under
SSP1-2.6 scenario (Fig. 2g). The fast CO2 growth rates under the
SSP3-7.0 and SSP5-8.5 scenarios (Fig. S1 online) help promote the
sink by 0.32–0.44 Pg C a�1 compared with the present day
(Fig. 2h and Table 2) through CO2 fertilization. In contrast, the slow
CO2 growth rates under the SSP1-2.6 and SSP2-4.5 scenarios mod-
erately strengthen the sink by 0.08–0.21 Pg C a�1 (Table 2).
Changes in climatic factors, including temperature, radiation, and
soil moisture (Fig. S1 online), jointly strengthen the land carbon
sink by 0.06–0.13 Pg C a�1 with some inter-model spreads
(Fig. 2i and Table 2). As a result, CO2 fertilization rather than cli-
mate change dominates the future carbon sink if there are no
anthropogenic interventions.
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3.3. Impacts of forestation, O3 reduction, and litter removal

Compared with the simulations with fixed land cover after the
year 1980 (‘ALL_FIX80’), when the actual forest coverage began
to increase (Fig. 1a), the YIBs model driven with the updated LCC
showed a larger NBP of 0.26 Pg C a�1 at 2010 (Fig. 3d). This gain
in carbon sink did not appear before the year 2000 because the
conversion of shrubland and grassland to forest resulted in carbon
emissions (Fig. S8d and e online) while the low NBP of newly-
planted trees could not compensate for such carbon loss. The
disturbance-induced carbon source turned into a sink within 20
years, a period consistent with observations [35]. At 2060, the
NBP with continuous forestation in LCC1 (‘ALL_LCC1’) becomes
0.53–0.87 Pg C a�1 for different climate scenarios (Fig. 3a). As a
moderate case, the application of LCC2 (‘ALL_LCC2’) results in a
sink of 0.46–0.79 Pg C a�1 (Fig. 3b). The slow increases in
forest coverage in LCC3 (‘ALL_LCC3’) result in a sink of
0.38–0.70 Pg C a�1 at 2060 (Fig. 3c). Compared with the simula-
tions with fixed 2015 land cover (‘ALL_FIX15’), these runs showed
enhancements in NBP of 0.29 ± 0.02 Pg C a�1 for LCC1 (Fig. 3g),
0.22 ± 0.02 Pg C a�1 for LCC2 (Fig. 3h), and 0.13 ± 0.01 Pg C a�1

for LCC3 (Fig. 3i). Different from the negative effects in NBP by
LCC in the 1980s (Fig. 3d-f), the forestation after 2015 always pro-
motes NBP (Fig. 3g-i) because of the strong carbon uptake by
middle-age trees planted in 1980–2015. Such gains in carbon sink
retain for decades even for the LCC3 with the cease of forestation
after 2030 (Fig. 1a), and show limited variations among climate
scenarios (Fig. 3g–i).

We then examined the effects of O3 mitigation on the land car-
bon sink based on the ensemble mean O3 concentrations from 13
CMIP6 models. The O3 pollution is estimated to reduce the national
gross primary productivity (GPP) by 6.7% and the LAI by 1.8%
at present [9]. Such damaging effect resulted in a loss of
0.1 Pg C a�1 (20.8%) for the present-day NBP (‘O3M_LCC1’ minus
‘ALL_LCC1’ in Table S7 online), mainly attributed to the damage
of 0.05 Pg C a�1 for natural forest (NF) and 0.04 Pg C a�1 for planted
forest (PF). Relative to 2010, the O3 concentration in 2060 averaged



Fig. 2. Prediction of land carbon sink in China and its contributions by CO2 fertilization and climate change. The ensemble mean net biospheric productivity (NBP) in 2010 is
simulated with historical LCC from the (a) updated (ALL_LCC1) and (b) CMIP6 (ALL_SSP) datasets. The carbon sinks in 2060 are projected using the LCC datasets from (c, d)
LCC1 (ALL_LCC1) and (e, f) LCC3 (ALL_LCC3) schemes and climate forcing from (c, e) SSP1-2.6 and (d, f) SSP5-8.5 scenarios. The effects of O3 vegetation damage and litter
removal are not included. Positive (negative) values indicate a carbon sink (source) with significant changes at the 95% level over almost all grids. The area-weighted total
carbon sink (Pg C a�1) and its ratio to contemporary carbon emissions (%) are shown on each panel of (a–f). The simulated total carbon sink at 2060 with climate from 16
CMIP6 models and four different climate scenarios are shown in the right panel with (g) all forcing, (h) CO2 fertilization alone, and (i) climate change alone under either LCC1
or LCC3 schemes. Each number in (g–i) indicates one climate model, and ‘E’ represents their ensemble mean.
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over the growth season and over China is projected to decrease
10.2 ppbv (�17.6%) under the SSP1-2.6 scenario and 1.3 ppbv
(�2.2%) under the SSP2-4.5 scenario, with maximum reductions
in the southeast (Fig. S9 online). Following such a tendency, the
land carbon sink shows increases of 0.08 Pg C a�1 under SSP1-2.6
and 0.04 Pg C a�1 under SSP2-4.5 (Table 2). In contrast, the average
O3 increases 8.6 ppbv (14.9%) under SSP3-7.0 and 7.5 ppbv
(13.0%) under SSP5-8.5 (Fig. S9 online), leading to NBP reductions
of 0.02 Pg C a�1 in both scenarios (Table 2). The responses of GPP
to O3 are nonlinear, with slower GPP reduction rates at higher O3

levels [24]. Furthermore, the smallest stomatal conductance is
predicted under SSP5-8.5 (Fig. S10 online) following the warmest
climate (Fig. S11 online), the lowest relative humidity (Fig. S12
online), and the highest CO2 concentrations (Fig. S1a online). Both
2627
dry air and high CO2 inhibit stomatal conductance [36,37], leading
to smaller responses of the land carbon sink to O3 under SSP5-8.5.
On average, for the same O3 reduction of 10 ppbv, the highest effi-
ciency of 0.09 Pg C a�1 is predicted under the SSP1-2.6 scenario
(Fig. 4a), while the lowest efficiency of 0.03 Pg C a�1 is predicted
under the SSP5-8.5 scenario (Fig. 4b).

We found large benefits of litter removal in strengthening land
carbon sinks. With a 20% reduction in aboveground litterfall for all
vegetation types over each grid, an increase of 0.68 to 0.77 Pg C a�1

in NBP is achieved under varied climate scenarios and LCCs in 2060
relative to simulations without litter removal (Table 2). Such
change is contributed by a 13% reduction in soil respiration, which
is not sensitive to climate scenarios (Figs. S13, S14 online). The sen-
sitivity experiment with a 50% reduction in litter causes an even



Fig. 3. Prediction of land carbon sink and its contributions by LCC in China for 1950–2100. Results shown are the ensemble mean NBP predicted by the YIBs model driven
with climate from 16 CMIP6 models under four SSP scenarios under (a) LCC1, (b) LCC2, (c) LCC3 schemes. The effects of O3 vegetation damage and litter removal are not
included. The two black symbols represent the carbon sink for 1980–2000 [5] and 2006–2009 [34] in China estimated with observation-based approaches. The differences of
NBP between the simulations with year-to-year varied LCC and those with fixed LCC after the year (d–f) 1980 (ALL_FIX80) and (g–i) 2015 (ALL_FIX15) indicate the
contributions of LCC to regional carbon sink after the specific years. The (d, g) LCC1, (e, h) LCC2, and (f, i) LCC3 schemes are applied in the year-to-year varied LCC simulations,
respectively. The colorful shadings indicate the uncertainties due to the climatic forcing from different CMIP6 models. The grey shadings in (a–c) indicate the period of 2050–
2064 for the future projection.

Table 2
Summary of NBP (Pg C a�1) at 2060 and its changes by different forcingsa.

ID NBP and its changes SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

(1) NBP with all forcings b 0.54 ± 0.05 (0.41 ± 0.04) 0.61 ± 0.05 (0.48 ± 0.04) 0.68 ± 0.03 (0.55 ± 0.03) 0.79 ± 0.05 (0.65 ± 0.04)
(2) The sum of DNBP in (3)–(6) 0.51 ± 0.08 (0.33 ± 0.06) 0.61 ± 0.07 (0.43 ± 0.05) 0.69 ± 0.05 (0.50 ± 0.04) 0.86 ± 0.06 (0.65 ± 0.05)
(3) DNBP by CO2 0.09 ± 0.01 (0.08 ± 0.01) 0.21 ± 0.01 (0.20 ± 0.01) 0.34 ± 0.02 (0.32 ± 0.02) 0.44 ± 0.03 (0.42 ± 0.03)
(4) DNBP by climate 0.07 ± 0.05 (0.06 ± 0.05) 0.08 ± 0.05 (0.07 ± 0.04) 0.08 ± 0.04 (0.07 ± 0.03) 0.13 ± 0.03 (0.11 ± 0.03)
(5) DNBP by LCC 0.27 ± 0.02 (0.12 ± 0.01) 0.28 ± 0.02 (0.13 ± 0.01) 0.29 ± 0.02 (0.13 ± 0.01) 0.31 ± 0.02 (0.14 ± 0.01)
(6) DNBP by O3 0.08 ± 0.01 (0.07 ± 0.01) 0.04 ± 0.00 (0.03 ± 0.00) -0.02 ± 0.00 (-0.02 ± 0.00) -0.02 ± 0.00 (-0.02 ± 0.00)
(7) DNBP by -20% litter of PF 0.20 ± 0.01 (0.16 ± 0.01) 0.20 ± 0.01 (0.17 ± 0.01) 0.21 ± 0.01 (0.17 ± 0.01) 0.21 ± 0.01 (0.17 ± 0.01)

a The NBP changes (DNBP) ± uncertainties are derived as the differences between varied sensitivity experiments (Table S7 online). The uncertainties are indicated as one
standard deviation of results driven with 16 CMIP6 models. Both the DNBP with LCC1 and LCC3 (in bracket) are shown.

b The same as the NBP from the O3M_LCC1 and O3M_LCC3 experiments.
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larger decline of 33% in soil respiration, leading to the stronger NBP
enhancements of 1.70 to 1.93 Pg C a�1 (Table S7 online). A meta-
analysis of 77 experiments worldwide showed that 100% litter
removal on average decreased soil respiration by 23% (Fig. S15
online). Our simulated responses of soil respiration (reduction of
66% with 100% litter removal) to litter removal are about 3 times
observations, likely because the YIBs model overestimates the
amount of aboveground litterfall while omits the additional
decomposition of SOC by soil microbes (Supporting Information 2
online). Given the unclear long-term perturbations to the pro-
tected ecosystems, we suggest that the application of litter
removal should be limited to PF. Averaged for both climate models
and scenarios, the removal of 5% of litter of the PF can increase the
national carbon sink by 0.05 Pg C a�1 in our simulation, with the
maximum benefits in southeastern China, where most of PF is
located (Fig. 4c and d).
2628
4. Discussion

The projection of future carbon sinks showed uncertainties due
to the differences in CO2 concentrations, climate change, and
anthropogenic interventions. We found the largest uncertainty
from the CO2 scenarios with an NBP fluctuation ranging from
0.08 to 0.44 Pg C a�1 (Table 2), followed by the uncertainty of
0.12–0.31 Pg C a�1 due to varied LCC assumptions. The NBP range
induced by climate change was relatively small at 0.06-0.13
Pg C a�1, even lower than that of �0.02 to 0.08 Pg C a�1 caused
by O3 damages and 0.68 to 0.77 Pg C a�1 by litter removal under
varied scenarios. As a comparison, the meteorological forcings
from different climate models cause limited uncertainties in NBP
compared with the mean NBP changes (Table 2). The projection
is also affected by the biases in the vegetation model. Site-level
evaluations showed that YIBs model predicted lower NEP than



Fig. 4. Changes of land carbon sink in China in 2060 by O3 pollution control and litter removal of planted forest (PF). Results shown are the ensemble mean changes of the
land carbon sink in 2060 caused by (a, b) each 10 ppb decrease in surface O3 and (c, d) each 5% reduction in litterfall of PF under the (a, c) SSP1-2.6 and (b, d) SSP5-8.5 climate
scenarios. Positive (negative) values indicate an increase (decrease) in the carbon sink. The area-weighted total carbon sink (Pg C a�1) and its ratio to contemporary carbon
emissions (%) are shown in each panel.
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observations (Fig. S4b online), suggesting that the strength of
carbon sink may be underestimated for future projection.

Our findings broadly align with previous studies on the impacts
of afforestation, climate change, and CO2 fertilization on carbon
sequestration. For instance, Yao et al. [8] projected that forest bio-
mass carbon sequestration would assimilate 0.17 Pg C a�1 from
2000 to 2040, taking into account CO2 fertilization, climate change,
and the aging of forests without expanding forested areas. As a
comparison, our simulations with fixed LCC after 2015 yielded a
lower sink of 0.13 Pg C a�1 in 2000-2040 by the biomass carbon
accumulation. Qiu et al. [38] estimated that national forest cover-
age would increase from 22.8% in 2003 to 30.9% in 2050, equivalent
to an average LCC rate of 0.17% a�1 which is similar to our LCC2
assumption. They predicted that the increase of forest biomass
would provide an average carbon sink of 0.19 Pg C a�1 during
2020-2050 in China. In our prediction, the land carbon sink with
LCC2 is 0.61 ± 0.05 Pg C a�1 during 2020-2050 (Fig. 3b), with vege-
tation biomass alone contributing 0.21 ± 0.01 Pg C a�1, closely
matching the estimate of Qiu et al. [38]. Recently, Huang et al.
[39] assumed a medium LCC rate of 0.16% a�1 for 2020-2050 and
projected that the ecosystem in China would sequester 0.46 ± 0.1
0 Pg C a�1 under RCP2.6 and 0.49 ± 0.11 Pg C a�1 under RCP4.5
scenario in the 2050s. These numbers are comparable to our esti-
mates of 0.46 ± 0.05 Pg C a�1 under SSP1-2.6 and 0.56 ± 0.05
Pg C a�1 under SSP2-4.5 scenarios with LCC2 by 2060 (Table S7
online).

We found large potential of increasing carbon sequestration
by forestation, which enhances national 2060 NBP by 0.27-0.31
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Pg C a�1, 0.20–0.23 Pg C a�1, 0.12–0.14 Pg C a�1 with the fast
(0.32% a�1), medium (0.16% a�1), and slow (0.007% a�1 after
2030) LCC, respectively (Table 2). The recent study of Xu et al.
[40] also predicted a sizable sink of 0.27 Pg C a�1 by new plantation
at a rate of 0.2% a�1 for 2020-2060, very close to our estimate with
the LCC2 assumption. In contrast, Cai et al. [41] projected that the
existing forest accounted for more than 90% of the ecosystem car-
bon sink with limited contributions by new forestation. Such dis-
crepancy may be caused by the differences of projection tools as
both Xu et al. [40] and this study used the DGVMs while Cai
et al. [41] applied the empirical models based on logistic growth
equations. In addition to this uncertainty, the implementation of
forestation is subject to labor costs and is confronted with possible
side effects. Forestation is limited by plantation areas and environ-
mental constraints such as water and nutrient availability [15]. The
new plantations may introduce unexpected environmental stres-
ses [42], limiting the possibility of stable forestation rates. As a
result, the moderate or conservative forestation schemes such as
LCC2 and LCC3 are more likely to be implemented in the future.
The full benefit of forestation can be achieved by 70% and 90% at
the expense of 50 and 100 USD per ton CO2 [43], respectively,
suggesting the high cost of this approach.

Compared with forestation, O3 reduction seems to have low
efficiency, as the significant reduction of 10 ppbv in surface O3

can mitigate only 0.03–0.09 Pg C a�1 in China (Fig. 4a, b). In addi-
tion, the amelioration of O3 control is sensitive to climatic scenar-
ios with moderate effects under warmer and drier climates.
Despite these drawbacks, the NBP recovery from O3 reduction is
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the most feasible target, as the national 90th percentile O3 level is
projected to decrease >20 ppbv at the year 2060 [44] following
low-carbon-policy scenarios [45]. The benefits of an enhanced car-
bon sink will be sustained as long as the O3 level remains low. Fur-
thermore, we assumed no impacts of O3 on plant respiration,
though field experiments showed that excessive O3 exposure
may enhance vegetation respiration for detoxification [30]. As a
result, the recovery of carbon sink by O3 reduction may be under-
estimated in our simulations. Studies estimated that 90% reduction
of NOx in China, the most effective way to mitigate surface O3 [46],
would cost 65 billion USD [47]. Assuming the O3 regulation takes
effect through 2015-2060, we calculated an accumulative recovery
of 2.06 Pg C (‘O3M_LCC3’ minus ‘O3F_LCC3’) in carbon sink by O3

control and a net cost of 8.6 USD per ton CO2 during the 46-year
period. This is a relatively low-cost solution with large benefits
for both ecosystem and public health.

Litter removal is an efficient way to increase the carbon seques-
tration of existing forests, especially when the forestation is lim-
ited by the available land. However, litter removal reduces the
input of nutrients such as nitrogen and phosphorus to the soil.
Our meta-analysis showed that 100% litter removal decreased total
soil nitrogen by 13% and total phosphorus by 12% (Supporting
Information 2 online). The long-term impacts of these perturba-
tions on ecosystem functions deserve further investigations. In
practice, we suggest conservative ratios of litter removal with
appropriate fertilization [48,49] to maintain the biodiversity,
microbial community, and biogeochemical properties of ecosys-
tems. Meanwhile, the ‘‘Natural Forest Protection Project” in China
may not allow any anthropogenic perturbations to the natural for-
ests, limiting the action of litter removal to PF alone. Here, we cal-
culated the perturbed NBP with 20% litter removal over PF alone
and yielded an increase of 0.16–0.21 Pg C a�1 in land carbon sink
at 2060 (Table 2). This sink is adjusted to 0.06–0.07 Pg C a�1 if
scaled by the observed changes in soil respiration from meta-
analysis (Fig. S15a online) to that from simulations (Figs. S13,
S14 online). The collected litterfall can be used as bioenergy to sub-
stitute fossil fuels [50] to reduce anthropogenic CO2 emissions [51],
or buried deep into soil to preserve vegetation carbon for decades
without perturbations of soil nutrients [52]. The cost of litter
removal consists of collection, transportation, and transforma-
tion/bury. Recent studies estimated a cost of 30 USD per ton CO2

for wood vault [52] and 14 USD per ton CO2 for crop residual bury
[53], both of which are much lower than the cost of carbon capture,
utilization and storage (CCUS) through geological storage [54].

With over 70 countries’ net-zero pledges by 2050–2070, recent
projections showed that the temperature rise in the 2100s can be
limited to below 2 ℃ above the preindustrial level [55], very sim-
ilar to the warming pathway assumed by the SSP1-2.6 scenario
[56]. However, even for such a green scenario, the net carbon emis-
sion is not zero. To achieve carbon neutrality, negative emissions
are required in addition to the improved efficiencies and renew-
ables development [3]. Our study shows that anthropogenic inter-
ventions to the ecosystems can act as an important measure of
negative emissions by strengthening land carbon sinks in China.
Forestation can help increase 0.12 Pg C a�1 in the national carbon
sink at 2060 even with a low LCC rate due to environmental con-
straints (LCC3, Table 2). Together with the O3 pollution control
(0.07 Pg C a�1) and the annual removal of 20% litter over PF
(0.16 Pg C a�1, or 0.06 Pg C a�1 if adjusted), we expect an additional
carbon uptake of 0.25–0.35 Pg C a�1 through anthropogenic inter-
ventions at 2060. This benefit, nonlinearly coupled with the base-
line sink due to CO2 fertilization and climate change, result in a
sizable sink of 0.47–0.57 Pg C a�1 (The NBP in ‘O3M_LCC3’ plus lit-
ter removal) by the ecosystem under the SSP1-2.6 scenario. This
sink can mitigate 90%–110% of the residue anthropogenic CO2

emissions at 2060 in China under the same scenario. In addition,
2630
other natural climate solutions such as forest management, crop-
land nutrient management, and grazing optimization can further
enhance the potential of terrestrial carbon sink [43]. Therefore,
our study suggests an achievable target for reaching national car-
bon neutrality with contributions by the ecosystems.
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