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Unleashing the land sector’s potential for climate mitigation requires purpose-
driven changes in land management. However, contributions of past man-
agement changes to the current global and regional carbon cycles remain
unclear. Here, we use vegetation modelling to reveal how a portfolio of eco-
logical restoration policies has impacted China’s terrestrial carbon balance
through developing counterfactual ‘no-policy’ scenarios. Pursuing conven-
tional policies and assuming no changes in climate or atmospheric carbon
dioxide (CO,) since 1980 would have led China’s land sector to be a carbon
source of 0.11 Pg C yr for 2001-2020, in stark contrast to a sink of

175.9 Tg C yr' in reality. About 72.7% of this difference can be attributed to
land management changes, including afforestation and reforestation (49.0%),
reduced wood extraction (21.8%), fire prevention and suppression (1.6%) and
grassland grazing exclusion (0.3%). The remaining 27.3% come from changes in
atmospheric CO, (42.2%) and climate (-14.9%). Our results underscore the
potential of active land management in achieving ‘carbon-neutrality’ in China.

The dynamics of the terrestrial ecosystem carbon balance are driven
collectively by environmental changes and direct land
management'™. Future environmental changes such as climate
change and atmospheric CO; increase (or decrease) hinge on the
climate policies of all nations. Hence, the resulting land carbon
responses are beyond the control of any specific nation. In contrast,

options for active changes in land management to increase carbon
stock or avoid emissions lie within the reach of each individual
nation. Indeed, of the declared or submitted nationally determined
contributions (NDCs) to implement the Paris Agreement, 10%-30%
of the planned reductions in global emissions will be provided by
active changes in land management®®.
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Successful delivery of land-based mitigation potentials, however,
requires purpose-driven changes in land management that clearly
deviate from the ‘no-policy’ scenario’. While a lot effort has been
devoted to quantifying how land management change can contribute
to carbon mitigation in the future®, surprisingly, little is known about
the contributions of past management changes to current global and
regional carbon budgets. The approach used by the global carbon
cycle research community focuses on accurately quantifying carbon
budgets and the associated land use effects by comparing con-
temporary land use with the pre-industrial landscape (used to
approximate natural vegetation distribution without any human land
use or management)>", but it is incapable of revealing the vital con-
tribution of policy-driven active changes in land management, in
contrast to the counterfactual ‘no-policy’ scenarios. Consequently,
how changes in past land management have shaped the present-day
global and regional terrestrial ecosystem carbon balance remains
elusive.

Attributing for changes in land management versus environ-
mental changes using a counter-factual approach, however, faces
several obstacles. Separating areas with changes in land management
from those without is challenging at fine spatial scales, making any
spatially explicit, empirically-based attribution highly uncertain®"
Dynamic global vegetation models (DGVMs) are suitable tools for this
purpose as they incorporate both vegetation ecophysiology and
human land management processes. However, until recently, most
management activities, including forest management (rotation,
demography and wood harvest), grassland grazing and fire manage-
ment, were ignored in the majority of DGVMs used for large-scale
assessments of carbon budgets®. For example, out of a total of 16
DGVMs used in the Global Carbon Project (GCP) 2022 global carbon
budget assessment, only 2 included forest demography and only 6
grassland grazing®. None of these DGVMs included active fire sup-
pression or litter raking®. Finally, quantifying the contributions of land
management changes in contrast to the counterfactual ‘no-policy’
scenario requires data on the management practices that would have
occurred without policy interventions, which are rarely readily
available.

In this work, we overcome these obstacles and address the sci-
entific question of how changes in land management versus environ-
mental changes (climate change and atmospheric CO, growth)
contribute to the contemporary (2001-2020) terrestrial carbon bal-
ance in China. Over past decades, substantial management changes
occurred in China due to a cluster of ecological restoration projects
aiming to restore environmental quality and strengthen carbon
sequestration. Given that these policies, or similar ones, are expected
to play a crucial role in the nation’s strategy for reaching carbon
neutrality by 206075, it is important to know their contributions in the
past. For this purpose, we use a DGVM (ORganizing Carbon and
Hydrology In Dynamic EcosystEms, ORCHIDEE), which has recently
been modified to incorporate a variety of management processes,
including afforestation/deforestation, forest rotation, timber and
fuelwood extraction and grassland grazing. Additional developments
are made in this study to represent active fire control and forest litter
raking. We first determine the key ecological restoration projects and
their land use effects, and next develop their corresponding ‘no-policy’
scenarios. Factorial simulations are then used to quantify contribu-
tions from land management changes and environmental changes to
the country’s contemporary terrestrial carbon balance (see Methods).

Results

Land use effects of ecological restoration policies

Before the implementation of the Reform and Opening Policy in 1978,
the degradation of natural ecosystems had reached a historical high in
China™. In response to a land-system sustainability emergency, the
Chinese government launched a series of ecological restoration

programmes to restore environmental quality and ecosystem services
(Fig. 1a and Supplementary Table 1). The land use effects of these
programmes fell into five broad aspects: afforestation and/or refor-
estation, reduced timber harvest, reduced rural fuelwood extraction,
grazing exclusion, and decreasing burned areas by forest fires. The
impacts of the ecological restoration policies on each of these five
aspects are quantified in the following paragraphs and compared with
the outcomes of the ‘no-policy’ scenarios (Fig. 1).

The Three North Shelter Forest Programme, initiated in 1978, was
the first large-scale ecological restoration project leading to steadily
growing forest area in China (Fig. 1b). The growth accelerated after
2000 following the implementation of several massive afforestation/
reforestation projects, including the river shelter projects, the Grain
for Green Project and the sand control project. The total forest area
growth reached 0.90 (0.81-0.99) Mkm? (1 Mkm?=10°km?), an
increase of 67.7% (60.9-74.4%), during 1981-2020 (Fig. 1b). However,
the Land-Use Harmonization version 2 (LUH2) dataset used as the
official forcing for the global carbon budget assessments by GCP and
also used in the 6th assessment of Intergovernmental Panel on Climate
Change (IPCC), failed to account for the policy-driven forest growth
(Fig. 1b). Consequently, according to the GCP carbon budget assess-
ments, the land use effects in China have been quantified as a carbon
source”. For the ‘no-policy’ scenario, forest areas were assumed to
remain unchanged from 1981 onwards.

Human wood extraction considered in this study consists of timber
harvest for industrial and household use and rural fuelwood extraction.
(1) Reduced timber harvest. The initiation of the Natural Forest Protec-
tion Program in 1998 marked a pivotal shift in forest management policy
from maximizing returns from timber and tree products to acknowl-
edging the ecological services provided by forest ecosystems. Timber
harvesting from natural forests was effectively banned in most parts of
China and was shifted to plantation forests. Our results from integrating
Food and Agriculture Organization (FAO) data show that domestic
timber production decreased from 1996 and maintained a low level (at
1990 values) until around 2005 (Fig. 1c). This stagnation in domestic
wood production occurred despite an increasing demand for wood
products in line with economic development. Hence, the growing
demand was only met by importing more wood from abroad, driving a
surge in net timber imports after 1998, which, by 2020, accounted for
about a quarter of national timber demand (Fig. 1c). Given that data on
China’s net timber import is only available from 1990 and the imported
amount before 1998 was relatively low, for the ‘no-policy’ scenario, we
make the rough approximation that all timber demand since 1990 would
have been met by domestic production (Fig. 1c). (2) Reduced fuelwood
extraction. Similar effects of ecological restoration policies on timber
production also occurred for fuelwood extraction in rural areas. Driven
by both population growth and rural-urban migration, the rural popu-
lation in China reached a peak around 1990 (Fig. 1d). Accordingly, rural
fuelwood extraction increased from less than 150 TgCyr? in 1961 to a
maximum value in excess of 200 Tg C yr™ around 1990". Its subsequent
decline from this peak has been much faster than the decline in rural
population (Fig. 1d), as the dominant fuels in the rural energy mix
changed from biomass sources (fuelwood, brushwood, straw, etc.) to
electricity, biogas, and liquefied petroleum gas”. This energy mix
transformation was made possible in part by active forest protection
policies such as mountain closure and the logging ban, which limited
wood accessibility to local farmers. The ‘no-policy’ scenario used varying
rural populations during 1993-2020 but assumed that the value of per
capita fuelwood extraction remained constant at the 1992 value (the
earliest year for which ground survey data was available, see Tao et al. ),
and yielded a counterfactual fuelwood consumption of 154.4 Tg Cyr™ in
2020, in contrast to 40.9 Tg Cyr in the real world (Fig. 1d).

Since 2003, China has implemented a policy of returning grazing
land to natural grassland (the ‘Returning Grazing Land to Grassland
Project’). By 2020, the area on which grazing is banned had reached
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Fig. 1| Land use effects of ecological restoration policies in contrast to the ‘no-
policy’ scenarios in China during 1981-2020. a Land use effects of the eight key
ecological restoration projects implemented in China since the late 1970s were
summarized into five aspects (shown as rectangles). Timber harvest and rural
fuelwood extraction were further combined as wood extraction. Solid dots in
different colours above each rectangle indicate the contributing project(s) (for
details refer to Supplementary Table 1). b-f Actual changes in land use (solid blue
lines) with ecological restoration policies in contrast to the counterfactual ‘no-
policy’ scenarios (dashed blue lines). The land use effects of ecological

restoration policies were characterized by five different aspects: afforestation
and reforestation (b), timber harvest (c), rural fuelwood extraction (d), grazing
exclusion (e) and forest fire prevention and suppression (f). The shading indi-
cates uncertainty (standard deviation). Solid grey lines in (b, e) show the areas of
forest or grazed grassland according to LUH2. The solid grey line in (c) shows the
net timber import by China (righthand vertical axis). The solid grey line in (d)
shows the rural population (righthand vertical axis). The solid grey line in (f)
shows the investment for fire prevention and suppression (righthand ver-

tical axis).
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Fig. 2 | Simulated carbon balance over terrestrial ecosystems in China and its
driving factors. a Simulated carbon balances under actual conditions (S,cqa, blue
lines) incorporating land management changes due to ecological restoration
policies and actual changes in climate and atmospheric CO,, in contrast to a
counterfactual scenario (Spaseline, Orange lines) with ‘no-policy’ land management
practices, cycling climate of 1961-1980 and constant atmospheric CO, (1980
value). The thin lines show annual values; the thick lines show 5-year moving
averages; the shading shows the standard deviation. Ranges of estimates for
2001-2020 average terrestrial ecosystem carbon sink from independent studies
using atmospheric inversion, inventory method, and ecosystem models were
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obtained from a synthesis study™ and compared with the value derived in this study
in the inset plot. b The shift from a counterfactual source for 2001-2020 given by
Shasetine t0 an actual sink produced by S,cuar (represented by the arrow) was
attributed to changes in land management and environmental changes. Vertical
lines on the bar plots show standard deviations. ¢ Temporal patterns of the con-
tributions of different driving factors stacked on top of each other (with individual
contributions separately shown in Supplementary Fig. 5). A 5-year moving average
was applied for all factors. Reduced wood extraction includes both timber harvest
and fuelwood extraction.

0.82 Mkm?, nearly a quarter of the national grazed grassland (Fig. 1e).
Such a decrease in grazed grassland has not been accounted for in the
LUH2 dataset which was based on, but is slightly different from, the
History database of the Global Environment (HYDE3.2). The ‘no-policy’
scenario hence used the grazing areas reported by HYDE3.2 (by sum-
ming the ‘pasture’ and ‘rangeland’ values) which did not account for
the grazing exclusion policy in China (Fig. 1e).

China has systematically strengthened its institutional capa-
cities for forest fire prevention and suppression following an iconic
catastrophic forest fire in 1987. The investment in forest fire pre-
vention and suppression has increased by more than 15 times
between 1993 and 2017 (Fig. 1f). Accordingly, the mean annual area
burned by forest fires during 2001-2020 (0.78 x10°km?) was
reduced by more than by 90% compared to 1987 (11.5 x 10°km?). For
the ‘no-policy’ scenario, simulated burned areas for forests in China
obtained from prognostic fire modules embedded within five
DGVMs were used (see Methods). These models do not account for
the fire prevention and suppression policy in China, resulting in
forest fire dynamics primarily driven by climate variations (Fig. 1f).
The counterfactual area burned by forest fires under the ‘no-policy’

scenario was 8.48 x10°km?yr™ for 2001-2020, about ten times
greater than the actual area.

Management and environmental contributions to land carbon
balance

The ORCHIDEE model incorporating land management changes due to
ecological restoration policies and time-varying climate and atmo-
spheric CO, changes (Sicwa) Simulated a carbon sink of 175.9
(143.8-205.8) TgCyr! in China’s terrestrial ecosystems during
2001-2020 (Fig. 2a). The sinks were mainly located in forest ecosys-
tems, and were dominated by increases in biomass with only a small
contribution from soil carbon (Supplementary Table 2). This simulated
sink lies within the range of 120-350 TgC yr™ derived by different
approaches including forest inventory, atmospheric inversion, and
other DGVMs"™"*?° (Fig. 2a). Alternatively, the ‘no-policy’ land man-
agement scenario combined with cycling the climate conditions of
1961-1980 while maintaining atmospheric CO, at its 1980 value
(Spaseline) Yielded a carbon source of -112.5TgCyr™ over the same
period. The difference of 288.4 (256.3-318.3) Tg C yr™ between Sycual
and Spaseline for 2001-2020 was thus attributed to the changes in land

Nature Communications | (2024)15:9708


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54100-9

management and in environmental conditions (the thick arrow
in Fig. 2b).

Our attribution analysis showed that 72.7% (69.7-74.9%, or
178.6-238.5 Tg Cyr™) of the difference could be attributed to changes
in land management, of which 49.0% (48.4-49.5%, or
124.1-157.5 Tg Cyr™) was contributed by afforestation and reforesta-
tion, 21.8% (19.2-23.6%, or 49.3-753TgCyr™") by reduced wood
extraction, 0.3% (0.3-0.3%, or 0.9-0.9 Tg C yr™") by grazing exclusion
and 1.6% (1.5-1.7%, or 4.4-4.9 Tg Cyr™) by forest fire prevention and
suppression (Fig. 2b). Changes in environmental conditions con-
tributed 27.3% (25.1-30.3%, or 77.8-79.8 Tg C yr™) of the difference,
consisting of a positive contribution of 42.2% (39.0-46.6%, or
119.4-124.3 Tg C yr™) from the atmospheric CO, increase, being partly
offset by a negative one of -14.9% (-16.2 to -14.0%, or —44.5 to
-41.6 Tg C yr™) from climate change (Fig. 2b). The contribution of each
individual factor reported here includes both the direct effect and the
interactive effect with other factors (see Methods). Our analysis, by
performing additional simulations to separate the direct effect, shows
that the direct effects accounted for 88.5% of the total effects (79.5%
for environmental changes and 91.8% for land management changes),
with the interactive effects among different factors accounting for
11.5% (Supplementary Table 3).

Afforestation and reforestation were found to have increased
forest areas of all ages (Supplementary Fig. 1), whereas reductions in
wood extraction and forest fires mainly allowed old-aged secondary
forests to recover (Supplementary Figs. 2 and 3). These, along with an
increase in biomass with forest growth (Supplementary Fig. 4),
explained the increase in simulated forest carbon balance from a
negligible source of 7.0 TgCyr™ in the 1980s to a strong sink of
259.3TgCyr™ in the 2010s (Supplementary Table 4). This result is
supported by national forest inventories (NFls) and large-scale ground
surveys, which have reported that the forest carbon sink in China
increased from 17.0 Tg C yr™ in the 1970s-80s to 75.0 Tg C yr' in the
1990s-2000s and further to 160.0 TgCyr' during 2001-2010%*
(Supplementary Table 5).

Changes in climate over 1981-2020, compared with the cycling
climate of 1961-1980, showed a positive contribution to China’s ter-
restrial carbon sink during the initial two decades, followed by a shift
to a negative contribution during the latter two decades (Fig. 2c). Such
temporal variations of the climate contribution seem to be mainly
driven by changes in precipitation and surface air humidity, as annual
surface air temperature during 1981-2020 was largely higher than its
value in 1961-1980 (Supplementary Fig. 6). The ORCHIDEE simulation
showed a significant (p<0.05) positive correlation between the
change in China’s terrestrial carbon balance (net biome production,
ANBP) and the change in annual precipitation (AP), as well as a positive,
albeit non-significant (p=0.16), correlation between ANBP and the
change in surface air humidity, but a significant (p <0.01) negative
correlation between ANBP and the change in annual surface air tem-
perature (A7) was found (Supplementary Fig. 7).

The positive correlation between ANBP and AP and the negative
one between ANBP and AT has been previously reported by Zhang et al.
1 who used six ecosystem models over China. In particular, the negative
correlation between ANBP and AT reported by Zhang et al. " was found
to be due to a greater stimulation by temperature increase of ecosystem
respiration than of ecosystem productivity'. A similar effect was found
in this study (northeastern China in Supplementary Fig. 8) and has been
confirmed by global multi-model simulations over temperate regions®.
In addition, previous analysis of satellite-based vegetation greenness (a
proxy for productivity) and surface temperature reveals their correla-
tion to be positive only for northern boreal regions and negative for
temperate regions®*: a result consistent with the modelling evidence for
China'®* which is dominated by temperate climate.

Compared to the cycling climate of 1961-1980, the first half of
1981-2020 was marked by a moderate warming but there was also a

clear increase in surface air humidity, accompanied by a moderate
increase in precipitation (Supplementary Fig. 6). It is likely that the
positive effects of increasing precipitation and air humidity outweigh
the negative effect of increasing temperature, explaining the small
positive contribution of climate change to China’s terrestrial carbon
sink. For 2001-2020, pronounced warming and decreases in both
precipitation and surface air humidity explain the negative contribu-
tion of climate change. In contrast, the contributions of atmospheric
CO, growth, afforestation/reforestation, and reduced wood extraction
showed continual increases with time, whereas the contributions from
grassland grazing exclusion and forest fire suppression remained small
throughout the study period (Fig. 2c).

Spatial patterns of management and environmental
contributions

Spatially, S,cuar revealed an extensive carbon sink mainly dominated
by forest ecosystems (Fig. 3a and Supplementary Fig. 9a). There were
sporadic carbon sources in northeastern China, mainly in cropland
areas (Supplementary Fig. 9b), while in Tibet and Sichuan provinces,
the carbon sources were in grazed grassland (Supplementary Fig. 9d,
see Supplementary Fig. 10 for a map with provincial names). In con-
trast, Spaseline Showed pervasive carbon sources across almost the
entire country (Fig. 3b). Hence, the difference between the S,c.. and
Spaseline Simulations, i.e. contributions from changes in land manage-
ment and environmental conditions, showed a widespread carbon sink
effect (Fig. 3c).

The changes in climate conditions during 2001-2020 in contrast
to 1961-1980 mainly exerted a carbon source effect (Figs. 2¢c and 3d),
with a spatial pattern largely corresponding to those of changes in
precipitation and surface air humidity, rather than changes in tem-
perature (Supplementary Fig. 11). For many parts of the country,
annual precipitation decreased, especially over southwestern China
(Yunnan and Guizhou provinces) and the region circling the Bohai Sea
(Supplementary Fig. 11). Although precipitation increased in south-
eastern China, the surface air humidity showed a decline, likely
because of increasing atmospheric water demand associated with the
temperature increase (Supplementary Fig. 11). For northwestern China,
Xinjiang province and the Qinghai-Tibet Plateau, both precipitation
and surface air humidity increased, despite the temperature increase
(Supplementary Fig. 11).

The decreases in precipitation in southwestern and northern
China caused remarkable reductions in gross photosynthetic uptake
(Supplementary Fig. 8a), explaining the negative effect of climate
change on the terrestrial carbon sink in these regions (Fig. 3d).
Although higher precipitation combined with warming did increase
ecosystem productivity in northeastern and southeastern China
(Supplementary Fig. 8a), such increases were largely offset by growing
ecosystem respiration (Supplementary Fig. 8b), resulting in a reduced
terrestrial carbon sink (Supplementary Fig. 8c, Fig. 3d). This result is
consistent with the results of the multi-model global simulations®,
which show that anthropogenic climate warming has generally
reduced the terrestrial carbon sink over tropical and temperate
regions across the globe (including China). In contrast, in Xinjiang and
Qinghai-Tibet Plateau, where vegetation growth is largely
temperature-limited”*”, warming and wetting mostly increased the
terrestrial carbon sink (Supplementary Fig. 8c, Fig. 3d).

Both Xu et al. ? and Zhang et al. ¥ have reported long-term
declines in water availability in China over 1981-2010. Drought events
have been individually documented in southwestern China (Yun-
nan and Guizhou) during 2009-2010”® and in southern China in 2013%.
These events are reported to have reduced vegetation greenness and
the associated gross primary production (GPP)**?°. The reported
decline in China’s terrestrial carbon sink in 2001-2020 compared to
1961-1980, mostly driven by decreased water availability, is, hence,
consistent with these observations. The atmospheric CO, increase
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Fig. 3 | Spatial patterns of simulated terrestrial carbon balances and con-
tributions from different driving factors for 2001-2020. Spatial patterns of
simulated land carbon balances by Sycrual (@), Spaseline (b) and the collective con-
tributions of changes in land management and environmental conditions, i.e. the
difference between S,crual and Spaseline (€). Spatial patterns of contributions by each

individual factor of climate change (d), atmospheric CO, growth (e), afforestation
and reforestation (f), reduced wood extraction, including both timber harvest and
fuelwood extraction (g), grassland grazing exclusion (h) and active forest fire
suppression (i). See Supplementary Fig. 10 for the names of different provinces
in China.

during 2001-2020 compared to its 1980 level, however, led to a
widespread positive contribution (Fig. 3e).

Among all the land management factors considered, spatially,
afforestation and reforestation show the greatest contribution to the
terrestrial carbon sink in 2001-2020 (Figs. 2b and 3f). Its spatial pat-
tern corresponds well with that of forest expansion, with large
increases found along the transect from northeastern to southwestern
China (i.e. eastern and southern Inner Mongolia, the provinces of
Shaanxi, Sichuan, Guizhou and Yunnan), southern China (Guangxi
Province) and southeastern China (the provinces of Jiangxi, Zhejiang
and Fujian) (Supplementary Fig. 12a). The contributions of reduced
wood extraction have a similar spatial distribution to the reductions in
timber harvest and fuelwood extraction (Fig. 3g and Supplementary
Fig. 12b-d). Da Xing’an, Xiao Xing’an and Changbai Mountains in
northeastern China have notable increases in carbon sink, mainly due
to reductions in timber harvest (Supplementary Fig. 12c), whereas
increases in the carbon sink in vast areas of southwestern, southern
and southeastern China can be attributed to reductions in fuelwood
extraction (Supplementary Fig. 12d).

A recent synthesis of China’s grassland carbon balance revealed
great uncertainties in its estimation®’, with values ranging from a
source of 3.4 Tg C yr™ to a mild sink of 15 Tg C yr™. ORCHIDEE simu-
lated the carbon balance of natural grassland in China as ranging from
-14.3t016.3 Tg C yr’, while that of grazed grassland was a mild source
of -3.0 to -34.3 Tg C yr! (Supplementary Table 4). Grazing exclusion,
however, generally made a small contribution to the land carbon sink,
with a positive contribution of 4.0 Tg C yr™ being offset by a negative

one of -3.1 Tg C yr! (Fig. 3h). Northern and northwestern China, where
vast areas of grassland were subject to grazing exclusion (Supple-
mentary Fig. 12e), showed considerable carbon sink effects, whereas in
southwestern (Yunnan and Sichuan) and southern China (Guangxi and
Guangdong), where the grazing exclusion areas were relatively small,
the contributions were mild (Supplementary Fig. 12e). The areas
showing a negative contribution from grazing exclusion, including
northeastern China and Tibet, mainly have low grazing stock densities
(Supplementary Fig. 13), a pattern which is consistent with field
observations showing that light grazing can increase terrestrial carbon
stock in China®.

The 90% reductions in burned area in forest ecosystems have
resulted in, on average, a 4.6TgCyr' larger carbon sink for
2001-2020, with direct fire emissions being reduced by 3.3 TgCyr™
and an increase in forest NBP of 1.3 Tg C yr’. Reductions in burned area
and the corresponding increases in the carbon sink were mainly found
in mountainous regions in northeastern, southwestern, and south-
eastern China, where fire prevention and suppression have greatly
reduced forest fires (Fig. 3i and Supplementary Fig. 12f).

The land use and land management datasets were well con-
strained on prefectural (rural fuelwood extraction), provincial (affor-
estation and reforestation, cropland area) and national (timber
harvest, grazing exclusion, and forest fire burned area) scales (see
Methods). The spatial allocation of prefectural, provincial or national
total values of land use and land management to grid cells either fol-
lows satellite observations and state-of-the-art land use products, or,
when no such observation-based datasets are available, is based on
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reasonable assumptions (Supplementary Method 1, Supplementary
Table 6). Often, there are no alternative more reliable datasets which
would allow quantification of spatial allocation errors and uncertain-
ties (with the exception of cropland, see Supplementary Discussion 1).
Hence, a qualitative assessment of the uncertainty in the spatial pat-
tern of land use and land management is provided as Supplementary
Table 6. Small uncertainties were assigned to the spatial pattern of the
carbon sink contributions of afforestation/reforestation and forest fire
suppression. For the contribution of reduced wood extraction, a small
uncertainty was assigned to rural fuelwood extraction, which dom-
inates the total reduction in wood extraction due to ecological
restoration (Fig. 1c, d), while a large uncertainty was assigned to timber
production. A medium level of uncertainty was assigned to the con-
tribution of grazing exclusion.

The impacts on the simulated terrestrial NBP by the Sycrya Simu-
lation over 2001-2020 and its spatial distribution resulting from the
uncertainties in cropland spatial distribution were additionally inves-
tigated through adjusting the cropland distribution in this study to
match that provided by a reconstruction of China’s cropland dis-
tribution over 1900-2016. This reconstruction integrated datasets
from multiple sources and is considered to be more reliable over China
than HYDE3.2 (Supplementary Discussion 1). The results show that, for
90% of grid cells, the uncertainties in the simulated NBP over
2001-2016 were less than 0.01TgCyr'—a relatively small value
(Supplementary Fig. 14). The national NBP, on average, 22 TgCyr™*
lower after the adjustment for 2001-2016, well within the uncertainty
range of (-33.2, +31.1) Tg C yr™* of the initially estimated value (Fig. 2a,
Supplementary Fig. 14). These results illustrate a small impact of the
uncertainty in the spatial distribution of cropland on the simulated
national NBP. Furthermore, as the influences of cropland distribution
will be filtered out when comparing simulated NBP between S, and
Spaselines the contributions of different land management changes
shown in Fig. 3 are expected to be little impacted by any uncertainty in
cropland distribution.

In terms of regional distributions, the three regions of southern
China (Southwest, South, and Southeast) account for more than 60%
of the national total effect (Fig. 4), with the biggest contribution
coming from the Southwest (89.9 (81.0-98.6) Tg C yr™), followed by
Southeast  (51.8  (45.7-51.8) TgCyr") and South  (37.2
(34.1-40.2) Tg C yr™). Contributions from the three regions in north-
ern China were comparable to each other, ranging from 24.8
(23.2-26.8) Tg Cyr in North and 32.7 (27.9-38.6) Tg Cyr in North-
east (Fig. 4). In northern China (Northwest, North, and Northeast),
increases in atmospheric CO, concentration made the biggest con-
tribution, whereas in southern China, afforestation and reforestation
was the most important factor. Northwest is the only region where the
contribution of environmental changes outweighed that of land
management policy and where climate change made a positive con-
tribution (4.5 (4.4-4.7) Tg C yr™) (Fig. 4b), as aresult of improved water
availability. In Northeast, forest fire suppression made a notable con-
tribution of 6.1% (5.4-7.1%) to the enhanced carbon sink, mainly
because of prominent reductions in burned areas (Supplementary
Fig. 12f).

Uncertainties and implications

The uncertainty of our results resides mainly in the formulation of the
‘no-policy’ management scenarios and the choice of reference climate
and atmospheric CO, used in the Spaseiine Simulation. Based on our
research period of 1981-2020, the atmospheric CO, concentration for
Shaseline Was chosen as being fixed at its value in the starting year of
1980. We further assumed that the atmospheric general circulation
patterns, without changes being driven by atmospheric CO, growth
since 1980, would have resembled those during the preceding 20
years, explaining our choice to use the climate conditions of
1961-1980 as the reference climate.

Previous studies have shown that nitrogen deposition contributes
about 10-20% to the terrestrial carbon sink in China"*°. Because
nitrogen cycling was not represented in the ORCHIDEE version used in
this study, nitrogen deposition was not explicitly addressed here,
which might lead to an underestimation of the environmental con-
tribution. However, the effects of nitrogen deposition on carbon
sequestration were (partly) implicitly accounted for in the CO, effects
because model parameters were tuned to ensure that simulated forest
biomass growth and vegetation productivity largely matched the
observations, which were subject to the influences of nitrogen
deposition (Supplementary Table 7, Supplementary Figs. 4 and 15). In
this study, vegetation net primary production (NPP) and biomass
carbon stock were simulated to increase by 12.7% and 15.8%, respec-
tively, for an increase in atmospheric CO, concentration of 100 ppm.
These sensitivity values fall within or are at the high end of, the range of
atmospheric CO, sensitivities obtained by a recent synthesis of CO,
enrichment experiments®: According to ref. 32, for NPP, the observed
95th quantile interval is [1.4%, 14.2%] with a mean value of 7.8%; for
biomass stock, the observed 95th quantile interval is [8.1%, 15.2%] with
a mean value of 11.7%. The fact that nitrogen deposition was partly
accounted for in the CO, fertilization effect through parameter tuning
might help to explain the comparatively high CO, sensitivity simulated
by ORCHIDEE, potentially leading to an overestimated CO, fertilization
effect on China’s terrestrial carbon sink.

Clearly, such parameter tuning to implicitly account for nitrogen
deposition is suboptimal. Nitrogen deposition in China increased from
1980 onwards but began to stabilize after 2005%. There has been a
decline since 2010*, and further decrease has been projected for the
future, as the implementation of clean air and ‘carbon neutrality’
policies is expected to reduce both carbon emissions and the asso-
ciated air pollution®. As a result, future carbon sinks may reduce in
response to decreasing nitrogen deposition®. Nitrogen cycling has
already been integrated in another version of ORCHIDEE but future
model developments need to integrate the functionalities of both land
management and nitrogen cycling in a single version of ORCHIDEE, to
allow for mechanistic simulations of carbon cycle impacts of both the
dynamics of land management and nitrogen deposition.

Note that the quantified contributions from changes in land
management, however, were little influenced by the chosen reference
environmental conditions, because actual environmental changes
were used in both the S,c.ua simulation and the respective baseline
simulations with ‘no-policy’ land management (Supplementary
Tables 8-10). Hence, the obtained contributions from land manage-
ment policies are robust, given the ‘no-policy” scenarios developed in
this study. Our approach to quantifying the contribution of each
individual land management process, i.e. by pairing two cases with and
without ecological restoration policy while using realistic environ-
mental conditions, was conceptually similar to that of a previous study
by Lu et al. 2, where carbon sequestration rates for a pair of adjacent
sites with and without ecological restoration were compared to derive
the policy effect’. With almost the same scope of ecological restoration
projects as in this study, except for forest fire control, Lu et al. ? used a
systematic ground survey to conclude that ecological restoration
policies contributed to 56% of the land carbon sink in China, a pro-
portion close to our estimate. Neither Lu et al. > nor our study included
the effects of crop management changes (residual management and
fertilization) or soil erosion control policies, which, according to
independent empirical estimates, contribute about 10% and 8%,
respectively, to the terrestrial carbon sink in China but are subject to
great uncertainties” %,

The ORCHIDEE model used here incorporates multiple function-
alities of forest demography, afforestation/reforestation, wood har-
vest followed by forest regeneration, grassland grazing, litter raking,
and forest fire suppression (with the latter two functionalities addi-
tionally developed in this study), making it suitable for investigating
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Fig. 4 | Contributions of changes in land management and environmental
conditions to the terrestrial carbon balance in the seven regions over
2001-2020. The central map (a) displays the difference in simulated land carbon
balance between S,ctuar and Spaseline (repeating Fig. 3¢). shows the shift from the
counterfactual carbon source given by Spaseline to an actual sink by S,cea (indicated

by the arrows) and the contribution from each individual driving factor for
Northwest (b), North (c), Northeast (d), Middle (e), Southwest (f), South (g), and
Southeast (h). Vertical lines on the bar plot show the uncertainty (standard devia-
tion). Reduced wood extraction includes both timber harvest and fuelwood
extraction.

the relative contributions of various land management types to China’s
terrestrial carbon balance. Our results reveal that active changes in
land management have dominated increases in the terrestrial carbon
sink over the past four decades in China. In particular, these con-
tributions have been dominated by changes in the forest sector,
including increases in forest area, reduced wood extraction, and forest
fire control. This is consistent with recent findings that highlighted the
dominant mitigation potential of forests in future natural climate
solutions in China, with relatively small contributions from grassland,
cropland, and wetland®.

Recently, the role of secondary forests in global and regional
forest carbon sinks has gained increasing attention®’, emphasising the

need for DGVMs to incorporate forest demography*’. Our results show
that afforestation and reforestation increase forest areas of all age
classes in China but the most prominent increases were found in the
young and middle-aged classes (Age 2 to Age 5, Supplementary Fig. 1),
while the area increase in the oldest age class (Age 6) was mainly driven
by forest aging. Two very recent studies based on DGVM simulations
with forest demography in China**;, with ref. 41 using the same
ORCHIDEE version as in this study, showed that forest aging combined
with forest area expansion is an important driver of the contemporary
forest carbon sink in China, but forest aging alone will lead to a decline
of 30%-40% in the forest carbon sink by the end of this century. These
results highlight the need to explicitly incorporate forest demography
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in accurately predicting forest carbon dynamics. They also highlight
that, for a forest carbon sink of its current size to be sustained in China,
additional afforestation and reforestation will be needed.

In contrast to forest expansion, the contributions of changes in
wood extraction to China’s forest carbon sink have been much less
investigated. One of the limiting factors here is a lack of reliable rural
fuelwood extraction data. Based on our peer-reviewed dataset derived
from systematic ground surveys spanning 346 prefectures in China, we
reported a reduction of 168.1 Tg Cyr™ in rural fuelwood extraction in
2020 compared to its peak value around 1990. Considering timber
harvest further, ecological restoration policies were found to have
reduced wood extraction by, on average, 93.6 TgCyr' during
2001-2020 (81.4 Tg Cyr* from fuelwood extraction and 12.2 Tg C yr™
from timber harvest), resulting in a forest sink of 62.8
(49.3-75.3) Tg Cyr™". Through the hypothetical suppression of a tim-
ber harvest of 55 Tg C yr™, Yu et al. “* used a DGVM to simulate a forest
biomass carbon increase of about 42 Tg C yr over 2020-2050, which,
if adjusted proportionally according to the reduction in wood extrac-
tion in this study, would translate into a forest biomass carbon sink of
71 Tg C yr™. This value is slightly higher than our estimate but still falls
within our uncertainty range. In addition, the carbon sink effects of
reduced rural fuelwood extraction are also supported by a recent
study*’, which combined rural-urban population migration and
satellite-derived forest biomass change to show that rural depopula-
tion has resulted in an increase in forest biomass carbon stock in
southern China.

The dedicated model development of forest fire impacts on forest
age dynamics in this study puts us in the unique position of being able
to investigate the effect of forest fire suppression on China’s forest
carbon balance. Our analysis shows that forest fire suppression in
China has reduced burned area from an estimated 8.48 x 10°km?yr™!
under the ‘no-policy’ scenario to 0.78 x10°km?yr™ in reality—a 90%
reduction over 2001-2020. A human-induced reduction in wildfire
areas with a similar relative percentage has occurred in the USA:
national wildfire area has decreased from 230 x 10°km? in the 1930s to
about 30x10°km?ha in the 2000s, with a relative decrease of 87%,
largely due to fire suppression and fire exclusion**. Reduction in
wildfire was found to dominate the land management-associated ter-
restrial carbon sink in North America for 1950-2000%. Given that
forest carbon sinks over 2001-2020 were similar for China and the
USA* but the reduction in burned area in China was two orders of
magnitude smaller than in the USA, the contribution of China’s forest
fire suppression to its terrestrial carbon sink growth was also quite
small on the national scale (1.6% (1.5%-1.7%), or 4.6 (4.4-4.9) TgC yr™
over 2001-2020) but was regionally important (e.g. the Northeast).

Both reduced wood extraction and forest fire suppression were
found to have stimulated old forest recovery (Supplementary
Figs. 2 and 3). As carbon stocks in old-growth forests will ultimately
become saturated* if there are no further reductions in wood
extraction and fire suppression in the future, the carbon benefits from
these land management will become limited.

Future carbon sequestration of land ecosystems depends on both
environmental changes and land management and their interplay. As
many nations have announced targets of net zero emissions in
response to the urgent need to halt global warming, limited con-
tributions of environmental changes to terrestrial carbon sequestra-
tion can be expected in the future. Hence, active land management will
turn out to be crucial in enhancing land carbon uptake. However, as
secondary forests arising from afforestation/reforestation, wood
extraction reduction and fire suppression enter their old-growth state,
their carbon uptake will inevitably decline*-*2. Sustaining a substantial
amount of land carbon sequestration hence demands further forest
expansion, possibly with careful species selection to further boost
carbon storage*®, as well as improved forest management practices
such as tending, rotation length extension and an extended lifetime for

wood products*. On the other hand, future climate change might
increase the frequency of forest disturbances such as drought, fire and
insect outbreaks*” and hence threaten the stability of forest carbon
stock. Therefore, proactive management is needed to address these
upcoming challenges while aiming to enhance both the size and sta-
bility of forest carbon stock. Future model developments hence need
to further improve the representation of forest management and
various disturbances beyond forest fire considered in this study. In
addition, the functions of cropland management including residual
management and fertilization, and lateral carbon transfer including
soil erosion and sediment transport®®, should also be integrated to
enable an holistic evaluation of future land carbon sink potential under
changing climate conditions.

Methods

Model description

ORCHIDEE is a process-based DGVM designed to simulate carbon,
water and energy fluxes in various vegetation ecosystems, operating
from site level to the global scale’ . As in most DGVMs, vegetation
types are discretized into plant functional types (PFTs) (a total of 15
PFTs, Supplementary Table 7). The ORCHIDEE version used in this
study was ORCHIDEE-MICT-GLUC (ORganising Carbon and Hydrology
in Dynamic EcosystEms-aMeliorated Interactions between Carbon and
Temperature-Gross Land-Use Change), recently developed to account
for various land use processes, including deforestation/afforestation,
forest management (wood harvest and forest rotation), shifting culti-
vation, fire disturbance, and grassland grazing’’. Grazed grasslands
were distinguished from natural grasslands by assuming domestic
grazing over the former but no grazing over the latter. Additionally,
this version accounts for forest age structure at subgrid scales and
hence allows the characterization of forest age dynamics in response
to land management changes (Supplementary Figs. 1-3 and 16). Forest
age was expressed as age classes rather than specific years since forest
establishment or regeneration. There are six age classes for each forest
PFT, from young to old, denoted as Age 1 to Age 6 (Supplementary
Figs. 1-3 and 16). For details on forest age class representation, please
refer to Supplementary Method 2. In addition, the model’s repre-
sentation of fire-induced forest mortality and litter raking processes
were further developed to cater for our research purposes.

Additional model developments

(1) Accounting for the effects of fire-driven mortality on forest age
dynamics. China has been imposing strict forest fire prevention and
suppression policies since the late 1980s. As a result, nationally, the
area burned by forest fires has drastically decreased. Fires which do
successfully escape initial suppression are often a result of extreme fire
weather and lead to stand-replacing mortality followed by forest
regeneration®. Fire-induced tree mortality at the stand scale was ori-
ginally simulated in ORCHIDEE using a dilution approach, in which the
regenerating forest stand was merged with existing forests, with all
carbon pools and carbon fluxes being aggregated. However, this
approach failed to faithfully represent the stand-replacing effect of
fires on forest age dynamics. Hence, the model was modified to
represent the stand-replacing effect of forest fires, so that a young
forest cohort was explicitly established at a sub-grid scale and inde-
pendently tracked. With this improved approach, old-growth forests
were simulated to recover from declining fire activity (Supplementary
Fig. 3). Fire-driven mortality rates for different forest PFTs were pre-
scribed using satellite-derived mortality rates (see Supplementary
Method 3 and Supplementary Table 7). (2) Litter raking by rural fuel-
wood consumption. Part of the fuelwood extraction in rural areas in
China is not through intentional forest cutting but from forest litter
raking. This process was additionally included in ORCHIDEE by simply
removing the demanded fuelwood carbon from litter in forest PFTs,
taking contributions from different types of aboveground litter
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(including both metabolic and structural litter types with different
turnover rates) in proportion to their existing mass. Surface fuel
availability, which limits fire occurrence, was updated following forest
litter raking.

Representing ecological restoration and the ‘no-policy’
scenarios

This section explains how the land use effects of active changes in land
management, in contrast to the effects in the ‘no-policy’ scenarios,
were incorporated in ORCHIDEE. Detailed information on the pre-
paration of spatially explicit forcing data is provided in the Section
'Forcing datasets for different factorial simulations' in Methods.

The land use effects of ecological restoration policies were char-
acterized by five different aspects: afforestation and reforestation,
timber harvest, rural fuelwood extraction, grazing exclusion and forest
fire prevention and suppression (Fig. 1). Detailed descriptions of the
ecological restoration projects and their linkages to these five aspects
are presented in Supplementary Table 1. For each aspect, actual
changes in land use were determined, with their effects on land carbon
cycle processes being simulated by ORCHIDEE. In contrast, counter-
factual land use effects under the ‘no-policy’ scenarios, i.e. without
ecological restoration policies, were also developed and simulated
(Supplementary Table 8). Differences in simulated terrestrial carbon
fluxes between the actual and ‘no-policy’ scenarios were diagnosed as
the carbon cycle effects of active changes in land management.
Because large-scale ecological restoration policies were only imple-
mented from the late 1970s or early 1980s onwards, their carbon cycle
effects were examined for 1981-2020, with a specific focus on
2001-2020.

Afforestation and reforestation were represented in ORCHIDEE as
increases in the forest area at the cost of cropland, natural grassland or
grazed grassland. Several ecological restoration projects, including the
Three North Shelter Forest Programme, the River Shelter Forest pro-
jects and the Grain for Green project, have contributed to nationwide
forest area growth. According to the NFlIs, the forest area has increased
from 1.35Mkm? (1 Mkm?=10° km?) for the 2nd NFI (1977-1981) to
2.23 Mkm? for the 9th NFI (2014-2018) (Fig. 1b). For the ‘no-policy’
scenario, forest area was assumed constant after 1981 (Supplementary
Table 8).

Timber harvest was represented in ORCHIDEE by forest cutting
followed by harvesting aboveground sapwood and heartwood, with
belowground biomass and the unharvested aboveground components
being transferred to the litter pool. Part of the rural fuelwood extrac-
tion was simulated the same way as the industrial timber harvest, with
the remaining part simulated in the form of forest litter raking. No data
were available to determine the fraction of fuelwood extracted
through litter raking, but a value exceeding a range of 30% to 70% was
considered unlikely. We hence performed two simulations with the
value set at 70% and 30%, respectively. The results indicated a very low
sensitivity to the value of this fraction in the quantified contribution of
reduced fuelwood extraction to the land carbon sink over 2001-2020
(i.e. 22% when assuming a fraction of 70% and 23% for a fraction of 30%)
and, therefore, the value was set as 70%.

Ecological restoration projects, such as the Natural Forest Pro-
tection Project implemented in 1998, were believed to have limited or
reduced both timber harvest and rural fuelwood extraction (Supple-
mentary Table 1). As a result, domestic timber production fell slightly
during 1996-2005, but the share of China’s timber demand satisfied
through import has surged since 1998 (Fig. 1c). On the other hand,
following the peak in rural fuelwood extraction in 1990, decreases
have been faster than those driven solely by the decreasing rural
population, because, in response to more stringent forest protection
policies, a higher share of rural energy demand has been met by
electricity, biogas or liquefied petroleum gas rather than fuelwood.
Hence the ‘no-policy’ scenario assumed that all timber demand in

China was met by domestic harvest (after 1990) and rural fuelwood
extraction (after 1992) followed the predicted fuelwood demand dri-
ven only by changes in rural population for 1992-2020 with no chan-
ges in the rural energy mix (Fig. 1d and Supplementary Table 8).

In ORCHIDEE, two types of grassland were simulated: grazed
grassland or pasture that was grazed by domestic livestock, and nat-
ural grasslands on which there was no grazing. Grazing exclusion was
represented by a transition from grazed grasslands to natural grass-
land. The Chinese government launched the 'Returning Grazing Lands
to Grasslands Project’ in 2003 in order to halt the widespread grass-
land degradation due to overgrazing. According to China’s Land
Greening Bulletin 2020 (https://www.forestry.gov.cn/c/www/gtlhbg/
147471.jhtml), by 2020, the area under grazing exclusion had reached
0.82 Mkm? (Fig. 1e). For the ‘no-policy’ scenario, the time series of
grazed grassland areas was taken from the HYDE3.2, which does not
take China’s grazing prohibition policy into account (Fig. 1e and Sup-
plementary Table 8).

In ORCHIDEE, vegetation fires can be either simulated prog-
nostically or forced by observations of burned areas. In the model, fires
combust surface ground litter and live biomass and result in forest
mortality, all of which contribute to CO, emissions to the atmosphere.
China has a long history of forest fire prevention and suppression
stretching from the late Qing Dynasty until after the establishment of
the People’s Republic of China®. However, prevention and suppres-
sion have often been ineffective due to poor institutional capacity and
low investment. After 1988, this situation changed dramatically, mainly
in response to the iconic catastrophic Great Xing’an Mountains fire in
May of 1987. Subsequent increases in government budgets for fire
prevention and suppression have enhanced the institutional capacities
of China’s emergency response agencies, leading to a clear reduction
in burned areas after 1987 compared to previous years (Fig. 1f and
Supplementary Table 8). However, none of the state-of-the-art large-
scale fire modules embedded in process-based vegetation models
incorporate such dramatic enhancements in fire prevention and sup-
pression in China. The five vegetation models participating in the Fire
Model Intercomparison Project (FireMIP) failed to capture the reduc-
tions in burned area in China over the past 60 years (supplementary
Fig. 17). Hence, to incorporate the carbon cycle effects of forest fire
prevention and suppression, the prognostic fire module was not used
and, instead, ORCHIDEE was forced with observed forest burned area
data. For the ‘no-policy’ scenario, the simulated burned areas from
FireMIP models were used, to represent the case where the dynamics
of forest fires were dominated by climate variations rather than by
changes in fire management (Supplementary Table 8 and Supple-
mentary Fig. 17).

Simulation setup and attributing the carbon cycle effects
A set of factorial simulations were performed to diagnose the con-
tributions of changes in land management and environmental changes
to the terrestrial carbon balance over 1981-2020 in China (for detailed
descriptions of all simulations refer to Supplementary
Tables 9 and 10). Quantification of the contributions of land manage-
ment changes made distinctions for the different land use aspects
described above, but the effects of reduced timber harvest and
reduced rural fuelwood extraction were lumped together. Environ-
mental changes included climate change and atmospheric CO,
growth. Climate change includes changes in air temperature, pre-
cipitation, specific humidity, wind speed, longwave and shortwave
radiation, and atmospheric pressure. Although nitrogen deposition
has also been reported to contribute to the terrestrial carbon sink in
China”’, it was not included in this study because the ORCHIDEE ver-
sion used here did not include the full nitrogen cycling process.

The terrestrial carbon balance was quantified as NBP, which is NPP
minus heterotrophic respiration, fire carbon emissions, immediate
carbon emissions following deforestation, extended emissions from
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timber product degradation, carbon emissions from rural fuel burning
(assumed to be emitted during the year of extraction), agricultural
harvest (assumed to be emitted during the year of harvest), and carbon
respiration and CH, emissions from domestic grazers.

A transient simulation (S,¢.a1) covering 1801-2020, in which both
environmental changes and changes in land management in the real
world were accounted for, was first performed to provide an estimate
of NBP over China. The simulated NBP produced by Sactual (NBPaceuar)
over 2001-2020 was benchmarked with the estimated terrestrial car-
bon balance from other approaches (Fig. 2a). Then, starting in 1981, a
contrasting simulation Spaseiine Was branched from S,ceyar. I Spaselines
the climate of 1961-1980 and a constant (1980 value) of the atmo-
spheric CO, concentration were used along with the ‘no-policy’ land
management. The Spaseiine Simulation hence provides an estimate of
NBP (NBPpseiine) for 1981-2020 that China would have ‘inherited’ from
the 1960s-1970s conditions, given no changes in environmental con-
ditions or land management but with the legacy effects of all land use
activities before 1981. The difference between NBP,¢cya and NBPp seline
over 1981-2020 hence yields the collective carbon cycle effects of
changes in land management and environmental changes, expressed
as Eq. (1):

6
NBPactual = NBPbaseIine + Zi:lci (1)

where C; represents the contribution of each environmental or land
management change factor to China’s terrestrial carbon balance,
namely climate change, atmospheric CO, concentration growth,
afforestation and reforestation, reduced wood extraction, grassland
grazing exclusion and forest fire suppression.

The individual contributions of each environmental or land
management change factor were further quantified by performing
another six factorial simulations (Supplementary Tables 9 and 10), with
each being branched from S, in 1981 but with either no climate
change or CO, change or with one of the ‘no-policy’ land management
effects. The difference in NBP between each of these six simulations
and S,c.ual Was used to partition the difference between NBP ¢, and
NBPp.seiine to derive the contribution of each factor to the terrestrial
carbon balance in China:

- NBPactua] - NBPi
Zié:l(NBpactual - NBP[)

x (NBPactuaI - NBPbaseIine) (2)

G

where NBP; represents the simulated NBP for different factorial
simulations in Supplementary Table 9. Note that in this approach, the
quantified contribution of a given factor includes both the direct effect
and the interactive effects between the concerned factor and other
factors®™. To further separate the direct versus the interactive effect,
additional simulations were performed to quantify the direct effects of
individual factors, where actual time-varying values were used for only
one of the factors (climate, atmospheric CO, or land management)
with the values of other factors being the same as in the Spaseline
simulation (Supplementary Tables 11 and 12).

The simulation design described above was made to cater for
our specific research purpose. For this reason, we did not follow the
standard simulation protocols of established multi-model simula-
tions such as TRENDY? or the Inter-Sectoral Impact Model Inter-
comparison Project (ISIMIP)*, But simulation designs similar to our
study, with similar research objectives, have been used in previous
studies™*.

Forcing datasets for different factorial simulations

In this section, we will first focus on forcing datasets for the S,cyal
simulation and then on factorial simulations with the ‘no-policy’ land
management scenarios. All forcing datasets were gridded at a 0.5°
spatial resolution. Below we focus on descriptions of forcing data at

the national scale. Detailed information for all the datasets used is
given in Supplementary Table 13. We did not directly use the land use
forcing datasets of the ISIMIP or TRENDY projects because their land
use forcing data were based on HYDE3.2 or LUH2 which do not
reflect the actual land management changes in China, in particular
for forest area and grassland grazing (Fig. 1). This deficiency in
HYDE3.2 or LUH2 has also been described in previous studies
focusing on China®.

(1) Forcing datasets for the S,cqya Simulation. The Syeqya Simulation
was preceded by a spinup simulation forced by cycling CRUJRA (Cli-
matic Research Unit and Japanese reanalysis) climate data for
1901-1920, a constant atmospheric CO, concentration of 282.54 ppm
(the value in 1800), and a static map of the PFT distribution in 1800.
The spinup simulation lasted for 380 years, with an additional 20,000
years for a dedicated soil carbon module to speed up soil carbon
equilibration until both soil organic carbon and biomass carbon sta-
bilized. The CRUJRA climate data has been widely used by DGVM
communities and in particular was adopted by TRENDY simulations
made for the global carbon budget assessments carried out by
the GCP?.

For the period of 1801-1900 of the S, Simulation, climate data
for 1901-1920 were cycled. Subsequently, time-varying climate data
were used until 2020. Annually changing atmospheric CO, con-
centrations were applied for 1801-2020. To incorporate the land use
effects of changes in land management, S,.. a1 Was forced with time-
varying PFT maps that accounted for afforestation and reforestation
and grazing exclusion, and time series of gridded data for timber
harvest and rural fuelwood extraction, and observation-based forest
burned areas. All these forcing data cover the period 1801-2020
(Supplementary Method 1).

The time series of annual forest areas for China was produced by
combining eight NFIs (the 2nd to the 9th) covering 1977-2018, the
national forest area for 2020 reported by the FAO, and dedicated
forest area reconstructions for China for several historical years (1700,
1750, 1800, 1850, 1900 and 1949, see He et al. *). Linear interpolations
were used to fill gaps in the data. Although a greater uncertainty might
exist in forest areas before 1977, forest areas reported by China’s forest
inventory and FAO (also from reports by Chinese government) after
1977 are highly reliable given the massive resources put into the
inventory efforts.

The national cropland area for 2015 was obtained from the China
Statistical Yearbook. The cropland area in 2015 was used as the base
year to adjust the time series of cropland areas for China reported by
HYDE3.2, which provided annual cropland area time series for
1800-2015. The national cropland area for 2016-2019 was derived
from the China Statistical Yearbook. Because the cropland area for
2020 was not available in the China Statistical Yearbook, it was
assumed to be the same as in 2019.

Annual time series of grazed grassland areas were taken from
HYDE3.2 for 1800-2015 by summing the ‘pasture’ and ‘rangeland’
values. After 2015, national grazed grassland areas were assumed
unchanged. However, HYDE3.2 does not account for China’s grazing
exclusion policy. Hence for the S, simulation, the area of grazed
grassland was adjusted by subtracting the areas under grazing exclu-
sion reported by the National Grassland Monitoring Report, which
reports grazing exclusion areas for 2003-2020.

Historical domestic livestock numbers and production at the
national level for 1860-2012 were obtained from FAO and
Mitchell®®, following conversion to livestock units (LU) based on
calculation of the metabolizable energy requirement®->, For the
years after 2012, the grazing stocking rates were extended to 2018
using the same approach but with updated statistics from
2013-2018%, and the values for 2018 were used for 2019 and 2020.
The grazing stocking rate during 1800-1859 was assumed to be
constant at the 1860 value.
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Finally, natural grassland areas were derived as the residual by
subtracting the total areas of forest, cropland, grazed grassland, and
bare soil from the total national land area. The maximum area for bare
land (excluding built-up areas) and urban areas were first taken from
China’s Land-Use/Cover Dataset (CLUD-A) and HYDE3.2 and then
summed together and used to represent ‘bare soil, whose spatial
distribution was assumed constant over time.

The annual national timber harvest volumes for 1961-2020 were
obtained from FAO. Timber harvest prior to 1961 was obtained by
multiplying the per capita production in 1961 by the national popula-
tion reconstructions®. Wood volume was converted to carbon using a
wood density of 0.6 Mg m™ and a carbon concentration of 50% fol-
lowing Houghton et al. %,

Tao et al. V reported rural fuelwood consumption for China
(including charcoal, fuelwood and brushwood) based on a systematic
ground survey of 34,489 households distributed across 346 pre-
fectures. Their study demonstrated that government statistics of rural
fuelwood consumption were unreliable. Hence, we used their data for
annual rural fuelwood extraction for 1992-2012. Fuelwood extraction
for 2013-2020 was obtained by extrapolation based on a linear
regression of rural fuel consumption with time for each of the 346
prefectures covering almost all of China (see Supplementary Fig. 18 for
R? distribution of the regressions used for extrapolation). Fuelwood
extraction before 1992 was estimated using the per capita fuelwood
consumption in 1992 and the annual rural populations for 1800-1991
based on HYDE3.2.

Annual forest burned areas for 1950-2020 were obtained from
China’s official statistics, which showed good agreement with satellite-
based observations for 1995-2016 (Supplementary Fig. 17). Burned
areas for 1800-1949 were based on the mean value of simulated
burned areas from the five FireMIP models, after correction for the
period of 1950-1980 using government statistics (Supplementary
Fig. 17). During 1950-1980, burned area dynamics were believed to be
driven by climate variations rather than by active fire prevention and
suppression, justifying the correction of FireMIP burned area data
during this period.

(2) Forcing datasets for factorial simulations of the ‘no-policy’ land
management scenarios. National forest area under the ‘no-policy’
scenario was assumed unchanged from 1980. Timber harvest for
1981-2020 for the ‘no-policy’ scenario was obtained by adding the net-
imported timber on top of domestic production. The volumes of net
import for industrial round wood (including both coniferous and non-
coniferous) were obtained from FAO for 1990-2020, followed by
further conversion to carbon. Rural fuelwood extraction for the ‘no-
policy’ scenario was obtained by multiplying per capita fuelwood
demand in 1992 by the rural populations for 1993-2020, assuming no
changes in the rural energy use mix after 1992. Grazed grassland area
given in the HYDE3.2 database was taken as the ‘no-policy’ scenario
because it does not account for China’s grazing exclusion policy. For
forest fires under the ‘no-policy’ scenario, i.e. without active fire pre-
vention and suppression, the mean values of simulated burn areas for
1981-2012 from the five FireMIP models were used, after correction for
the overlapping period with government statistics (1950-1980).
Burned areas for 2013-2020 were obtained by random sampling from
those between 1981 and 2012.

Uncertainties in land use data and spatial allocation

The land use forcing data after 1980 for the S,ca Simulation used in
this study are statistical data from government or international orga-
nizations (e.g. FAO) or ground surveys. No uncertainty information
was provided in these original data sources. Hence the uncertainty
(standard deviation) for data of each land use type was determined
based on expert judgement by accounting for various considerations
such as the amount of resources invested in obtaining the statistical
data and regulatory strictness.

Forest inventory provides the official and one of the most reliable
data sources of forest area in China. Forest inventory is made every five
years and is organized in a systematic manner by the National Forestry
and Grassland Administration with massive resource investment. For
example, the 9th NFI (2014-2018) spent a total of 797 million RMB with
21,300 personnel being mobilized. Forest area data obtained by NFI in
China are thus considered to be highly reliable and we assign a 10%
relative error in the annual growth rate of forest area since 1980.
Timber harvest data were retrieved from FAO which was also sourced
from National Forestry and Grassland Administration of China, for
which we also assigned a relative error of 10%. The statistics of grazing
exclusion area involve a ground survey of local herders but the
investigative standards are expected to be less strict than for NFI and
we hence assign a relative error of 20%. For fuelwood extraction,
annual rural fuelwood extraction was obtained by surveying 34,489
households in China and fuelwood consumptions for historical years
(including 1992, 2002, and 2007) were obtained by recall”. We thus
assumed a 20% relative error in fuelwood extraction. Since China
implements strict regulations on preventing and suppressing forest
fires, the reporting of burned area by forest fires are is considered
highly reliable. We hence assigned a relative error of 20% in statistical
forest fire burned area data.

To account for uncertainties in the land use forcings described
above, all the simulations in Supplementary Table 9, except for
Spaseline, Were repeated three times, to represent the best estimate and
the upper and lower estimates of contributions of land management
changes to the terrestrial ecosystem carbon balance. Uncertainties in
land management for the ‘no-policy’ scenarios were omitted because
they could be implicitly accounted for as the difference between actual
land management and the ‘no-policy’ scenario. The measurement of
atmospheric CO, concentration is highly reliable and its uncertainty
was omitted. The uncertainty in climate forcing data was also omitted
because explicitly accounting for it by using another climate data set
would have duplicated all simulations and increased computing
expenditure. In any case, the CRUJRA climate data has been widely
used in DGVM simulations and the uncertainty in the contributions of
climate change could be implicitly derived by taking the complement
of the contributions from land management. In addition, we did not
perform simulations using multiple models because there are cur-
rently no other models that include all of the land management pro-
cesses considered in this study.

Information on the spatial disaggregation of land use and land
management data from national to grid cell scales is provided in detail
in Supplementary Method 1 and summarized in Supplementary
Table 6. The spatial allocation of prefectural, provincial or national
total values of land use and land management to grid cells either fol-
lows satellite observations and state-of-the-art land use products or,
when no such observation-based datasets are available, is based on
reasonable assumptions. Often, there are no alternative more reliable
datasets which allow quantitative investigation of spatial allocation
errors and uncertainties (with the exception of cropland areas, see
Supplementary Discussion 1). Hence, we deem it adequate to provide a
qualitative assessment of the uncertainty (Supplementary Table 6) in
the spatial pattern of land use and land management.

Model parameterization and evaluation

To ensure the model’s capability to simulate forest growth and vege-
tation productivity for China, the model parameters for photo-
synthetic capacity, autotrophic respiration and biomass residence
time were manually tuned (for parameter values see Supplementary
Table 7), guided by objective model validation. We first collected a
data set from the literature that included forest type, stand age, loca-
tion, and aboveground biomass carbon stock. Given that the observed
forest biomass carbon stocks for different ages (up to 150 years) were
under the historical influence of constantly changing CO,

Nature Communications | (2024)15:9708

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54100-9

concentrations, both pre-industrial (282.54 ppm) and contemporary
CO, (412.10 ppm) concentrations were used to force the model for
biomass growth validation. As is shown in Supplementary Fig. 4, the
simulated aboveground biomass carbon stock as a function of forest
age agreed well with the observations for six different forest PFTs. This
suggests that ORCHIDEE can capture biomass carbon growth asso-
ciated with secondary forest recovery well. Modelled annual GPP and
NPP for China under the S, Simulation were compared for
1981-2020 with various estimates based on site-measurement
upscaling, remote sensing, and model simulations. As is shown in
Supplementary Fig. 15, both our simulated GPP and NPP fell within the
range of these other estimates and exhibited a remarkable upward
trend over the past decades which was also shared by the other
estimates.

The agreements of simulated GPP and NPP with other estimates
justify the tuned parameters of photosynthesis capacity and auto-
trophic respiration. The dual constraining of modelled NPP and forest
biomass growth further justifies the validity of the tuned biomass resi-
dence time. The sensitivity of NPP and biomass carbon stock—key
variables that are influenced by parameter tuning—to atmospheric CO,
concentration modelled in this study, was an increase by 12.7% and 15.8%
per 100 ppm increase in atmospheric CO, concentration. These values
fall within or are close to, the range of atmospheric CO, sensitivity
obtained by a recent synthesis of CO, enrichment experiments (for NPP,
the range is [1.4%, 14.2%]; for biomass stock, the range is [8.1%, 15.2%])*,
justifying a credible CO, fertilization effect quantified in our study.
Compared to observations, the CO, sensitivities for NPP and for bio-
mass in our study seem at the higher end, likely because the CO, effect
partly implicitly accounted for the effect of nitrogen deposition in China
because the model is tuned to fit the observations which are under the
influence of nitrogen deposition in the real world. The temperature
sensitivity of NPP by ORCHIDEE was reviewed in a previous study and
showed broad agreement with results from warming manipulation
experiments®. The terrestrial ecosystem carbon cycle simulated by
ORCHIDEE in response to climate variations in China was also compared
with other studies and its plausibility discussed in the main text.

Data availability

The HYDE3.2 datasets are available at https://easy.dans.knaw.nl/ui/
datasets/id/easy-dataset:74467/tab/2. The MODIS MCD64A1 data were
freely obtained from NASA’s Earth Observing System Data and Infor-
mation https://ladsweb.modaps.eosdis.nasa.gov/. The Global Forest
Change data are available at: http://earthenginepartners.appspot.com/
science-2013-global-forest/download_v1.6.html. Global Fire Emissions
Database is available at https://www.geo.vu.nl/~gwerf/GFED/GFED4/.
The CRUJRA data and the corresponding diffuse radiation fraction data
used in this study are available at https://catalogue.ceda.ac.uk/uuid/
7f785c0e80aa4df2b39d068ce7351bbb. The datasets used to generate
all the figures in the Article and its Supplementary Information are
publicly available at Figshare (https://doi.org/10.6084/m9.figshare.
23574273).

Code availability

The scripts used to generate all the figures in the Article and its Sup-
plementary Information are available at Figshare (https://doi.org/10.
6084/m9.figshare.23574273).
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