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The long-term stressful utilization of forests and grasslands has
led to ecosystem degradation and C loss. Since the late 1970s
China has launched six key national ecological restoration projects
to protect its environment and restore degraded ecosystems. Here,
we conducted a large-scale field investigation and a literature
survey of biomass and soil C in China’s forest, shrubland, and
grassland ecosystems across the regions where the six projects
were implemented (∼16% of the country’s land area). We investi-
gated the changes in the C stocks of these ecosystems to evaluate
the contributions of the projects to the country’s C sink between
2001 and 2010. Over this decade, we estimated that the total
annual C sink in the project region was 132 Tg C per y (1 Tg =
1012 g), over half of which (74 Tg C per y, 56%) was attributed to
the implementation of the projects. Our results demonstrate that
these restoration projects have substantially contributed to CO2

mitigation in China.

carbon sequestration | carbon sink | ecological restoration |
national ecological project | China

Terrestrial ecosystems play a critical role in the global C cycle
and climate change mitigation. The annual net C uptake by

global terrestrial ecosystems ranges from 2.0 to 3.4 Pg C (1 Pg =
1015 g) (1). Previous studies have suggested that the increased C
stock in Asian terrestrial ecosystems can primarily be attributed
to considerable afforestation and reforestation (2, 3), especially
that implemented under China’s national ecological restoration
projects (4). For instance, due to the implementation of large-scale
afforestation and reforestation practices beginning since the late
1970s, China’s forest biomass C stock has increased by 40% be-
tween the 1970s and the 2000s (3). According to the recent pre-
dictions (5, 6), the forest biomass C stock could further increase
to 9.97–13.09 Pg C by 2050, with a net C sequestration rate of
84–154 Tg C/y (1 Tg = 1012 g). However, due to rapid population
growth and high demands for food and energy, the long-term
stressful utilization of forests and grasslands has led to large-
scale ecosystem degradation in China (7), resulting in consider-
able loss of biomass and soil C stocks (8, 9). The restoration of
these degraded ecosystems is expected to improve C accumulation.
Since the late 1970s China has launched six national key res-

toration projects across the country to protect its environment
and restore the degraded ecosystems (Fig. 1 and SI Appendix, A).
The first project was the Three-North Shelter Forest Program
(abbreviated as “North Shelter Forest”), which was initiated in

the late 1970s. The project is known as the “Green Great Wall”
because its massive area spans half of northern China. The
fourth term of this project started in 2001 and ended in 2010.
The next project was the Yangtze River and Zhujiang River
Shelter Forest Projects (abbreviated as “River Shelter Forest”),
launched in 1989 across the southern parts of China with the aim
of battling floods and reducing soil erosion. The second term of
this project also began in 2001 and ended in 2010. The Natural
Forest Protection Project (abbreviated as “Forest Protection”)
was subsequently initiated in 1998 and has shown numerous
benefits, including biodiversity conservation, reduction of soil
erosion and flood risk, and prevention of other natural disasters
associated with deforestation. The Grain for Green Program
(abbreviated as “GGP,” also known as China’s Sloping Lands
Conversion Project) was initiated in 2000 and has advanced the
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conversion of croplands in hilly areas to forests. GGP is regarded
as the world’s largest ecological restoration program in terms of
scale and investment and is a typical example of ecological
compensation (10). The Beijing–Tianjin Sand Source Control
Project (abbreviated as “Sand Control”) was initiated in 2001 to
promote environmental conservation near the capital of China
(Beijing) by controlling the risk of wind–sand and soil erosion
disasters. The last project, known as the Returning Grazing Land
to Grassland Project (abbreviated as “Grassland Conservation”),
was launched in 2003 to reduce the impacts of overgrazing and
promote grassland productivity. These projects together cover
44.8% of China’s forests (refs. 11 and 12 and Table 1) and 23.2%
of China’s grasslands (ref. 13 and Table 1).
Recent studies have indicated that the implementation of the

national ecological restoration projects has improved ecosystem
services, such as soil erosion control (14), water retention (4),
flood mitigation (4), and biodiversity conservation (15). Addi-
tionally, a series of management practices employed under the
framework of these ecological restoration projects, including
afforestation, reforestation (Shelter Forests, Forest Protection,
and Sand Control), forest enclosure and tending (Forest Pro-
tection and Sand Control), transforming cropland to forest
(GGP), reducing the timber harvest (Forest Protection), and
fencing in grasslands (Grassland Conservation), can increase the
forest area, prevent C loss from vegetation and soil, and sub-
sequently enhance C stocks and C sinks (16, 17). However, the
vital total C sequestration benefit arising from the six key res-
toration projects has not yet been systematically evaluated, al-
though the C sequestration achieved in some individual projects
has been investigated (4, 18).
In this study we investigated C stocks and their changes across

the areas where the six projects have been implemented (re-
ferred to as the “project region” hereafter) based on a nation-
wide field investigation of the C stocks of China’s terrestrial
ecosystems, along with a detailed literature survey. First, we

quantified the net ecosystem C accumulation for each project
region by comparing the change in C stocks between the initial
year of the project (or certain phase) and 2010. Second, we es-
timated each project-induced C contribution to total ecosystem
C sequestration mainly by comparing the change in ecosystem C
stocks between the project region and the reference area (i.e.,
the area where the project was not implemented).

Results and Discussion
Ecosystem C Sinks in the Project Regions. In the first decade of the
21st century (13 y for Forest Protection, 11 y for GGP, 8 y for
Grassland Conservation, and 10 y for all other projects), the
ecosystem C density greatly increased in all project regions (Table
1). During this decade, the grassland biomass C density increased
by 1.1 Mg C per ha in the Grassland Conservation region, and the
forest biomass C density increased by 6.6–22.0 Mg C per ha in the
other five project regions (Table 1). The soil C density increased
by 9.7 Mg C per ha in the GGP region, followed by 5.6 Mg C per
ha in the Forest Protection region, and by 1.0–3.2 Mg C per ha in
the other four project regions (Table 1). Altogether, the eco-
system C density increased by 2.1–29.4 Mg C per ha across the
different project regions, with the largest increment occurring in
the GGP region and the smallest in the Grassland Conservation
region (Table 1).
In total, the decadal C sink in the six project regions was es-

timated as 1,519 Tg C, of which 919.3 Tg C (60.5%) was stored in
vegetation biomass and 599.5 Tg C (39.5%) in soils (Table 2).
Among the six projects, 889.1 Tg C (or 58.5%) of the total C sink
was due to Forest Protection, followed by GGP (270.8 Tg C, or
17.8%), and North Shelter Forest fourth phase (124.3 Tg C, or
8.2%) (Table 2). During the study period, the total annual
ecosystem C sequestration rate was estimated to be 132 Tg C/y
within the project area, with a relatively higher C sequestration
capacity observed in the regions of Forest Protection (68.4 Tg
C/y), GGP (24.6 Tg C/y) and Grassland Conservation (15.5 Tg C
per y), partly because of the large areas of these projects (Tables
1 and 2). The Forest Protection, GGP, North Shelter Forest
fourth phase, River Forest second phase and the Sand Control
regions, which cover 44.8% of China’s forest area, experienced a
biomass C stock increase of 855.5 Tg C with an annual mean
biomass C sink of 72.8 Tg (Table 2), which accounted for 63.4–
71.2% of the national forest biomass C sink during this period (1,
19). Additionally, these five projects have also enhanced soil C
storage (Table 2). Increasing soil C stock in the Forest Pro-
tection region from 1998 to 2010 suggested the important role of
China’s old-growth forests in the soil C accumulation (20).
However, there was considerable spatial variability in ecosys-

tem C sinks across the project regions. As key regions for the
implementation of China’s ecological restoration projects, oc-
cupying 25%, 12%, 31%, and 27% of the projects’ total area,
north (307.2 Tg C, or 20.2% of the national total), northeast
(328.1 Tg C, or 21.6%), northwest (323.2 Tg C, or 21.3%) and
southwest China (463.9 Tg C, or 30.5%), respectively, together
represented 93.7% of the total ecosystem C sink (Fig. 2 and
SI Appendix, B). South (65.0 Tg C, or 4.3%) and east China
(31.4 Tg C, or 2.1%) together represented the other 6.3% of the
total ecosystem C sink, differing from the findings of previous
studies (6, 21). These differences may be attributed to the rela-
tively small project area, long history of intensive agricultural
development and high economic cost associated with these
projects. First, although three of the six restoration projects (i.e.,
Forest Protection, GGP and River Shelter Forest second phase)
were implemented in these two regions (Fig. 2 and SI Appendix,
B), the project areas only accounted for 5% of the total project
area and only covered 10% of the forests in these regions (12,
13). Second, despite only occupying 18.4% of the total national
land area, these two regions currently feed 57.6% of China’s
population and provide 62% of the national GDP (22).

Fig. 1. Location of six key ecological restoration projects in China. The
figure shows the location of the Three-North Shelter Forest Program fourth
phase (North Shelter Forest fourth), Yangtze River Shelter Forest Project and
Zhujiang River Shelter Forest Project second phase (River Shelter Forest
second), Natural Forest Protection Project (Forest Protection), GGP, Beijing
and Tianjin Sand Source Control Project (Sand Control), and Returning
Grazing Land to Grassland Project (Grassland Conservation).
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Therefore, the higher population density in these regions in-
creases the land demand for agriculture and housing construc-
tion and results in higher economic costs for the local
implementation of large-scale ecological restoration projects
(23).
On average, the overall area-weighted annual C sink for all six

projects was 0.86 Mg C per ha per y, with a rate above 1.5 Mg C
per ha per y for the River Shelter second phase, GGP, North
Shelter Forest fourth phase, and Sand Control, 0.94 Mg C per ha
per y for the Forest Protection, and 0.26 Mg C per ha per y for
the Grassland Conservation (Table 1). For grasslands, the C
sequestration rate in the project area was much higher than the
national average (∼0.04 Mg C per ha per y, ref. 20), partly due to
the influence of human management on grassland C cycling (24).

For example, medium- and long-term experimental studies have
suggested that fencing management can increase the C sink of
grasslands by 0.16∼0.47 Mg C per ha per y (25).

Project-Induced Contribution to C Sequestration. All six restoration
projects have made positive contributions to the C sequestration
at the decadal scale (Table 2). During the study period, the
project-induced contribution to C sequestration was 770.4 Tg C,
with an annual sink of 74 Tg C, representing over half of the total
ecosystem C sink for all six project regions and demonstrating
the significant success of the restoration projects regarding C
sequestration. Among the six projects, GGP made the largest
contribution in terms of project-induced C sequestration, with
198.5 Tg C, accounting for 25.8% of the total project-induced C

Table 2. Decadal and annual ecosystem and project-induced C sinks (mean ± SD) in the project regions

National ecological
restoration projects

Decadal ecosystem C sinks Annual
ecosystem C

sink, Tg C per y

Project-induced C sink

Biomass, Tg C Soil, Tg C Total, Tg C Decadal, Tg C Annual, Tg C per y

Forest Protection 479.6 ± 230.0 409.5 ± 386.1 889.1 ± 449.4 68.4 ± 34.6 181.7* 14.0
Grassland Conservation 63.8 ± 2.4 59.9 ± 45.9 123.7 ± 46.0 15.5 ± 5.8 117.8 ± 47.8 14.7 ± 6.0
North Shelter Forest fourth 100.4 ± 18.2 23.82 ± 42.0 124.3 ± 45.8 12.4 ± 4.6 119.7 ± 49.0 12.0 ± 4.9
Sand Control 43.1 ± 21.0 9.2 ± 20.0 52.3 ± 29.0 5.2 ± 2.9 69.7 ± 24.4 7.0 ± 2.4
GGP 181.0 ± 26.1 89.7 ± 79.4 270.8 ± 83.6 24.6 ± 7.6 198.5* 18.0
River Shelter Forest second 51.4 ± 10.2 7.4 ± 13.3 58.8 ± 16.7 5.9 ± 1.7 83.0 ± 38.2 8.3 ± 3.8
Total 919.3 ± 233.4 599.5 ± 399.8 1,519 ± 462.9 132.0 ± 36.3 770.4 ± 82.1 74.0 ± 8.9

The SDwas estimated based on the variation in C accumulation and sequestration of six geological regions (as shown in Fig. 2), and the ranges of national-scale
C accumulation and C sequestration for each project were acquired based on the standard variation of the biomass, soil, and total sinks and contributions to C
sequestration of six geological regions (as individual independent variables), as in the flowing formula: SD National = (ΣSD Regional

2)0 0.5.
*The estimations of project-induced C sinks for the Forest Protection (including 138.5 Tg C from the new plantings, 31.7 Tg C from biomass C retention
resulted from timber reduction strategies, and 11.4 Tg C from soil C retention from soil erosion control, respectively) and GGP were partly based on statistical
data and parameters from previous studies (see Methods and Materials and SI Appendix, D) and no SDs were reported here.

Table 1. Areas and ecosystem C densities (area weighted mean ± SD) at the beginning (PR-B) and in the year 2010 (PR-2010) and the
reference sites (RS-2010) for six key ecological restoration projects in China

National key ecological projects

Properties, C densities and
sequestrations of the projects

Forest
Protection

Grassland
Conservation

North Shelter
Forest fourth Sand Control GGP

River Shelter
Forest second

Area, 106 ha 72.9 60 5.2 3.3 9.2 2.3
Duration 1998–2010 2003–2010 2001–2010 2001–2010 2000–2010 2001–2010
C densities, Mg C per ha
Biomass

PR-B 43.7 ± 19.3 2.6 ± 1.1 37.3 ± 16.9 3.1 ± 2.9 0* 5.9 ± 3.5
PR-2010 50.3 ± 17.4 3.7 ± 1.62 56.6 ± 15.6 16.2 ± 4.5 19.7 ± 5.9 27.9 ± 8.8
Increment 6.6 1.1 19.3 13.1 19.7 22.0
RS-2010 —

† 2.6 ± 1.8 41.6 ± 18.3 3.5 ± 2.2 0* 7.7 ± 2.8
Soil

PR-B 144.8 ± 42.7 82.5 ± 50.2 44.8 ± 16.3 35.9 ± 7.3 44.0 ± 29.3 63.5 ± 12.2
PR-2010 150.5 ± 25.8 83.5 ± 50.5 49.3 ± 20.1 38.7 ± 10.4 53.7 ± 26.3 66.7 ± 18.9
Increment 5.6 1.0 3.2 2.9 9.7 3.2
RS-2010 —

† 82.6 ± 50.0 41.4 ± 20.7 30.3 ± 8.9 —
‡ 51.3 ± 41.8

Total
PR-B 188.5 ± 53.9 85.1 ± 51.3 82.1 ± 28.3 39.0 ± 10.3 44.0 ± 29.3 69.4 ± 13.0
PR-2010 200.7 ± 49.0 87.2 ± 52.2 105.9 ± 31.6 54.8 ± 14.2 73.4 ± 28.0 94.6 ± 19.0
Increment 12.2 2.1 23.8 15.8 29.4 25.3
RS-2010 —

† 85.2 ± 51.1 83.0 ± 33.0 33.8 ± 9.9 —
‡ 59.0 ± 42.9

Total C sequestration
rate, Mg C per ha per y

0.94 0.26 2.38 1.58 2.67 2.53

*The GGP is implemented in hilly cropland; therefore, the biomass C density in the project area in 2000 (beginning of GGP) and at reference sites in 2010 were
set as 0.
†The contribution of the Forest Protection project to C sequestration was estimated based on the C storage in the newly planted forest vegetation (CPVN), the
C retention (CR) resulting from harvest volume reduction, and soil organic C retention (SCR); see Eqs. 10–14. No reference sites were set for estimation.
‡The contribution of GGP to C sequestration in soil is considered to be the soil organic C retention (SCR), that is, the reduced C loss due to the control of soil
erosion attributed to GGP, which was estimated using the results of Deng et al. (38), as in Eqs. 15 and 16.
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sink, followed by Forest Protection (181.7 Tg C, or 23.6%),
North Shelter Forest fourth phase (119.7 Tg C, or 15.5%), and
Grassland Conservation (117.8 Tg C, or 15.3%) (Table 2). These
substantial project-induced C contributions were primarily at-
tributed to the large areas of these projects (Table 1) and the
considerable reduction in soil erosion resulting from afforesta-
tion (26). Other optimal management strategies, such as affor-
estation, timber harvest reduction, and soil erosion control under
the framework of the projects, could also contribute to this C
sequestration, as pointed out in previous studies (18). For ex-
ample, concerning the total C sink induced by the Forest Pro-
tection, 138.5, 31.7, and 11.4 Tg C was due to new plantings,
biomass C retention resulting from timber reduction policy, and
soil C retention from soil erosion control, respectively (Table 2).
In addition, although the projects of the Sand Control and River
Shelter Forest second phase accounted for only 2.2% and 1.5%
of the total project area, they contributed 69.7 (9.1%) and 83.0 Tg
(10.8%) of the total project-induced C sequestration, respectively
(Table 2).
The project-induced C sequestration also showed a great deal

of spatial heterogeneity. More than 84% of the project-induced
C sequestration occurred in north (248.4 Tg C, or 32.2%),
northeast (97.7 Tg C, or 12.7%), northwest (185.2 Tg C, or
24.0%), and southwest China (118.3 Tg C, or 15.4%) (Fig. 2 and
SI Appendix, B). Because of the relatively small project areas, the
project-induced C contributions of south (56.0 Tg C, or 7.3%)
and east China (64.9 Tg C, or 8.4%) were relatively small.
Similarly, the proportion of the project-induced C contribution
to the overall decadal ecosystem C sink differed significantly
among the six project regions. In east China, the project-induced
C sequestration was over two times the overall ecosystem C se-
questration within the project area (Fig. 2 and SI Appendix, B),
indicating that this region would act as a C source if without the
implementation of key restoration projects. In addition, the

project-induced C sequestration in north and south China accounted
for nearly 80% of the overall decadal ecosystem C sink across
these two regions (Fig. 2 and SI Appendix, B). In contrast, the
project-induced C sequestration in northeast, northwest, and
southwest China contributed less than 40% of the overall eco-
system C sink; these areas are relatively less affected by human
disturbance and exhibit higher rates of the C sequestration.
Our findings show that the implementation of national resto-

ration projects is the foremost factor leading to an increase of C
stocks in the project regions, especially in east, north, and south
China. The continued support of these projects is crucial for
achieving national mitigation targets.
However, attention should be paid to the cost and possible

leakage of project-induced C sequestration. To achieve the
expected ecological and social benefits there will be technical,
economic, and political costs. For example, the average cost of
sequestering 1 ton of CO2 is $21.2 (SI Appendix, C), which is lower
than the cost of most officially recommended industrial energy
saving and emission reduction approaches in China. However, the
most recent research has suggested that GHG leakage, or so-
called carbon costs, may only offset up to 20% of the C seques-
tration (27), which is a relatively low percentage compared with
mitigation measures reported in the agricultural sector (28).

Implications. In the Paris Agreement in 2015 China promised that
by 2030 it would cap CO2 emissions and increase forest volume
by ∼4.5 billion m3 relative to 2005 levels. Therefore, China is
positioned to make significant contributions to REDD-plus
(reducing emissions from deforestation and forest degradation
in developing countries) through its ecological restoration pro-
jects (29, 30) and sustainable forest managements (31). The
annual ecosystem C sink for all six project regions was 132 Tg C
per y, which is equivalent to 50–70% of the national total annual
sink from all major terrestrial ecosystems in China and could
offset 9.4% of China’s annual C emissions from fuel combustion
during the 2000s, according to the International Energy Agency
Statistics for China from 2001 to 2010 (32). Notably, most of the
forests in the project regions are young and show significant
potential to contribute future C sequestration (5, 33), except for
the Natural Forest project, which protects a major portion of
China’s natural mature forests. For example, in the regions of
the other four forest projects (North Shelter Forest fourth phase,
River Shelter Forest second phase, GGP, and Sand Control),
which began in 2000–2001, the newly planted forests were less
than 10 y old in 2010. Therefore, it will be expected that the
forests associated with these projects could account for signifi-
cant C accumulation in the future (31). Additionally, the storage
of massive amounts of C in mature forests will also contribute to
the global C balance, although the C sink may gradually decrease
and reach a C saturation state as the forests grow (20). However,
this considerable C sequestration potential could also be regar-
ded as an approach for buying time before C saturation occurs.
Finally, our study indicates that the implementation of national
ecological restoration projects could be a quantitatively impor-
tant component of national climate change mitigation strategies
in China and thus should be continually paid a great attention.

Methods and Materials
Data Sources for Estimating the C Sink. For estimating the C sink in an eco-
system in a given project area, data on the different land-cover and vege-
tation types and soil C density in the region from the beginning of the project
and 2010 were used. The areas of different land-cover types (i.e., ALei and
ALsi) were obtained from Wu et al. (34, data from 2000 and 2010) according
to the reported land-cover classification (35). A dataset of C density in the
ecosystems in the national ecological project regions and the reference sites
was built mainly based on data presented by Tang et al. (36) by the
67 technical groups of the Ecosystem Carbon Sequestration Program. The six
technical groups of the National Key Ecological Project Carbon Sequestra-
tion also provided data from other sites in typical project regions and from

Fig. 2. Decadal ecosystem and project-induced C sinks in six geographical
regions of China (north China, northeast China, northwest China, east China,
south China, and southwest China). Detailed information is also provided in
SI Appendix, B.
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paired sampling in reference regions. The dataset included the spatial po-
sition of the plot, vegetation type, vegetation biomass and related C con-
tent, soil organic C content, and bulk density in various layers, to a depth of
100 cm. Biomass and soil C density values for 2010 (i.e., CDVei and CDSei,
respectively) came from the field surveys and laboratory analyses performed
in the present study [as reported by Tang et al. (36), 10,033 groups of data,
see SI Appendix, D], from a field survey conducted using the same methods
and criteria by Tang et al. (36), and from the most recent peer-reviewed
reports (564 groups of data, see SI Appendix, D). Biomass and soil C den-
sity values recorded close to 2000 (i.e., CDVsi and CDSsi, respectively) were
acquired from surveys of the published literature and peer-reviewed papers
(1,653 groups of data, SI Appendix, D) as well as the National Forest In-
ventory and Soil database (for Forest Protection and River Shelter Forest).
The sources for the C density data are described in detail in SI Appendix, D.

Data Sources for Assessing Contribution of the Projects to C Sequestration. For
the North Shelter Forest, River Shelter Forest, Grassland Conservation, and
Sand Control projects, we investigated the enhancement of the C sink
resulting from human management strategies and efforts, mainly by com-
paring the ecosystem C stocks between the project regions and reference
regions where ecological stewardship projects were not conducted in 2010. In
addition to the above-mentioned data for 2010, the biomass and soil C
density values (CDBbe and CDSbe, respectively) of forests, shrublands, and
grasslands were also taken from Tang et al. (36) (6,996 groups of data, SI
Appendix, D), and additional field sampling was conducted using the same
criteria employed by Tang et al. (36), producing 292 groups of data (see SI
Appendix). AL values were obtained from Wu et al. (34) and from Landsat
TM imagery (SI Appendix, D) and the China Forest Statistical Yearbook (37).
For Forest Protection, the data for newly planted forests (ANFik) and the
harvested volume reduction (RHVkl) were obtained from the China Forest
Statistical Yearbook (37). CDVik was estimated based on the Forest Inventory
of China (20, 38); the average annual rate of increase in soil retention was
obtained from Ouyang et al. (4); and the topsoil organic C content (SOC0–30 cm)
was obtained from the soil database of Shangguan et al. (39).

Estimation of Ecosystem C Sinks in the Project Regions. The decadal C sink is
the change in the C stock from project onset to termination in the regions of
the key restoration projects. Estimation of the decadal C sink was first
conducted at the province scale, and the results were then summed at re-
gional and national scales. The C sink was derived from Eq. 1:

C sink=CPe −CPs, [1]

where CPe is the total C stock in the project region in 2010 and CPs is the C
stock at the start of the project. CPe and CPs were estimated based on dif-
ferent land cover types (AL) and areas, along with the average biomass and
soil C density (CDB and CDS) of each land cover type, using Eqs. 2 and 3:

CPe =
X

ððCDBeik +CDSeikÞ *ALeikÞ [2]

CPs =
X

ððCDBsik +CDSsikÞ *ALsikÞ, [3]

where ALei and ALsi are the areas of land cover i in the project region in
2010 and at the start of the project in province k, respectively; CDBeik and
CDBsik are the average biomass C density values for land cover i in the
project region in province k in the year 2010 and at the start of the project,
respectively; and CDSeik and CDSsik are the average soil (0- to 100-cm layer) C
density values for land cover i in the project region in province k in 2010 and
at the start of the project, respectively.

During the project, the annual C sink (ASC) of each national key ecological
restoration project was calculated using Eq. 4:

ASCj =Carbon sinkj
�
tj, [4]

where ASCj is the annual C sink in the region of ecological restoration
project j, and tj is the duration (in years) of project j. The value of twas 10 for
the North Shelter Forest fourth phase, River Shelter Forest second phase,
and Sand Control; 13 for Forest Protection; 11 for GGP; and 8 for Grassland
Conservation (Table 1).

Estimation of the Contribution of Project Implementation to C Sequestration.
Estimation of the project contributions of North and River Shelter Forests, Grassland
Conservation, and Sand Control. If the ecological restoration projects were not
implemented, ecosystem management and utilization practices would have
continued as they were before the programs were designed and put into use.

However, the previous management practices were quite different from
those of the restoration programs, and notable differences would have been
apparent during the first decade of the 21st century. For example, the North
Shelter Forest and River Shelter Forest regions would exhibit substantially
fewer forests and would be maintained as shrubland or grassland. Therefore,
under these scenarios, the C stocks and flows in the project region ecosystems
would clearly differ from their statuses under the restoration projects.
The difference in C stocks between scenarios with and without ecological
restoration project implementation (i.e., baseline or project scenarios)
can be attributed to these projects. In this study, this difference is defined
as the project contribution to C sequestration. This value was calculated
using Eq. 5:

Project contribution=C sinkp −C sinkb, [5]

where C sinkp is the increase in the C stock in the project region based on the
project scenario, which can also be calculated using the C sink with Eq. 6. C
sinkb is the baseline increase in the C stock in the same project region (i.e.,
without the implementation of the national key ecological restoration
projects). Based on Eq. 1, C sinkb was calculated with Eq. 7:

Carbon sinkp =CPe −CPs [6]

Carbon sinkb =CPbe −CPbs, [7]

where CPbe is the total C stock in 2010 in the same region under the hy-
pothetical baseline scenario (i.e., in the absence of the project scenario) and
CPbs is the C stock at the project onset. Here, it was assumed that the C stock
at the beginning of the restoration project and the C stock under the
baseline scenario were equal (i.e., CPs = CPbs). Therefore, the project con-
tribution was estimated using the following simplified Eq. 8:

Project contribution=C sinkp −C sinkb =CPe −CPbe. [8]

Clearly, CPbe cannot be obtained via field investigations because it occurs
under the hypothetical baseline scenario. Thus, we set the reference land-
cover types to be consistent with the project targets, contents, and measures
(Table 1 and SI Appendix, A). CPbe was estimated using Eq. 9:

CPbe =
X

ðCDBbek +CDSbekÞ *ALik, [9]

where CDBbe and CDSbe are the average biomass and soil C density (Table 1),
respectively, in province k under the baseline scenario (be) in the year 2010.
ALik is the area of land cover i in the reference region in province k. For these
two parameters, the C density values outside the project region were ap-
plied, but relatively high spatial similarities were present (adjacent to the
project region and within the same province). Estimation was first conducted
at the province scale, and the results were then summed at the regional and
national scales.
Estimation of the project contributions of Forest Protection and GGP. If the Forest
Protection and GGP projects had not been not implemented (i.e., the baseline
scenarios), the ecosystem would be in a different condition. For example, the
natural forests would be further exploited, without planned reductions in
harvest volumes, afforestation would be carried out in the project area, and
soil erosion would continue to be serious. Furthermore, the GGP cropland in
hilly areas would be maintained under cultivation, resulting in serious soil
erosion. Due to difficulties in finding unprotected natural forests or hilly
cropland adjacent to the project regions, the contributions of the Forest
Protection and GGP projects were estimated as follows.

The project contribution of Forest Protection (Project contribution FP)
included three parts: C storage in newly planted forest biomass (CPBN),
biomass C retention (BCR) resulting from harvest volume reduction, and soil
C retention (SCR) due to the reduction of soil erosion resulting from the
project Eq. 10. Estimation was first conducted at the province scale, and the
results were then summed at the regional and national scales:

Project contributionFP =
X

ðCPBNk +BCRk + SCRkÞ, [10]

where CPBNk, BCRk, and SCRk are the C storage in newly planted forest
biomass, biomass C retention resulting from harvest volume reduction, and
soil C retention due to the reduction of soil erosion in the Forest Protection
project area in province k, respectively. The estimation of these contribu-
tions to C sequestration is shown in SI Appendix, E (formulas S1–S4).

The contribution of GGP also consisted of two components. One component
was the increase in the biomass C stock because the reference scenario was
croplands whose biomass C would be released into the atmosphere before the
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next crop was planted. The other component was SCR, due to the control of soil
erosion attributed to GGP. Therefore, the contribution of GGP (Project contribution

GGP) was obtained with Eq. 11. The estimation was first conducted at the province
scale, and the results were then summed at the regional and national scales:

Project contributionGGP =
X

CDBei *ALC+
X

SCRk, [11]

where CDBei is the average biomass C density of land cover i that was con-
verted from cropland in the year 2010. The estimation method for SCR due

to the reduction of soil erosion resulting from the GGP project is shown in SI
Appendix, E (formula S5).
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