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Abstract Forests play an important role in regulat-
ing atmospheric carbon dioxide concentration and
mitigating the greenhouse effect. The Grain to Green
Program (GGP) is one of the largest ecological
programs in China, and it aims at converting croplands
on steep slopes to forests. However, the magnitude and
distribution of carbon sequestration induced by GGP
remain unknown. In this study, we estimated the
changes in carbon fluxes and stocks caused by forests
converted from croplands under the GGP using a
process-based ecosystem model (i.e., IBIS). Our
results showed that the converted areas from croplands
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to forests under the GGP program could sequester
110.45 Tg C by 2020, and 524.36 Tg C by the end of
this century. The sequestration capacity showed
substantial spatial variations with large sequestration
in southern China. The economic benefits of carbon
sequestration from the GGP were also estimated
according to the current carbon price. The estimated
economic benefits ranged from $8.84 to $44.20 billion
from 2000 through 2100, which may exceed the
current total investment ($38.99 billion) on the
program. As the GGP program continues and forests
grow, the impact of this program will be even larger in
the future, making a more considerable contribution to
China’s carbon sink over the upcoming decades.

Keywords Grain to Green Program - Integrated
biosphere simulator - Carbon sequestration -
Modeling - Carbon sink

Introduction

The atmospheric carbon dioxide (CO,) concentration
has been increasing rapidly since the industrial
revolution, particularly during the last three to four
decades (Canadell et al. 2007). Among the current
policies for carbon (C) mitigation, forest policies can
make a significant contribution to a low-cost global
mitigation portfolio (Nabuurs et al. 2007). Afforesta-
tion and reforestation are major strategies to mitigate
C emissions through forest management practices
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(Canadell and Raupach 2008). For example, the
temperate forests contributed 27 and 34 % to the
global C sinks during the 1990s and 2000s respec-
tively (Pan et al. 2011), and the primary reasons for the
increased C sinks are the substantial increases in forest
area due to afforestation and reforestation and the
subsequent increase in vegetation biomass (Birdsey
et al. 20006).

The Chinese government implemented several
large-scale forestation programs since the 1970s.
The Six Key Forestry Programs (e.g., Three Norths
Shelter Forest System Project, the Natural Forest
Conservation Program and Grain to Green Program)
are unprecedented in China’s ecological and environ-
mental history in terms of geographic extent, govern-
ment budget and social mobilization (Dai 2010).
These programs have led to a substantial increase in
forest area (State Forestry Administration of China
(SFA) 2012). According to FAO (2012), there was a
net reduction of 13 million hectares (ha) in global
forest area between 2000 and 2010, while Asia was the
only region with net gains, primarily due to the
extensive reforestation and afforestation in China.

The Grain to Green Program (GGP) in China was
launched in 1999 to advocates three types of land
conversions: croplands to forests, croplands to
grasslands, and barren lands to forests on steep
slopes by providing farmers food and cash subsidies.
This project has been implemented in more than
2,000 counties of 25 provinces (Liu et al. 2008).
Large-scale afforestation can result in extensive new
forests and hence enhance the carbon sequestration
capacity (Niu and Duiker 2006). To date, several
studies have assessed the C sequestration of the
GGP. Chen et al. (2009) estimated the C sequestra-
tion potential in Yunnan province and reported an
increase of 12.47 Tg C in the GGP-stands by the
year of 2010. Feng et al. (2013) showed that the
GGP program sequestered a total of 96.2 Tg C for
the period 2000-2008 on the Loess Plateau. Despite
these findings, to our knowledge, no study has
explicitly assessed the nationwide C sequestration
potential of the GGP at decadal to century scales by
considering the effects of climate.

In this study, we used the integrated biosphere
simulator (IBIS) to assess the magnitude and distribu-
tion of the C sequestration resulting from the GGP
program. The specific objectives of this study are to: (1)
investigate how C fluxes and stocks change under the
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GGP initiative; (2) estimate the magnitude of current C
sequestration resulting from the GGP; and (3) project
the potential C sequestration of the GGP for the future.

Methods and data
IBIS model

Process-based ecosystem modeling is a preferred
approach to quantify C sequestration of land-use
changes over large areas. A process-based model
typically has detailed representation of ecosystem
processes that ensure its ability to capture and predict
the C dynamics caused by land-use changes such as
afforestation and forest managements (Pilli et al.
2013). In this study, we used IBIS (Foley et al. 1996;
Kucharik et al. 2000; Yuan et al. 2010) to assess the
magnitude and distribution of the C sequestration
resulting from the GGP. IBIS is a dynamic vegetation
model designed to integrate a variety of terrestrial
ecosystem phenomena within a single, physically
consistent model. It is capable of simulating canopy
physiology (canopy photosynthesis and conductance),
phenology (budburst and senescence), vegetation
dynamics (allocation, turnover, and competition
between plant types), and terrestrial C balance (net
primary production (NPP), tissue turnover, soil C and
organic matter decomposition) (Foley et al. 1996).
Driven by daily climatic variables (e.g., temperature,
precipitation, cloud fraction and relative humidity),
soil texture, and vegetation type, IBIS first interpolates
the input climate data to hourly time step using a
weather generator, and performs a coupled simulation
of the surface water, energy, and carbon fluxes on
hourly time step. The model then integrates hourly
fluxes over the year to estimate the annual water and
carbon balance, and use the annual carbon balance to
predict changes in the leaf area index (LAI) and
biomass for each vegetation type.

In IBIS, the photosynthesis process is expressed by
the Farquhar equations (Farquhar et al. 1980). The
photosynthesis rate is calculated at an hourly time step
and then integrated to daily and annual time steps:

GPP = / At (1)

where A, is the photosynthesis rate (mol CO, m2 s_l)

and ¢ represents time step.
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The NPP is calculated as
NPP = (1 —1) /(Ag — Ricas — Rtem — Rroor)dt  (2)

where 7 (0.33) is the fraction of C lost in the

construction of net plant material because of growth
respiration (Amthor 1984). Rjeqr, Ryem, and Ry, are
the respiration rate of leaf, stem and root, respectively.

IBIS uses three C pools to describe biomass: leaves,
transport tissues (i.e., predominantly stems), and fine
roots. Changes in the biomass pool c; are described as:

oC; G

= o;,NPP —
ot %l T; (3)

where o; represents the fraction of annual NPP

allocated to each biomass compartment and t;
describes the residence time of C in the biomass
compartment.

The decomposition of soil organic matter is
simulated at a daily time step. The base decay rates
of litter, root, and soil C and microbial biomass
turnover are modified by soil temperature and soil
moisture. C added to the soil through the decom-
position process is not partitioned with respect to
soil layers (e.g., decomposition of fine root biomass
is not kept track of for each individual soil layer);
instead, the total amount of decomposed C is
aggregated for the total soil profile (Kucharik
et al. 2000).

The IBIS does not explicitly simulate the C cycle of
crop ecosystems. In this study, we simulated the
croplands as grasslands. In order to simulate the GGP
process, in which croplands were abandoned and trees
were planted, we made the following modifications:

(1) In the year of executing GGP, we changed the
plant functional type (PFT) from cropland to
forest, and set the aboveground biomass (leaf
biomass and wood biomass) to zero (i.e.,
removal of the aboveground crops). The below-
ground biomass of crops was transferred to litter
pool.

(2) The initial biomass of leaf, root and wood of the
new planted trees were calculated using the
allometric equations of Blujdea et al. (2012).
The initial diameter at breast height (DBH) was
set as 3 cm. The leaf area index (LAI) was
initialized depending on its relationship with
leaf biomass:

LAI = Cleaf x SLA (4)

where Cj,,y is the C in leaf biomass, and SLA is specific
leaf area (m> g{1 O).

Two simulations were performed in this study: the
Control simulation and the GGP simulation. In both
simulations, IBIS was first spin-up for 400 years to
achieve the soil C balance by using the climate data
from 1960 to 2013. The identified GGP pixels were
simulated as croplands in the Control simulation all
through the period (400 years for spin-up, and
1960-2100 for simulation). In the GGP simulation,
the GGP pixels were simulated as croplands before the
year that the GGP was launched and as forests
thereafter.

Data

We used the gridded daily meteorological dataset
(temperature, precipitation, cloud fraction and rela-
tive humidity) provided by Yuan et al. (2014b).
This dataset was based on the meteorological
observations from 735 stations from National Cli-
mate Center of China Meteorological Administra-
tion and were interpolated to a gridded climate
dataset with a spatial resolution of 10 x 10 km
using the thin plate smoothing splines (Yuan et al.
2014a). The data from stations generally have gaps
in time series (i.e., not all stations have record for a
specific day), but the fraction of gap-stations was
usually small. Thus, during the interpolation, at
least 600 meteorological sites have records for the
specific day and these sites were used to generate
interpolated meteorological dataset. In this study,
we used the gridded data for the period 1960-2013
to drive IBIS model. In order to examine the effects
of future climate change, meteorological outputs
from the Community Climate System Model
(CCSM4) at the Representative Concentration Path-
ways 4.5 (RCP4.5) (Gent et al. 2011) were used.
The outputs of CCSM4 are under the standard of
Coupled Model Intercomparison Project phase-5
(CMIPS), and the spatial resolution is 0.94° lati-
tude x 1.25° longitude. To provide soil information
for model simulation, the soil texture (e.g., sand
and clay content) and soil C content data with
spatial resolution of 0.0083° latitude x 0.0083°
longitude were obtained from Shang-Guan et al.
(2012, 2013).
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Fig. 1 The locations of forests converted from croplands under
the Grain to Green Program (GGP) (a) and annual area of forests
converted from croplands (b). The locations of the GGP were
derived from MODIS NDVI products during 2000-2010 at

Plant functional types (PFTs) were used in this
study to determine the vegetation type of the new
planted trees. We combined the Moderate Resolution
Imaging Spectroradiometer (MODIS) land cover
product (MODI11) with the K&ppen-Geiger climate
classification scheme to derive a PFT distribution map
over China. We assume that the locally dominant tree
species would be planted when croplands were
converted to forests as these species are likely more
adaptable to the local climate. For each GGP pixel, we
searched within the 20 km range centered at the pixel
for the most frequent PFT, and set it as the PFT of the
established forest.

The location-specific data of the GGP was
obtained from Yuan et al. (2014b), which charac-
terized the locations of forests converted from
cropland under the GGP program from 2000 to
2010 using the Normalized Difference Vegetation
Index (NDVI) data derived from MODIS (Fig. 1).
The results were validated using the province-level
statistics data on the annual afforestation area of
GGP project from National Bureau of Statistics of
China (http://www.stats.gov.cn). These locations
only refer to forests converted from croplands, and
forests converted from barren lands or grasslands
converted from croplands are not included in this
study. The GGP maps were at the spatial resolution
of 250 x 250 m. As limited by the computational
ability, we downgraded the spatial resolution of the
GGP maps to 5 x 5 km. For the downgraded GGP
map, each 5 x 5 km pixel containing one or more
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250-m resolution (Yuan et al. 2014b). The afforestation areas
from 2000 to 2010 were obtained from State Forestry
Administration of China

250 x 250 m pixels was identified as a GGP pixel,
and the fraction of the GGP area in each pixel was
recorded for calculating the total magnitude of C
fluxes and storage at the regional scale. Only the
GGP pixels were included for the simulations in this
study. In order to drive model at a consistent spatial
resolution, all the driving data were resampled to a
spatial resolution of 5 x 5 km using the nearest
neighbor method.

A biomass dataset derived from the Chinese
Ecosystem Research Network including 834 forest
plots was used to validate the IBIS predictions (Luo
1996). This dataset covers the forests with stand age
ranging from 3 to 98 years and five major forest
types, including temperate evergreen broadleaf for-
ests, temperate evergreen needleleaf forests, temper-
ate deciduous broadleaf forests, boreal evergreen
needleleaf forests, and boreal deciduous needleleaf
forests. It is a valuable validation dataset for
evaluating the model’s capability to simulate forest
growth which is the most important process for
determining C cycle under the GGP. We examined
the performance of IBIS at all 834 sites. We spin-up
the model for 400 years and then conducted tran-
sient simulations starting from the year of distur-
bance (i.e., abandonment of croplands and plantation
of trees). We used the Climate Research Unit (CRU)
climate dataset from 1901 through 2009 (CRU
TS3.10, Harris et al. 2013) to drive IBIS at those
834 sites, and 1901 climate data was used for the
years before 1901.
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Model validation

We grouped the 834 plot data with 5 years stand-
age intervals to illustrate the performance of IBIS
for simulating the tree growth after afforestation or
disturbance. The simulated biomass over the various
stand ages agreed well with the inventory data
(Fig. 2). IBIS successfully captured the increasing
pattern of biomass with stand age for almost all
vegetation types. For example, for temperate decid-
uous broadleaf forests, the observed biomass
increased from 40.0 Mg C ha™' at the young stands
to 120.0 Mg C ha™" at the stand of 95 year old, and
the simulated biomass matched the observations
well (Fig. 2¢). The model showed similar ability for
simulating biomass for all forest types, performing
slightly better at young stands.

The GGP significantly changed ecosystem C fluxes.
The annual NPP decreased dramatically from 24.64
to 12.18 Tg C year ' for the first year of the GGP
and increased rapidly thereafter. After 2020, the
total NPP of the GGP area became stable and varied
between 29.22 and 36.81 Tg C year ', which was
significantly higher than that of the Control simu-
lation (Fig. 3a). On the contrary, the heterotrophic
respiration (R;) showed a strong impulse during the
initial years after reforestation, and decreased rap-
idly in the following 10 years to 18.56 Tg C year '
in 2010. After that the Rh gradually increased until
reaching nearly the same magnitude as that of the
Control simulation (Fig. 3b). Changes of NPP and
R}, jointly determined the dynamics of net ecosys-
tem production (NEP). A substantial reduction of
NEP occurred during the early years after the GGP,
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Fig. 3 Comparison of net primary production (NPP) (a),
heterotrophic respiration (Ry,) (b) and net ecosystem production
(NEP) (¢) of the Control and GGP simulations over the GGP
areas. The dot and solid lines represent Control and GGP
simulations, respectively

and generated a C source of 18.17 Tg C year ' in

2001. After 10 years the NEP increased to the
maximum of 14.87 Tg C year™ ' in 2012, providing
the largest C sink. In the following decades, the C
sink gradually weakened and finally reached the
carbon neutral stage (Fig. 3c).

The impacts of the GGP on C fluxes showed
large spatial variation. Because the annual C fluxes
were stable from 2050 to 2100 (Fig. 3), we calcu-
lated the differences in fluxes between the Control
and the GGP simulations during this period to
examine the spatial differences of C fluxes caused
by the GGP. Our results showed higher NPP and R,
for the GGP simulation than for the Control
simulation over southern China, especially in Sich-
uan, Chongqing, Guizhou, Yunnan, and Hunan
provinces (Fig. 4a). On the contrary, in northern
China, lower NPP and Ry, simulations were found in
GGP simulation. Similarly, southern China was
found with stronger carbon sink measured by NEP
at the GGP simulation compared with the Control
simulation, and northern China showed slightly
weaker carbon sink (Fig. 4c).

@ Springer

Impacts of the GGP on C stocks

The GGP program substantially changed both vege-
tation and soil C pools. The total biomass increased
continually since 2,000 and reached 540.67 Tg C in
2,100 (Fig. 5a). The soil C declined within the first
20 years and then increased for GGP simulation
(Fig. 5b). Over first 20 years, soil C decreased from
423.03 to 367.78 Tg C. With forest growth, soil C
began to increase slowly and reached 444.33 Tg C in
2100. Spatially, higher biomass mainly occurred in
southern China, especially in Sichuan, Chongqing,
and Guizhou province (Fig. 6a). Larger increase of
soil C was mainly found in southern China, especially
in Guizhou, Chongqing, Hunan and Hubei provinces,
and soil C decreased mainly in northern China,
especially in Gansu, Shaanxi, Shanxi and Jilin prov-
ince (Fig. 6b).

Carbon sequestration capacity and rate

We calculated the cumulated NEP since 1999 to
quantify the magnitude of ecosystem C sequestration
resulting from the GGP. We found that the ecosystems
did not sequester C during the first decade due to the C
loss from the soil C pool, but switched to a net C sink
thereafter (Fig. 7). The GGP project could result in a
total net C uptake of 110.46 Tg C in the first 20 years,
and 524.36 Tg C by the end of this century, 97.30 %
of which was stored in the vegetation C pool (Fig. 7).

At the province level, the top five provinces for C
sequestration capacity were Sichuan, Shaanxi, Chon-
gqing, Inner Mongolia and Guizhou (Table 1). The
highest rates of annual sequestration occurred in the
five southern provinces: Jiangxi, Chongqing, Guangxi,
Guizhou and Hainan. All the provinces with lower
sequestration rates than the national average rate lie in
the northern China. Despite the relatively low rate of
sequestration on a per unit area basis, Shaanxi and
Inner Mongolia had high total C sequestration capac-
ity because of the extensive area of afforestation from
GGP.

The soil C sequestration of most provinces for the
first 20 years was negative, indicating that GGP
activities had caused soil C loss for the first two
decades (Table 2). The largest loss occurred in Inner
Mongolia, Shaanxi, Hebei, Sichuan and Shanxi prov-
inces, due to large afforestation area rather than high
rate of C loss. After 50 years, several provinces in
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southern China showed positive soil carbon seques-
tration; by the end of the century, the largest soil C
sequestration occurred in Sichuan, Guizhou, Hunan,
Chonggqing and Yunnan provinces.

Discussion

Impacts of the GGP on carbon fluxes and stocks

The GGP program is one of the largest ecological
programs in China, and substantial C sequestration is

105°E 120°E 135°E

expected because of its massive scale and the
subsequent increase in forest cover. By the end of
2009, the GGP had converted 8.69 million ha of
croplands into forests and afforested 15.10 million ha
of barren lands (State Forestry Administration of
China 2000-2012). As a result, the forest cover within
the GGP region has increased by 2 % during 8 years
since the program’s inception (Liu et al. 2008). The
magnitude and spatial distribution of C sequestration
associated with such extensive afforestation is of
growing interest. As we estimated in this study, the
forests converted from croplands under the GGP could
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sequester 110.46 Tg C in the first two decades and
524.36 Tg C by the end of this century.

Converting croplands to forests could generate
rapid C sequestration in biomass. Carbon fixed
through photosynthesis is allocated to different tissues
of plants (i.e., foliage, fine roots, stems, and grains). In
the croplands, irrigation and fertilization prompt C to
be allocated in grain which is harvested and consumed
and eventually released back into the atmosphere
(Génard et al. 2008). While in the forests, C allocated
to woody tissues could be stored over time because the
woody tissues typically have slow turnover rate
(Schulze et al. 2000). In this study, we found that
97.30 % of the absorbed C was stored in biomass
(Fig. 7). Several previous studies have been conducted
to estimate the contributions from the GGP. Persson

Fig. 6 Spatial distribution
of the differences in total
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Fig. 7 Long-term variations of cumulated net ecosystem
production (NEP), total biomass and soil carbon

et al. (2013) estimated the C sequestration caused by
the GGP from 1999 to 2008 at the national scale based
on the forest inventory datasets, which only included
the vegetation C sequestration. Our results generally
agreed with that of Persson et al. (2013) for 1999-2008
(Fig. 8).

Soil C pool is a major carbon reservoir, and the
GGP activities have significantly changed its magni-
tude. Our simulations showed that soil C decreased for
the first two decades after the afforestation and then
increased gradually, which was consistent with other
studies. Turner and Lambert (2000) analyzed soil
organic C in eastern Australia forests and found that
net accumulation in the total system did not occur for
10-20 years after plantation establishment. The pri-
mary cause of the initial reduction is the low NPP for
the young forests and the consequently small amount
of litter fall which reduces the C input to the soil.
However, this decrease is temporary and in the long-
term studies soil C is generally found to accumulate
associated with state age (Paul et al. 2002). The
estimates from Post and Kwon (2000) showed that soil

(b) Soil carbon (Mg C ha™)
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Table 1 C sequestration capacity and rate by afforestation of cropland within the GGP region over different periods

Province Area (x10* ha) Sequestration capacity (Tg C) Sequestration rate (Mg C ha™" year™")
2000-2020  2000-2050  2000-2100  2000-2020 2000-2050 2000-2100

Sichuan 68.75 31.29 60.55 77.48 1.93 1.49 0.96
Shaanxi 77.71 25.36 40.27 52.85 1.52 0.97 0.63
Chongging 36.16 21.20 39.18 48.27 2.95 2.18 1.34
InnerMongolia 72.04 16.51 29.59 40.76 0.85 0.61 0.42
Guizhou 42.56 15.54 29.29 35.05 2.77 2.09 1.25
Hunan 50.08 13.94 26.09 31.31 221 1.66 0.99
Gansu 57.01 9.72 18.06 25.33 0.91 0.68 0.47
Hebei 55.56 8.85 16.87 24.07 1.12 0.86 0.61
Yunnan 33.43 8.82 15.25 17.70 2.08 1.44 0.84
Hubei 3222 8.55 16.80 20.38 1.69 1.33 0.81
Shanxi 20.00 8.19 14.23 19.42 1.23 0.85 0.58
Guangxi 22.40 7.59 13.64 16.00 291 2.09 1.23
Jiangxi 20.00 5.83 11.11 13.62 3.05 2.33 1.43
Qinghai 14.33 5.52 10.31 14.61 0.75 0.56 0.39
Anhui 22.70 5.21 10.40 12.68 1.63 1.30 0.79
Liaoning 19.92 4.87 9.75 12.76 1.52 1.21 0.79
Heilongjiang 24.06 4.83 9.11 11.72 1.49 1.12 0.72
Ningxia 29.56 4.03 7.13 10.15 0.80 0.56 0.40
Henan 23.78 3.87 6.78 8.50 1.60 1.12 0.70
Jilin 22.40 3.67 6.56 8.67 1.08 0.78 0.51
Xinjiang 32.58 1.29 2.28 3.26 0.50 0.35 0.25
Hainan 4.07 0.86 1.31 1.35 243 1.47 0.76
Tibet 0.55 0.86 1.67 2.24 1.70 1.33 0.89
Beijing 249 0.64 1.23 1.81 1.32 1.02 0.75
Tianjin 10.19 0.22 0.48 0.68 1.25 1.09 0.77
Total 869.24 217.25 397.95 510.67 1.53 1.12 0.72
C could increase by 0.6-0.7 Mg ha™' year™' for stand age, and generally shows a rapidly increasing

50-100 years following afforestation of agricultural
land.

Forests sequester CO, from the atmosphere thus
afforestation can potentially increase C sink (Nilsson
and Schopfhauser 1995). However, during the early
years after cropland-to-forest conversion, the ecosys-
tems were found to be strong C sources (Fig. 3). The
observations from the disturbed forests (e.g., clear cut
or fire disturbance) provide evidence of the distur-
bance influence on carbon budget changes (Chen et al.
2004). Law et al. (2001) estimated the fluxes of two
ponderosa pine forests and found that the young forest
was a source of CO, to the atmosphere while the old
forest was a C sink. Forest NPP varies predictably with

pattern in the young ages, peak growth in the middle
ages and slow decline in the mature ages (Pregitzer
and Euskirchen 2004). Thus the plantations are
expected to have low NPP for the early years.
Meanwhile, the soil respiration will increase initially
due to the decomposition of C from residues of the
preceding agricultural phase (Paul et al. 2002).
Therefore in the early years after afforestation, the
ecosystem is a C source rather than a sink. This C
source, however, will switch to a C sink as the trees
grow and forests mature (Chen et al. 2004).

The impacts of the GGP on C budgets showed
significant spatial variability across China’s land-
scapes. We found major C sequestration in the warm
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Table 2 Soil C

Sequestration capacity (Tg C)

Sequestration rate (Mg C ha™! year_l)

2000-2020 2000-2050 2000-2100 2000—2020 2000-2050 2000-2100

Province

sequestration capacity and

rate by afforestation of

cropland within the GGP

region over different Sichuan =525

periods Guizhou —-2.13
Hunan —2.72
Chongging —2.27
Yunnan —2.03
Ningxia 0.35
Guangxi —0.85
Anhui —1.29
Jiangxi —0.68
Hubei —2.78
Tibet 0.09
Hainan —0.05
Xinjiang —0.48
Tianjin —0.12
Beijing —-0.39
Henan —1.34
Qinghai —-2.12
Gansu —4.03
Liaoning —1.91
Jinlin —1.48
Heilongjiang —-1.72
Shanxi —5.89
Hebei —5.67
Shanxi —5.05
InnerMongolia ~ —7.42
Total —57.26

6.10 19.81 —0.32 0.15 0.24
2.52 6.02 —0.38 0.18 0.21
1.22 4.87 -0.43 0.08 0.15
1.54 4.73 —-0.32 0.09 0.13
1.08 4.21 —-0.48 0.10 0.20
1.32 2.89 0.07 0.10 0.11
0.79 2.29 —0.33 0.12 0.18
1.13 2.15 —0.40 0.14 0.13
0.36 1.63 —0.36 0.08 0.17
-0.19 1.61 —0.55 —0.02 0.06
0.63 1.30 0.17 0.50 0.52
0.08 0.22 —0.15 0.09 0.12
—-0.43 0.09 —0.19 —0.07 0.01
—0.10 —0.04 —0.69 —0.23 —0.04
-0.35 —-0.25 —0.80 -0.29 —0.10
—0.55 —0.36 —0.55 —0.09 —0.03
—1.87 —0.44 -0.29 —0.10 —0.01
-3.52 —-1.27 —0.38 -0.13 -0.02
—1.66 —1.40 —0.60 —0.21 —0.09
—1.83 —-1.76 —-0.44 -0.22 —0.10
—2.44 —2.76 —0.53 —0.30 —0.17
—5.39 —3.56 —0.35 —0.13 —0.04
—6.05 —5.11 -0.72 —0.31 —0.13
—6.13 —6.39 —0.76 -0.37 -0.19
—8.41 —-7.17 —0.38 —0.17 —0.07
-22.17 21.30 -0.40 —0.06 0.03

and wet southern China. A recent synthesis study
showed that the carbon fluxes of China’s terrestrial
ecosystems were regulated by temperature, precipita-
tion, and growing season length (Xiao et al. 2013), and
annual GPP generally declined with increasing lati-
tude (Cai et al. 2014; Li et al. 2013). Feng et al. (2013)
demonstrated that climate has significant impact on C
sequestration, and they found the vegetation restora-
tion on the Loess Plateau is especially limited by the
availability of water. Valentini et al. (2000) analyzed
the net ecosystem C exchange in 15 European forests
and demonstrated that the more southern, warmer
forests sequester more C than the more northerly,
cooler forests. Given the high cost of human inter-
ventions in such an extensive program, it is therefore
particularly important to take the climate factors into
account in the development of the program. Future
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afforestation efforts should focus on southern China
where heat and water are more favorable for tree
growth (Xiao et al. 2013).

Climate also strongly impacts soil C accumula-
tion following afforestation. The results showed
that soil C increase in southern China where the
climate is warm and wet while decrease in northern
China where climate is cool and dry (Yuan et al.
2014c). This is consist with common observations
that soil C accumulation increases with increasing
mean annual precipitation (Paul et al. 2002; Cooper
1983; Lugo and Sanchez 1986). In humid regions,
the forest can keep fast growth rate which lead to
high inputs of organic matter to the forest floor,
on the contrary, in the dry climate less litter input
result in slow soil C recovery (Brown and Lugo
1990).
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Fig. 8 Comparison of carbon sequestration by vegetation
between Persson et al. (2013) and this study across 25 provinces
for the period 2000-2008

After afforestation, a large proportion of the fixed
C will be stored in biomass. The C fixed through
photosynthesis is allocated to leaves, stems and roots.
Stems and coarse roots generally have long turnover
time, and a large proportion of the fixed C is stored
rapidly in biomass (Schulze et al. 2000). Leaves and
branches fall into forest floor as litter (Zhang et al.
2014), which contain large amount of decomposable
materials (e.g., celluloses), and are decomposed
rapidly. Therefore only a small proportion of C in
litter is finally stored in soil. In this study we found that
97.30 % of the fixed C will be stored in biomass, while
only 2.70 % C will be accumulated in soil on the
national scale. From a four-decade-long field study,
Richter et al. (1999) found the similar result that <1 %
of the C was accumulated in mineral soil, 80 % in
biomass and 20 % in forest floor. From a chronose-
quence study, Vesterdal et al. (2007) found that the
contribution of soil C accumulation to ecosystem C
sequestration varied from 0 to 31 %. This rate varies in
different spaces, and our results showed that most soil
C accumulation occurred in southern China.

Economic benefits of the GGP-induced carbon
sequestration

Besides the ecological benefits, the economic benefits
of the GGP program are also likely considerable.
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Fig. 9 The economic benefit of the GGP program at the carbon
price of $23 per Mg CO2 (solid line) and $4.6 per Mg CO2
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China entered the international C market in June,
2013. The C price was initially set to be $4.6 per Mg
CO,, and varied roughly in the following 5 months
with a peak price of $23 per Mg CO,. Based on this
information, the C sequestrated through the GGP
could generate $8.84 to $44.20 billion in 2100
(Fig. 9), which may exceed the current total invest-
ment $38.99 billion (SFA 2012). Moreover, affores-
tation could lead to substantial economic values of
other ecosystem services (e.g., tourism, biodiversity,
water and soil conservation, and pollution reduction)
(Liu et al. 2008). For example, the total economic
value of ecosystem services 4 years after GGP imple-
mentation in the 55,300 ha GGP land of Zhangjiajie
National Forest Park in Hunan Province was $70.28
million (Zhuang and Tang 2006). Another case study
in Wugqi County of Shaanxi Province found that the
economic value from the first 6 years of the GGP was
$0.41 billion (Lai et al. 2006).

Uncertainties and limitations

As IBIS does not explicitly simulate the C cycle of
crop ecosystems, we estimated croplands as grass-
lands in the present study, and did not consider the
influence from agricultural management. The typical
agricultural practices in sloping croplands in China
include plowing, fertilization, irrigation, and straw
returning, which affect C cycle processes in different
ways. Tillage practices generally destroy soil aggre-
gates, and result in the exposure of soil C and rapid
decomposition (Balesdent et al. 2000). Fertilization
and irrigation are practices that eliminate nutrient and
water limits on crop growth and are able to increase
vegetation production (Liu et al. 2011). Straw
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returning is an effective practice that increases soil C
storage (Lu et al. 2008). Ignoring these anthropogenic
managements in model simulations may cause some
extent of uncertainties, and should be considered in
future studies.

In this study, forest disturbances (i.e., harvests, fires
and insect breaks) were not integrated into the model
simulations. On average, there were only 0.62 % of
new planted forests used for timber production and
firewood annually (SFA 2000-2012). The ratio of
harvested forests to the new planted forests is very
low. For the fire disturbances, forest diseases and
insect breaks, there are no direct observations on the
GGP program. However, according to the China’s
Forestry Development Reports (SFA 2000-2012), the
annual forest area under fire disturbances, diseases and
insect breaks was about 3.36 % of the national forest
area. Thus we assume that the influence from harvest
and disturbance is negligible (~4 %) for the current
phase of this program.

The conversion of cropland to forest mainly
occurs on the steep slopes where the slopes are
>25°. There are substantial differences in microcli-
mate conditions (temperature, wind speed, precipi-
tation etc.) with the varied topography, which will
influence plant growth and soil respiration (Pan
et al. 2013). For example, in the Little Laurel Run
watershed, trees at the northeast aspect consequently
have higher growth rates than those on the south-
west slopes because of higher temperature and
moisture (Fekedulegn et al. 2003). However, in this
national scale study we used the climate driving
dataset with 5 x 5 km spatial resolution, and the
effects of topography were not explicitly considered
into the model simulations. Further studies should
be conducted to improve the estimates using higher
resolution meteorology dataset.

Another factor that may affect the simulation of
vegetation production is the method of calculating
LAL In this study we used the default method in IBIS,
which calculates LAI from the leaf biomass and
specific leaf area (see method). However, accurate
simulation on LAI is a challenge for current models.
For example, Anav et al. (2013) examined 18 models
participating in the Coupled Model Intercomparison
Project phase-5(CMIPS) and found that nearly all
models did not capture the spatial and temporal
features of LAI and overestimated the global LAIL
Therefore, improving the algorithm of LAI in the
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future will help to increase the accuracy in simulating
vegetation production.

Conclusions

We assessed the magnitude and distribution of C
sequestration resulting from the GGP in China and
found that the forests converted from croplands
through the GGP could fix 110.45 Tg C by 2020, and
524.36 Tg C by the end of this century, with 97.30 % of
which was stored in biomass. The sequestration
capacity showed substantial spatial variation with
large sequestration in the southern China. The prov-
inces with largest sequestration capacity were Sichuan,
Shaanxi, Chongqing, Inner Mongolia and Guizhou.
Although in the first two decades after afforestation the
ecosystems showed to be C sources, they reversed to C
sinks thereafter with the forest regrowth.

The GGP is expected to continue for the coming
decades, and this program will likely lead to a larger
carbon sink. As the program continues, its impact on
carbon sequestration will be greater. The Chinese
government has made a future plan for the GGP with a
goal of converting 5.33 million ha of croplands and
6.67 million ha of barren land to forests from 2014 to
2020 (State Forestry Administration of China 2013).
This additional afforestation is expected to make a
larger contribution to the C sink in China for the
following decades.
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