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A B S T R A C T
The real emission mitigation by the ecological restoration projects depends upon the integrated effect of all

greenhouse gas (GHG) budgets rather than the carbon sequestration alone. However, a comprehensive and robust
methodology for estimating the relevant GHG budgets and net mitigation of China's ecological restoration
projects is still urgently to await development. Based on the methods from IPCC and statistical data of the
management practices under the projects, we constructed a methodology for carbon accounting and determining
net mitigation for ecological restoration projects in China (CANM-EP). GHG emissions generated from different
processes and practices of the projects were included in the CANM-EP, and by this methodology, carbon
sequestration, GHG balance changes induced by ecological response, on-site and off-site GHG emissions could be
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estimated. Therefore, the CANM-EP provides comprehensive methods to estimate the whole GHG budgets as well
as the net mitigation of China's ecological restoration projects.

� The CANM-EP provides accounting methods for comprehensive processes and management practices under
respective ecological restoration projects in China.

� The CANM-EP could simultaneously estimate carbon sequestration and GHG emissions of the projects.

� The CANM-EP indicates net carbon sequestration and net contribution of China's ecological restoration
projects to climate change mitigation.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Method details

Since the end of the last century, China has launched a series of national ecological restoration projects
with long temporal scales and large spatial scales; these projects aim to achieve general environmental
improvement as well as the restoration of deteriorated ecosystems. A series of ecological management
practices are employed under these ecological restoration projects to improve the regional and even the
national ecosystem services [1–3], including afforestation and reforestation (Natural Forest Protection
Project, ‘Grain-for-Green’ Project, Three-North Shelter Forest Project, Beijing-Tianjin Sand Source Control
Project), forest protection (Natural Forest Protection Project), conversion of cropland to forest (‘Grain-for-
Green’ Project, Beijing-Tianjin Sand Source Control Project), grassland management (Beijing-Tianjin Sand
Source Control Project, Returning Grazing Land to Grassland Project) and ecological migration (Beijing-
Tianjin Sand Source Control Project) [4]. Additionally, various categories of activity transfer are emerged
due to the initiation of projects in the field of agriculture (‘Grain-for-Green’ Project, Beijing-Tianjin Sand
Source Control Project), forestry (Natural Forest Protection Project), livestock husbandry (Beijing-Tianjin
Sand Source Control Project, Returning Grazing Land to Grassland Project), energy consumption (Natural
Forest Protection Project) and ecological migration (Beijing-Tianjin Sand Source Control Project) [4–5].
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The ecological management practices within ecological restoration projects could increase the
forest and grassland area, prevent carbon loss from vegetation and soil, and subsequently enhanced
carbon stocks and carbon sinks [4]. Such carbon benefits arising from ecological construction and
restoration in the project region are denoted as ‘carbon sequestration’ (CS).

Nitrogen cycling and nutrient transportation induced by the projects modify the GHG budget through
the ecological system response, which includes nitrous oxide (N2O) emissions from the application of
nitrogen fertilizerin the afforestation of economicforests as well as grass planting andemissions mitigation
fromthereduceduse of fertilizerassociatedwith nutrientretention from decreased soil erosion. Thispartof
carbon budget is denoted as ‘GHG balance changes induced by ecological system response’(ER) [6–7].

Fossil fuels and fossil fuel products are consumed on-site with the construction and the operation
of the projects, which generates ‘on-site GHG emissions’ (NG). The initiation of projects influence the
transfer of activities, production and energy, including the transfer of agricultural activity, the transfer
of livestock husbandry activity, the transfer of forestry activity, the ecological migration and the
increased coal substitution associated with the reduced yield of firewood, which results in ‘off-site
GHG emissions’ (FG). GHG emissions, including GHG balance changes induced by ecological system
response, on-site GHG emissions and off-site GHG emissions negate part of increased carbon
sequestration by ecological restoration projects [8]. Thus, the real, credible and verifiable emission
reductions by the projects depends upon the net carbon sequestration combining the effects of all
GHG emissions rather than the carbon sequestration alone [8–9].

The CANM-EP method covers the major GHG emissions and leakages of afforestation, reforestation
(including conversion from cropland to forest or grassland) and forest management reported around
the world [10]. Therefore, it could be applied to large scale ecological restoration projects initiated
elsewhere. However, the parameters of current CANM-EP methods are based on the managements
and situation in China. When the CANM-EP is applied elsewhere, region-specific parameters would
provide estimations with smaller uncertainties.

Framework of CANM-EP

A methodology for carbon accounting and determining net mitigation for ecological restoration
projects in China (CANM-EP) was designed, and this method was used to estimate the GHG budgets of
the national ecological restoration projects as well as its net carbon mitigation. A detailed graphical
framework of CANM-EP was presented as Fig.1, which shows all the possible project measures
Fig. 1. Detailed graphical framework of methodology for carbon accounting and the net mitigation of national ecological
restoration projects (CANM-EP).
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involved in ecological restoration projects and the corresponding ecosystem processes as well as the
GHG budgets induced by the implementation of the project measures.

The carbon sequestration of ecological restoration projects was defined as follows:

CSt = SCSkt (1)

where CSt is the carbon sequestration of ecological restoration projects in the tthyear (Gg C), and CSkt is
the carbon sequestration from project measure k in the tth year (Gg C).

GHG emissions were quantified as follows:

ESt = ERt + NGt + FGt (2)

where ESt is the GHG emissions of the national ecological restoration projects in the tth year (Gg Ce),
ERt is the GHG balance changes caused by the ecological system response in the tth year (Gg Ce), NGt is
the on-site GHG emissions in the tth year (Gg C), FGt is the off-site GHG emissions of ecological
restoration projects in the tth year (Gg C).

Based on the carbon sequestration and GHG emissions, the net carbon sequestration of the national
ecological restoration projects was derived as follows:

NCSt = CSt - ESt (3)

where NCSt is the net carbon sequestration of the national ecological restoration projects in the tthyear
(Gg Ce).

Carbon sequestration (CS)

Carbon sequestration from forest ecosystems and grassland ecosystems
Carbon sequestration from afforestation and reforestation (CSAF), conversion of cropland to forest

(CSCF), grass planting (CSGP), grassland fencing (CSGF) and grazing prohibition (CSGP) was calculated
as the product of the carbon sequestration rates for each project measure and the cumulative area of
each project measure since the launch of the project. Thus, the carbon sequestration from each of the
above project measures can be calculated via the following formula Eq. (4).

CSkt =
P

(CSRk � ASkt) � 10-3 (4)

where CSkt is the carbon sequestration from project measure k in the tth year (Gg C), CSRk is the carbon
sequestration rate of project measure k (t C�ha-1�yr-1) (Table 1), and ASkt is the accumulated
implementation area of project measure k in the tth year since the launch of the project (ha) [11].
Table 1
Carbon sequestration rate of project measures in different provinces.

Measures Province Carbon sequestration
rate (t C� ha-1�yr-1)

References

Afforestation and reforestation Beijing 1.13 [12]
Tianjin 1.13
Hebei 1.13
Shanxi 0.94
Inner Mongolia 1.25

Soil retention under conversion
of cropland to forest

Beijing 4.8 [1]
Tianjin 4.8
Hebei 3.85
Shanxi 2.27
Inner Mongolia 0.75

Grass planting BTSSCP 0.54 [12]
Grassland fencing BTSSCP 0.647
Livestock grazing prohibition BTSSCP 0.774
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Carbon sequestration from reduced wood yield (CSRW)
The reduced yield of wood is one of the project measures in ecological restoration projects that

contributes to carbon sequestration via reduced logging and the corresponding loss of biomass. The
carbon sequestration from a reduced wood yield was determined via the following equation Eq. (5).

CSRWt = CSFw � (WYt – WY0) � 10-3 (5)

where CSRWt is the carbon sequestration from the reduced yield of wood in the tth year (Gg C), CSFw is
the carbon sequestration factor of the wood yield reduction, 0.68 t C�m-3 [13], WYt is the wood yield in
the tth year (m3) [11], and WY0 is the wood yield in the year before the implementation of the project
(m3) [11].

GHG balance changes induced by ecological system response (ER)

GHG budget changes induced by ecological system response include the carbon equivalent
emissions of N2O released from the application of fertilizer via afforestation of economic forest and
grass planting (CNt). Additionally, the emission mitigation contributed by the reduced utilization of
fertilizer due to alleviated soil erosion and nutrient loss within the project region was also considered
in this process (EMt). CNt and EMt were calculated via Eqs. (6) and (7), respectively.

CNt = S TFt � TN% � EFd � 44/28 � 298 � 10-3 (6)

where CNt is the carbon equivalent emissions from the N2O released in the tth year (Gg Ce), TFt
represents the mass of the total fertilizer consumption in the tth year (t), TN% is the nitrogen content in
fertilizer, which is 15% for compound fertilizer and 46.8% for urea [14], and EFd is a direct emission
factor of N2O, which is the proportion of nitrogen denitrified to N2O. Here, EFdwas derived from Zheng
et al. (2014) [15] with the average values in the Northeast region, North region and South region being
0.0101, 0.00483 and 0.0119, respectively, 44/28 is the conversion coefficient between nitrogen and
nitrous oxide, and 298 is the global warming potential of N2O relative to CO2 in 100 years (IPCC, 2013)
[16].

EMt =
P

(NCNi - NCDi) � WERt � EFFi � 10-3 (7)

where EMt is the emission mitigation from decreased use of fertilizer in the tth year (Gg C); NCNi is the
soil nutrient content i for non-degraded soil in northern China, which is 1.03, 0.32 and 2.70 g kg-1 for
nitrogen (TN), phosphorus (P2O5) and potassium (K2O), respectively [17]; NCDi is the soil nutrient
content i for soil degraded via wind erosion in northern China, which is 0.28-0.39, 0.13-0.17 and 2.45-
2.75 g kg-1 for nitrogen (TN), phosphorus (P2O5) and potassium (K2O), respectively [17]; WERt is the
reduction of wind erosion in the tth year compared with 2001 when the BTSSCP was launched (103 t)
[18]; and EFFi is the carbon emission factor of fertilizer production, which contains the nutrient i as the
main component, and are 2.116 t C�t N-1, 0.636 t C�tP2O5

-1 and 0.180 t C�t k2O-1 for nitrogen fertilizer,
phosphorus fertilizer and potassium fertilizer, respectively [14].

On-site GHG emissions (NG)

General methods
The calculation of on-site GHG emissions induced by the utilization of fossil fuels and fossil fuel

products is based on Eq. (8). The methodological approach of on-site GHG emissions is based on IPCC
(2006) [19] which combines the extent of human activity with emission factors.

NGt = EFi � QCit � 10-3 (8)

where NGt is the on-site GHG emissions in the tth year (Gg C), EFi represents the carbon emission
factors of fossil fuel or fossil fuel products i (Table 2), and QCit is the quantity of fossil fuel or fossil fuel
products i consumed in the tth year (t) (Eq. (9)).

The quantity of fossil fuel or fossil fuel products was calculated as equation Eq. (9).

QCit = QUi � SPt (9)



Table 2
Carbon emission factors and related emission processes for each fossil fuel or fossil fuel product.

Category Specific materials Emission process Carbon emission
factor

References

Fossil fuels Gasoline Motorcycle patrol 0.87 t C�t-1 [20]
Aviation gasoline Aerial seeding 0.82 t C�t-1 [19]
Electricity Groundwater extraction for irrigation 0.22 kg C�kw-1�h-1 [8]
Diesel Transportation of goods 0.86 t C�t-1 [8]

Site preparation for afforestation
Site preparation for artificial grass planting

Coal Energy substitute 0.47 t C�t-1 [21]
Fossil fuel
products

Steel Fencing and construction of forest protection
board

0.66 t C�t-1 [22]

Cement Fencing and construction of forest roads 0.19 t C�t-1 [23]
Pesticide Young forest and mature forest tending 17.28 t C�t-1 [24]
2,4-D butylate
herbicide

Weed control on afforestation land 2.85 t C�t-1

Trifluralin herbicide Young forest tending 6.53 t C�t-1
Compound fertilizer Fertilization 0.98 t C�t-1 [14]
Urea Fertilization 2.04 t C�t-1

Note: Compound fertilizer contains the nutrients nitrogen (TN), phosphorus (P2O5), potassium (K2O), each of which account for
15% of the total mass. The emission factor of pesticide is the average value of the emission factors of the common forestry
pesticides Fenpropathrin, Dichlorvos, Abamectin, Imidacloprid and Pyridaben.
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where QUi is the quantity of fossil fuel or fossil fuel product i consumed per unit of the implementation
area (t�ha-1) (Supplementary Table A1), and SPt is the implementation area of the project measure in
the tth year (ha) [11]. The QUi values are listed in table A1 based on different fossil fuels or fossil fuel
products, while the implementation areas of the respective project measures were obtained from the
China Forestry Statistical Yearbook [11].

Those activities included in ecological projects can be classified into afforestation and
reforestation, construction of forestry infrastructure, forest protection and grassland management
measures. The methods of estimating the on-site GHG emissions induced by each activity are shown
via the following equations.

On-site GHG emissions from afforestation and reforestation, construction of forestry infrastructure
The on-site emissions of afforestation and reforestation, and the construction of forestry

infrastructure include site preparation, weed control, transportation of seedlings, irrigation,
fertilization, aerial seeding, forest road construction, fence construction, and billboard construction.
The emissions of fossil fuels and fossil energy products were calculated for each activity mentioned
above.

Site preparation. The on-site GHG emissions of diesel consumption for the mechanical hoeing of land
was defined as the following formula Eq. (10).

NGSt = EFD � QDSt � 10�3 (10)

where NGSt indicates the carbon emissions of the diesel consumption for site preparation in the tth

year (Gg C); EFD indicates the diesel carbon emission factor, 0.86 t C�t�1 [8]; and QDSt indicates the
total amount of diesel consumption for the site preparation in the tth year (t).

Weed control on afforestation and reforestation land. The on-site GHG emissions of herbicide
consumption for weed control on afforestation and reforestation land was estimated via the following
equation Eq. (11).

NGHAt = EFHA � QHAt � 10�3 (11)
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where NGHAt indicates the carbon emissions of the herbicide consumption on afforestation and
reforestation land in the tth year (Gg C); EFHA indicates the carbon emission factor of the commonly
used herbicide 2,4-D butyl ester, 2.85 t C�t�1 (active ingredient) [24]; and QHAt indicates the weight of
the active 2,4-D butyl ester consumed in the tth year (t).

The emissions of diesel consumption for the transportation of herbicide on afforestation and
reforestation land was defined via the following equation Eq. (12).

NGTHAt = EFD � QDHAt � 10�3 (12)

where NGTHAt is the on-site emissions of diesel consumption for the transportation of herbicide in the
tth year (Gg C), and QDHAt is the amount of diesel consumed for the transportation of herbicide in the
tth year (t). QDHAt was calculated using the following formula Eq. (13).

QDHAt = (QHAt / HAA) � UDT � RT � DD � 2 � 10�6 (13)

where HAA indicates the percentage of the active ingredient of 2,4-D butyl ester, which is 72% [25];
UDT is the diesel consumption per truck per hundred kilometers, which is 7 L�t�1�100 km�1 [26]; RT
indicates the transportation distance, which was determined to be 100 km in this study; and DD is the
diesel density (850 kg�m�3; a factor of 2 is applied here for the round trip).

Transportation of seedlings. The on-site GHG emissions of diesel consumption for seedling transport
was calculated via the following formula Eq. (14).

NGTSt = EFD � QDTSt � 10�3 (14)

where NGTSt is the GHG emissions for seedling transportation in the tth year (Gg C), and QDTSt is the
diesel consumption for seedling transportation in the tth year (t). The calculation for QDTSt is the same
as that in Eq. (13), and the weight of the seedlings to be transported was determined using the
following formula Eq. (15).

QSt = (SW1 + SW2) � PD � SAt � 1/2 � 1.05 � 10�6 (15)

where QSt is the weight of the transported seedlings in the tth year (t); SW1 is the weight of the
seedlings with bare roots (50 g�plant�1); SW2 is the weight of the seedlings in containers, which is
200 g�plant�1 (the weight factors of both types of seedlings were obtained by consulting Chengde
Liyuan Garden Engineering Co., Ltd. and Beijing Sannong Agriculture Development Co., Ltd.); PD is
planting density, plants�ha�1, which is obtained by reference to the technical regulations for
afforestation and reforestation [27]; and SAt is the area of artificial afforestation and reforestation in
the tth year (ha). Our study assumes that seedlings with bare roots and seedlings in containers each
account for 50% of the total afforestation and reforestation area. The damage rate of seedlings during
transport, and thus the replanting rate, is assumed to be 5%, so a factor of 1.05 is applied.

Irrigation of afforestation and reforestation. The on-site GHG emissions of afforestation and
reforestation irrigation was estimated using the following equation Eq. (16).

NGIt = EFI � QIt � 10�6 (16)

where NGIt indicates the carbon emissions of afforestation and reforestation irrigation in the tth year
(Gg C); EFI indicates the carbon emission factor of irrigation, which is 0.02 kg C�t�1 [8,28]; and QIt
indicates the water consumption of the irrigation in the tth year (t).

Fertilization of economic afforestation and reforestation. An economically viable forest requires base
fertilizer at the beginning of each year and topdressing later in the year. The most common frequency of
topdressing is three times annually and usually includes stages during early flowering (flower promoting
fertilizer) and late flowering (fruit promoting fertilizer). The fertilizer used for base fertilizer and
topdressing is usually a nitrogen-phosphorus-potassium (NPK) compound fertilizer [2]; each nutrient in
the compound fertilizer accounts for 15% of the total weight [14]. The on-site GHG emissions of fertilizer
consumption foreconomic afforestation and reforestationwas estimated via the following formula Eq. (17).
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NGFt = FAC � QFCt � 10�3 � P
(EFFi) (17)

where NGFt is the carbon emissions of the fertilizer consumption for economic afforestation and
reforestation (Gg C); FAC is the weight proportion of each nutrient (TN, P2O5, K2O) in the compound
fertilizer, which is 15% [14]; QFCt is the total weight of the compound fertilizer consumed in the tthyear
(t); and EFFi is the carbon emission factor for the production of the ith nutrient where the nitrogen
nutrition is 2.12 t C�t N�1, the phosphorus nutrition is 0.64 t C�t P2O5

�1, and the potassium nutrition is
0.18 t C�t K2O�1 [14]. The on-site GHG emissions for the diesel consumption during fertilizer
transportation was calculated as shown in Eqs. (12) and (13).

Afforestation and reforestation by aerial seeding. The on-site GHG emissions of afforestation and
reforestation via aerial seeding result from the diesel consumption of the transport of seeds and
aviation gasoline consumption for aerial seeding. The emissions of the diesel consumption for the seed
transport were determined via the following formula Eq. (18).

NGTZt = EFD � QDTZt � 10�3 (18)

where NGTZt indicates the carbon emissions of the diesel consumed during seed transport for aerial
seeding in the tth year (Gg C), and QDTZt indicates the amount of diesel consumption for the seed
transportation in the tth year (t). QDTZt can be determined using Eq. (13), in which the seed weight for
aerial seeding in the tth year was calculated using the following equation Eq. (19).

QZt = UZ � SFt � 2 � 10�3 (19)

where QZt indicates the seed weight for the aerial seeding in the tth year (t); UZ is the amount of aerial
seeding per unit area, which is 6 kg�ha�1 for the northern area and 3 kg�ha�1 for the southern area of
China [29]; and SFt is the total area for aerial seeding in the tth year (ha) [11]. The total weight is
multiplied by a factor of 2 because the seed weight is twice the original weight after mechanical
coating. The most commonly used airplane for aerial seeding is the Y-5 aircraft, and the corresponding
on-site GHG emissions for its aviation gasoline consumption was defined as shown in the following
formula Eq. (20).

NGAt = EFAG � QAGt � 10�3 (20)

where NGAt indicates the carbon emissions of the aviation gasoline consumption for the aerial seeding
in the tth year (Gg C); EFAG indicates the carbon emission factor of aviation gasoline, which is 0.82 t C�
t�1 [19]; and QAGt is the amount of aviation gasoline consumed for aerial seeding in the tth year (t).

Construction of forests roads. The on-site GHG emissions of the building materials consumed in the
construction of forest roads were calculated with the following equation Eq. (21).

NGRt = EFR � LRt � 10�3 (21)

where NGRt indicates the emissions of the building materials consumed in the construction of forest
roads in the tth year (Gg C); EFR is the carbon emission factor of the building materials for the
construction of forest roads per kilometer, which is 86.93 t C�km�1 [8,23,28,30]; and LRt is the total
length of the constructed forest roads in the tth year (km). LRt was determined using the following
formula Eq. (22).

LRt = UR � SAt � 10�3 (22)

where UR is the density of the forest roads, the average of which is usually 2 m�ha-1 in China [31]. SAt

indicates the total afforestation and reforestation area in the tth year (ha) [11].

Construction of forest fencing. The on-site GHG emissions of the consumed building materials for
fence construction were calculated with the following formula Eq. (23).

NGWt = EFF � LWt � 10�3 (23)
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where NGWt indicates the carbon emissions of the consumed building materials for the fence
construction in the tth year (Gg C); EFF is the carbon emission factor of the fence construction per unit
distance, which is 1.04 kg C�m�1 [8,22–23,28,32–33]; and LWt is the total length of the fences
constructed in the tth year (km). Based on field observations, the fences are built on both sides of the
forest roads to protect the vegetation on the road sides from human damage. Thus, the total length of
the fencing in the present study is twice the forest road length. Thus, LWt was evaluated via the
following equation Eq. (24).

LWt = LRt � 2 (24)

The on-site GHG emissions for material transport was determined via the following formula
Eq. (25).

NGTWt = NGTSt + NGTCt (25)

where NGTWt is the emissions for material transport for the fencing constructed in the tth year (Gg C);
NGTSt indicates the emissions resulting from the steel transport in the tth year (Gg C); and NGTCt

indicates the emissions resulting from the concrete transport in the tth year (Gg C). The carbon
emissions of diesel consumption during the transport of steel and concrete was calculated by Eqs. (12)
and (13); the weight of the transported steel was calculated via the following formula Eq. (26).

QWSt = LWt � 160 � 10�3 (26)

where QWSt is the weight of the steel transported in the tth year (t). The weights of the 12 gage and
14 gage galvanized steel wires used for knitting the fences were 160 kg/km [33]. The total weight of the
transported concrete was calculated via the following equation Eq. (27).

QWCt = UVC � DWC � NWCt � 10�3 (27)

where QWCt is the weight of the concrete transported in the tth year (t); UVC is the volume of each
cement pillar, which is 0.0288 m3 [33]; DWC is the density of each cement pillar, which is 2100 kg�m�3

[34–35]; and NWCt is the number of cement pillars in the tthyear. One cement pillar is needed for every
10 m section of forest fencing [33], so NWCt was determined via the following equation Eq. (28).

NWCt = (LWt � 103) / 10 (28)

Construction of billboards. The on-site GHG emissions of the materials consumed for the construction
of billboards were calculated via the following equation Eq. (29).

NGBt = EFS � QBt � 10�3 (29)

where NGBt indicates the carbon emissions of the materials consumed for the construction of the
billboards in the tth year (Gg C); EFS is the carbon emission factor of steel production, which is 0.66 t C�
t�1 [22]; and QBt indicates the steel weight consumed for the construction of the billboards in the tth

year (t).

On-site GHG emissions from forest protection
Forest management and protection include pest control, tending of young forests, and patrolling

the forests. The on-site emissions of the fossil fuels and fossil energy products consumed by each of
these activities have been evaluated below.

Control of diseases and insects in forests. The commonly used forestry insecticides include
Fenpropathrin, Dichlorvos, Abamectin, Imidacloprid, and Pyridaben. We assume that all these
insecticides are applied for pest control, each accounting for 20% of the total. The on-site GHG
emissions of insecticide consumption was determined via the following formula Eq. (30).

NGPt =
P

EFPi � QPit � PAi � 10�3 (30)
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where NGPt is the carbon emissions of the insecticide consumption in the tth year (Gg C); EFPi is the
carbon emission factor of the ith insecticide, which are 14.81, 7.80, 20.58, 20.58, and 22.64 t C�t�1

(active ingredient) for Fenpropathrin, Dichlorvos, Abamectin, Imidacloprid, and Pyridaben,
respectively [24]; QPit is the consumption of the ith insecticide (original solution) in the tth year
(t); and PAi indicates the percentage of the active ingredients of the ith insecticide, which are 20%, 80%,
1.8%, 10%, and 15% for Fenpropathrin, Dichlorvos, Abamectin, Imidacloprid, and Pyridaben,
respectively [36]. The emissions of the diesel consumed for insecticide transport are determined
using Eqs. (12) and (13), in which the transported insecticide amount is the sum of the amounts of all
five kinds of insecticides (original solution), which is written as

P
QPit.

Tending of young forests. Trifluralin is commonly used as a chemical herbicide when tending young
forests [25]. The on-site GHG emissions of the Trifluralin consumed was defined via the following
equation Eq. (31).

NGHTt = EFHT � QHTt � 10�3 (31)

where NGHTt indicates the carbon emissions of the Trifluralin consumed in the tth year (Gg C); EFHT is
the carbon emission factor for Trifluralin production, which is 6.53 t C�t�1 of the active ingredient [24];
and QHTt indicates the total amount of the active ingredient in Trifluralin that is used for tending
young forests (t). The emissions of the diesel consumed for herbicide transport is determined using
Eq. (12) and Eq. (13), in which the weight of the transported herbicide is QHTt / 0.48 and the
percentage of the active ingredient in Trifluralin is 48% [25].

Forest patrols. The on-site GHG emissions of the fossil fuels consumed during forest patrols were
determined using the following equation Eq. (32).

NGMPt = EFG � QGt � 10�3 (32)

where NGMPt indicates the carbon emissions of the gasoline consumed for motorcycle patrols in the
tth year (Gg C); EFG is the carbon emission factor of gasoline, which is 0.87 t C�t�1 [20]; and QGt

indicates the weight of gasoline consumed during motorcycle patrols (t), calculated with the following
formula Eq. (33).

QGt = UG � UL � PF � PNt � 10�3 (33)

where UG is the weight of gasoline consumed per kilometer per motorcycle (0.0145 kg�km�1), UL is
the patrol distance for each motorcycle per each trip (100 km/ motorcycle / patrol time) [37], PF is the
patrol time for each motorcycle per each year (300 times�motorcyle�1�yr�1) [37], and PNt indicates the
number of motorcycles required for each forest patrol in the tth year.

PNt = (SPt / 380) � 1/4 (34)

where SPt is the area of forest requiring management and protection (ha) [11]. Each forest ranger is
responsible for 380 ha [38]. In the present study, we assume that 1/4 of the rangers have motorcycles;
thus, the number of motorcycles is the number of rangers multiplied by a factor of 1/4.

On-site GHG emissions from grassland management
Grassland management includes grass planting, grassland fencing, and grazing prohibition. Grass

planting comprises site preparation, grass seed transportation, irrigation, and fertilization. The carbon
emissions resulting from the diesel consumption for site preparation can be calculated using Eq. (10).
Here, we introduce the on-site GHG emissions calculations for grass seed transportation, grassland
irrigation, and grassland fertilization. Grassland fencing includes fence construction and the transport
of the corresponding goods; grazing prohibition involves the construction of sheds for feeding.

Grass planting.

(1) 
Transport of grass seed
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The carbon emissions produced from the diesel consumption required for grass seed transport is
determined using Eqs. (12) and (13), in which the weight of transported grass seed was calculated via
the following equation Eq. (35).

QGSt = UGS � SRGt � 2 � 10�3 (35)

where QGSt is the weight of the grass seed transported in the tth year (t); UGS is the seed amount per
unit area, which is 15 kg�ha�1 [33]; and SRGt indicates the area of artificial grass planting in the tth year
(ha) [11]. The seed weight is twice the original weight after mechanical coating, so the total weight is
the original weight multiplied by a factor of 2.
(2) 
Grassland irrigation
The on-site GHG emissions of the water consumed for grassland irrigation was defined via the
following equation Eq. (36).

NGIGt = EFI � QIGt � 10�6 (36)

where NGIGt is the carbon emissions of the irrigation in the tth year (Gg C); EFI indicates the carbon
emission factor of irrigation, which is 0.02 kg C�t�1 [8,28]; and QIGt is the irrigation volume in the tth

year (t).

QIGt = UIG � ASRGt (37)

where UIG indicates the irrigation quota in each year, which is 4,000 t�ha�1�yr�1 [33]; and ASRGt is the
cumulative area of artificial grass planting in the tth year (ha) [11].
(3) 
Grassland fertilization
Grassland fertilization comprises the application of base fertilizer, seed fertilizer, and topdressing.
Base fertilizer is the organic fertilizer applied to the soil before the grass planting, which provides the
nutrients to the plants throughout the growing season. Seed fertilizer is mainly inorganic fertilizer and
supplies nutrition during the seedling period. Quick acting inorganic fertilizer is the major component
of topdressing; this fertilizer is applied to replenish certain nutrients during a particular stage of plant
growth [33]. The organic fertilizer is mainly fecaluria manure, green manure, and farmyard manure
and thus does not impact the on-site GHG emissions of this aspect of the forestry production process
[39]. Therefore, the on-site GHG emissions of the production and transportation of the seed fertilizer
and topdressing are evaluated in the present study. Nitrogen-phosphorus-potassium (NPK)
compound fertilizer is commonly used as seed fertilizer, and inorganic urea usually serves as the
top dressing. The carbon emissions of the consumption of seed fertilizer was calculated via the
following equation Eq. (38).

NGGBt =
P

(EFFi) � FAC � QFCGt � 10�3 (38)

where NGGBt indicates the carbon emissions of the NPK compound fertilizer consumed as seed
fertilizer in the tth year (Gg C). Additionally, EFFi is the carbon emission factor for the production of the
ith nutrient; specifically, nitrogen nutrition is 2.12 t C�t N�1, phosphorous nutrition is 0.64 t C�t P2O5

�1

and potassium nutrition is 0.18 t C�t K2O�1 [14]. FAC indicates the percentage of each nutrient in the
compound fertilizer, which is 15% of the total mass [14], and QFCGt is the weight of the compound
fertilizer consumed as seed fertilizer in the tth year (t).

QFCGt = UFGB � SRGt � 10�3 (39)

where UFGB is the amount of seed fertilizer applied per unit area, which is 75 kg�ha�1 [33,40]. The
emissions of the diesel consumed for the compound fertilizer transport is determined using Eqs. (12)
and (13), and QFCGt is the weight of the transported compound fertilizer. The on-site GHG emissions of
the topdressing consumption were calculated according to the following equation Eq. (40).

NGGTt = EFFN � FAN � QFNGt � 10�3 (40)
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where NGGTt indicates the carbon emissions of the urea application in the tth year (Gg C); EFFN is the
carbon emission factor of the nitrogen in the urea, which is 2.04 t C�t�1 [14]; FAN is the percentage of
the nitrogen in the urea (46.8%) [14]; and QFNGt indicates the weight of the urea consumed as
topdressing (t).

QFNGt = UFGT � ASRGt � 3 � 10�3 (41)

where UFGT is the amount of topdressing applied, which is 110 kg�ha�1 [33,41]; and the frequency of
the topdressing application is three times per year [33–41]. The emissions of the diesel consumed for
urea transport are determined by Eq. (12) and (13), and QFNGt is the weight of the urea to be
transported.

Grassland fencing. The on-site GHG emissions of the building materials used for fence construction
were defined as follows Eq. (42).

NGWGt = EFF � LWGt � 10�3 (42)

where NGWGt indicates the carbon emissions of the building materials used for fence construction in
the tth year (Gg C); EFF is the carbon emission factor for the fences constructed per unit distance, which
is 1.04 kg C�m�1 [8,22–23,28,32–33]; and LWGt indicates the length of the fencing constructed in the
tth year (km).

LWGt = (SFGt / 50) � 2830 � 10�3 (43)

where SFGt indicates the area of enclosed grassland in the tth year [11], wherein the unit area of
enclosed grassland is 50 ha, and the length of the corresponding fences is 2,830 m [33]. The emissions
of the diesel consumed during the transport of the steel and concrete was determined using Eqs. (12)
and (13), in which the weight for the steel and concrete was determined by Eqs. (26) and (27).

Grazing prohibition. The on-site GHG emissions of the building materials for shed construction were
derived as follows Eq. (44).

NGSNt = EFSN � SSNt � 10�6 (44)

where NGSNt indicates the carbon emissions of the building materials for shed construction. The pens
for cows and sheep are usually cuboids with a length of 60 m, a width of 10 m, average heights of 4.5 m
(cow pen) or 2.5–3 m (sheep pen), and a wall thickness of 0.24 m. Therefore, the volume of each shed is
calculated to be 118 m3. The construction of each cubic meter of wall requires 522 standard bricks,
64.6 kg of cement, and 9.68 kg of water. Based on the carbon emission factors of the above building
materials, the carbon emission factor of shed construction per unit area (EFSN) is calculated to be
15.31 kg C�m�2 [8,23,28]. SSNt is the construction area of a shed in the tth year (m2) [11,42].

Off-site GHG emissions (FG)

Off-site GHG emissions from the transfer of agricultural activity (FGA)
Off-site GHG emissions from the transfer of agricultural activities (FGA) are generated from the

transport of compensatory grain and farmland reclamation due to conversion of farmland to forest or
grassland within the project region. The off-site carbon emissions from the transport of grain and
farmland reclamation was calculated via Eqs. (45) and (52), respectively.

Transport of compensatory grain for the conversion of cropland to forest. The provision of compensatory
grain to farmers by the government is one of the main aspects of the conversion of cropland to forest.
Compensatory grain was supplied directly to farmers from 2001 to 2003 and has been converted to
subsidies since 2004 due to an adjustment of the compensatory grain policy [37]. Additional GHG
emissions are generated via fossil fuel combustion when farmers transport the compensatory grain
supplied by the government directly or bought using subsidies.

FGTGt = EFD � QDTGt � 10-3 (45)
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where FGTGt is the off-site GHG emissions from diesel consumed in the transport of compensatory
grain in the tth year (Gg C); EFD is the carbon emission factor of diesel, 0.86 t C�t-1 [8]; and QDTGt is the
mass of the diesel fuel consumed for grain transport in the tth year (t). QDTGt was calculated via
Eq. (46).

QDTGt = 2 � UDT � DD� (TGIt � RGI + TGEt � RGE) � 10-6 (46)

where UDT is the diesel fuel consumption rate when a truck travels 100 km with one ton of cargo,
specifically, 7 L�t-1�100 km-1 [26]; DD is the density of diesel, i.e., 850 kg�m-3; TGIt is mass of grain
transported within a county in the tth year (t); RGI is the average distance over which grain is
transported within a county (km); TGEt is the mass of the inter-county grain transport in the tth year
(t); and RGE is the average distance of the inter-county grain transport (km).

The annual mass of transported grain was estimated on the basis of the grain supplied by the
government directly and the grain bought using subsidies via the following equation Eq. (47).

TGt = GGt + (SGt / α) � β � 10 (47)

where TGt is the mass of the grain transported in the tth year (t); GGt is the mass of the compensatory
grain supplied directly by the government in the tth year (t); SGt is the subsidy for the compensatory
grain supplied by the government in the tth year (104 RMB); α is the price for 1 kg of grain, i.e., 1.4
RMB�kg-1 [37]; and β is the modified coefficient of the grain mass when the labor migration is
considered, i.e., 0.7. Based on an enquiry from the “Grain for Green” office of the State Forestry
Administration, the grain reserved within each county could satisfy 80% of the compensatory grain
while the other 20% comes from neighboring counties. Therefore, the masses of the grain transported
within a county and between counties are shown as follows.

TGIt = TGt (48)

TGEt = 0.2TGt (49)

where TGIt is the mass of the grain transported within a county in the tth year (t), and TGEt is the mass
of the grain transported between counties in the tth year (t).

We assume that the shape of each project county was square and that the average distance of grain
transport within each county was a quarter of the square's diagonal Eq. (50).
RGI ¼
ffiffiffiffiffiffiffiffiffi
2CA

p

4
ð50Þ
where RGI is the average distance of grain transport within a county (km), and CA is the area of each
project county (km2). Similarly, we assume that the shape of each project province was also a square
and that the average distance of the grain transport between counties was calculated via the following
equation Eq. (51).
RGE ¼
ffiffiffiffiffiffi
PA
N

r
ð51Þ
where RGE is the average distance over which the grain was transported between counties (km), PA is
the area of each project province (km2), and N is number of project counties per project province.

In the frame of conversion of cropland to forest, the amount of compensation grain was set in
accordance with the yield of the hilly or poor croplands before their conversion [43]. Using this
methodology, the amount of compensation grain is assumed to be almost the same as the yield of the
cropland before conversion, and subsequently, it could be considered as the grain production
transferred from the project area to other agricultural regions together with the GHG emissions during
the production processes. The GHG emissions due to fertilizer and pesticide applications, machinery
operations, and irrigation move from the conversion area to other agricultural regions; therefore, the
changes in the total GHG emissions due to grain production at the national or regional scales are not
considered [5].
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Farmland reclamation. In addition to the transport of compensatory grain, off-site GHG emissions
were also generated by the reclamation of farmland. Due to a decreased farmland area, the production
of grain declined in the early period of the project, during which the conversion of cropland to forest
was implemented [44], resulting in increased grain prices and the expansion of farmland [45].
Accordingly, carbon emissions increased due to increased vegetation and soil carbon loss when
forestland, shrubs and grassland were converted into farmland. In this study, we hypothesized that the
reclamation of farmland within each project county resulted from the implementation of conversion
of cropland to forest. Off-site GHG emissions from the reclamation of farmland were calculated
according to the following equation Eq. (52).

FGRFt = FGVt + FGSt (52)

where FGRFt is the carbon emissions due to the reclamation of farmland from forestland, shrubs and
grassland in the tth year (Gg C), and FGVt and FGSt are the carbon emissions from the loss of vegetation
and soil, respectively, in the year t (Gg C). FGVt and FGSt were calculated based on Eqs. (53) and (54),
respectively.

FGVt = (DDVF � SRFt + DDVS � SRSt + DDVG � SRGt) � 10-3 (53)

where DDVF, DDVS and DDVG are the carbon density losses due to vegetation for forestland, shrubs
and grassland, respectively (t C�ha-1). SRFt, SRSt and SRGt are the areas of farmland reclamation from
forestland, shrubs and grassland, respectively, in the tth year (ha). The carbon density losses due to
vegetation for forestland, shrubs and grassland in the various regions of China are listed in Table 3.
SRFt, SRSt and SRGt were calculated based on land use data coming from the ChinaCover databases
produced by the Chinese Academy of Sciences. Such databases take domestic satellite HJ as the main
data source, using resolutions of 30 m and assisted by Landsat TM data, and the data processing was
automatic due to the use of a supercomputing platform. Object-oriented technology was adopted for
the classification of remote sensing imagery based on system characters, and three first-level
classifications were adopted from related studies to measure the farmland conversion area. Based on
superposition and the tests of 31,675 random sampling points, the resolutions of the classifications for
forestland, shrubs, grassland and farmland were 96%, 95%, 93% and 94%, respectively [46–47]. We
obtained the land use data within the counties for the conversion of cropland to forest.

FGSt = (DDSF � SRFt + DDSS � SRSt + DDSG � SRGt) � 10-3 (54)

where DDSF, DDSS and DDSG are the differences of the carbon densities for the top soil (0-20 cm)
between forestland, shrubs, grassland and farmland, respectively (t C�ha-1) (Table 3).

Off-site GHG emissions from the transfer of livestock husbandry activity (FGH)
Prohibiting grazing and grassland fencing are the two main measures of grassland management in

the BTSSCP and are meant to alleviate land desertification and improve the structures of animal
husbandry in the project region [42]. GHG emissions were generated via additional production and
activity transfer.
Table 3
Loss of carbon density for vegetation and soils when forestland, shrubs and grassland were converted to farmland in the
respective regions of China.

Region Loss of carbon density for vegetation
(t C�ha-1)

Loss of carbon density for soils
(t C�ha-1)

References

Forestland Shrubs Grassland Forestland Shrubs Grassland

Northwest 45.05 6.53 2.73 76.77 15.50 0.53 [48–58]
Southwest 52.87 13.47 3.98 41.13 0 0
Northeast 43.83 6.24 4.95 49.77 0 0
North 24.34 6.23 3.77 27.95 4.06 10.04
Central south and east 25.79 12.51 3.61 34.95 0 4.92
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Off-site GHG emissions from the production and transport of compensatory feed grain. Distinct from the
off-site GHG emissions from the grain compensation due to land conversions from cropland to forest,
under the management of grazing prohibitions, foraging supply decreases and additional feed grain
(usually aged grain) is required to raise livestock, leading to additional GHG emissions during the
production of this grain.

Compensatory feed grain was supplied to regions implementing grazing prohibition in the BTSSCP
region for five years. The standard for the distribution of the compensatory feed grain in Inner
Mongolia was 82.5 kg grain�ha-1�yr-1, while in Beijing, Tianjin, Hebei and Shanxi, the standard was
40.5 kg grain�ha-1�yr-1 [59]. Therefore, off-site carbon emissions were generated from the production
and transport of the compensatory feed grain.

FGPTt = FGFPt + FGFTt (55)

where FGFPt is the carbon emissions generated by the production of compensatory feed grain in the tth

year (Gg C), and FGFTt is the carbon emissions generated from the transport of compensatory feed
grain in the tth year (Gg C). FGFPt was calculated as equation Eq. (56).

FGFPt = QFGt � (FC � EFFC + FS � EFFS + FW � EFFW) � 10-3 (56)

where QFGt is the mass of the compensatory feed grain in the tth year (t) [11], and FC, FS and FW are
proportions of corn, soybean and wheat in compensatory feed grain, respectively. According to the
ingredients of the feed grain used for lambs in China, corn, soybean and wheat account for 50%, 10%
and 40% of the grain, respectively. EFFC, EFFS and EFFW are the carbon emission factors for producing
corn, soybean and wheat, respectively. Cheng et al. (2015) [60] reported that the carbon footprints of
corn, soybean and wheat in China were 0.12, 0.10 and 0.14 kg C/kg product, respectively. The quantity
of diesel fuel consumed in the transport of the compensatory feed grain was calculated via Eq. (57).

QDFTt = 2 � QFGt � RF � UDT � DD � 10-6 (57)

where QDFTt is the mass of diesel fuel consumed during the transport of the compensatory feed grain
for the year t (t); RF is the distance that the compensatory feed grain is transported (km); UDT is the
diesel consumption per truck per hundred kilometers, which is 7 L�t�1�100 km�1 [26]; and DD is the
diesel density (850 kg�m�3); a factor of 2 is applied here for the round trip). Thus, the carbon emissions
from the transport of the compensatory feed grain were defined via the following equation (Eq. 58).

FGFTt = EFD � QDFTt � 10-3 (58)

where FGFTt is the carbon emissions generated during the transport of compensatory feed grain
during the tth year (Gg C), and EFD indicates the diesel carbon emission factor, i.e., 0.86 t C�t�1 [8].

Off-site GHG emissions from extended off-site overgrazing.

(1) 
Background of extended off-site overgrazing in Inner Mongolia
In addition to the production and transport of compensatory feed grain, off-site GHG emissions
were also generated from the overgrazing of grasslands that resulted from the transfer of livestock
husbandry activities from within-project counties to the counties outside of the project area. During
the project period of 2001-2010, the proportions of bovine and caprine stocks as stocking sheep unit
(SU) within the project regions of Beijing, Tianjin, Hebei and Shanxi to the total stocking SU in the
corresponding provinces fluctuated with no obvious regularity. Thus, it is difficult to obtain the
relationship between the implementation of the BTSSCP and the dynamics of the livestock amounts,
which is regarded as a key element of the GHG leakage. However, the proportions in Inner Mongolia
declined during the period of the BTSSCP. At the same time, the proportion of stocking SU in Inner
Mongolia to that of the total SU in China increased during the project period [44]. Thus, we assume
that the animal husbandry industry of the whole Inner Mongolia was not hindered by the BTSSCP.

Furthermore, we compared the variance of the stocking SU in the whole Inner Mongolia, counties
within the project region and counties outside the BTSSCP during 1990-2010 (Fig.2). We found that
before the implementation of BTSSCP (1990-2000), the trends of the variances of the stocking SU were



Fig. 2. Variances of stocking SU within the project region, outside of the project region and over the whole Inner Mongolia from
1990 to 2010.
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similar within the project region, outside the project region and over the whole of Inner Mongolia.
However, since 2001, when the BTSSCP started, the variance of the stocking SU within the project
region did not change obviously, while the stocking SU outside the project region and for the whole of
Inner Mongolia increased significantly (Fig.2). Thus, we assume that the portion of the stocking SU
which would otherwise have been reared within the project region of Inner Mongolia was transferred
to regions outside of the project region.
(2) 
Calculation of off-site GHG emissions from extended off-site overgrazing in Inner Mongolia
Based on the analysis mentioned above and the fact that the area of grassland fencing in Inner
Mongolia accounts for over 70% of the total area of grassland fencing in the BTSSCP, the transfer of
livestock husbandry mainly occurred within Inner Mongolia. We assume that this transfer was
confined to within Inner Mongolia, according to China’s relative regulations and systems. The transfer
of livestock could exert additional grazing pressure on grasslands, which would induce a decline in the
soil organic carbon due to overgrazing [51,61].

We obtained a database from the Agricultural Information Institution, Chinese Academy of
Agricultural Sciences. This database supplied stocking data of bovine and caprine for 75 counties
within the BTSSCP at annual intervals from 2000 to 2010. The stocking of bovine and caprine in Inner
Mongolia was calculated as SU using the following equation Eq. (59).

NS = 5 � NB + NC (59)

where NS is the stocking number of SU in Inner Mongolia (capita), NB is the stocking number of bovine
in Inner Mongolia (capita), and NC is the stocking number of caprine in Inner Mongolia (capita). The
stock-carrying capacity per unit grassland outside of the project region of the BTSSCP was calculated,
and the grazing intensity was evaluated based on the different grassland types and their areas. A
baseline scenario was designed for the year 2000 before the implementation of the BTSSCP. We
assumed that under the baseline scenario, the proportion of stocking SU outside of the project region
to the total stocking SU in Inner Mongolia in the year t was the same as the proportion in the year 2000
(Eq. (60)).

NSOb0 / NSb0 = NSObt / NSbt (60)

where NSOb0 is the stocking number of SU outside of the project region in the year 2000 in Inner
Mongolia (capita) [44,62], NSb0 is the stocking number of SU in the year 2000 in the whole of Inner
Mongolia (capita) [44], NSObt is the stocking number of SU outside of the project region under the
baseline scenario in the year t in Inner Mongolia (capita), and NSbt is the stocking number of SU under
the baseline scenario in the year t over the whole of Inner Mongolia (capita) [44]. Given that the
husbandry industry across the whole of Inner Mongolia was not affected by the BTSSCP, the stocking
number of SU in Inner Mongolia under the baseline scenario was the same as the stocking number



B. Liu et al. / MethodsX 6 (2019) 1753–1773 1769
under the project scenario. Thus, the stocking number of SU outside of the project region under the
baseline scenario in the tth year in Inner Mongolia was determined as

NSObt = (NSOb0 / NSb0) � NSbt (61)

Under the project scenario, the stocking number of SU outside of the project region in the tth year in
Inner Mongolia was obtained by Eq. (62).

NSOpt = NSpt – NSIpt (62)

where NSOpt is the stocking number of SU outside of the project region under the project scenario in
the tth year in Inner Mongolia (capita), NSpt is the stocking number of SU under the project scenario in
the tth year in Inner Mongolia (capita) [44], and NSIpt is the stocking number of SU in the project region
under the project scenario in the tth year in Inner Mongolia (capita) [62]. Therefore, the transfer of
stocking SU from within the project region to outside of the project region in Inner Mongolia was
defined as

NTt = NSOpt – NSObt (63)

where NTt is the transfer of stocking SU from within the project region to outside of the project region
in the year t in Inner Mongolia (capita). We assumed that the proportion of SU transferred from within
the project region to each county outside of the project region to the total SU transferred from within
the project region to counties outside of the project region is the same as the proportion of increased
SU in each county outside of the project region to the total increased SU in those counties outside of
the project region (Eq. 64).

NTnt / NTt = (NSOnt – NSOn(t-1)) / (NSOt - NSOt-1) (64)

where NTnt is the transfer of SU from within the project region to county n outside the project region in
the tthyear (capita); NSOnt and NSOn(t-1) are the stocking numbers of SU in county n outside the BTSSCP
in the years t and t-1, respectively (capita); and NSOt and NSOt-1 are the total stocking numbers of SU in
counties outside the BTSSCP in the years t and t-1, respectively (capita). Therefore, the transfer of SU
from within the project region to county n outside the BTSSCP in the tth year was calculated as

NTnt = (NSOnt - NSOn(t-1)) / (NSOt - NSOt-1) � NTt (65)

Moderate stock-carrying capacities per unit area of typical grasslands and desert grasslands are 4.5
capita�ha-1 and 1.82 capita�ha-1, respectively [63–64], and the theoretical moderate stock-carrying
capacity for each county outside the BTSSCP in Inner Mongolia was determined to be

MSOn = STOn � 4.5 + SDOn � 1.82 (66)

where MSOn is the moderate stock-carrying capacity in county n outside the BTSSCP in Inner Mongolia
(capita), STOn is the area of typical grasslands for county n outside the BTSSCP (ha), and SDOn is the
area of the desert grasslands for county n outside the BTSSCP (ha). The areas of the grasslands in each
county were adopted from the ChinaCover datasets produced by the Chinese Academy of Sciences, and
the areas for the different categories of grasslands were measured via remote sensing image
classification [47]. The areas of grasslands and the corresponding theoretical moderate stock-carrying
capacities for each county outside the BTSSCP in the year 2000 were set as the baseline scenario.
According to the theoretical moderate stock-carrying capacity in 2000 and the actual stocking
numbers of SU in each year, the extents of overgrazing in each county outside the BTSSCP were defined
as

EOnt = NSOnt / MSOn0 (67)

where EOnt is the degree of overgrazing in county n outside the BTSSCP in the tth year. According to Qi
(2005) [63], the intervals for moderate grazing, over grazing and severe over grazing are EO < 1, 1 < EO
< 3 and EO > 3, respectively. NSOnt is the actual stocking number of SU in county n outside the BTSSCP
in the tth year (capita) [44,62], and MSOn0 is the theoretical moderate stock-carrying capacity for
county n outside the BTSSCP in 2000 (capita). If the extent of over grazing in county n changes from
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moderate grazing to over grazing or severe over grazing for two consecutive years, we assume that the
increased stockings were due to the transfer of livestock husbandry activity, inducing the deterioration
of grasslands. The off-site GHG emissions generated by county n outside the project region, which was
converted from “moderate grazing” in the previous year to “over grazing” or “extreme over grazing” in
the following year, was calculated via Eq. (68).

FGOGnt = (STOnt � 0.774 + SDOnt � 0.379) � 10-3 (68)

where FGOGnt is the off-site carbon emissions from over grazing due to the transfer of livestock
husbandry in county n outside the project region in the tth year (Gg C), STOnt is the area of typical
grasslands in county n outside the project region of Inner Mongolia in the tth year (ha), and SDOnt is the
area of desert grasslands in county n outside the project region of Inner Mongolia in the tth year (ha);
the carbon emission rates of increasing grazing pressure on typical grasslands and desert grasslands
are 0.774 t C�ha-1�yr-1 and 0.379 t C�ha-1�yr-1, respectively [12]. According to Hopkins et al. (2007) [65],
methane emissions were not involved in the transfer of livestock on grassland ecosystems under the
BTSSCP. The off-site GHG emissions from overgrazing in the outer project region of Inner Mongolia are
the sum of the carbon emissions from those counties considered Eq. (69).

FGOGt =
P

FGOGnt (69)

Off-site GHG emissions from the transfer of forestry activities (FGF)
Along with the economic development of China, the supply and demand of timber did not decrease

gradually [11]. In some of the key national ecological restoration projects, such as the Natural Forest
Resource Protection, the commercial harvest of timber was forbidden within the project region.
Therefore, this part of the reduced timber supply due to ecological restoration projects needs to be
produced off-site.

The off-site GHG emissions generated via the consumption of fossil fuels and fossil fuel products
during the process of afforestation and reforestation outside of the project boundaries were defined
via the following formula Eq. (70).

FGFt = EFa � SFt �10-3 (70)

where FGFt is carbon emissions from transfer of forestry activities in the tth year (Gg C), EFa is GHG
emissions from unit area of afforestation and reforestation for timber forest, which was cited from Liu
et al. (2016) [13] (t C�ha-1), and SFt is additional area of afforestation and reforestation for timber
forests (ha).

Additional areas of afforestation and reforestation for timber forests due to the reduced supply of
logs within the project region were calculated via Eqs. (71)–(73).

WYFt = (WYt - WY0) � PFt (71)

where WYFt is the reduced yield of firewood in the tth year (m3), WYt is the yield of wood in the tth year
(m3) [11], WY0 is the yield of wood in the year before the wood yield reduction measures were
launched [11], and PFt is the proportion of firewood yield to the total wood yield in the tth year (%). Due
to a shortage of data on firewood yield reduction, we assume that the proportion of firewood yield
reduction to total wood yield reduction in the tthyear was the same as the percentage of firewood yield
of the total wood yield in the tth year.

WYLt = (WYt - WY0) - WYFt (72)

where WYLt is the reduced yield of logs in the tth year (m3). The area of the additional afforestation and
reforestation for timber forests outside the project boundary was calculated via Eq. (73).

SFt = (WYLt / 0.59) / UV (73)

where SFt is the area of afforestation and reforestation for timber forests in the tth year (ha), 0.59 is the
recovery of commercial timber [49], and UV is the forest volume per unit area as cited from the 7th

National Forest Inventory in China (m3 ha-1).
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Off-site GHG emissions from the substitution of coal for bioenergy (FGC)
In some of the key national ecological restoration projects (e.g., Natural Forest Resource

Protection), due to the management of the timber yield reduction, the use of coal is popularized to
compensate for the reduced supply and consumption of firewood. Firewood bioenergy is almost
carbon neutral, but the use of coal leads to additional carbon emissions and results in carbon leakage.
The off-site GHG emissions generated by the substitution of coal for bioenergy were derived from
Eq. (74).

FGCt = QCt � EFc � 10-3 (74)

where FGCt is the carbon emissions from the substitution of coal for bioenergy (Gg C); QCt is the
additional quantity of coal consumed to compensate for the reduction in firewood supply in the tth

year (t) that is calculated using formula Eq. (75); and EFc is the carbon emission factor of coal, i.e.,
0.47 t C/t coal [21].

QCt = WYFt / 2 (75)

where WYFt is the reduced firewood yield in the tth year (m3), and 1 ton of coal can substitute for 2 m3

of firewood [66].

Off-site GHG emissions from the ecological migration (FGE)
We assume that ecological migration was implemented with units of individual houses and that

the carbon leakage generated from the transport of these houses was calculated using Eq. (76)–(77).

QDEt = 2 � UDT � DD � RE � WL � NEt � 10-6 (76)

where QDEt is the mass of the diesel fuel consumed in the process of transporting houses in the tthyear
(t); UDT is the diesel fuel consumed per truck per hundred kilometers, which is 7 L�t�1�100 km�1 [26],
DD is the diesel density (850 kg�m�3); RE is the average distance of relocation, which is 300 km
according to ecological migration practices in China [67]; WL is the weight of the load per truck, which
we set as 2 tons; and NEt is the number of households relocated in the tth year [11], with a factor of 2 is
applied for the round trip. Thus, the corresponding off-site GHG emissions from diesel fuel
combustion during transport were calculated using the following formula Eq. (77).

FGETt = QDEt � EFD � 10-3 (77)

The off-site GHG emissions from housing construction during ecological migration were derived
via the following equation Eq. (78).

FGEHt = EFH � NH0 � NEt � UH0 � 10-6 (78)

where EFH is the carbon emissions due to constructing a unit area of residential housing, 94.91 kg C�m-

2 [68]; NH0 is the average number of residents per house in rural China, i.e., 4 capita�house-1 [44]; and
UH0 is the average area of housing per person in rural China, i.e., 30 m2�capita-1 [44].

Acknowledgements

Financial support was provided by the National Natural Science Foundation of China under Grant
71874182, National Major Research Program of China (2017YFA0604702 and 2016YFC0503403), the
Strategic Priority Program of Chinese Academy of Sciences (XDA05060000 and XDA05060700), and
the Youth Innovation Promotion Association CAS. We also sincerely appreciate Ms. Yafei Yuan for their
constructive suggestions to this paper.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the online version, at doi:https://doi.
org/10.1016/j.mex.2019.07.015.

https://doi.org/10.1016/j.mex.2019.07.015
https://doi.org/10.1016/j.mex.2019.07.015


1772 B. Liu et al. / MethodsX 6 (2019) 1753–1773
References

[1] L. Deng, Z.P. Shangguan, S. Sweeney, “Grain for Green” driven land use change and carbon sequestration on the Loess
Plateau, China, Scientific Reports 4 (2014) Article number: 7039.

[2] W.M. Zhou, B.J. Lewis, S.N. Wu, D.P. Yu, L. Zhou, Y.W. Wei, L.M. Dai, Biomass carbon storage and its sequestration potential of
afforestation under natural forest protection program in China, Chin. Geogra. Sci 24 (2014) 406–413.

[3] Z.Y. Ouyang, H. Zheng, Y. Xiao, S. Polasky, J. Liu, W. Xu, Q. Wang, L. Zhang, Y. Xiao, E. Rao, L. Jiang, F. Lu, X. Wang, G. Yang, S.
Gong, B. Wu, Y. Zeng, W. Yang, G.C. Daily, Improvements in ecosystem services from investments in natural capital, Science
352 (2016) 1455–1459.

[4] F. Lu, H.F. Hu, W.J. Sun, J.J. Zhu, G.B. Liu, W.M. Zhou, Q.F. Zhou, P.L. Shi, X.P. Liu, X.W.L. Zhang, X.H. Wei, L.M. Dai, K.R. Zhang, Y.
R. Sun, S. Xue, W.J. Zhang, D.P. Xiong, L. Deng, B.J. Liu, L. Zhou, C. Zhang, X. Zheng, J.S. Cao, Y. Huang, N.P. He, G.Y. Zhou, Y.F.
Bai, Z.Q. Xie, Z.Y. Tang, B.F. Wu, J.Y. Fang, G.H. Liu, G.R. Yu, Effects of national ecological restoration projects on carbon
sequestration in China from 2001 to 2010, PNAS 115 (2018) 4039–4044.

[5] B.J. Liu, L. Zhang, F. Lu, X.K. Wang, W.W. Liu, H. Zheng, L. Meng, Z.Y. Ouyang, Greenhouse gas emissions and net carbon
sequestration of “Grain for Green” Program in China, Chinese Journal of Applied Ecology 27 (2016) 1693–1707.

[6] T. Liu, Z.P. Li, Benefit analysis on Beijing-Tianjin Sandstorm Sources Control Project in ten years, China Forestry Publishing
House, Beijing, 2010.

[7] M.R. Ekhtesasi, A. Sepehr, Investigation of wind erosion process for estimation, prevention, and control of DSS in Yazd-
Ardakan plain, Environ Monit Assess. 159 (2009) 267–280.

[8] F. Lu, X.K. Wang, B. Han, Z.Y. Ouyang, X.N. Duan, H. Zheng, Net mitigation potential of straw return to Chinese cropland:
estimation with a full greenhouse gas budget model, Ecological Applications 20 (2010) 634–647.

[9] G.P. St-Laurent, S. Hagerman, G. Hoberg, Barriers to the development of forest carbon offsetting: Insights from British
Columbia, Canada, Journal of Environmental Management 203 (2017) 208–217.

[10] B.J. Liu, F. Lu, X.K. Wang, W.W. Liu, Greenhouse gas emissions, carbon leakage and net carbon sequestration from
afforestation and forest management: A review, Chinese Journal of Applied Ecology 28 (2017) 673–688 (in Chinese with
English abstract).

[11] Chinese Ministry of Forestry China Forestry Statistical Yearbook, China Forestry Publishing House, Beijing, 2001 (2001-2011).
[12] P.Q. Chen, X.K. Wang, L.M. Wang, Carbon Budget and Its Sink Promotion of Terrestrial Ecosystem in China, Science Press,

Beijing, 2008.
[13] B.J. Liu, F. Lu, X.K. Wang, W.W. Liu, L.Y. Wang, E.M. Rao, L. Zhang, H. Zheng, Greenhouse gas emissions and net carbon

sequestration of the Natural Forest Protection Program in China, Acta Ecologica Sinica 36 (2016) 4266–4278.
[14] S. Chen, F. Lu, X.K. Wang, Estimation of greenhouse gases emission factors for China's nitrogen, phosphate, and potash

fertilizers, Acta Ecologica Sinica 35 (2015) 6371–6383.
[15] X.H. Zheng, S.H. Han, Y. Huang, Y.S. Wang, M.X. Wang, Re-quantifying the emission factors based on field measurements

and estimating the direct N2O emission from Chinese croplands, Global Biogeochemical Cycles 18 (2004), doi:http://dx.
doi.org/10.1029/2003GB002167.

[16] IPCC Climate Change 2013, The physical science basis. Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, UK and New York, NY, USA, 2013.

[17] X.B. Wang, O. Oenema, W.B. Hoogmoed, U.D. Perdok, D.X. Cai, Dust storm erosion and its impact on soil carbon and
nitrogen losses in northern, China Catena 66 (2006) 221–227.

[18] S.Y. Gao, Benefits of Beijing-Tianjin Sand Source Control Project, Science Press, Beijing, 2012.
[19] IPCC, IPCC Guidelines for National Greenhouse Gas Inventories, IGES, Hanagawa, 2006.
[20] H.W. Mei, Estimate and analyze the emissions of main greenhouse gas in Fujian Province (Master Thesis), Fujian Normal

University, Fuzhou, 2012.
[21] F. Lu, X.K. Wang, B. Han, Z.Y. Ouyang, X.N. Duan, H. Zheng, H. Miao, Soil carbon sequestrations by nitrogen fertilizer

application, straw return and no-tillage in China’s cropland, Global Change Biology 15 (2009) 281–305.
[22] Y.H. Tian, Q.H. Zhu, Y. Geng, An analysis of energy-related greenhouse gas emissions in the Chinese iron and steel industry,

Energy Policy 56 (2013) 352–361.
[23] Y.L. Wang, Q.H. Zhu, Y. Geng, Trajectory and driving factors for GHG emissions in the Chinese cement industry, Journal of

Cleaner Production 53 (2013) 252–260.
[24] S. Chen, F. Lu, X.K. Wang, Estimate of greenhouse gases emission from pesticide usage in China's major crops, Acta Ecologica

Sinica 36 (2016) 2560–2569.
[25] State Bureau of Technical Supervision, Technical regulations for chemical weed control on afforestation land, Standards

Press of China, Beijing, 1996.
[26] Beijing Municipal Bureau of Statistics, NBS Survey Office in Beijing, Beijing Statistical Yearbook, China Statistics Press,

Beijing, 2011.
[27] General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China,

Standardization Administration of the People’s Republic of China, Technical regulations for afforestation, Standards
Press of China, Beijing, 2006.

[28] Y.K. Li, Characteristics of energy and groundwater consumption for irrigating food crop on the North China Plain
(Postdoctoral thesis), Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 2013.

[29] General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China,
Standardization Administration of the People’s Republic of China, Technical regulations for afforestation by aerial
seeding, Standards Press of China, Beijing, 2005.

[30] Survey and Design Institute of Kunming, State Forestry Administration, Design regulations for forestry roads, Survey and
Design Institute of Kunming, State Forestry Administration, Kunming, 1993.

[31] W. Yao, Decade of Natural Forest Protection Project in Shaanxi current situation and development strategies. (Master
Thesis), Norhtwest A&F University, Yangling, 2010.

[32] Ministry of Agriculture of the People’s Republic of China, Technical regulations of grassland fencing, Standards Press of
China, Beijing, 2006.

http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0005
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0005
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0010
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0010
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0015
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0015
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0015
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0020
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0020
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0020
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0020
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0025
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0025
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0030
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0030
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0035
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0035
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0040
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0040
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0045
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0045
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0050
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0050
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0050
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0055
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0060
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0060
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0065
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0065
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0070
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0070
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0075
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0075
http://dx.doi.org/10.1029/2003GB002167
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0080
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0080
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0085
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0085
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0090
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0095
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0100
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0100
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0105
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0105
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0110
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0110
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0115
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0115
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0120
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0120
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0125
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0125
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0130
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0130
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0135
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0135
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0135
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0140
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0140
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0145
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0145
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0145
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0150
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0150
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0155
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0155
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0160
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0160


B. Liu et al. / MethodsX 6 (2019) 1753–1773 1773
[33] S.L. Shi, Technical guidelines for work on grassland, Jindun Press, Beijing, 2009.
[34] J.H. Cao, Study on durability of glass fiber reinforced ordinary portland cement (PhD thesis), Chongqing University,

Chongqing, 2004.
[35] Ministry of Industry and Information Technology of the People’s Republic of China, Woven wire fences, China Machine

Press, Beijing, 2010.
[36] J.D. Guan, Control of diseases and insect pests in forests, Higher Education Press, Beijing, 2011.
[37] Y.C. Li, Grain-for-Green Program - A Great Practice of Ecological Construction in China, Lantian Press, Beijing, 2009.
[38] Z.D. Zhang, Management manual of Natural Forest Protection Project China Forestry, Publishing House, Beijing, 2006.
[39] National Agricultural Technology Extension Service Center, Nutrients in Chinese organic fertilizers, China Agriculture

Press, Beijing, 1999.
[40] R.J. Xu, M.X. Zhang, F.J. Xu, X.L. Sang, Suitable fertilization should be conducted in grass planting, Henan Journal of animal

husbandry and veterinary medicine 23 (2002) 23.
[41] Editorial Board of Artificial Pasture in Sichuan Pastoral region, Artificial grass planting in Sichuan Pastoral region, Sichuan

Publishing Group, Chengdu, 2012.
[42] Research Center for Economic Development, Chinese Ministry of Forestry, Department of Development Planning and

Capital Management, Chinese Ministry of Forestry, A report for monitoring and assessment of the socio-economic impacts
of China’s Key Forestry Programs, China Forestry Publishing House, Beijing, 2004, pp. 2004–2012.

[43] P. Sun, R. Chen, Effecting factors analysis of grain yield and countermeasure, Journal of Tianjin University of Technology 24
(2008) 51–53.

[44] National Bureau of Statistics of China, National data, (2014) . http://data.stats.gov.cn/easyquery.htm?
cn=C01&zb=A0D0G&sj=2014.

[45] J. Sasmal, Food price inflation in India: The growing economy with sluggish agriculture, Journal of Economics, Finance and
Administrative Science 20 (2015) 30–40.

[46] Z.Y. Ouyang, Q. Wang, H. Zheng, F. Zhang, P. Hou, National ecosystem survey and assessment of China (2000-2010), Bulletin
of Chinese Academy of Sciences 29 (2014) 462–466.

[47] Z.Y. Ouyang, L. Zhang, B.F. Wu, X.S. Li, W.H. Xu, Y. Xiao, H. Zheng, An ecosystem classification system based on remote sensor
information in China, Acta Ecologica Sinica 35 (2015) 219–226.

[48] X.L. Xie, B. Sun, H.Z. Zhou, Z.P. Li, Soil carbon stocks and their influencing factors under native vegetations in China, Acta
Pedologica Sinica 41 (2004) 687–699.

[49] H.F. Hu, Z.H. Wang, G.H. Liu, B.J. Fu, Vegetation carbon storage of major shrublands in China, Journal of Plant Ecology
(formerly Acta Phytoecologica Sinica) 30 (2006) 539–544.

[50] Q. Xu, W.Y. Rui, H. He, F. Wu, H. Luo, X.M. Bian, W.J. Zhang, Characteristics and regional differences of soil organic carbon
density in farmland under different land use patterns in China, Scientia Agricultura Sinica 39 (2006) 2505–2510.

[51] R. Guo, X.K. Wang, F. Lu, X.N. Duan, Z.Y. Ouyang, Soil carbon sequestration and its potential by grassland ecosystems in
China, Acta Ecologica Sinica 28 (2008) 862–867.

[52] J. Li, Study on soil carbon stock and its spatial distribution, influence factors in the forest of China (Master Thesis), Sichuan
Agricultural University, Yaan, 2008.

[53] J.Y. Fang, Y.H. Yang, W.H. Ma, A. Maimaiti, H.H. Shen, Ecosystem carbon stocks and their changes in China’s grasslands, Sci
China Life Sci. 40 (2010) 566–576.

[54] X.H. Xi, Z.F. Yang, Y.J. Cui, S.M. Sun, G.C. Yu, M. Li, A study of soil carbon distribution and change in Northeast Plain, Earth
Science Frontiers 17 (2010) 213–221.

[55] X.Y. Lu, Amelioration effect on soil properties of farmland protection approaches in Loess hilly region (Master Thesis),
Beijing Forestry University, Beijing, 2013.

[56] Y.W. Wei, D.P. Yu, Q.J. Wang, L. Zhou, W.M. Zhou, X.M. Fang, X.P. Gu, L.M. Dai, Soil organic carbon density and its influencing
factors of major types in the forest region of Northeast China, Chinese Journal of Applied Ecology 24 (2013) 3333–3340.

[57] X. Li, Effects of enclosure management on soil organic carbon and aggregate stability of desert-steppe in Ningxia (Master
Thesis), Ningxia University, Yinchuan, 2014.

[58] W.H. Wang, Spatial distribution and estimation of topsoil organic carbon density in Zhejiang Province. (Master Thesis),
Zhejiang University, Hangzhou, 2014.

[59] National Development and Reform Commission (NDRC) People’s Republic of China, State Administration of Grain, Ministry
of Agriculture and Rural Affairs of the People’s Republic of China, et al., Regulations for supply of compensatory feed grain
under ‘grazing exclusion and house-feeding’, Bulletin of China’s Animal Husbandry 10 (2003) (2003).

[60] K. Cheng, M. Yan, D. Nayak, G.X. Pan, P. Smith, J.F. Zheng, J.W. Zheng, Carbon footprint of crop production in China: an
analysis of National Statistics data, Journal of Agricultural Science 153 (2015) 422–431.

[61] X.Y. Cui, Y.F. Wang, H.S. Niu, J. Wu, S.P. Wang, E. Schnug, J. Rogasik, J. Fleckenstein, Y.H. Tang, Effect of long-term grazing on
soil organic carbon content in semiarid steppes in Inner Mongolia, Ecol Res. 20 (2005) 519–527.

[62] Chinese Academy of Agricultural Sciences, Database from Agricultural Information Institution, (2011) .
[63] Y. Qi, Influence of grazing on community characteristic and reproduction traits of plant population. (PhD thesis), China

Agricultural University, Beijing, 2005.
[64] H.J. Ding, G.D. Han, Z.W. Wang, C.X. Wang, R.Y. Zhang, J.Y. Hu, Effect of different stocking rate on plant community

characteristics in Stipa breviflora desert steppe, Chinese Journal of Grassland 36 (2014) 55–60.
[65] A. Hopkins, A.D. Prado, Implications of climate change for grassland in Europe: impacts, adaptations and mitigation

options: a review, Grass and Forage Science 62 (2007) 118–126.
[66] H.Q. Yu, W.L. Yi, Substituting wood by coal is urgent to be implemented, Forestry of China 3 (1995) 33.
[67] D.M. Hou, Tracking survey on the western ecological migration: western poverty reduction strategy needs adjustment,

China Environment Press, Beijing, 2014.
[68] C. Mao, Q.P. Shen, L.Y. Shen, L.Y.N. Tang, Comparative study of greenhouse gas emissions between off-site prefabrication

and conventional construction methods: Two case studies of residential projects, Energy and Buildings 66 (2013) 165–176.

http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0165
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0170
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0170
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0175
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0175
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0180
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0185
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0190
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0195
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0195
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0200
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0200
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0205
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0205
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0210
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0210
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0210
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0215
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0215
http://data.stats.gov.cn/easyquery.htm?cn=C01%26zb=A0D0G%26sj=2014
http://data.stats.gov.cn/easyquery.htm?cn=C01%26zb=A0D0G%26sj=2014
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0225
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0225
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0230
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0230
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0235
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0235
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0240
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0240
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0245
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0245
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0250
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0250
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0255
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0255
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0260
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0260
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0265
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0265
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0270
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0270
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0275
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0275
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0280
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0280
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0285
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0285
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0290
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0290
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0295
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0295
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0295
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0300
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0300
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0305
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0305
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0310
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0315
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0315
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0320
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0320
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0325
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0325
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0330
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0335
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0335
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0340
http://refhub.elsevier.com/S2215-0161(19)30190-6/sbref0340

	Methodology for accounting the net mitigation ofChina's ecological restoration projects(CANM-EP)
	Method details
	Framework of CANM-EP
	Carbon sequestration (CS)
	Carbon sequestration from forest ecosystems and grassland ecosystems
	Carbon sequestration from reduced wood yield (CSRW)

	GHG balance changes induced by ecological system response (ER)
	On-site GHG emissions (NG)
	General methods
	On-site GHG emissions from afforestation and reforestation, construction of forestry infrastructure
	Site preparation
	Weed control on afforestation and reforestation land
	Transportation of seedlings
	Irrigation of afforestation and reforestation
	Fertilization of economic afforestation and reforestation
	Afforestation and reforestation by aerial seeding
	Construction of forests roads
	Construction of forest fencing
	Construction of billboards

	On-site GHG emissions from forest protection
	Control of diseases and insects in forests
	Tending of young forests
	Forest patrols

	On-site GHG emissions from grassland management
	Grass planting
	Grassland fencing
	Grazing prohibition


	Off-site GHG emissions (FG)
	Off-site GHG emissions from the transfer of agricultural activity (FGA)
	Transport of compensatory grain for the conversion of cropland to forest
	Farmland reclamation

	Off-site GHG emissions from the transfer of livestock husbandry activity (FGH)
	Off-site GHG emissions from the production and transport of compensatory feed grain
	Off-site GHG emissions from extended off-site overgrazing

	Off-site GHG emissions from the transfer of forestry activities (FGF)
	Off-site GHG emissions from the substitution of coal for bioenergy (FGC)
	Off-site GHG emissions from the ecological migration (FGE)
	Acknowledgements


	Appendix A Supplementary data
	References


