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Abstract Quantifying the carbon budgets of terrestrial

ecosystems is the foundation on which to understand the

role of these ecosystems as carbon sinks and to mitigate

global climate change. Through a re-examination of the

conceptual framework of ecosystem productivity and the

integration of multi-source data, we assumed that the entire

terrestrial ecosystems in China to be a large-scale regional

biome-society system. We approximated the carbon fluxes

of key natural and anthropogenic processes at a regional

scale, including fluxes of emissions from reactive carbon

and creature ingestion, and fluxes of emissions from

anthropogenic and natural disturbances. The gross primary

productivity, ecosystem respiration and net ecosystem

productivity (NEP) in China were 7.78, 5.89 and

1.89 PgC a-1, respectively, during the period from 2001 to

2010. After accounting for the consumption of reactive

carbon and creature ingestion (0.078 PgC a-1), fires

(0.002 PgC a-1), water erosion (0.038 PgC a-1) and agri-

cultural and forestry utilization (0.806 PgC a-1), the final

carbon sink in China was about 0.966 PgC a-1; this was

considered as the climate-based potential terrestrial eco-

system carbon sink for the current climate conditions in

China. The carbon emissions caused by anthropogenic

disturbances accounted for more than 42 % of the NEP,

which indicated that humans can play an important role in

increasing terrestrial carbon sequestration and mitigating

global climate change. This role can be fulfilled by

reducing the carbon emissions caused by human activities

and by prolonging the residence time of fixed organic

carbon in the large-scale regional biome-society system

through the improvement of ecosystem management.

Keywords Gross primary productivity � Net

ecosystem productivity � Ecosystem respiration �
Carbon sink � ChinaFLUX

1 Introduction

Terrestrial ecosystems, as sinks of atmospheric CO2 [1],

play an important role in mitigating global climate change

[2, 3]. The Intergovernmental Panel on Climate Change

(IPCC) identified the objectives and the mechanisms of

controlling the global greenhouse gases and provided

guidance on the emission reduction targets for countries at

different stages of development [4]. Therefore, it is not

only an important part of ecosystem and global climate

change science [5–7], but also the major scientific and

technological outline to fulfill the United Nations Frame-

work Convention on Climate Change and to enhance the

management of global and national greenhouse gases [8],

to quantify the global and national terrestrial ecosystem

productivity and the use and allocation of carbon in a

variety of carbon pools or ecological processes, and to
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assess the spatial patterns and dynamics of terrestrial eco-

system carbon source/sink relationships at a regional scale.

The parameters that characterize the ecosystem pro-

ductivity and carbon budget components include gross

primary productivity (GPP), net primary productivity

(NPP), net ecosystem productivity (NEP), net biome pro-

ductivity (NBP), ecosystem respiration (ER), autotrophic

respiration of plants (Ra), heterotrophic respiration of

microorganisms (Rh) and respiration of biomes (Rb).

Based on the processes of material production, carbon

sequestration, and carbon use and consumption in natural

ecosystems, Chapin et al. [5] discussed the logical rela-

tionships between GPP and its transformations (e.g., NPP,

NEP and NBP) after various types of carbon use and

consumption (ER, Ra, Rh and Rb) [5, 9], which provided a

useful theoretical framework for the quantitative evaluation

of ecosystem productivity, carbon budget components, and

spatiotemporal patterns of carbon source/sinks at a regional

scale [8].

In recent years, on the basis of the conceptual frame-

work of Chapin et al. [5], the observational techniques and

assessment methods to determine the productivity (GPP,

NPP, NEP, NBP) and respiration (ER, Ra, Rh, Rb) at

different spatial and temporal scales have developed and

improved rapidly [5, 10]. Currently, the methods used in

the determination of ecosystem productivity and the eval-

uations of the carbon budget at different spatial and tem-

poral scales include eddy covariance [11], resource

inventory [12, 13], airborne laser scanning [14], remote

sensing evaluation based on resource satellite observations

[15], remote sensing inversion of carbon satellites [16, 17],

geographical statistical modeling [18, 19], analysis based

on process-based models [20–22] and atmospheric inver-

sion [23, 24]. These technologies have improved continu-

ally with their own appropriate spatiotemporal scales, and

researchers have also performed meta-analyses based on

multi-source data from different approaches [25, 26].

Additionally, comprehensive assessments were conducted

on the ecosystem productivity or carbon source/sinks at

national, continental and global scales by data-model

fusion [7, 27, 28].

Results will be different when different methods are

used to assess the productivity of the same region or the

world [29]. For example, regional NEP measured by eddy

covariance [28] was significantly higher than the value

estimated by the inventory method [30]. Researchers’

understanding on the results obtained from different

methods affect their evaluation of the ecological implica-

tions of their results. This is associated with the relaxed

definitions of related concepts as well, e.g., ecosystem

productivity, carbon storage, carbon loss, and carbon

leakage, at different spatial and temporal scales [8]. Thus,

Yu et al. [8] redefined the ecological meaning and the

conceptual framework for terrestrial ecosystem productiv-

ity and different carbon fluxes at regional scales, and pre-

liminarily determined the appropriate spatiotemporal scales

and boundary conditions for various observational and

assessment methods. This provided a more comprehensive

conceptual framework and methodology system for quan-

tifying ecosystem productivity, the carbon cycle and ter-

restrial carbon sinks at regional scales.

Based on the new conceptual framework proposed by

Yu et al. [8] and multi-source data at different spatial and

temporal scales, we quantified terrestrial ecosystem pro-

ductivity and the distribution and consumption of carbon in

a variety of ecological processes. The magnitude of the

carbon source/sink in China was then approximated. The

results provided reference information for the evaluation

and analysis of the status of the terrestrial ecosystem car-

bon budget and for the potential increment of a carbon sink

in China. The information can also be used as the important

basis for decision-making analyses on carbon management

in China.

2 Conceptual framework

Steffen et al. [31] and Chapin et al. [5] defined the rela-

tionships among GPP, NPP, NEP and NBP by integrating

the driving mechanisms in forming productivity of large-

scale regional biome-society system with the changes in

carbon storage caused by various natural and anthropo-

genic disturbances, as well as the characteristics of ter-

restrial ecosystem carbon exchange at different spatial and

temporal scales. In this analysis, based on the conceptual

framework proposed by Yu et al. [8] and the biologically

controlled processes and the spatiotemporal characteristics

of carbon cycle in various natural ecosystems, we recon-

structed the processes that affect productivity in a large-

scale regional biome-society system that was influenced by

natural and anthropogenic factors. The relationships of

organic carbon distribution and consumption within dif-

ferent carbon pools and ecological processes were refined

(Fig. 1), and then, we defined the ecological meaning of

carbon source/sinks at different scales using the evaluation

and data acquisition methods for the total regional

amounts.

On basis of Fig. 1, we assumed that the entire terrestrial

ecosystems in China were a large-scale regional biome-

society system. By integrating multi-source data, the car-

bon fluxes of four key processes were quantified, including

carbon fluxes of major natural processes in ecosystems,

fluxes of emissions from reactive carbon and creature

ingestion, carbon emissions caused by anthropogenic dis-

turbances and the carbon losses caused by natural

disturbances.
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2.1 NEP and carbon fluxes of major natural processes

in ecosystems

In natural ecosystems without anthropogenic influences,

the GPP produced by photosynthesis is sequentially con-

verted into NPP and NEP through the autotrophic respi-

ration (Ra) and heterotrophic respiration (Rh), as in the

following equations:

NPP ¼ GPP� Ra; ð1Þ
NEP ¼ NPP� Rh ¼ GPP� Ra� Rh: ð2Þ

The conversion of NPP and NEP to the net carbon

sequestration rate of plant populations and ecosystems for a

particular geographical unit was easy [8] and provided a

useful theoretical framework for analyzing ecosystem

carbon fluxes. In general, the NPP was regarded as the

material basis of aboveground and belowground biomass in

plant communities, whereas the NEP was directly defined

as the net carbon sequestration of natural ecosystems and

was considered the climate-based potential carbon source/

sink in the absence of anthropogenic and natural

disturbances [26].

2.2 NBP and fluxes of emissions from reactive carbon

and creature ingestion

Fluxes of emissions from reactive carbon (FERC) and

creature ingestion (FECI) are two key components of car-

bon consumption in natural ecosystems. The net carbon

sequestration after deducting fluxes of emissions from

reactive carbon and creature ingestion (FERCCI) was

defined as net biome productivity (NBP), which was the

productivity used to accumulate carbon in ecosystems and

was calculated as follows:

NBP ¼ NEP� FERCCI ¼ NEP� FERC � FECI: ð3Þ

The FERC was the total emission fluxes of non-CO2

carbon compounds produced by a variety of ecosystem

respiration processes, including methane (CH4), non-

methane volatile organic compounds (NMVOC) and

carbon monoxide (CO) [32].

The FECI referred to the total carbon emission fluxes are

caused by wildlife ingestion (FECIW), diseases, pests and

rats (FECII), and human gathering activities within the

normal range (FECIH).

Fig. 1 Processes of transformation of productivity in a large-scale regional biome-society system affected by natural and anthropogenic factors,

with long-term carbon exchange components (Redrawn based on Yu et al. [8]). The CPIt is carbon sequestration by instantaneous photosynthesis,

which is a plant carbon pool at a time scale of seconds or hours. The CPSt is carbon stored in plants for a short time, which is a temporal

ecosystem carbon pool with diurnal or daily variation. The CPLt is carbon stored in the biome for a long time, which is a short-time carbon pool

with a seasonal or annual dynamic. The CPSP is carbon stored in a regional biome-society system short-term, which is a short-term carbon pool

with inter-annual or decadal variations. The CPMP is carbon stored in regional terrestrial ecosystems medium-term, which is a medium-term

carbon pool with inter-decadal or inter-century variations. The CPLP is carbon stored in regional terrestrial ecosystems long-term, which is a

long-term carbon pool with variations at inter-century or geological time scales. The GPP is gross primary productivity. The NPP is net primary

productivity. The NEP is net ecosystem productivity. The NBP is net biome productivity. The NRP is net productivity of a regional biome-

society system. The NRCB is the net regional carbon budget. The Ra is autotrophic respiration. The Rh is heterotrophic respiration. The FERCCI

is the flux of emissions from reactive carbon and creature ingestion. The FEAD is the flux of emissions from anthropogenic disturbances. The

FEND is the flux of emissions from natural disturbances

Sci. Bull. (2015) 60(6):577–590 579

123
Downloaded to IP: 192.168.0.213 On: 2020-05-27 11:40:46 http://engine.scichina.com/doi/10.1007/s11434-015-0736-9



2.3 NRP and flux of emissions from anthropogenic

disturbances

For a regional biome-society system influenced by human

activities, anthropogenic disturbances strongly affected the

carbon emissions from ecosystem. As a consumer in the

ecosystem, humans consume ecosystem production in

various forms of agricultural and forestry products and

return carbon to the atmosphere. Human activities include

food and fiber collection, grazing and livestock feeding,

timber harvesting and fuel use, and the input and output of

agroforestry products through the boundaries. After

deducting fluxes of emissions from anthropogenic distur-

bances (FEAD), the net carbon storage was defined as the

net productivity of a regional biome-society system (NRP).

NRP ¼ NBP � FEAD: ð4Þ

2.4 NRCB and flux of emissions from natural

disturbances

Natural disturbances are also important factors causing

ecosystem carbon loss at a long-term scale. The net carbon

storage in vegetation and soil is the carbon remaining in

storage after deducting the fluxes of emissions from natural

disturbances (FEND). This is the terrestrial ecosystem car-

bon source/sink in the conceptual framework of IPCC and

is also the change in carbon storage monitored by inventory

methods at mid- and long-term scales. We defined this

component as the net regional carbon budget (NRCB) at

the medium- or long-term scales, and the NRCB was the

net carbon source/sink in terrestrial ecosystems.

In general, the FEND included emissions from physical

processes (FEp) such as forest and grassland fires and fluxes of

geological carbon leakage (FLG) such as water erosion

(FLGwa), wind erosion (FLGwi) and seepage (FLGs). For local

geographical environments, the FLGs was defined as the sum

of carbon seepage from the earth surface to underground and

the carbon fluxes directly caused by organic carbon conver-

sion to soil mineral components during geochemical miner-

alization processes. Thus, the NRCB of a large geographical

region at a long-term scale was calculated as follows:

NRCB ¼ NRP� FEND ¼ NRP� FEp � FLG

¼ NRP� FEp � FLGwa � FLGwi � FLGs ð5Þ

3 Materials and methods

3.1 Assessment methods

(i) Assessment schemes for NEP and carbon fluxes of

major natural processes in ecosystems

In this study, we assessed the regional NEP and carbon

fluxes of major natural processes based on eddy covari-

ance measurements. By integrating observational data

from ChinaFLUX sites and published carbon flux data

from other sites in China, Yu et al. [33] found that mean

annual temperature (MAT) and mean annual precipitation

(MAP) affected the spatial patterns of annual GPP, NEP

and ER. Based on the results from Yu et al. [33], Zhu

et al. [19] constructed several types of assessment

schemes to assess the spatial patterns of carbon fluxes and

selected the optimal assessment scheme for GPP as

follows:

GPP ¼ 107:02MATþ 2:18MAP� 0:10MAT�MAP

� 544:35 R2 ¼ 0:79; n ¼ 41
� �

: ð6Þ

The optimal assessment scheme for ER was determined

by the spatial positive coupling correlation between GPP

and ER as follows:

ER ¼ 0:68GPPþ 81:90: ð7Þ

The optimal scheme for NEP was then calculated as

follows:

NEP ¼ GPP� ER: ð8Þ

Though the equations above [Eqs. (6)–(8)] are quite

simple in form, they have high credibility with the

correlation coefficients ranging from 0.8 to 0.9 [19].

The NPP cannot be directly measured by eddy covari-

ance technique, while a large number of studies found that

the ratio of Ra to GPP was approximately 0.5 [34–37].

Thus, we speculated that NPP/GPP is also approximately

equal to 0.5. To simplify, we estimated the annual NPP, Ra

and Rh in China by assuming that NPP/GPP = Ra/

GPP = 0.5 and Rh = ER - Ra.

(ii) Assessment schemes for NBP and fluxes of emissions

from reactive carbon and creature ingestion

It was extremely difficult to directly observe NBP and

fluxes of emissions from reactive carbon and creature

ingestion at regional scale. However, much progress has

been made in research on CH4 and NMVOC emissions.

Additionally, the proportion of FRC in the productivity

allocation is relatively small. Therefore, we re-estimated

FERC based on published CH4 and NMVOC emission data

in the literature. The assessment calculations for specific

reactive carbon compounds were

FERC ¼ FECH4
þ FENMVOC þ FECO; ð9Þ

FECH4
¼ FERice þ FENW þ FELake þ FEPlant; ð10Þ

FENMVOC ¼ FEPlant: ð11Þ

The FECH4
, FENMVOC and FECO in Eq. (9) were

emissions of CH4, NMVOC and CO, respectively. The
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FERice, FENW, FELake and FEPlant in Eq. (10) were CH4

emissions from rice paddies, natural wetlands, lakes and

terrestrial plants, respectively. The FEPlant in Eq. (11) was

the NMVOC emissions from terrestrial plants.

Because of their random occurrence time and intensity

and ability to move among regions, carbon fluxes caused

by creature ingestion (FECI) were difficult to evaluate

through in situ observational methods or zonal statistical

methods. In view of the difficulties in calculating FECIW

and FECIH and their small proportions in the allocation of

carbon, we did not calculate them separately in this paper

but just calculated the FECII for different ecosystem types.

For forest ecosystems, in combination with carbon

density per unit area [38], inventory data on disaster areas

and disaster intensities were used to calculate the carbon

emissions caused by diseases, pests and rats in forests [39].

The FECII in grassland ecosystems was calculated by

reference to the computing method for forest ecosystems and

used data for disaster areas, disaster intensities and carbon

densities per unit area. Data of disaster areas provided by

National Bureau of Statistics in 2010 were used. Disaster

intensities were estimated by reference to the moderate class

data (15 %) in Su et al. [38], whereas the national averaged

carbon consumption intensity of grass products per unit area

was used as the carbon density per unit area.

The intensity of diseases, pests and rats in cropland

ecosystems was small because of the intense artificial

management. Hence, the FECII for cropland was neglected

in this study.

(iii) Assessment schemes for NRP and flux of emissions

from anthropogenic disturbances

Assessing the carbon consumption caused by anthropogenic

disturbances was quite complex because these activities

were mainly regulated by the market behavior of goods and

were also highly mobile. Therefore, the most feasible

method was to approximate the total amounts according to

the levels of intra-region macroeconomic activity and the

corresponding carbon consumption coefficients. Carbon

consumption caused by anthropogenic disturbances (FEAD)

was primarily comprised of carbon consumption by agricul-

ture and forestry use (CCU), including carbon consumption

of agricultural products (referred to food and fiber) (CCUC),

carbon consumption of grazing and livestock feeding

(CCUG) and carbon consumption of forestry products (e.g.,

timber, fuel and crude medicine) (CCUF). Thus, the NRP was

calculated as follows:

NRP ¼ NBP � FEAD ¼ NBP� CCU

� NBP � CCUC � CCUG � CCUF: ð12Þ

The China Statistical Yearbook published economic

yields of various crops but did not provide yields of non-

food products. Therefore, the CCUC was calculated with

the yields of agricultural products (Yi), the crop harvest

index (HIi), the water content (Cwi) and the carbon fraction

of dry matter (CCi) following Zhu et al. [40]:

CCUC ¼
Xn

i¼1

Yi � ð1� CwiÞ=HIif g � CCi; ð13Þ

where i represented different crops, HI was the ratio of crop

harvest yield to total dry matter, Cwi referred to published

data in the literature, and CCi was set at 0.45 [40].

The CCUG was calculated as follows:

CCUG ¼ YG � ð1� CwGÞ=HIG � CCG; ð14Þ

where YG was hay yield. The CwG was the water content of

the hay, which is set at 14 % according to the national

standards. The HIG was the harvest index of hay, which

was set at 1 because the yield referred to the hay used by

livestock. CCG was the carbon fraction of dry matter, which

was also set at 0.45 [40].

We calculated CCUF using the harvest yield of forest

products and used index as follows:

CCUF ¼
Xn

i¼1

Bi=UIif g � CFi: ð15Þ

In Eq. (15), i was round wood, bamboo and fuel wood, Bi

represented the biomass. The UIi was the rate of use, in which

the UI for round wood and bamboo was 0.535 and the UI for

fuel wood was 0.65 [40]. The CFi was carbon fraction of dry

matter for forest products with a value of 0.5.

The biomass of round wood, bamboo and fuel wood was

obtained according to the yields as follows:

BY ¼ qYVY; ð16aÞ
BZ ¼ nM; ð16bÞ
BX ¼ qXVX: ð16cÞ

In Eq. (16), BY, BZ and BX were the biomass of round

wood, bamboo and fuel wood, respectively. The qY was the

basic density of round wood, which was equal to

0.485 t m-3 [41]. The VY was the annual production of

round wood. The n was the tree number of bamboo, and

M was the average biomass per individual bamboo, which

was 63.46 kg individual-1 [41]. The qX was basic density

of fuel wood, which was also 0.485 t m-3. The VX was the

annual production of fuel wood.

(iv) Assessment schemes for NRCB and flux of emis-

sions from natural disturbances

Because of the random occurrence in time and location, it

was difficult to monitor in situ and quantify the effects of

natural disturbances mentioned above. Therefore we

regarded the disturbance factors as random and obtained

their statistical probabilities for a specific region at long-

term scales from historical records.
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The carbon emissions from fires could have been caused

by either natural or anthropogenic sources, which were

difficult to distinguish. Based on the assessment method

proposed by Fu et al. [39], the carbon emissions caused by

forest fires were estimated as follows:

FEp ¼
X
ðA�Mi � CFiÞ � 0:5; ð17Þ

where A was the burned area, M was fuel density (mass of

fuel available for combustion per unit area burned), and CF

was the combustion factor (i.e., the fraction of fuel con-

sumed during fires). The i was the fuel component

(aboveground biomass, surface litter and dead wood), and

0.5 was the carbon fraction of dry matter. The carbon

emissions from grassland fires were negligible because the

burned area of grassland was relatively small according to

the data from National Bureau of Statistics.

Many studies focused on the carbon leakage caused by

water and wind erosion. However, it was likely that local-

scale carbon leakage caused by water and wind erosion was

transferred to other regions of the study area. Thus, when

analyzing the regional carbon budget, clear geographical

boundaries were identified and only the components

removed outside of the boundaries were considered.

Therefore, we recognized the boundaries of China and only

analyzed the carbon flowing into the ocean from rivers and

considered it to be the carbon leakage caused by water

erosion (FLGwa). Moreover, because of data limitations,

only nine major rivers were analyzed in this study. Fur-

thermore, we set the carbon leakage caused by wind ero-

sion 0 by assuming the output equals to the input due to

data limitation.

The carbon delivered from rivers to the ocean occurred

in four forms, particulate organic carbon (POC), particulate

inorganic carbon (PIC), dissolved organic carbon (DOC)

and dissolved inorganic carbon (DIC). The flux of

particulate carbon (FPC), which was the sum of the fluxes

of PIC and POC, was calculated by multiplying the total

suspended sediment (TSS) by the concentration of POC

(POC%) or PIC (PIC%) as follows [42]:

FPIC ¼ TSS� PIC%; ð18aÞ
FPOC ¼ TSS� POC%; ð18bÞ

where FPIC and FPOC were the fluxes of PIC and POC,

respectively. The data for TSS from the nearest site to the

river entrance were used.

The flux of dissolved carbon (FDC), which was the sum

of fluxes of DIC and DOC, was calculated by multiplying

river runoff (R) by the concentration of DOC (DOC%) or

DIC (DIC%) as follows:

FDIC ¼ R� DIC%; ð19aÞ
FDOC ¼ R� DOC%: ð19bÞ

In Eq. (19), the FDIC and FDOC were fluxes of DIC and

DOC, respectively. The data for runoff from the nearest site

to the river entrance were used. The DOC% and DIC% of the

major rivers in China are shown in Table 1.

In this study, the FLGwa was calculated as the sum of

FPC and FDC.

Currently, studies are rare on regional carbon seepage

processes, particularly studies on the effects on regional

carbon balance. Thus, the effects were assumed to be small

and were not considered in this study.

3.2 Dataset

(i) Climate data The annual climate data including MAT

and MAP at a 1 km 9 1 km spatial resolution were

generated from the data of 756 climate stations from

the Climate Meteorological Administration from 2001

Table 1 Yearly averaged concentrations of dissolved carbon in the major rivers in China

River DOC% (mgC L-1) References DIC% (mgC L-1) References

Yangtze River 2.07 [43] 20.597 [44]

Yellow River 1.76 [43] 38.892 [44]

Huaihe River 1.986 This studya 24.205 [44]

Haihe River 1.986 This studya 44.675 [44]

Pearl River 2.0 [43] 20.844 [45]

Songhua River 1.986 This studya 6.547 This studyb

Liaohe River 1.986 This studya 6.547 [44]

Qiantang River 2.1 [43] 8.860 [44]

Minhe River 1.986 This studya 5.823 [44]

a The concentration of DOC for the Huaihe River, Haihe River, Songhua River, Liaohe River and Minhe River was from the averaged

concentration of DOC for other rivers (i.e., Yangtze River, Yellow River, Pearl River and Qiantang River) from the literature, because no data

were available
b The concentration of DIC for the Songhua River was from the data of the Liaohe River, because no data were available
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to 2010 [19] using the interpolation software AUS-

PLINE and the 1-km DEM data [46, 47].

(ii) Vegetation data The Vegetation Map of China [48] was

used to analyze the spatial patterns of the carbon budget

for different ecosystem types. The 11 vegetation groups

were coniferous forest, mixed forest, broadleaved

forest, shrub, meadow, steppe, grass–forb community,

desert, swamp, alpine vegetation and planted vegeta-

tion, and they were reclassified into four ecosystem

types: forest, shrubland, grassland and cropland [19].

(iii) Social statistics From the China Statistics Yearbook

2001–2010 released by the National Bureau of Statis-

tics, we found the data for the production, annual

occurrence areas of diseases, pests and rats, and burned

area of fires in each province. After 2004, the hay yield

data for some provinces and the country were from the

National Grassland Monitoring Report released by the

Grassland Supervision Division of the Ministry of

Agriculture. The yield data of main forestry products

including round wood, bamboo and fuel wood for each

province were from the China Forestry Statistics

2001–2010 released by the Ministry of Forestry. The

data on runoff and carbon content of the major rivers

were from Chinese hydrological data.

4 Results

4.1 GPP, NPP, NEP and ER

Based on the optimal assessment schemes for the spatial

patterns of carbon fluxes (Eqs. (6)–(8)), we calculated the

total annual GPP, ER and NEP during 2000–2010

(Table 2), which were 7.78, 5.89 and 1.89 PgC a-1[19],

respectively. By assuming that the ratio of NPP to GPP was

0.5, the NPP and Ra were both approximately

3.89 PgC a-1. Thus, the NEP accounted for approximately

24.29 % of the total GPP in China.

4.2 Fluxes of emissions from reactive carbon

and creature ingestion and NBP

Reactive carbon compounds in ecosystems include meth-

ane (CH4), non-methane volatile organic compounds

(NMVOC) and carbon monoxide (CO). Rice paddies,

natural wetlands, lakes and terrestrial plants are the four

key sources of CH4 emissions in terrestrial ecosystems.

The total CH4 emissions from rice paddies in China

were documented in previous studies (Table 3). Briefly,

these results might be divided into three categories: (1)

Estimates that were simulated primarily from a semiem-

pirical model developed by Huang et al. [49] and the

revised model (CH4MOD) [50] ranged from 3.99 to

15.15 TgC a-1 [50–57]; (2) estimates that were calculated

with emission factors as the main input parameter ranged

from 5.56 to 9.50 TgC a-1 [58–60]; and (3) estimates that

were obtained through a meta–analysis method ranged

from 3.90 to 8.52 TgC a-1 [61, 62]. By summarizing these

results, the CH4 emissions from rice paddies in China

ranged from 3.90 to 15.15 TgC a-1, with an average of

approximately 6.43 TgC a-1.

Studies on the total CH4 emissions from natural wet-

lands and lakes are rare in China.

In a review of the CH4 flux measurements from different

types of natural wetlands and lakes in different regions of

China determined by static chamber method, Chen et al.

[61] estimated that the total CH4 emissions from natural

wetlands and lakes (including reservoirs and ponds) in

China were 2.02 TgC a-1 (ranging from 1.85 to

2.40 TgC a-1) and 0.35 TgC a-1 (ranging from 0.25 to

0.44 TgC a-1), respectively.

Additionally, it was reported that terrestrial plants also

emit CH4 under aerobic conditions [63]. Combining the

CH4 emission model of terrestrial plants with an atmo-

spheric chemistry model, Xie et al. [64] simulated the

methane emissions from terrestrial plants in China and

found the emissions were 8.87 TgC a-1.

Thus, according to Eq. (10), the total CH4 emissions

from terrestrial ecosystems in China ranged from 14.87 to

26.86 TgC a-1, with an approximate average of

17.67 TgC a-1.

Based on the simulation method proposed by Guenther

et al. [65, 66], the annual NMVOC emissions from ter-

restrial vegetation in China were estimated and ranged

from 13.23 to 17.1 TgC a-1 [67, 68], with an average of

15.17 TgC a-1. Few studies on Chinese CO emissions

were found. Hence, based on the global average for CO

emissions from vegetation reported by Guenther [32], we

approximated the CO emission flux in China, which was

38.50 TgC a-1.

Thus, according to Eq. (9) and the emission fluxes of

CH4, NMVOC and CO, the carbon fluxes of emissions

Table 2 Major natural carbon fluxes of terrestrial ecosystems in

China during 2001–2010

Carbon

flux

Amount

(PgC a-1)

Percentage of

GPP (%)

Method

GPP 7.78 100 Section 3.1 (i)

NPP 3.89 50 Section 3.1 (i)

NEP 1.89 24.3 Section 3.1 (i)

ER 5.89 75.7

Ra 3.89 50 Section 3.1 (i)

Rh 2.00 25.7
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from reactive carbon (FERC) in China ranged from 66.60

to 82.46 TgC a-1, with an average of approximately

71.34 TgC a-1 (Table 4). It was difficult to estimate all

components of carbon fluxes of emissions from creature

ingestion (FECI) and only emissions caused by diseases,

pests and rats in forest and grassland ecosystems were

approximated, which were 4.29 and 2.47 TgC a-1,

respectively (Table 4). According to Eq. (3), the net biome

productivity (NBP) was approximately 1.812 PgC a-1,

accounting for 23.29 % of GPP.

4.3 Carbon consumption by agricultural and forestry

use (CCU) and NRP

Based on Eqs. (12)–(16), we estimated that the total carbon

consumption by agricultural and forestry use (CCU) in

China was about 0.806 PgC a-1, of which CCU for agri-

cultural products, hay use and forestry products was 0.631,

0.115 and 0.060 PgC a-1, respectively [40] (Table 5).

Thus, the NRP in China was about 1.006 PgC a-1 and

accounted for about 12.93 % of the GPP.

4.4 Flux of emissions from natural disturbances

and NRCB

Many studies were conducted on the global emissions from

fires and the results ranged from 1.4 to 3.1 PgC a-1 [70–

72]. Research on carbon emissions from forest fires was also

conducted in China, but large differences were found

among the results. The estimates of annual carbon emis-

sions from forest fires in China ranged from 8.55 to

13.9 TgC a-1 from 1950 to 2000 in Lü et al. [73] and from

20.24 to 28.56 TgC a-1 from 1991 to 2000 in Tian et al.

[74, 75]. However, the mean emissions from forest fires in

Piao et al. [25] were only 0.003 PgC a-1 between 1980 and

2000. In this study, based on the method proposed by Fu

Table 3 Total CH4 emissions from rice paddies in China reported in previous studies

Method CH4 emission (Tg C a-1) Study period Reference

A semiempirical model developed by Huang et al. [49] 5.39–10.22 1991–1995 [51]

Revised model of Huang et al. [49] 6.95 2000 [67]

Revised model of Huang et al. [49] 5.63 2007 [54]

CH4MOD 3.99–4.67 1990–2000 [53]

CH4MOD 4.52 2000 [69]

DNDC model 5.7 2000 [55]

Based on a conversion ratio of NPP to CH4 4.39–5.43 1990–2000 [56]

Model with changing land use 15.15 1991 [57]

Based on emission factor 5.56 – [58]

Based on emission factor 7.25–9.50 1990 [60]

A category based on organic manure and water regime 6.04 ± 2.77 1993 [59]

Meta-analyses 4.37–7.18 – [62]

Meta-analyses 3.90–8.52 2008 [61]

Table 4 Fluxes of emissions from reactive carbon and creature

ingestion in China

Disturbance Amount

(TgC a-1)

Percentage

of NEP

Method

Reactive carbon 71.34 3.78 Section 3.1 (ii)

CH4 17.67 0.93

NMVOC 15.17 0.80 Section 3.1 (ii)

CO 38.50 2.04

Creature ingestion 6.76 0.36 Section 3.1 (ii)

FECIW – – –

FECII 6.76 0.36 Section 3.1 (ii)

FECIH – – –

The FECIW is the flux of emissions from wildlife ingestion. The FECII

is the flux of emissions from diseases, pests and rats. The FECIH is the

flux of emissions from human gathering activities within the normal

range

Table 5 Carbon consumption by agricultural and forestry use (CCU)

in China during 2001–2010

Anthropogenic

disturbance

Amount

(PgC a-1)

Percentage

of NEP (%)

Method

CCU 0.806 42.65 Section 3.1 (iii)

CCUC 0.631 33.39

CCUG 0.115 6.08 Section 3.1 (iii)

CCUF 0.060 3.17

The CCUC is the carbon consumption of agricultural products. The

CCUG is the carbon consumption of grazing and livestock feeding.

The CCUF is the carbon consumption of forestry products
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et al. [39], we estimated the total carbon emission from

forest fires from 2000 to 2010 in China was 23.81 TgC, with

mean annual emissions of approximately 2.16 TgC a-1

(Table 6).

The estimates for carbon fluxes delivered from the rivers

to the ocean were about 1.8 and 0.081 PgC a-1, according

to Raymond et al. [76] and Fang et al. [77], respectively.

On basis of the hydrological data of nine major rivers in

China and Eqs. (18) and (19), we re-estimated the amounts

of carbon flowed into the ocean (Table 7) and considered

the sum as the terrestrial carbon leakage caused by water

erosion in China, which was about 38.22 TgC a-1.

Thus, according to Eq. (5), the net regional carbon

budget (NRCB) was about 0.966 PgC a-1 in China and

accounted for 12.42 % of the GPP, 24.83 % of the NPP,

53.31 % of the NBP and 96.02 % of the NRP.

Table 6 shows that the carbon emissions from forest

fires were relatively small and contributed only about

0.1 % of the NEP, while carbon emissions from water

erosion accounted for about 2 % of the NEP.

5 Discussion

5.1 Carbon budget components of terrestrial

ecosystems in China

Many researchers have evaluated the key components of

carbon budget in China using resource inventory method

and process-based ecological models or remote sensing

models, as well as the strength of carbon sink of different

ecosystem types and nationwide [13, 25, 78]. In this study,

however, we proposed a new way to assess the carbon

budget of a large region (i.e., large-scale regional biome-

society system) from a new perspective.

We assumed that the entire terrestrial ecosystem of

China was an independent natural geographical unit. By

considering the biogeographical processes that affected

components of the carbon budget and the availability of

regional data, the terrestrial ecosystem productivity and the

carbon fluxes consumed by various natural and anthropo-

genic activities during 2001–2010 in China were approxi-

mated by integrating multi-source data. Then, based on the

conceptual model presented in Fig. 1, we drew the rela-

tional schema of terrestrial ecosystem productivity and

carbon budget components in China (Fig. 2).

Figure 2a shows that terrestrial ecosystems in China had a

quite high carbon sequestration capacity, with a gross pri-

mary productivity (GPP) of approximately 7.78 PgC a-1.

The vegetation autotrophic respiration consumed about half

of the total GPP which resulted in 3.89 PgC a-1 of net pri-

mary productivity (NPP). Heterotrophic respiration con-

sumed 2.0 PgC a-1 of NPP and resulted in 1.89 PgC a-1 of

NEP. Of the NEP, reactive carbon and creature ingestion

consumed 0.078 PgC per year, leading to 1.812 PgC a-1 of

net biome productivity (NBP). Moreover, agricultural and

forestry use was an important pathway for carbon con-

sumption, with an average of 0.806 PgC a-1. The NRP in

China was thus approximately 1.006 PgC a-1. Additionally,

the total carbon leakage from forest fires and various geo-

logical processes was about 0.04 PgC a-1 at the long-term

scale. Finally, the net regional carbon budget (NRCB) in

China was about 0.966 PgC a-1, which was equivalent to

approximately 42.74 % of the total carbon emissions from

fossil fuels in China during 2010.

The carbon budget components of terrestrial ecosystems

in China (Fig. 2a) indicated that anthropogenic distur-

bances had an important effect on the carbon sink of ter-

restrial ecosystems. Approximately 42.65 % of net

ecosystem productivity (NEP) was removed from ecosys-

tems in the form of agriculture, forestry and grass products

that were consumed by human activities. The effects of

natural disturbances such as water erosion, wind erosion

Table 6 Flux of emissions from natural disturbances in China during

2001–2010

Natural

disturbance

Amount

(TgC a-1)

Percentage

of NEP (%)

Method

FEp 2.16 0.114 Section 3.1 (iv)

FLG 38.22 2.022 Section 3.1 (iv)

FLGwa 38.22 2.022 Section 3.1 (iv)

FLGwi – – –

FLGs – – –

The FEp represents the carbon emissions from physical processes (i.e.,

fires). The FLG represents the flux of geological carbon leakage such

as water erosion (FLGwa), wind erosion (FLGwi) and seepage (FLGs)

Table 7 Carbon fluxes flowing to the ocean from major rivers in

China (TgC a-1)

River POC PIC DOC DIC Sum

Yangtze River 3.287 1.522 1.735 17.268 23.812

Yellow River 0.902 3.094 0.032 0.712 4.740

Huaihe River 0.128 0.051 0.071 0.867 1.117

Haihe River 0.000 0.000 0.001 0.013 0.014

Pearl River 0.825 0.285 0.509 5.302 6.921

Songhua River 0.202 0.129 0.090 0.296 0.717

Liaohe River 0.013 0.016 0.005 0.015 0.049

Qiantang River 0.056 0.019 0.038 0.159 0.272

Minhe River 0.127 0.038 0.106 0.311 0.582

The POC is particulate organic carbon. The PIC is particulate inor-

ganic carbon. The DOC is dissolved organic carbon. The DIC is

dissolved inorganic carbon
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and fire affected the NEP, but the effects were significantly

less than those of anthropogenic disturbances. The carbon

emissions caused by human use were up to 0.806 PgC a-1,

which was 6.83-fold greater than that caused by various

natural disturbances (0.118 PgC a-1). Therefore, it is of

great significance to increase the scientific evaluation of

carbon management of human activities.

5.2 Relationship of NEP with strength of carbon sink

(NRCB) at a regional scale

Large differences exist among the estimations of produc-

tivity for the same region or the world when different

approaches are used [29]. The NEP estimated in this study

differed largely from the carbon sink estimates obtained by

Fig. 2 Carbon budget components and carbon sink/source formation of terrestrial ecosystems in China during 2001–2010. The GPP in a and

b are estimates from this study and from data collected in the literature, respectively. The Ra is autotrophic respiration. The Rh is heterotrophic

respiration. The FERCCI is the flux of emissions from reactive carbon (FERC) and creature ingestion (FECI). The FEAD is the flux of emissions

from anthropogenic disturbances. The CCUC is the carbon consumption of agricultural products. The CCUG is the carbon consumption of

grazing and livestock feeding. The CCUF is the carbon consumption of forestry products. The FEp is the carbon emission from physical processes

such as forest and grassland fires. The FLG is flux of geological carbon leakage. The GPP is gross primary productivity. The NPP is net primary

productivity. The NEP is net ecosystem productivity. The NBP is net biome productivity. The NRP is net productivity of a regional biome-

society system. The NRCB is the net regional carbon budget
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other researchers using models [79] and the biomass

inventory method [25, 30] because of the ambiguity in the

definitions of concepts related to terrestrial ecosystem

productivity and carbon budget components.

In general, the net ecosystem exchange determined by

eddy covariance method was defined as NEP, whereas the

change in carbon storage measured by the biomass inven-

tory method was also defined as NEP. From these defini-

tions, the NEP was regarded as the net carbon budget of

ecosystems (NRCB). For natural ecosystems, which had no

strong natural and anthropogenic disturbances, previous

studies showed that the NEP obtained by the biomass

inventory method and eddy covariance method agreed well

with each other [80–82]. However, for ecosystems strongly

affected by human activities at a regional scale (biome-

society system), especially at a long-term scale, anthropo-

genic and natural disturbances still exist, including food

collection, timber harvesting, burning of plant residues,

fires, water erosion and other geological processes that

cause carbon leakage. Hence, the NEP measured by eddy

covariance method will be significantly higher than the

NEP obtained by biomass inventory method, and their

ecological implications will be significantly different. In

this case, the NEP obtained by eddy covariance method

could be considered the climate-based potential value of

the ecosystem carbon sink, while the NEP obtained by

biomass inventory method might be equivalent to NBP,

NRP or NRCB.

5.3 Uncertainty in the assessment of carbon sink

Based on the regional carbon fluxes extrapolated from the

site flux data and carbon emissions obtained from multiple

approaches, we approximated the strength of carbon sink of

terrestrial ecosystems in China. And our estimate was

significantly higher than that during 1981–2000 based on a

variety of ways [25], and was also higher than the sink

during 2001–2010 (0.28–0.33 PgC a-1, Table 8) obtained

from atmospheric inversion method [24, 83], models [79]

and resource inventory method [84, 85]. These differences

resulted primarily for two reasons. First, many studies

demonstrated that the strength of carbon sink of this decade

was obviously larger than the level at the end of last cen-

tury [79], whereas the estimate in this study corresponded

to the period from 2001 to 2010. Second, the GPP used in

this study was calculated from climatic factors, which

could be regarded as the potential value of GPP under the

current climatic conditions. Thus, the GPP used in this

study was significantly overestimated compared with the

values reported in the previous studies (Table 8).

Although the GPP used in this study was higher than the

previous research results, this study provided values of the

net ecosystem productivity (NEP) and the ecosystem res-

piration (ER) nationwide for the first time, which were vital

in the evaluation of the strength of the regional carbon sink

based on the method proposed in this study. Hence, this

GPP was chosen for our study.

Table 8 Results of main carbon fluxes in China during 2001–2010 reported in previous studies

Model Study period GPP NPP NEP NRCB Reference

EC_LUE 2001–2010 6.04 3.02b – – [86]

MODISa 2001–2010 5.47 2.74b – – [86]

Model tree ensemble approacha 2001–2010 6.06 3.03b – – [28]

BEPS 2000–2010 5.48c 2.74 – – [87]

GEOLUE 2000–2004 5.68c 2.84 – – [88]

GEOPRO 2000 4.83c 2.416 – – [88]

CASA 2001 4.96c 2.478 – – [89]

Model tree ensemble approacha 2001–2008 – – 1.02 – [28]

Atmospheric inversion method 2002–2008 – – – 0.31 [83]

Atmospheric inversion method 2001–2010 – – – 0.33 [24]

DLEM 2001–2005 – – – 0.28 [79]

Resource inventory method 2004–2008 0.29d [84, 85]

a GPP and NEP of terrestrial ecosystems in China from MODIS and model tree ensemble approach were extracted from corresponding global

database
b Only data of GPP were reported. NPP were calculated based on NPP/GPP = 0.5
c Only data of NPP were reported. GPP were calculated based on NPP/GPP = 0.5
d The strength of carbon sink of vegetation in forest ecosystems (including economic forests) in China was 0.204 PgC a-1 during 2004–2008

[84]. By assuming no differences in the strength of carbon sink of forests’ soil, grassland and cropland comparing with the level [85] at the end of

last century, the national carbon sink was about 0.29 PgC a-1
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Additionally, based on the GPP values collected from

the literature, we found a much lower carbon sink through

our framework, which was comparable to previous studies

(Table 8). The mean GPP of terrestrial ecosystems in

China based on data collected from the literature was

5.50 ± 0.48 PgC a-1, and the NPP was 2.75 ± 0.24

PgC a-1. Using the relationship between NEP and NPP

defined in this study, we calculated the mean NEP as

1.34 ± 0.12 PgC a-1 (Fig. 2b). The magnitude of carbon

sink obtained with this approach was therefore about

0.41 ± 0.12 PgC a-1 (Fig. 2b), which was slightly higher

but was consistent with existing research results (Table 8).

The ‘slightly higher’ carbon sink primarily resulted from

an underestimation of ER, and hence, the NEP was over-

estimated. The NEP in this study was obtained primarily

from measurements from undisturbed ecosystems, which

had a higher ratio of NEP to GPP. The strength of NEP was

thereby overestimated, which made the carbon sink slightly

higher than previous studies. However, our result was of a

similar magnitude from previous studies, which confirmed

the credibility of our research approach and that the small

uncertainties in other carbon fluxes such as FERC, FECI,

FEAD and FEp were acceptable.

Because the GPP used in this study was the climatic

potential GPP, the estimated strength of carbon sink can be

considered as the climatic-based potential for carbon sink.

The strength of actual carbon sink (NRCB) in China in

recent years was about 0.28–0.33 PgC a-1 (Table 8),

accounting for 29 %–34 % of the climatic potential value

reported in this study. This confirmed that the terrestrial

ecosystems in China have great potential in increasing

carbon sinks (about 0.636–0.686 PgC a-1).

Moreover, because of the scarcity of data sources,

uncertainties caused by the coherence and couple among

multiple data sources are inevitable, whereas our results all

focused on the national scale for all carbon fluxes. For

example, GPP is a nationwide total amount, which covered

all kinds of ecosystem types, though there were no eddy

towers in lakes used in generating GPP. Therefore, the

mismatch of datasets may also bring some uncertainties to

the estimated NRCB, which should be paid more attention.

Finally, the current study only focused on the magnitude

of carbon sink in China, whereas the carbon sinks in ter-

restrial ecosystems of China have obvious spatial vari-

ability and more attention should focus on this variability

in the future.
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