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Abstract

In China, cumulative changes in climate and land use/land cover (LULC) from 1981
to 2000 had collectively affected the net productivity in the terrestrial ecosystem and
thus the net carbon flux, both of which are intimately linked with the global carbon
cycle. This paper represents the first national effort of its kind to systematically inves-5

tigate the impact of changes of LULC on carbon cycle with high-resolution dynamic
LULC data at the decadal scale (1990s and 2000s). The CEVSA was applied and
driven by high resolution LULC data retrieved from remote sensing and climate data
collected from two ground-based meteorological stations. In particular, it allowed us
to simulate carbon fluxes (net primary productivity (NPP), vegetation carbon (VEGC)10

storage, soil carbon (SOC) storage, heterotrophic respiration (HR), and net ecosys-
tem productivity (NEP)) and carbon storage from 1981 to 2000. Simulations generally
agree with output from other models and results from bookkeeping approach. Based
on these simulations, temporal and spatial variations in carbon storage and fluxes in
China may be confirmed and we are able to relate these variations to climate variability15

during this period for detailed analyses to show influences of the LULC and environ-
mental controls on NPP, NEP, HR, SOC, and VEGC. Overall, the increases in NPP
were greater than HR in most of the time due to the effect of global warming with more
precipitation in China from 1981 to 2000. With this trend, the NEP remained positive
during that period, resulting in the net increase of total amount of carbon being stored20

by about 0.296 Pg C within the 20-years time frame. Because the climate effect was
much greater than that of changes of LULC, the total carbon storage in China actually
increased by about 0.17 Pg C within the 20 years. Such findings will contribute to the
generation of control policies of carbon emissions under global climate change.
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1 Introduction

Many problems associated with ecosystem conservation have roots in anthropogenic
disruptions of natural biogeochemical cycles such as those of water and carbon. The
driving mechanism associated with the physical climate system and social-economic
system collectively plays an important role in biogeochemical cycle research. Under-5

standing of the mechanisms of these interactions via a holistic assessment by way of
earth system modeling would be equally as important as studies of individual dynamic
processes occurring in specific ecosystems (Cao et al., 1998a; DeFries et al., 1999;
Fang et al., 2001; Houghton et al., 1999; Melillo et al., 1993; Pacala et al., 2001; Peng
et al., 2009; Stephen et al., 1995).10

The effects of climatic change on the ecosystem’s carbon cycle involve impacts on
plant photosynthesis, respiration, and decomposition of soil organic carbon. Land-
use change directly affects the distribution and structure of terrestrial ecosystems and
changes the carbon storage and fluxes in terrestrial ecosystems. Land use/cover
change (LUCC) can affect energy flow within biogeochemical and hydrological cycling15

in terrestrial ecosystems through altering land surface and species composition (Cao
et al., 1998b; Braswell et al.1997; Bousquet et al., 1997; Houghton et al., 1987, 1991;
McGuire et al., 2001). Ecosystem carbon cycling responds differently to various types
of LUCC showing a pattern of CO2 release into the atmosphere when changes occur
from a high-biomass forest to low-biomass grassland, cropland or urban area. The20

terrestrial ecosystem plays a dual role in carbon uptake/release effects in the global
carbon cycle, and it is an important part of the interaction between human activity
and climate change. The problem of LUCC effecting carbon cycling in the terrestrial
ecosystem was one of the most worrisome environmental problems concerned by sci-
entists, land managers and policy makers in many interdisciplinary studies in the past25

two decades (Houghton et al., 2000, 2003a,c, 2005; Caspersen et al., 2000; Feddema
et al., 2005; John, et al., 2000; Klein, 2001; Klein et al., 2004; Ramankutty, et al., 1998;
Schimel et al., 2000, 2001; Vleeshouwers et al., 2002; Strassmann, et al., 2008; Guo,
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et al., 2002; Phillips, et al., 1998; Ramankutty et al., 1999). With its immense land re-
sources, the climate and ecosystem in China are complex and diverse, and the degree
of LUCC has varied widely from region to region in the past two decades resulting in
an important impact on the national carbon cycle (Liu et al., 2005a,b; Li et al., 2003,
2004; Sha, 2002).5

For this reason, a number of studies were carried out at the national level for estimat-
ing China’s net primary productivity (NPP) (Jiang et al., 1999; Ni et al., 2001; Ni, 2003;
Fang et al., 2003; Piao et al., 2005; Zhao and Zhou, 2005), forest biomass (Fang et al.,
1998, 2001; Feng et al., 1999; Li et al., 2004; Pan et al., 2004), SOC storage (Fang
et al., 1996; Wang et al., 2003; Wu et al., 2003a,b), possible responses to past climate10

change (Peng and Apps, 1997), interannual climate variability (Cao et al., 2003; Piao
et al., 2003, 2005), and future movement of climate change (Xiao et al., 1998; Gao
et al., 2000; Ni et al., 2001). Recent estimates of forest biomass carbon in China sug-
gested that Chinese forest ecosystems have been acting as a carbon sink during the
past decades (Fang et al., 2001, Houghton, et al., 2003, Ge et al., 2008). For instance,15

Xiao et al. (1998) estimated the annual average of China’s NPP to be about 3.65 Pg C
using the terrestrial ecosystem model (TEM). Cao et al. (2003) simulated carbon flux
changes in China with a model of carbon exchange between vegetation, soil, and at-
mosphere (CEVSA) for the period of 1981–2000. It is estimated that the NPP was in
the range of 2.86–3.21 Pg C and soil heterotrophic respiration (HR) was in the range20

of 2.89–3.21 Pg C in China within that 20 years. Fang et al. (2001) analyzed the forest
biomass changes over the past 50 years in China based on the national forest inven-
tory data. The results revealed that human activities such as afforestation had led to
an increase in forest carbon storage of 0.45 Pg C from the mid-1970s to 2000. Wang
et al. (2003) analyzed the SOC storage in China using the initial and the second Na-25

tional Soil Survey data, and found out that the SOC storage in China was 93 Pg C in
the 1960s and 92 Pg C in the 1980s, resulting in a net decrease of 1 Pg C in a 20-years
time frame. Wu et al. (2003a) also analyzed the impacts of land use on soil carbon
(SOC) in China using the second national soil survey data solely and they pointed out
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that the SOC in China was decreased by 7.1 Pg C, while SOC storage was reduced by
0.8 kg C/m2 because of the impact of LUCC.

Between 1981 and 2000, the climate and land use in different regions in China simul-
taneously experienced changes. Global warming was salient with regional variations.
Sha et al. (2002) found that the climate of Northern China became colder, while South-5

ern China became warmer in the study period. On average, the rate of change of
global temperature was 0.40 ◦C in Northern China and 0.34 ◦C in Southern China. The
temperature between 1981 and 2000 in northern arid areas was higher than the av-
erage temperature of the twentieth century by 1 ◦C Liu et al. (2005a,b) analyzed the
LUCC with Landsat remote sensing data over the period from 1990–2000 in China and10

found out that the LUCC had significant regional differences due to the impacts of land
management policy and economic development. Within the 1990s, farmland increased
in Northern China and decreased in Southern China, while the total area of farmland
increased. Forested land and grassland decreased gradually and constructed land ex-
panded continually (Liu et al., 2005a,b). This paper represents the first national effort15

of its kind to systematically investigate the impact of LUCC on carbon cycle with high-
resolution dynamic land use and land cover (LULC) data at the decadal scale (1990s
and 2000s). In particular, CEVSA model was employed to simulate carbon fluxes (net
primary productivity (NPP), heterotrophic respiration (HR) and net ecosystem produc-
tivity (NEP)) and carbon storage (vegetation carbon (VEGC) storage and soil carbon20

(SOC) storage) from 1981 to 2000 in order to differentiate the individual impact of LUCC
on carbon fluxes and carbon storage given the possible climate change scenarios.

2 Materials and methods

In order to estimate the impacts of climate and LUCC on the carbon cycle of the ecosys-
tem in China, the CEVSA model was employed to simulate changes of NPP, vegetation25

carbon, HR, soil carbon, and NEP. The NEP is equal to the difference between NPP
and HR, which can be viewed as either the carbon sink if NPP is larger than the HR or
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the carbon source if the NPP is smaller than the HR. With the substantially quantified
NEP information using the CEVSA model, we were able to test two hypotheses linking
two different quantitative impacts on the carbon cycle. The two hypotheses are: 1) the
LUCC encountered in China from 1981 to 2000 mildly decreased the carbon storage;
2) the climate change in association with the increase of precipitation encountered in5

China from 1981 to 2000 increased the carbon storage to some extent. It was envi-
sioned that the cumulative carbon storage and release could eventually lead to a net
effect of carbon sink based on these two hypotheses holistically.

2.1 The CEVSA model

The carbon cycle of the terrestrial ecosystem is driven through the processes of pho-10

tosynthesis, autotrophic respiration, litter production, and soil respiration (HR). These
processes are controlled by the eco-physiological characteristics of biomes (e.g., pho-
tosynthetic pathway, leaf form, and phenology ) and by environmental conditions (e.g.,
radiation, temperature, availability of water, and nutrients). To couple these biolog-
ical and environmental controls over ecosystem carbon fluxes, CEVSA includes the15

following three modules (Fig. 1): 1) The biophysical module calculates the transfer of
radiation, water, and heat to determine canopy conductance, evapotranspiration, and
soil moisture; 2) The plant growth module describes photosynthesis, autotrophic res-
piration, and carbon allocation among plant organs, leaf area index (LAI), and litter
production; 3) The biogeochemical module simulates the transformation and decom-20

position of organic materials and nitrogen inputs and outputs to soils. Detailed descrip-
tions of the model are given in Cao and Woodward (1998a,b). The key processes are
described in the literature (Cao et al., 1998a,b, 2004, 2005; Woodward et al., 1995).

2.2 Land use/cover change derived from the Landsat/TM images

The 1:100 000 land cover datasets in China applied in this study were generated based25

on the Landsat Thematic Mapper (TM) images. Land-use datasets with 1-km resolu-
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tion in 1990 and 2000 were created. For each time period in the 1980s and 1990s, the
total number of scenes to cover the entire country was more than 500. Visual interpre-
tation and digitization of Landsat TM images at the scale of 1:100 000 were carried out
to generate the thematic maps of land cover under technical support from Intergraph
MGE (Modular GIS Environment) software. A hierarchical classification system of 255

land-cover classes was applied to support the analysis in which six aggregated classes
of land cover including croplands, woodlands, grasslands, water bodies, unused land
and built-up areas were categorized. The extraction of LUCC information was made
possible by comparing the two derived LULC maps associated with 1990 and 2000,
respectively (Liu et al., 2005a). Besides, vegetation cover was further differentiated10

to support the required vegetation classification system used in the CEVSA model.
To achieve this goal, this study used the Advanced Very High Resolution Radiometer
(AVHRR) data and other relevant variables such as temperature and elevation (Digi-
tal Elevation Model, DEM) to investigate vegetation distribution associated with 1990
and 2000, respectively via the use of a supervised classification procedure (Liu et al.,15

2005a).

2.3 The CEVSA application

The CEVSA model was driven by meteorological data with a resolution of 10 km over
a 10-day period. The meteorological datasets were collected by 671 weather stations.
The parameters of relevance include daily precipitation, temperature, cloud cover, at-20

mospheric pressure, and humidity. First, the daily meteorological data was processed
by deriving the mean value over each 10-day period and then, to account for effects of
longitude, latitude, and elevation, a spline function for interpolation was used to pop-
ulate the meteorological data over all grids with a spatial resolution of 10 km based
on these temporally averaged point measurements. The soil texture data were derived25

from the National Soil Survey database (1979∼1994). The LULC database is the same
as we introduced above as the Chinese Resources and Environment Remote-sensing
Database created by the Chinese Academy of Sciences. Figure 2a summarizes the
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LULC in the 1990s whereas Fig. 2b shows the LUCC between the 1980s and 1990s.
The running of the CEVSA model can be divided into equilibrium and dynamic

stages. The equilibrium simulation was designed to use average meteorological data
and a distinct land cover to run CEVSA until equilibrium was reached. Based on the
equilibrium status, CEVSA was run using the actual meteorological data (Cao et al.,5

1998a,b). The specific simulations can be described as follows: 1) With LULC data
of 1990 and the average meteorological data for the period 1971–1990, the CEVSA
model was run to equilibrium (i.e., the variation of the major state variable of the ecosys-
tem). For example, the changes in vegetation and soil organic carbon (SOC), nitrogen
storage, and moisture content of the soil are less than 1%, and NPP, litter production,10

and HR are equivalent. Then, the CEVSA was run by using actual meteorological data
for every 10 days from 1971 to 2000. 2) On the basis of the land cover of 2000, the
CEVSA model was run to the equilibrium state with the average climate data for the
period 1981–2000, and was then run using actual meteorological data of every 10-day
period from 1981 to 2000.15

In order to estimate the individual impact of climate changes on the carbon cycle, in
the first scenario we assumed that there were no changes of LULC within these two
decades. Therefore, we used the results of the dynamic simulation run from 1981 to
2000 with the aid of the LULC of 1990 to analyze the impacts of climate change, and
compared the changes of the average values of carbon storage and flux (e.g., NPP,20

HR, NEP, and vegetation and carbon storage of soil) of the ecosystem from 1990 to
2000. Similarly, in the second scenario, we assumed no climate change to isolate the
impacts of LUCC on carbon storage and flux. The difference between the average
values of carbon storage and flux associated with the two LULC maps related to 1980s
and 1990s was considered to be the consequence of LUCC.25

2.4 Modeling performance of the CEVSA and bookkeeping model

The CEVSA model has been calibrated and validated to simulate soil carbon, veg-
etation carbon, NPP, HR, NEP (Cao et al., 1998a,b, 2001, 2002, 2005). To assess

5524

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/7/5517/2010/bgd-7-5517-2010-print.pdf
http://www.biogeosciences-discuss.net/7/5517/2010/bgd-7-5517-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
7, 5517–5555, 2010

Impact of climate and
land use/cover
changes on the

carbon cycle in China

Z. Gao et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the model performance on simulating NPP, HR and NEP, Gu et al. (2006) compared
the CO2 and water flux between the data simulated by the CEVSA and the measure-
ments collected by the eddy covariance tower in a sub-tropical coniferous forest and
Gao et al. (2008) compared the actual NPP with corresponding values simulated by
using three models including the CEVSA, CASA, and the GLOPEM. With such a base-5

line for China’s total biomass production, model performance could be evaluated with
respect to various criteria. The CEVSA model has been widely used worldwide to
study the response of carbon cycling in the terrestrial ecosystem to climate change
and LUCC. With the aid of the prescribed GCM scenarios of CO2 and climate change,
Cao et al. (1998) used the CEVSA model to perform simulations at a spatial resolution10

of 2.58 latitude 3.758 longitude and a time step of one month, allowing the authors
to study the dynamic responses of terrestrial ecosystem carbon cycling to global cli-
mate change. With the CEVSA model, Cao et al. (1998, 2002, 2005) investigated the
responses of global NPP, HR and NEP to atmospheric CO2 increases and climate vari-
ations in the period of 1981–1998. Gao et al. (2005) used the CEVSA to estimate the15

impacts of LUCC and climate changes on NPP, VEGC storage, HR, SOC storage and
NEP in the cropping-grazing transition zone of China. We therefore follow the CEVSA
model to conduct our analysis.

The bookkeeping model that can be integrated with the CEVSA model to smooth
out the holistic assessment of NEP with respect to LUCC was first used by Houghton20

et al. (1983, 1987, 1991), Houghton (1999) and Houghton and Hackler (1999) to study
the carbon sources and sinks resulting from land use and land management in nine
regions of the world. Calculations were carried out based on two types of data: one
concerns land use changes and the other is the data of carbon storage density changes
caused by land use and land management. Annual per hectare changes in vegetation25

and soil following a previous land-use change were defined in the model for different
types of ecosystems and land uses. The model tracks the areas of different land uses
and the amounts of carbon held in live vegetation, slash, wood products, and soil.
Changes in the pools from one year to the next define the net annual flux of carbon

5525

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/7/5517/2010/bgd-7-5517-2010-print.pdf
http://www.biogeosciences-discuss.net/7/5517/2010/bgd-7-5517-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
7, 5517–5555, 2010

Impact of climate and
land use/cover
changes on the

carbon cycle in China

Z. Gao et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

between land and the atmosphere. The time step is yearly. It is considered as an
effective method to quantitatively describe the entire cycling of carbon in each carbon
pool from “cradle” to “grave”. The model calculates the flux of carbon that is attributable
to direct human activity. It does not include the effects on carbon storage of increased
atmospheric CO2, increased deposition of nitrogen, or changes in climate (Houghton5

et al., 1983, 1999; Houghton and Hackler, 1995). Thus, after running the CEVSA
model, we followed this bookkeeping approach to estimate the impact of LUCC and
climate changes on the terrestrial carbon storage and flux in China for the period of
1981–2000.

3 Results and discussion10

3.1 The impacts of climate changes on the carbon storage and carbon flux

China is located at the eastern edge of the Eurasian continent and faces the Pacific in
the east. The monsoon climate is prevalent over China’s mainland due to the unique
pattern of sea-land interactions leading to larger periodical changes in precipitation
interannually. The average precipitation from 1981 to 2000 was 623 mm/y and the15

annual variation of precipitation was 4.4%. The average rainfall was 620.5 mm/y for the
time period 1981 to 1990 and 625.6 mm/y for the time period 1991–2000 (Sha et al.,
2002). A mild increasing trend of precipitation in recent years can be characterized
according to Fig. 3. As a consequence, the increase of the precipitation rate was
0.65 mm/y in the study time period.20

The spatial distribution of precipitation varied considerably from 1981 to 2000. The
areas with an average annual rainfall greater than 800 mm accounted for 27% of the
whole nation. They were mainly around the south of the Huaihe River and hilly areas
of South China. The areas with an average annual rainfall between 400 and 800 mm
accounted for 29% of the entire nation. They were mainly around Northeast China,25

North China, and the eastern part of the Qinghai-Tibet Plateau. Those areas with an
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average annual rainfall smaller than 400 mm accounted for 44% of the nation. They
were mainly around the western areas of Inner Mongolia, Xinjiang, and Qinghai mostly
within arid and semiarid regions.

The annual changes in temperature were also very large within the same time pe-
riod. The annual average temperature was 6.54 ◦C, and the annual rate of temperature5

increase was 4.66%. Figure 3 confirms this tendency with an average annual increase
of 0.055 ◦C. The average temperature in the first ten years was 6.3 ◦C from 1981 to
1990, whereas it became 6.77 ◦C in second ten years from 1991 to 2000. The decadal
change of annual average temperature was as high as 0.47 ◦C. Table 1 includes this in-
formation against the corresponding changes of carbon flux. The areas with an annual10

average temperature greater than 10 ◦C accounted for 40% of the entire nation. They
were mainly around from the south of the Huaihe River to the east of the Qinghai-Tibet
Plateau, and to the Tarim Basin area. The areas with an annual average temperature
less than 0 ◦C only accounted for 14% of the entire nation. They were mainly around
the Qinghai-Tibet Plateau and Daxinganling areas. About 46% of the entire nation was15

at an annual average temperature between 1 ◦C and 10 ◦C, which was mainly located
in these provinces north along the Huaihe River.

As attested by Fig. 4, the NPP increased during the 1980s and 1990s at an annual
rate of 0.006 Pg C per year in China. Yet such a trend of NPP increase for the period
of 1981–1990 was not salient given that the increase of NPP was only 0.004 Pg C per20

year in the first 10 years. The trend of annual NPP increase from 1991 to 2000 was
0.014 Pg C per year, which was quite significant. The continued increase of NPP over
a 20-year period led to an increase of VEGC of 0.007 Pg C per year. It is worth pointing
out that NPP and precipitation were positively correlated (r=0.71, p<0.01). But NPP
and temperature were not strongly correlated (r=0.36, p<0.01). As can be seen in25

Fig. 3, there were upward trends in both temperature and precipitation, especially over
the second 10-year period. Figure 4 further confirms that many areas also experienced
an increase of NPP and HR in the same time period. But the interesting question left
unanswered was the interactions between VEGC and HR. Figure 5 and Table 1 col-
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lectively answer the question in regard to the long-term changes of vegetation carbon,
SOC and NEP. Note that the SOC reached a peak in 1996. This clearly shows that NEP
was negative by the end of 1990s while VEGC became larger over this time period.

With this finding temporally, it would be interested in knowing more about the spatial
distribution of these parameters in relation to the carbon cycle. Whereas Fig. 6 shows5

the yearly snapshot of the carbon storage and flux, Fig. 7 displays the long-term sit-
uation of the annual carbon storage and flux averaged over the 20-year time frame.
The areas in which an increase of NPP was observed due to climate change over the
study period accounted for 21% of the entire nation. They were mainly around from
the humid and sub-humid regions of Qinling to the south of the Huaihe River, Daxing,10

to Xiaoxing Anling (the eastern part of Inner Mongolia),and to the eastern margin of
the Qinghai-Tibet Plateau, which are mainly covered with forested land. On the other
hand, the areas where a decrease of NPP caused by climate changes accounted for
47% of the entire nation were mainly around the eastern part of the Sanjiang Plain,
Huang-Huai-Hai Plain, and southern hilly areas, which were mainly covered with farm-15

land.
Table 1 shows an increasing trend of NPP and HR in the same period. With an

annual average rate of 0.01 Pg C/y over the 20-year time period, HR increased by an
annual average rate of 0.057 Pg C per year from 1981 to 1990, and 0.079 Pg C per year
from 1991 to 2000 (see Table 1). The correlation coefficients between HR and temper-20

ature as well as between HR and precipitation were 0.92 and 0.39, respectively. These
research findings clearly indicate that HR increased significantly due to the increasing
temperature and precipitation in most areas of China in the study period from 1990 to
1999. Even though the temperature plays a more critical role than the precipitation, it
is believed that the increase in precipitation promoted the growth of vegetation and soil25

respiration leading to a significant increase of HR.
To draw on further conclusions based on findings spatially, Fig. 7 shows the spatial

changes of five parameters in relation to the annual average carbon storage and car-
bon flux over the study period. The areas where HR was increasing during the study
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period accounted for 22% of the entire nation. They were mainly around from the east-
ern margin of the Qinghai-Tibet Plateau, to eastern part of the Inner Mongolia, to the
Tianshan Mountains, and to the oasis of the Tarija Basin region (see Fig. 7c). Besides,
the areas where the HR decreased in the same period accounted for 46% of the entire
nation. They were mainly around the three provinces of Northeast China, North China,5

the Loess Plateau, and the southern area of the Nanling Mountains.
The collective changes in NPP and HR over the study period also led to some fluc-

tuations in NEP, as can be seen in Fig. 7b. In general, NEP experienced a decreasing
trend over the study period. Table 1 also confirms that NEP had a positive value from
1981 to 1995, which implies that the effect of carbon uptake associated with the car-10

bon cycle in China resulted in an increase of SOC and vegetation carbon. The annual
SOC and VEGC increased by 0.32 Pg C and 0.009 Pg C on average, respectively. To-
gether with the mild increase in temperature and significant increase in precipitation
from 1996 to 2000, the soil respiration also increased more significantly than did NPP.
It led to an enhancement of the process of carbon cycling in most areas of China by15

which the impact of carbon uptake was replaced with carbon release. These changes
certainly decreased the accumulation of soil carbon. As a consequence, the SOC de-
clined by 0.098 Pg C, yet the VEGC increased by 0.064 Pg C from 1996 to 2000 due to
the impact of climate changes (see Table 1).

By looking at the areas in Fig. 7b, it is clear that the areas with an NEP<0 were20

around from the south of the Huaihe River to the Qinling Mountains, which belong
to the tropical and subtropical regions, and in the area of the Daxing and Xiaoxing
Mountains, which were covered mainly by woodlands. In these areas, there was an
effect of carbon release associated with the carbon cycle. The areas in Fig. 7b with an
NEP greater than 0 was around the three provinces of Northeast China, the Eastern25

Inner Mongolia, the North China Plain, and the eastern part of Qinghai-Tibet. There
was an effect of carbon uptake associated with the carbon cycle. The areas with an
NEP>0 accounted for 33% of the entire nation in 1980s; yet the number became 38%
of the entire nation in the 1990s. Our research results clearly show that the areas
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with the positive effect of carbon uptake associated with the carbon cycle expanded.
Overall, the carbon cycle in China was dominated by the effect of carbon uptake from
1990 to 1994, followed by the effect of carbon release from 1995 to 2000.

Figure 7d shows that the areas where increased VEGC accounted for 37% of the
entire nation. They were mainly around the Loess Plateau, North China Plain, and5

the Daxiaoxing Mountains. The areas with decreased VEGC accounted for 31% of the
entire nation. They were around Xinjiang, Inner Mongolia, the North China Plain, and
the Sanjiang Plain area. In Fig. 7e the area of increased SOC accounted for 32% of
the entire nation. They were mainly around the south of the Huaihe River, the Qinling
Mountains, South China, the Daxing, and Xiaoxing Mountains, and north and south10

corridor along the Tianshan Mountains. The areas where decreased SOC accounted
for 38% of the entire nation, and they were mainly distributed in the northern provinces
and autonomous regions to the north of the Huaihe River (see Fig. 7e).

In summary, with the warmer climate and increased precipitation within the study
period in China, the trend toward increases in HR and NPP was obvious. From 198115

to 1995, the increase in NPP was greater than that of HR, and the ecosystems in
China had taken up more carbon in the carbon cycle, leading to the situation that
the total carbon storage in China increased by 0.33 Pg C. From 1996 to 2000, the
temperature increased significantly, leading to a marked increase of HR, which was
higher than that of NPP (see Fig. 7a). The status of the ecosystems as a whole was20

shifted from a carbon sink to a carbon source resulting in a total carbon decrease by
about 0.034 Pg C in China (Cao et al., 2003, 2004, 2005; Fang et al., 2001, 2003).

3.2 The impacts of LUCC on carbon storage and carbon flux

With the linkage between the CEVSA model and the LULC , we were able to numeri-
cally calculate VEGC, SOC, NPP and HR, helping understand the effects of LUCC on25

carbon storage and carbon flux which may be produced with the bookkeeping model
for 1980s and 1990s in China (Liu et al., 2005). Table 2 summarizes the LUCC matrix
that was applied to meet this goal. The vertical dimension recorded the LULC in 1990
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which was used as a benchmark to capture the decadal changes of LUCC in 2000 as
listed along the horizontal axis. Within this matrix, LUCC eventually can be calculated
at its bottom row.

Overall, the total area of LUCC is 138 029 km2 accounting for 1.45% of the total
land area nationally (Liu et al., 2005). This reflects changes of 31 651 km2 of cropland5

(22.9%), 27 196 km2 of woodland (19.7%), 56 449 km2 of grassland (40.9%), 6215 km2

of water body (4.5%), 161 km2 of constructed land (0.1%), and 16 357 km2 of unused
land (11.9.9%). The area of the three major land covers including cropland, woodland
and grassland in 1990 occupied approximately 83% of total LUCC, which revealed the
fact that a fair amount of woodland and grassland were cultivated as cropland around10

North and West China, and were occupied as constructed land in the eastern coast of
China during that time period.

The densities of VEGC, SOC, NPP and HR were then calculated based on the two
LULC datasets from 1990 and 2000. Figure 8 shows the comparison of these val-
ues generated between the CEVSA simulation outputs and values in the literature by15

Houghton et al. (2003). It can be seen that SOC density had not undergone signifi-
cant changes. The VEGC density in cropland and woodland were also very close. Yet
there were big differences of vegetation densities at grassland and unused land be-
tween the CEVSA simulation outputs and those produced by Houghton et al. (2003).
Integrating the densities of NPP , HR, VEGC and SOC simulated by the CEVSA model20

with the differences of land cover in 1990 and 2000 and the land transformation matrix
data eventually allowed us to calculate the changes of carbon storage and carbon flux
under the influence of LUCC between 1990 and 2000. Since the changed area of con-
structed land, water body and unused land accounted for 64.4% of the total cropland
changes and the carbon densities of these three types of land cover were very low, the25

LUCC resulted in a net decrease of NPP, HR, VEGC and SOC by about 0.0135 Pg C,
0.0139 Pg C, 0.008 Pg C and 0.215 Pg C, respectively (see Fig. 8). According to Ta-
ble 2, the area of cropland and woodland in the 2000s accounted for 80% of total
change of grassland in 1990s, and obviously the carbon densities of the cropland and
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woodland were much higher than that of grassland, causing a net increase of NPP,
HR, VEGC and SOC by about 0.0144 Pg C, 0.0146 Pg C, 0.044 TgC and 0.111 Pg C,
respectively (see Fig. 8). On the other hand, 16 357 km2 of the unused land was trans-
formed into cropland (6587 km2), woodland (401 km2), grassland (6599 km2), water
body (2280 km2) and constructed land (490 km2), resulting in higher carbon densities5

of the land cover. It caussed a net increase of NPP, HR, VEGC, and SOC by about
0.0048 Pg C, 0.0049 Tg, 0.0097 Pg C and 0.1 Pg C, respectively (see Fig. 8). Overall,
when compared to the LULC over the two decades of interest, the final carbon densi-
ties of land cover in 1990s ended up a net decrease of NPP, HR, VEGC and SOC by
about 0.0057 Pg C, 0.0055 Pg, 0.08 Pg C and 0.137 Pg C, respectively (see Fig. 8).10

With many changes of the pattern of LULC, Fig. 9 finally summarizes the compara-
tive values of NPP, HR, VEGC and SOC as a whole. It shows that the LUCC from 1990
to 2000 reflected the changed areas accounting for 1.45% of total national wide. It ren-
dered a net increase of NPP and HR by 0.0021 Pg C and 0.0023 Pg C, respectively, on
one hand, and a net decrease of VEGC, SOC, and total carbon storage by 0.03 Pg C,15

0.097 Pg C, and 0.126 Pg C, respectively, on the other hand. Table 3 lists all the key
values in this statistical analysis.

The area which experienced the increased NPP caused by LUCC is mainly located in
Northeast China, Inner Mongolia and the north-south of Tianshan Mountains due to the
increase of cropland. Hence, the areas where NEP increased caused by LUCC were20

also around the same region (see Fig. 10). In summary, NPP was 0.051 Pg C/y of 2000
and 0.0487 Pg C of 1990 in areas where LUCC occurred and the LUCC eventually led
to an increase of NPP by about 0.002 Pg C. The areas where an increase of HR caused
by LUCC occurred were mainly around Southern China, as opposed to Northern China
where HR decreased. Changes in land use led to a net increase of HR by about25

0.0023 Pg C.
According to Fig. 9, the net increases of NPP and HR resulted in the changes of

the NEP because the LUCC eventually led to net increases of NPP that were greater
than net increases of HR (see Table 3). As a consequence, the LUCC behaved as
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a carbon “sink” in China’s ecosystem during that two decades. This is mainly because
fast economic development resulted in an increase of farmland, constructed land and
a decrease of woodland and grassland within the time period of 1991–2000. Although
the trend of increasing NPP was obvious due to the increase in farmland, the decrease
of woodland and grassland even outweigh it, resulting in a net decrease of VEGC and5

SOC. These changes led to the net decrease of 0.03 Pg C of VEGC and 0.097 Pg C of
SOC (see Table 3).

4 Final remarks

4.1 Uncertainties in carbon cycle analysis

The impacts of LUCC on carbon flux and carbon storage are deemed very complex10

(Houghton et al., 1999, 2000; Houghton and Hackler, 2003; Houghton, 2003a,b).
Changes in climate and LULC intermittently affect the ecological system and hydro-
logical cycle. In the early stages, large-scale and continuous monitoring data of the
LULC did not exist (Liu et al., 2005a,b), making our study count on two snapshots of
LULC in 1990 and 2000 as representative LULC patterns for assessment. However,15

even the supervised classification during the study years (1990 and 2000) may add
some more uncertainties. Besides, the CEVSA cannot model all of the changes of
materials and energy in ecosystem caused by the LUCC. Thus, the integration of the
CEVSA with LUCC data derived from remote sensing in the context of bookkeeping
model add yet more uncertainties. This results in an expanded array of uncertainty20

in the quantitative assessment of the impacts of climate change and LUCC on carbon
flux and carbon storage. They can be summarized as follows:

1. The prediction accuracy of the LUCC developed by the use of Landsat TM scenes
with a spatial resolution of 30×30 m (Liu et al., 2005) may be improved by the
image matching, image quality and the experiences of interpretation.25
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2. Because the CEVSA does not simulate changes of soil physical structures and
model the ecosystem process, it results in large impacts on SOC estimation. This
led to a certain degree of uncertainty on the calculation of SOC pool (Cao et al.,
1998a,b, 2003; Woodward et al., 1995).

3. The effects of the changes in the hydrological cycle caused by the LUCC on the5

carbon cycle are not interconnected with each other in the CEVSA model. This
may directly affect the accurate estimates of storage capacity of SOC, and thus
the rate of carbon emission or absorption (Cao et al.; 1998a, 2003; Gao et al.,
2005).

4. All of these concerns would accumulate in the context of the integrative frame-10

work involving a large number of parameters and default variables in our simu-
lation. Whereas some parameters were obtained from field survey or estimated
by experience, ground-based stations of carbon flux are not widely applied (Gao
et al., 2005).

Overall, the CEVSA model cannot investigate the differences of SOC pools contigu-15

ously and the hydrological cycle effected by LUCC continuously over the 1980s and
1990s. The complexity and the time lag of impacts of LUCC on the ecological environ-
ment, therefore account for the major portion of the uncertainties in this study.

4.2 Comparison with other estimates

The total NPP (i.e., 3.21 Pg/y) simulated by the CEVSA model in this study is very close20

to that estimated by the TEM model (i.e., 3.65 Pg C/y) (Xiao et al., 1998) the, CASA
model (i.e., 2.746 Pg/y), and the GLOPEM model (2.973 Pg/y) (Gao et al., 2008). The
total SOC (i.e., 75.27 Pg C/y) simulated by the CEVSA model is lower than that esti-
mated by Wang et al. (2001) (i.e., 92.4 Pg C/y) and Wu et al. (2003a,b) (77.4 Pg C/y),
both of which were based on the second national soil survey of China. The VEGC (i.e.,25

11.58 Pg) calculated in our study is also close to that estimated by the bookkeeping
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model (i.e., 11.6 Pg) (Houghton et al., 2003b). With this knowledge, the carbon flux
estimated in this study was 0.017 Pg/y which makes the Chinese ecosystem an over-
all carbon sink . Fang et al. (2001) reported an average uptake (0.021 Pg C/y) for the
years from 1980 to 1998. Their estimates are based on changes in forest biomass
only. Houghton (2003a) estimated the carbon flux of China for the last several years of5

the 1990s ranging between 0.02 and 0.05 Pg C/y, which also indicated a carbon sink.
These recent carbon sinks are similar to the estimates in some literature (Fang et al.,
2001; Wang et al., 2001; Houghton et al., 2003b; Ge et al., 2008). So our carbon flux
(this study) was close to that of Fang et al. (2001) and Houghton et al. (2003b).

The carbon cycle in China as simulated by the CEVSA between 1981 and 2000 in10

this study supports the observation that the Chinese terrestrial ecosystem was an over-
all carbon sink from 1981 and 1996 since the NEP was positive. But it was a carbon
source between 1996 and 2000 since the NEP was negative (Houghton et al., 2003b;
Fang et al., 2001). In the period of 1990–2000, based on the difference of carbon
densities of land cover simulated by the CEVSA model associated with LUCC data,15

the carbon cycle changes were calculated with the aid of the bookkeeping model in
response to an area only accounting for 1.45% of total national area where land use
change occurred. We concluded that the terrestrial ecosystem in these areas where
land use changes had occurred was a carbon source since the NEP was negative.
Overall, the average NPP was 3.21 Pg/y and the average HR was 3.15 Pg/y. Conse-20

quently, the positive NEP (NPP-HR) supports the claim that the terrestrial ecosystem of
China as a whole appeared was a carbon sink between 1981 and 2000. This judgment
is consistent with several other studies (Fang et al., 2001, 2003; Piao et al., 2005; Zhao
and Zhou, 2005; Houghton et al., 2003b; Ge et al., 2008, Wang et al., 2003; Wu et al.,
2003a,b; Xiao, et al., 1998; Li et al., 2005).25

It is known that the artificial afforestation has been carried out extensively over large
areas in China since 1949 (Fang et al., 1998, 2001; Feng et al., 1999; Li et al., 2004;
Pan et al., 2004). In the last 20 years, the Chinese Government has successively
launched six afforestation projects. They include the Natural Forest Protection Program
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(1998–2008), the Returning Farmland to Forest Engineering Program initiated in 1997,
the Protection Forest program of “Three North” and the Yangtze River system and other
key areas, the Sandstorm Source Control Project of Beijing and Tianjin (2003–2007),
the Wild Animal and Natural Plant Protection and Nature Reserve Project (2001–2010),
and the Fast Growing Timber Forest Bases Project in key areas initiated in 2002. Due to5

the impacts of these six afforestation projects in promoting increased forest coverage,
China’s forest cover increased from 8.6% of 1949 to 18.21% of 2007 (Development
Gateway, 2010). This might appear contradictory to the findings we had in the LUCC
since there is a net decrease of woodland area of 10 895 km2 when comparing the
LULC in 2000 to that in 1990. This implies that if the LUCC occurred before 1990 or10

after 2000, it would not be reflected in the LUCC information and hence the CEVSA
modeling process. This judgment can be confirmed by the fact that five out of the six
major afforestation projects were initiated and/or continued in 1997 and thereafter.

5 Conclusions

This study applied the CEVSA model driven by both high resolution LULC and climate15

data to analyze the impacts of climate changes and LUCC on carbon flux and carbon
storage in China from 1980 to 2000. Being the first effort of large-scale assessment of
it kind based on high resolution LULC data, modeling outputs showed that the NPP and
HR were increased due to climate changes with an increase of average annual temper-
ature of 0.055 ◦C and precipitation with an increase of the annual precipitation rate of20

0.65 mm/y from 1981 to 2000 in China. Based on the simulated outputs of the CEVSA
model, the average NPP of China is 3.21 Pg C/y, the average VEGC is 11.58 Pg/y and
the average SOC is 75.27 Pg C/y. Between 1981 and 1995, the increase of NPP was
larger than that of HR, resulting in a positive value of NEP. The positive NEP led to
effects of carbon uptake in the carbon cycles so that the total carbon of VEGC and25

SOC increased by 0.33 Pg C in the ecosystems of China. Between 1996 and 2000, the
NEP value was negative due to the increases in HR that were larger than that of NPP.
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This negative NEP led to a decrease of carbon storage by 0.034 Pg C. Overall, in the
two decades, climate changes led to an increase in the total SOC by 0.223 Pg C and
VEGC by 0.073 Pg C in China, resulting in a total increase of carbon of 0.296 Pg C.

When taking the multitemporal LULC into account, the LUCC was fully recognized
by using remote sensing technology. Overall, the LUCC accounted for 1.45% of the5

total national land area. With a bookkeeping model, we integrated the Chinese LUCC
dataset with the carbon densities of the land cover calculated by the CEVSA model over
1980s and 1990s. It can be concluded that the VEGC was 0.161 Pg/y in the 1980s and
0.131 Pg/y in the 1990s; the SOC was 1.165 Pg/y in the 1980s and 1.068 Pg/y in the
1990s. The VEGC was reduced by 0.0295 Pg and the SOC by 0.0968 Pg due to the10

LUCC between 1990 and 2000; therefore, the total carbon was reduced by 0.126 Pg C.
This led to the final conclusion that the total carbon was increased by 0.296 Pg C due
to climate change and was decreased by 0.126 Pg C due to the LUCC. As a result, the
total carbon increased was 0.17 Pg C. The carbon flux of the ecosystem in China was
0.017 Pg C/y on average during the study period.15

It can be concluded that the changes of carbon flux and carbon storage caused by
climate change were absolutely larger than that caused by the LUCC from 1981 to
2000 in China. This can be evidenced by that both NPP and HR increased under the
influence of climate change due to higher temperatures and higher annual precipitation.
The increase of NPP was larger than that of HR so that the ecosystem in China leaned20

toward taking more carbon within the carbon cycle for at least 80% of total study time
period. This led to upward trends toward the increase of VEGC and SOC. During the
same time period, although China’s terrestrial ecosystem where LUCC occurred was
a carbon source, the rest of the regions, accounting for 98.55% of the total area, was
actually a carbon sink resulting in a net increase of total carbon (i.e., VEGC and SOC).25

This trend is in agreement with some other research though.
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Table 1. The averaged changes of all parameters in relation to carbon cycle over four subperi-
ods (unit: Pg C).

Period TEMP PRE NPP HR NEP SOC VEGC Total C

1981–1985 6.09 630 3.134 3.080 0.054 75.090 11.574 86.664
1986–1990 6.51 611 3.138 3.137 0.001 75.285 11.518 86.803
1991–1995 6.57 617 3.186 3.158 0.028 75.411 11.583 86.994
1996–2000 6.98 634 3.200 3.237 −0.037 75.313 11.647 86.960

Note: NPP – net primary production, HR – heterotrophic respiration, NEP – net ecosystem productivity, VEGC -
vegetation carbon, SOC – soil carbon, TEMP – temperature, PREC – precipitation
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Table 2. The LUCC matrix at the national scale during 1990–2000 (Unit: km2) (Liu et al., 2005).

To 2000 Cropland Woodland Grassland Water body Constructed Unused land Total (1990)
land

From 1990

Cropland 5159 6417 3643 15 090 1342 31 651
Woodland 17 468 8112 402 930 284 27 196
Grassland 34 568 10 470 1504 766 9141 56 449
Water body 2858 254 916 398 1789 6215
Constructed land 86 20 36 19 0 161
Unused land 6587 401 6599 2280 490 16 357
Total (2000) 61 567 16 304 22 080 7848 17 674 12 556 138 029

Change 29 916 −10 892 −34 369 1633 17 513 −3801
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Table 3. Changes in NPP, HR, NEP, VEGC and SOC occurring in the LUCC area (unit: Pg C).

LULC NPP HR NEP VEGC SOC Total C

2000 0.0510 0.0520 −0.0007 0.131 1.068 1.200
1990 0.0487 0.0490 −0.0002 0.161 1.165 1.326
Changes 0.0020 0.0023 −0.0009 −0.030 −0.097 −0.126
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Figure 1. A schematic representation of the model of Carbon Exchanges in the 811 

Vegetation-Soil- Atmosphere system (CEVSA) [Cao et al, 1998a, 1998b, 2002] used in 812 

this study. The solid lines are the carbon and nitrogen flows, and the dashed lines 813 

represent the effects of various factors or processes. 814 

 815 

Fig. 1. A schematic representation of the model of Carbon Exchanges in the Vegetation-Soil-
Atmosphere system (CEVSA) (Cao et al., 1998a,b, 2002) used in this study. The solid lines are
the carbon and nitrogen flows, and the dashed lines represent the effects of various factors or
processes.
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 816 

(a) LULC in the 1990s 817 

 818 

(b) The difference of LULC between 1980s and 1990s  819 

 820 

Figure 2. The LULC maps and dynamic changes (1990-2000) 821 

Fig. 2. The LULC maps and dynamic changes (1990–2000).
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 823 

Figure 3. The decadal changes of temperature and precipitation 824 
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 826 

Figure 4. The decadal changes of NPP and HR 827 
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Fig. 3. The decadal changes of temperature and precipitation.
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Figure 3. The decadal changes of temperature and precipitation 824 
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Figure 4. The decadal changes of NPP and HR 827 
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Fig. 4. The decadal changes of NPP and HR.
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 842 

 843 

 844 

(a) VEGC versus SOC 845 

 846 

     (b) Variations in NEP and its long-term trend 847 

 848 

Figure 5. The long-term changes of VEGC, SOC and NEP 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

   857 

Fig. 5. The long-term changes of VEGC, SOC and NEP.
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a. Spatial distribution of NPP b. Spatial distribution of NEP 

  

c. Spatial distribution of HR d. Spatial distribution of VEGC 

 

e. Spatial distribution of SOC 

 858 

 859 

Figure 6. Spatial distributions of NPP, HR, NEP and VEGC simulated based on LULC 860 

of 1990 (gC/m
2
/yr) 861 

 862 

Fig. 6. Spatial distributions of NPP, HR, NEP and VEGC simulated based on LULC of 1990
(g C/m2/y).
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 a. Spatial variations of NPP   b. Spatial variations of NEP 

  

c. Spatial variations of HR d. Spatial variations of VEGC 

 

(e) Spatial variations of SOC 

 863 

Figure 7. Spatial variations of NPP, HR, NEP and VEGC changes under the influence of 864 

climate change (gC/m
2
/yr) 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

Fig. 7. Spatial variations of NPP, HR, NEP and VEGC changes under the influence of climate
change (g C/m2/y).
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 873 

  

a. The estimated soil carbon density in 1990 and 

2000 

b. The estimated vegetation carbon density in 

1990 and 2000 

 874 

  Figure 8. Comparison of the carbon densities against the literature estimated for the 875 

year 1990 and 2000 876 

  

a. The NPP changes in response to LUCC b. The HR changes in response to LUCC 

  

c. The VEGC change in response to LUCC d. The SOC change in response to LUCC 

 877 

Figure 9. The changes in carbon flux and storage under LUCC (1: Cropland, 2: Forest 878 

land, 3:Grassland, 4: Water body, 5:Constructed land, 6: Unused land, 7:Total) (unit: 879 

gC/m
2
/yr) 880 

Fig. 8. Comparison of the carbon densities against the literature estimated for the year 1990
and 2000.
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a. The estimated soil carbon density in 1990 and 

2000 

b. The estimated vegetation carbon density in 

1990 and 2000 

 874 

  Figure 8. Comparison of the carbon densities against the literature estimated for the 875 

year 1990 and 2000 876 

  

a. The NPP changes in response to LUCC b. The HR changes in response to LUCC 

  

c. The VEGC change in response to LUCC d. The SOC change in response to LUCC 

 877 

Figure 9. The changes in carbon flux and storage under LUCC (1: Cropland, 2: Forest 878 

land, 3:Grassland, 4: Water body, 5:Constructed land, 6: Unused land, 7:Total) (unit: 879 

gC/m
2
/yr) 880 

Fig. 9. The changes in carbon flux and storage under LUCC (1: cropland, 2: forest land,
3: grassland, 4: water body, 5: constructed land, 6: unused land, 7: total) (unit: g C/m2/y).
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 882 

 883 

  

a. The impact of LUCC on NPP distribution b. The impact of LUCC on NEP distribution 

  

c. The impact of LUCC on HR distribution d. The impact of LUCC on VEGC distribution 

 

e. The LUCC impact on SOC distribution 

 884 

 885 

Figure 10. The impact of LUCC on NPP, HR, NEP, VEGC, and SOC (Legend: -1: 886 

decrease, 0: unchanged, 1: increase) 887 

 888 

 889 

 890 

 891 

Fig. 10. The impact of LUCC on NPP, HR, NEP, VEGC, and SOC (Legend: −1: decrease,
0: unchanged, 1: increase).
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