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Abstract. This study compared carbon dioxide (CO2) fluxes
over three grassland ecosystems in China, including a tem-
perate semiarid steppe in Inner Mongolia (NMG), an alpine
shrub-meadow in Qinghai (HB), and an alpine meadow-
steppe in Tibet (DX). Measurements were made in 2004 and
2005 using the eddy covariance technique. Objectives were
to document the seasonality of the net ecosystem exchange
of CO2 (NEE) and its components, gross ecosystem photo-
synthesis (GEP), and ecosystem respiration (Reco), and to ex-
amine how environmental factors affect the CO2 exchange in
these grassland ecosystems. The 2005 growing season (from
May to September) was warmer than that of 2004 across the
three sites, and precipitation in 2005 was less than that in
2004 at NMG and DX. The magnitude of CO2 fluxes (daily
and annual sums) was largest at HB, which also showed the
highest temperature sensitivity ofRecoamong the three sites.
A stepwise multiple regression analysis showed that the sea-
sonal variation of GEP,Reco, and NEE of the alpine shrub-
meadow was mainly controlled by air temperature, whereas
leaf area index can likely explain the seasonal variation in
GEP, Reco, and NEE of the temperate steppe. The CO2
fluxes of the alpine meadow-steppe were jointly affected by
soil moisture and air temperature. The alpine shrub-meadow
acted as a net carbon sink over the two study years, whereas
the temperate steppe and alpine meadow-steppe acted as net
carbon sources. Both GEP andReco were reduced by the
summer and spring drought in 2005 at NMG and DX, re-
spectively. The accumulated leaf area index during the grow-
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ing season (LAIsum) played a key role in the interannual and
intersite variation of annual GEP andReco across the study
sites and years, whereas soil moisture contributed most sig-
nificantly to the variation in annual NEE. Because LAIsum
was significantly correlated with soil moisture at a depth of
20 cm, we concluded that the available soil moisture other
than annual precipitation was the most important factor con-
trolling the variation in the CO2 budgets of different grass-
land ecosystems in China.

1 Introduction

In recent years, the carbon cycle in terrestrial ecosystems has
attracted considerable attention not only among scientists but
also among policymakers, owing to its potential for seques-
tering atmospheric CO2 (IPCC, 2001). Many studies have
focused on the CO2 exchange in forests ecosystems because
of the forests’ potential to sequester large amounts of carbon
(Pacala et al., 2001). Less attention had been paid to the CO2
exchange in grasslands, even though these lands comprise
approximately 32% of the earth’s natural vegetation (Syuker
et al., 2003). There are evidences that some grasslands can
be significant sources or sinks of atmospheric CO2 (Hara-
zono et al., 2003; Novick et al., 2004; Gilmanov et al., 2007),
while other of these lands are carbon neutral (Suyker et al.,
2003). However, most grassland ecosystems show large in-
terannual variability in the annual net ecosystem exchange
of CO2 (NEE) and may even achieve negative annual CO2
uptake (Flanagan et al., 2002; Ma et al., 2007).

There is clearly a great deal of uncertainty regarding the
role of grasslands in the global carbon budget, and the drivers
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of CO2 flux dynamics differ among a range of grasslands
under various climatic conditions and management practices
(Knapp et al., 2002; Verburg et al., 2004; Derner et al., 2006).
Studies have shown that the annual amount and the timing of
precipitation remain dominant factors in the CO2 exchange
in temperate semiarid grassland and Mediterranean grassland
(Suyker et al., 2003; Hunt et al., 2004; Xu and Baldocchi,
2004). In addition, temperate grasslands show asymmet-
ric responses to interannual variations in precipitation. In-
deed, the productivity increases during wet years are much
more pronounced than the reductions in productivity occur-
ring during dry years (Wever et al., 2002; Flanagan et al.,
2002).

There are large areas of temperate and alpine grasslands
on Inner Mongolia Plateau and Qinghai-Tibet Plateau, re-
spectively, in China. The temperate steppe represents one
of the typical vegetation types on the Eurasian continent, and
half of its total area (about 84 million ha) is located in China
(Li et al., 1998). This ecosystem is more xeric and water
stressed than many other ecosystems and is ecologically frag-
ile and sensitive to climate change (Li et al., 2005; Niu et al.,
2008). Research has documented a gradually warmer and
drier climate in this area (McCarthy et al., 2001; Chen et al.,
2003). An experimental study has found reductions in CO2
flux under warming, whereas increased precipitation stimu-
lated ecosystem CO2 fluxes and also alleviated the negative
effects of warming on NEE (Niu et al., 2008). Meanwhile,
the alpine meadow ecosystems on the Qinghai-Tibet Plateau,
covering an area of approximately 2.5×106 km2 (Zhao et al.,
2006) and with higher soil carbon density than those savan-
nas and temperate grasslands (Adams et al., 1990; Ni, 2002),
may have played an important role in global carbon cycles.
Studies have indicated that alpine meadows are highly sensi-
tive to temperature change (Harazono et al., 2003; Kato et al.,
2006) and may have significant potential for releasing CO2
under climatic warming because of the sensitivity of frigid
soil to warming (Wang et al., 2002).

Several studies have addressed CO2 fluxes over the grass-
lands in China (e.g. Kato et al., 2004; Zhao et al., 2005;
Shi et al., 2006; Hao et al., 2007; Wang et al., 2008), but
none synthetically studied the CO2 exchange and its rela-
tionship with environmental factors across different grass-
land types or biomes. In this study we presented measure-
ments of CO2 flux over three grassland ecosystems in China
in 2004 and 2005. Our objectives were to (1) quantify the
seasonal and interannual variation in NEE and its major com-
ponents, gross ecosystems production (GEP), and ecosystem
respiration (Reco) and (2) to clarify the major environmen-
tal factors affecting the intra- and inter-site variation in CO2
fluxes among three grassland ecosystems in China. We hy-
pothesized that (1) precipitation dominates the CO2 fluxes
in the temperate steppe and temperature constrains CO2 ex-
change in alpine meadows; (2) at regional scale, precipitation
dominates the spatial variation in the grassland CO2 budget.

2 Materials and methods

2.1 Site description

Measurements were conducted in 2004 and 2005 over three
grassland ecosystems located on the Inner Mongolia Plateau
and Qinghai-Tibet Plateau in China, including a temper-
ate Leymus chinensissteppe, an alpinePotentilla fruticosa
shrub-meadow, and an alpineKobresia pygmaeameadow-
steppe. These communities represent China’s most prevalent
grassland types (Fan et al., 2008).

The temperateLeymus chinensissteppe is located in the
Xilin River Basin in Inner Mongolia (NMG). There are low
hills in the study area, with relative height difference of 20–
30 m and a terrain slope of less than 3%. The area has a sub-
stantial amount of accumulated surface litter as a result of
20 years non-grazing. The alpinePotentilla fruticosashrub-
meadow is located in Haibei Tibetan Autonomous Prefecture
(HB) in Qinghai Province in northeast of the Qinghai-Tibet
Plateau. The study area one kilometer around the flux tower
is fairly flat, with a slope of less than 1%. The alpineKobre-
sia pygmaeameadow-steppe is located in Damxung County
(DX), in the south of the Qinghai-Tibet Plateau. The terrain
of this study area is fairly open and flat, with a slope of less
than 2%. Table 1 provides extensive descriptions of the three
sites. For further details about the study sites, refer to our
previous papers (Fu et al., 2006b; Hao et al., 2007; Zhao et
al, 2006; Shi et al., 2006).

2.2 Field measurements

Eddy covariance CO2 flux was measured with the same
instruments at a height of 2.5 m at the three sites. The
eddy covariance system included a three-dimensional sonic
anemometer (Model CSAT-3, Campbell Scientific, Logan,
Utah, USA) and an open-path infrared CO2/H2O analyzer
(Model LI-7500, Li-Cor Inc., Nebraska, USA). The flux data
were recorded by a datalogger (CR5000, Campbell Scien-
tific) at 30 min intervals.

The meteorological variables were measured simultane-
ously with eddy fluxes. Solar radiation and net radiation was
measured at a height of 1.5 m above the ground with a four-
component net radiometer (Model CNR-1, Kipp & Zonen,
The Netherlands). Photosynthetically active radiation (PAR)
was measured with a quantum sensor (LI190SB, Li-cor Inc.).
Air temperature (Ta) and relative humidity (RH) were mea-
sured at 1.5 and 2.5 m heights using shielded and aspirated
probes (Model HMP45C, Campbell Scientific). Precipita-
tion (P ) was measured with a rain gauge (Model 52203, RM
Young Inc., Traverse City, Michigan, USA). Soil temperature
(Ts) was measured at five depths (Table 1) with thermome-
ters (Model 107-L, Campbell Scientific). We monitored soil
moisture (Sw) with time-domain reflectometry (TDR, Model
CS615-L, Campbell Scientific) at three depths at NMG and
DX and two depths at HB (Table 1). All meteorological data
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Table 1. Sites description.

Site name (ab.) Inner Mongolia (NMG) Haibei (HB) Damxung (DX)

Location 43◦32′ N, 116◦40′ E 37◦39′, 55′′ N, 101◦19′52′′ E 30◦51′ N, 91◦05′ E
Elevation (m) 1189 3293 4333
Mean annual tem-
perature (◦C)

−1.1–1 −1.7 1.3

Annual precipita-
tion (mm)

350 570 480

Ecosystem type temperate steppe alpine shrub-meadow alpine meadow- steppe
Dominant species Leymus chinensis,

Stipa grandis,
Koeleria cristata,
Agropyron cristatum

Potentilla fruticisa L.,
Stipa aliena,
Kobresia capillifolia,
Kobresia humilis

Stipa capillacea,
Carex montis-everestii, Kobre-
sia pygmaea

Canopy height (cm)
Vegetation cover-
age

50–60
30%–70%

55–70
> 80%

< 10
< 50%

Soil type dark chestnut (Mollic Gryic
Cambisols)

silty clay loam (Mol-Cryic
Cambisols)

sandy loam of meadow soil

Management Fenced since 1979 Grazed in winter Grazed in winter
Depth of soil tem-
perature (m)∗

0.05, 0.1, 0.2, 0.5, 1.0 0.05,0.1, 0.2, 0.5, 1.0 0.05, 0.1, 0.2, 0.5, 1.0

Depth of soil mois-
ture (m)a

0.05, 02, 0.5 0.2, 0.4 0.05, 0.2, 0.5

∗ The height and depth indicate the location of the sensors mounted.

were recorded at half-hour intervals. More details about the
monitoring system are available in previously published pa-
per (Fu et al., 2006b).

2.3 Eddy covariance flux data processing

Prior to conducting the scalar flux computation, we applied
three-dimensional rotation to align the coordinate system
with the mean wind (Wilczak et al., 2001). The WPL method
was applied to adjust density changes resulting from fluc-
tuations in heat and water vapor (Webb et al., 1980). We
screened the eddy covariance CO2 flux data for anomalous
or spurious values outside the range normally encountered.
Possible causes for such values can include sensor malfunc-
tion and interference from rain, dew, hoarfrost, birds, etc.
The eddy covariance technique has been found to underesti-
mate nighttime CO2 fluxes (ecosystem respiration,Reco) un-
der low-atmospheric turbulence conditions (Wohlfahrt et al.,
2005). Here, we followed the current practice of screening
the nighttime data by using site-specific thresholds of fric-
tion velocity (u∗) (Aubinet et al., 2000). The threshold ofu∗

was determined by plotting nighttime CO2 fluxes to friction
velocity at each site, and above which the CO2 fluxes seem
to level off (Massman and Lee, 2002). It was identified as
0.2 m s−1 for NMG and 0.15 m s−1 for HB and DX, respec-
tively. Negative CO2 fluxes at nighttime (i.e., apparent “pho-
tosynthesis”) were also removed from the datasets. Data gaps
were thus produced. The average daytime and nighttime data

coverage was 71% and 21% for NMG, 73% and 23% for HB,
78% and 22% at DX, respectively. The overall data coverage
during the two years was 46%, 48% and 50% for NMG, HB
and DX, respectively.

To obtain the information on annual sums of the CO2
flux, the data gaps were filled with the nonlinear regressions
method suggested by Falge et al. (2001) and Reichstein et
al. (2005). For small gaps (<2 h), the missing data were
linearly interpolated. For larger gaps (2 h to several con-
secutive days), the missing daytime CO2 flux (net ecosys-
tem exchange of CO2, NEE) during the growing season was
estimated as a function of PAR using theMichaelis-Menten
equation with a 10-days moving window (Falge et al., 2001,
their Eq. A8):

NEE=
α ·PAR·Pmax

α ·PAR+Pmax
−Reco,day (1)

where α is ecosystem apparent quantum yield
(mg CO2µmol quantum−1), Pmax is the asymptotic GEP
at saturating light, andReco,dayis the average daytime
ecosystem respiration (both mg CO2 m−2 s−1). α, Pmax and
Reco,day are fitted parameters with the observed valid data
using the nonlinear regression of MATLAB 7.0.

The missing daytime CO2 flux during dormant season and
the missing nighttime CO2 flux (indicated as ecosystem res-
piration, Reco) were estimated with the empirical relation-
ships betweenReco and soil temperature and soil moisture.
The missingReco at HB and DX was estimated usingLloyd
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andTaylor equation (Lloyd and Taylor, 1994, their Eq. 11)
with the available measured data within the entire year:

Reco= Reco,Trefe
E0[1/(Tref−T0)−1/(Ts−T0)] (2)

whereReco,Tref is ecosystem respiration rate (mg CO2 m−2

s−1) at reference temperature (Tref, set as 273.16 K in this
study). E0 is the parameter that essentially determines the
temperature sensitivity of ecosystem respiration (set as 309 K
in this study, Falge et al., 2001).Ts is measured soil temper-
ature at 5 cm depth (K).

Previous studies showed that soil moisture could have po-
tential effects onReco and its temperature sensitivity for the
ecosystems frequently experiencing drought, e.g., NMG in
this study (Fu et al., 2006a). Therefore, both soil temperature
and soil moisture were taken into account in the estimation
of missingRecodata during non-frozen period (from April to
October) at NMG:

Reco= Reco,Trefe
ln(Q10)(Ts−Tref)/10 (3)

Q10= a−bTs +cSw +dS2
w (4)

whereQ10 is the temperature sensitivity of ecosystem res-
piration, Ts is the measured soil temperature at 5cm depth
(K). Sw is soil volumetric moisture content (m3 m−3) at 5 cm
depth at NMG site.a, b, c andd are site-specific parame-
ters fitted with the valid data during the non-frozen season,
in which b > 0 andd ≤ 0. The missingReco data at NMG
during the frozen period (from January to March and from
November to December) were also estimated with theLloyd
andTaylor equation (Eq. 2).

These estimates ofReco were also used to calculate day-
time respiration (Reco,day) at each site. Using the daytime
respiration values, gross ecosystem production (GEP) could
then be derived by subtracting the estimated daytime respira-
tion (Reco,day) from the corresponding daytime NEE. Pos-
itive values represent CO2 release from the ecosystem to
the atmosphere, whereas negative values signify ecosystem
CO2 uptake from the atmosphere. The above computations
were done with MATLAB software (Math Works Inc., Nat-
ick, MA).

2.4 Vegetation measurements

Leaf area index (LAI) was measured at two-week inter-
vals (at HB and DX) or a longer period (once per month
at NMG) during the growing seasons in 2004 and 2005.
The sampling plot measured 50 cm×50 cm, and five repli-
cates were taken on each measurement day. LAI was mea-
sured on a sub-sample of leaves and related to dry mass (e.g.
via specific leaf area, SLA, cm2 g−1). The total dry mass
of leaves collected within the 50 cm×50 cm sampling plot
was then converted into LAI by multiplying by the SLA.
Such LAI data were only available on the measurement days,
which varied among the three sites. To obtain integrated
LAI dataset with relatively fine time resolution, the MODIS

NDVI products (eight days averaged with 1 km resolution,
http://remotesensing.unh.edu) were used for the estimation
of consecutive LAI datasets. We fitted the relationships be-
tween NDVI and measured LAI for each site with expo-
nential functions (R2 > 0.94,P < 0.05) and then used these
functions and NDVI data to estimate the integrated LAI for
the entire growing season at the three sites (Hu et al., 2008).

2.5 Statistic analysis

We performed a stepwise multiple regression analysis to in-
vestigate the relationships of GEP,Reco, or NEE with con-
current changes in environmental variables (Ta , Sw, PAR,P )
and LAI using the monthly and annual data in SPSS (Ver-
sion 11.5, SPSS Inc., IL, USA). The statistical information
for the relationships between monthly GEP,Reco, or NEE
andTa , Sw, PAR,P or LAI are listed in Table 2. In the mul-
tiple regression analysis at annual scale, we included not only
the single variables (Ta , Sw, PAR,P , and LAI) but also the
interaction terms among them to study the joint effect of two
or three variables on ecosystem CO2 fluxes. The multiple
regression models between annual CO2 budgets (GEP,Reco,
or NEE) and the primary controlling factors across the three
sites are listed in Table 3.

3 Results

3.1 Comparison of environmental conditions

Variation in environmental conditions at the three sites dur-
ing 2004–2005 are plotted in Fig. 1, including monthly val-
ues of air temperature (Ta), photosynthetically active radia-
tion (PAR), and vapor pressure deficit (VPD). Annual trends
in volumetric soil moisture and daily precipitation at the
three sites are also presented in Fig. 2. Influenced by conti-
nental climate to varying degrees, the three grassland ecosys-
tems showed distinct seasonal and interannual variations in
the environmental variables. The PAR during the growing
season at HB was generally lower than that at NMG and DX
because of cloudier conditions during its summer rainy sea-
son (Fig. 1, Table 4).Ta during the growth season at NMG
was generally higher than that at HB and DX (Fig. 1b). The
mean annualTa in 2005 was higher than that in 2004 at HB
and DX. At all three sites, the growing seasons were warmer
in 2005 than in 2004 (Table 4).

The amount and timing of precipitation received also rep-
resented a significant environmental difference among the
three sites (Fig. 2). The annual precipitation at NMG in
2004 was near the average (Table 4), with a dry spring due
to little rainfall from April through mid-June. However, it
was much drier in 2005 at NMG, with significantly below-
average precipitation, which led to a continuous decrease in
soil water content from May through the entire growing sea-
son (Fig. 2a). The precipitation at HB in the two study years
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Table 2. Statistical information (regression coefficient (Coef.), partial correlation coefficient (partialR2) and significance probability (P))
for the relationships between ecosystem carbon fluxes (GEP,Reco, and NEE) and air temperature (Ta), soil moisture (Sw), PAR, precipitation
(P ) and leaf area index (LAI) using a stepwise multiple linear regression analysis for NMG, HB, and DX. The monthly data from May to
September in 2004 and 2005 were used.

GEP Reco NEE
Partial Partial Partial

Site Factora Coef. R2 P Coef. R2 P Coef. R2 P

NMG

CONS 12.95 0.12 6.35 0.48 35.11 < 0.001∗∗∗

Ta 0.025 0.0035 0.88 0.043 0.0076 0.82 0.27 0.28 0.14
Sw −0.068 0.029 0.66 0.26 0.31 0.12 0.32 0.40 0.067

PAR −0.076 0.014 0.76 0.18 0.051 0.55−0.091 0.014 0.77
P −0.082 0.012 0.78 0.47 0.29 0.14 0.23 0.060 0.53

LAI b
−0.92 0.84 < 0.001∗∗∗ 0.89 0.79 0.001∗∗∗

−0.88 0.77 0.001∗∗∗

HB

CONS 41.99 0.01∗∗ 6.08 0.43 47.07 0.008∗∗

Ta
b

−0.98 0.95 < 0.001∗∗∗ 0.96 0.93 < 0.001∗∗∗
−11.5 0.82 < 0.001∗∗∗

Sw 0.014 0.0041 0.87 −0.14 0.29 0.14 −0.091 0.046 0.58
PAR 0.052 0.058 0.54 0.18 0.44 0.05∗ 0.25 0.33 0.11

P −0.127 0.20 0.21 0.14 0.16 0.28 −0.11 0.042 0.60
LAI −0.191 0.23 0.19 0.28 0.31 0.12 −0.10 0.017 0.74

DX

CONS 33.66 0.009∗∗ 26.92 < 0.001∗∗∗ 51.71 < 0.001∗∗∗

Ta
b

−0.44 0.65 0.009∗∗ 0.35 0.11 0.39 −0.36 0.53 0.026∗

Sw
b

−0.68 0.82 0.001∗∗∗ 0.13 0.015 0.76 −0.74 0.83 0.001∗∗∗

PAR 0.25 0.34 0.13 0.39 0.10 0.40 0.38 0.70 0.009∗∗

P 0.13 0.095 0.46 0.12 0.02 0.71−0.001 0.0035 0.89
LAI −0.22 0.18 0.24 0.61 0.38 0.059 −0.1 0.12 0.40

Significance of the regressions (P ) are (∗), (∗∗), or (∗∗∗) for P < 0.05, 0.01, and 0.001, respectively.
a The primary controlling factor for each site analyzed by stepwise multiple linear regression.
b The interaction terms among theTa,PAR,Sw, P and LAI were not included here.

Table 3. The multiple regression models and statistical information for the relationships between annual CO2 budgets (GEP,Reco, or NEE)
and the primary controlling factors across the three sites.Ta , AP, Sw and LAIsum here indicate mean annual air temperature, annual total
precipitation, average soil moisture and accumulated LAI during growing season (May to September).

CO2
fluxes

Multiple regression model Factor S.E. R2 P

GEP =52.52-2.70 LAIsum
a

=−15.96−0.005(LAIsum×AP)b
LAI sum
LAI sum, AP

62.68
32.45

0.92
0.98

∗∗∗

∗∗∗

Reco =95.37+1.6 LAIsum
a

=−12.26+2.24 LAIsum+0.066(Ta×AP)b
LAI sum
LAI sum,Ta×AP

41.43
22.76

0.91
0.98

∗∗

∗∗

NEE =188.32−946.83Sw
a

=152.16−1.54 (Sw×AP)b
Sw

Sw×AP
38.66
33.32

0.85
0.88

∗∗

∗∗

Significance of the regressions (P ) are (∗), (∗∗), or (∗∗∗) for P < 0.05, 0.01, and 0.001, respectively.
a Only effects of single factor (Ta,PAR,Sw, AP and LAI) were included in the multiple regression analysis.
b The interaction terms amongTa , PAR,Sw, AP and LAI were included in the multiple regression analysis. Symbol (×) indicates cross-
product of the variables.

was close to the 30-year average. The abundant precipita-
tion at HB resulted in relatively high soil moisture content
throughout the growing seasons, although the relatively less
rain in the spring of 2004 caused a decrease in soil moisture,

compared with 2005 (Fig. 2b). Although there was consider-
able precipitation at DX from June to August, soil moisture
at DX was generally lower than that at HB (Fig. 2c), with
higher seasonal fluctuation due to low vegetation coverage
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2884 Y. Fu et al.: Carbon dioxide fluxes over grasslands in China

Table 4. Annual statistics of environmental factors and CO2 fluxes for the three grassland ecosystems during 2004–2005, including mean
annual air temperature (MAT), annual precipitation (AP), mean annual water use efficiency (WUE), annual sums of net ecosystem exchange
of CO2 (NEE), total ecosystem respiration (Reco), and gross ecosystems production (GEP).Tg , PAR and LAIsum represent daily mean air
temperature, daily mean PAR and accumulated leaf area index during growing season (from May to September), respectively.

MAT Tg AP PAR LAIsum WUE (g C Kg−1 GEP Reco NEE
Site Year (◦C) (◦C) (mm) (mol m−2 d−1) (m2 m−2) H2O)a (g Cm−2 yr−1) (g Cm−2 yr−1) (g Cm−2 yr−1)

NMG
2004 1.65 14.67 364.4 41.47 143.9 1.15 −310.9 417.8 106.9
2005 1.08 15.50 153.3 42.29 68.2 0.31 −39.9 179.8 139.9

HB
2004 −1.90 6.19 493.5 36.74 202.6 1.29 −501.5 416.2 −85.3
2005 −1.31 7.18 541.5 36.47 225.5 1.38 −553.9 502.2 −51.7

DX
2004 1.66 8.99 550.4 43.04 80.4 0.41 −238.0 278.3 37.4
2005 2.41 9.08 489.9 43.50 70.8 0.40 −173.7 229.4 54.8

a Data from Hu et al. (2008).

Fig. 1. Comparison of monthly photosynthetically active radiation (PAR), monthly mean air temperature (Ta) and vapor pressure deficit
(VPD) at the temperate steppe (NMG,a–c), the alpine shrub-meadow (HB,d–f) and the alpine steppe-meadow (DX,g–i) in 2004 and 2005.

and high surface evaporation induced by strong solar radia-
tion (Shi et al., 2006; Hu et al., 2008). The VPD from May to
September was highest at NMG and lowest at HB (Fig. 1c).

3.2 Comparison of leaf area index

The seasonal dynamics of LAI showed one-peak patterns at
the three sites (Fig. 3). LAI at HB was generally higher than
that at NMG and DX during the two growing seasons stud-

ied. The LAI at HB in 2005 grew a half-month faster in the
spring and also peaked a half-month earlier in summer than
in 2004 (Fig. 3b). Although the peak value of LAI at HB in
2005 was 0.15 m2 m−2 lower than in 2004, the accumulated
LAI (LAI sum) during the growing season (May–September)
in 2005 was higher than that in 2004 (Table 4). The maxi-
mum LAI at DX occurred in late-August in both years, with
LAI declining in 2005 due to less spring precipitation. The
LAI at NMG reached a maximum of 1.58 m2 m−2 in 2004.
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Fig. 2. Seasonal trends of daily total precipitation and daily average volumetric soil moisture (Sw) at (a) NMG, (b) HB, and(c) DX in 2004
and 2005. Soil moisture was measured at 0.05 and 0.2 m depths at NMG and DX, 0.2 and 0.4 m depths at HB, respectively.

However, its LAI declined significantly in 2005 (Fig. 3), with
maximum and accumulated LAI even lower than those at
DX.

3.3 Seasonality of CO2 fluxes at three grassland ecosys-
tems

The seasonal dynamics of GEP,Reco, and NEE over the
three grassland ecosystems during the two study years are
shown in Fig. 4. The CO2 fluxes showed similar seasonal
trends with that of air temperature at HB (Fig. 4b). Both the
GEP andReco increased rapidly beginning in early May and
reached their peak values by mid/late-July through early Au-
gust in both years, resulting in maximum net CO2 uptake in
late July at HB (Fig. 4b). The daily maximum absolute value
of GEP andReco at HB was larger in the summer of 2005
than in 2004, although the daily values of NEE were com-
parable between the two years. The alpine shrub-meadow at
HB was acting as net CO2 sink from the beginning of June
through mid-September in both years, with net CO2 release
during a few extremely rainy or cloudy days.

As compared to HB, the CO2 fluxes at NMG tracked
closely with rain events and soil moisture in the warm sea-
sons. The NMG continued to release CO2 until late-June
2004 due to less precipitation from April through mid-June
(Fig. 4a). The several critical rain events in late-June (18.3,
24, and 10.5 mm on 20, 22, and 24 June, respectively) en-
hancedReco faster than GEP, leading initially to an increase
in net CO2 release and later, in early-July, to a shift from
carbon source to carbon sink. During the second drought
period in mid-July of 2004, the reduction in both GEP and
Reco was apparent. The maximum net CO2 uptake occurred
in late-August one week after the largest rainfall (44 mm on
14 August, 2004), which sustained the steppe as a net CO2
uptake until mid-September. The temperate steppe at NMG
shifted into net CO2 release in late September with the onset
of grass senescence caused by decreasing fall temperatures.
Both GEP andRecoat NMG in 2005 were significantly lower
because of less precipitation during that summer, resulting
in net CO2 release during almost the entire growing season
(Fig. 4a).
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Fig. 3. Seasonal variation of leaf area index (LAI) at(a) NMG, (b)
HB and(c) DX in 2004 and 2005.

The seasonality of GEP,Reco, and NEE at DX indi-
cates their responses to the variation in both temperature
and moisture. The magnitude of GEP,Reco, and NEE in
2005 was generally less than those in 2004. TheReco in
2004 reached relatively large values in early-July and main-
tained this level until early-September before grass senes-
cence (Fig. 4c). However, theReco peaked in mid-July 2005
and then declined steadily. The spring drought of 2005 also
caused a 20-day delay in the ecosystem shift from carbon
source to carbon sink. The peak daily values of GEP and
NEE at DX were observed in early-July in 2004, but they
were not observed until mid-August in 2005.

Fig. 4. Seasonal variation of daily integrated net ecosystem ex-
change of CO2 (NEE), ecosystem respiration (Reco), and gross
ecosystem production (GEP) at(a) NMG, (b) HB and (c) DX in
2004 and 2005.

3.4 Annual CO2 budgets of three grasslands

The annually integrated GEP,Reco, and NEE for the three
grassland ecosystems are presented in Table 4. The alpine
shrub-meadow at HB acted as a net CO2 sink, with a total
accumulation of−137 g C m−2 over the two study years. Al-
though higher precipitation and temperature enhanced GEP
in 2005, the enhancement ofReco was even larger, resulting
in less net CO2 sequestration in 2005 than in 2004 at HB (Ta-
ble 4). The DX and NMG were both acting as net CO2 source
during the two years, with more CO2 release in relatively
dry year of 2005. Both GEP andReco at NMG were signifi-
cantly suppressed in 2005, which resulted primarily from less
precipitation and reduced soil moisture during that growing
season. The GEP andReco at DX declined in 2005, which
resulted primarily from the less spring precipitation in that
year. The magnitude of annual sums of CO2 fluxes at DX
was much smaller than those at HB, although the two sites
experienced comparable precipitation (Table 4). Our study
also showed that bothReco and NEE were significant cor-
related with GEP at annual scale across the study sites and
years (Fig. 5).
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3.5 Relevant controls on seasonal variation inReco,
GEP, and NEE

Figure 6 shows the relationship between soil temperature and
ecosystem respiration (Reco), at NMG, HB, and DX in 2004
and 2005. The regression coefficients of the fitted curves
are also presented in each plot. The eddy covariance mea-
surements of the nighttimeReco were quite scattered. A bin
width of one day with a minimum bin size ofn = 5 was used
in the fitting procedure to reduce the effect of heteroscedas-
ticity and to provide equal weighting in the parameter estima-
tion (e.g., Griffis et al., 2003). Comparison of the response
of Reco to soil temperature among the three grassland sites
showed that most variation inReco can be interpreted by the
change in temperature, especially in the year or at the site
with better moisture condition (e.g., at HB site in both years
or at NMG site in 2004). Both theReco at reference temper-
ature (R10) and temperature sensitivity ofReco (Q10) at HB
were higher than those at DX and NMG. Figure 5 also shows
thatR10 andQ10 were reduced in the relatively dry year of
2005 at NMG and DX (Fig. 6b, f).

GEP is generally affected by radiation, temperature, and
moisture conditions. We examined the relationship between
Pmax and environmental factors to understand the difference
in determinant factor for the variation of GEP among the
three sites.Pmax values were derived from theMichaelis-
Mentenequation using a 10-day data window from May to
October for each site. Partial correlation analysis showed that
air temperature explained 81% of the seasonal variation in
Pmax at HB (P < 0.05, Fig. 7a). Howerve, about 50% of the
variance inPmax at NMG and DX was ascribed to changes
in soil moisture (Fig. 7b). Air temperature only explained
20% of the seasonal variation inPmax at DX (P > 0.05),
whereas it had a negative effect onPmax at NMG (R2=0.25,
P > 0.05). This was mainly resulted from frequent sum-
mer drought at NMG, which leads to significant reduction
in ecosystem photosynthesis under high radiation and tem-
perature condition at moon time (Fu et al., 2006b). Figure 7b
also indicates that the temperate steppe at NMG was much
more sensitive to variation in soil moisture than the alpine
meadow-steppe at DX in terms of increasing GEP and gain-
ing CO2.

To differentiate the factors influencing the seasonal vari-
ation in CO2 fluxes among the three grassland sites, a mul-
tiple regression analysis was performed to assess the rela-
tionships of GEP,Reco or NEE with changes in environ-
mental factors using monthly data during the growing sea-
sons (Table 2). Results showed that seasonal variations in
GEP,Reco, and NEE at NMG significantly correlated with
LAI ( P ≤ 0.001, Table 2). The partial correlation coefficient
(partialR2) between GEP,Reco, or NEE with other environ-
mental factors were rather low (<0.1), except that NEE also
had an insignificant relationship with soil moisture (R2=0.4).
However, the GEP,Reco, and NEE at HB significantly cor-
related with changes in air temperature (P < 0.001), which

Fig. 5. Ecosystem respiration (Reco) and net ecosystem exchange of
CO2 (NEE) verses gross ecosystem productivity (GEP) across the
three sites in 2004 and 2005. The solid circle (•), hollow diamond
(�) and solid triangle (N) represent the data of NMG, DX and HB,
respectively.

explained 95%, 93% and 82% of the seasonal variation in
NEE, GEP, andReco, respectively. Compared with NMG
and HB, the GEP and NEE at DX were jointly affected by
variations in soil moisture and air temperature. However, the
Reco at DX was not significantly related to any of the listed
factors under a 95% confidence interval (Table 2). This re-
sult indicates the importance of soil water retention for CO2
sequestration at DX, despite the fact that its precipitation is
comparable to that of HB.

3.6 Controlling factors for interannual and intersite
variations in CO2 flux

We also adopted the multiple regression analysis to access
the relationship between annual CO2 budgets and environ-
mental factors across the three sites and, further, to iden-
tify the prevailing factors and the underlying mechanisms
that resulted in the interannual or intersite variation in CO2
flux. The stepwise multiple regression models are summa-
rized in Table 3. The results show that LAI and soil moisture
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Fig. 6. The relationships between nighttime ecosystem respiration (Reco) and soil temperature (at 5cm depth) at NMG(a, b), HB (c, d) and
DX (e, f) in 2004 and 2005. The solid diamonds plot (a) indicates the depression ofReco in drought period in 2004 at NMG.

Fig. 7. The relationships betweenPmax and air temperature (for
(a) HB) and soil moisture (for(b) NMG and DX) during the grow-
ing season in 2004 and 2005.Pmax values were derived from the
rectangular hyperbolic model with a window of 10 days data.

were the primary factors controlling the interannual and in-
tersite variation in GEP,Reco, and NEE (Fig. 8a, d, and h,
P < 0.01), when the effect of single factors (Ta , PAR, Sw,
P , and LAI) were considered. However, when the interac-
tion terms amongTa , PAR,Sw, P and LAI were included in
the multiple regression analysis, the interannual and intersite
variation in GEP,Reco, and NEE could be better explained
by the joint effects of two or three variables (Table 3). With
its prevailing influence on the interannual or intersite varia-
tion in GEP andReco, the accumulated leaf area index during
the growing season (LAIsum) was found to be significantly
correlated with soil moisture other than annual precipitation
(Fig. 9).

4 Discussion

4.1 Comparison of ecosystem CO2 budget with other
grasslands

Although many studies have examined grassland CO2 fluxes
based on eddy covariance measurements, large variability ex-
ists in the findings due to the diverse vegetation and climate
types present in grassland ecosystems. Here, we selected
the very limited works that have similar vegetation or cli-
mate types with our sites for comparison (Table 5). The an-
nual CO2 release of theLeymus chinensissteppe at NMG is
higher than of a temperateStipa kryloviisteppe, which is lo-
cated in a neighboring area with similar climatic conditions
and vegetation types (Wang et al., 2008). However, a grazed
temperate steppe in Mongolia, which is located in the same
climatic zone as the NMG site but with less mean annual pre-
cipitation, proved to be carbon neutral or a small carbon sink
(Li et al., 2005). All of these studies have demonstrated that
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Table 5. Comparison of net ecosystem CO2 exchange (NEE) among different grassland ecosystems.

Ecosystem Temperature Precipitation NEE
Site Type Latitude (◦C) (mm) (g C m2 yr−1) Period Source

Lethbridge, Canada Mixed grassland 49◦26′ N – 401 −109 to 18 1998–2000 Flanagan et al., 2002
KBU in Mongolia Temperate steppe 47◦12.84′ N 1.2 196 −41 2003 Li et al., 2005
Great Plains, ND, USA Mixed prairie 46◦46′ N – 404 −45 1999 Frank and Dugas, 2001
Xilinhot, China Temperate steppe 44◦08′ N 2 290 37 to 68 2004–2006 Wang et al., 2008
NMG, China Temperate steppe 43◦32′ N 1 350 107 to 140 2004–2005 This study
Monte Bondone, Italy Subalpine grassland 46◦01′ N 5.5 1189 −74.2 2004 Gilmanov et al., 2007
Haibei, China Alpine meadow 37◦36′48′′ N −1.7 561 −193 to−79 2002–2004 Kato et al., 2006
HB, China Alpine shrub-meadow 37◦39′55′′ N −1.7 570 −85 to−52 2004–2005 This study
Oklahoma, USA Warm tallgrass prairie 36◦56′ N 14.0 ∼ 1000 −46 to−274 1997–1999 Suyker et al., 2003
DX, China Alpine meadow-steppe 30◦51′ N 1.3 480 37 to 55 2004–2005 This study
Twize, New Zealand Native tussock grassland 44◦14′ S 9.2 646 −41 to 9 1999–2000 Hunt et al., 2004

Fig. 8. Relationships between annual gross ecosystem production (GEP), ecosystem respiration (Reco), and net ecosystem CO2 exchange
(NEE) with accumulated Leaf area index from LAIsum, average volumetric soil moisture (from May to September), and annual precipitation
(AP) across the three sites during 2004 and 2005. The solid circle (•), hollow diamond (�) and solid triangle (N) represent the data of NMG,
DX and HB, respectively.

limited precipitation and low soil moisture during the grow-
ing seasons are the primary environmental factors limiting
the CO2 gain in the vast temperate steppe in Northern China
and Mongolia (Li et al, 2005; Fu et al., 2006a; Wang et al.,
2008). The higher CO2 release from the NMG site might be
ascribed to the larger amount of surface litter fall, which has
resulted from more than 20 years of non-grazing and could
contribute substantially to ecosystem respiration, especially
during warm seasons.

Studies on CO2 fluxes in alpine meadows are very limited.
The annual CO2 sink of the alpine shrub-meadow at HB was
smaller than that of a neighboring alpine meadow with same
temperature and precipitation (Kato et al., 2006), but compa-
rable to a subalpine grassland in Italy, which has higher mean
annual temperature and annual precipitation (Gilmanov et
al., 2007). The magnitude of annual GEP andReco over
the alpine meadow-steppe at DX is much smaller than that
of the alpine shrub-meadow at HB. The annual NEE in the
alpine meadow-steppe at DX is close to that of the temperate
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Fig. 9. Relationships between accumulated leaf area index
(LAI sum) and(a) soil moisture,(b) annual precipitation (AP) across
the three sites in 2004 and 2005. The soil moisture value in plot
(a) was the average soil moisture content at 0.2 m depth during the
growing season (from May to September) at the three sites.

Stipa kryloviisteppe in Inner Mongolia (Wang et al., 2008)
and a tussock grassland in New Zealand (Hunt et al., 2004).
The Qinghai-Tibet Plateau is a very special biogeographi-
cal unit due to its high altitude extending over a large area,
and it possesses a variety of alpine ecosystems that experi-
ence different temperature and precipitation regimes (Zhao
and Zhou, 1999). Relatively lower temperature and frequent
precipitation during the growing season create a cold and hu-
mid climate over the area around HB site, which nurtures
highly productive alpine-meadow vegetation. However, the
DX site is situated above 4000 m, where relatively low vege-
tation coverage (Table 1) and lower soil moisture result from
high surface evaporation induced by strong solar radiation
are not favorable for CO2 uptake (Shi et al., 2006; Hu et al.,
2008).

Generally, the annual CO2 uptake in the three grasslands
of this study was smaller than that of the warm tall-grass
prairies in North America, which experience higher temper-
atures and more precipitation (Flanagan et al., 2002; Suyker
et al., 2003), and that of the intensively managed grasslands
in central and northern Europe (Gilmanov et al., 2007).

4.2 Environmental controls on seasonal variation in
grassland CO2 fluxes

Our study showed that the controlling factors for season vari-
ations in CO2 fluxes were different for NMG, HB, and DX.
LAI dominated the seasonal variation in CO2 fluxes (GEP,
Reco and NEE) at NMG, and air temperature was the pri-
mary factor affecting the seasonal variation in CO2 fluxes
at HB (Table 2). In this case, our findings differ from pre-
vious studies, which generally demonstrate that soil mois-
ture content is the primary factor controlling seasonal and
interannual variation in CO2 fluxes in different grasslands
(Flanagan et al., 2002; Suyker et al., 2003; Ma et al., 2007;
Wang et al., 2008). Our results for the temperate steppe at
NMG agree with those of Li et al. (2005), who found that
the seasonal variation in NEE and GEP of a temperate steppe
during the growing season was primarily influenced by LAI
and precipitation. Actually, there is great agreement among
these results since soil moisture content usually correlated
positively with LAI, especially in those grasslands that fre-
quently experienced drought (Flanagan et al., 2002). For the
NMG site in our study, a significant positive linear relation-
ship between LAI and precipitation (R2=0.72,P < 0.01) or
soil moisture (R2=0.68,P < 0.01) also existed at monthly
time scale. This indicates the underlying effects of precipita-
tion and soil moisture on CO2 fluxes at NMG, as a result of
their influence on LAI development.

Unlike at the NMG site, soil moisture availability was not
a limiting factor for the grass growth at HB, where sufficient
precipitation fell almost evenly through the growing season.
In this case, temperature had a more significant influence on
CO2 flux dynamics, as is often the case with ecosystems that
experience low temperatures and high humidity, such as tun-
dra (Harazono et al., 2003) and alpine meadows (Kato et al.,
2006). Our results also demonstrated the dominant influence
of air temperature on ecosystem photosynthesis (Fig. 7a) and
respiration (Fig. 6a, b) at HB. The higher temperatures at
HB in May and June in 2005 induced an early increase of
LAI and a longer duration of high LAI values (Fig. 3), which
caused a larger GEP in 2005. However, the enhancement of
Reco by higher temperatures from May throughout Septem-
ber in 2005 was larger, which resulted in less net CO2 uptake
in that year. As a result, the difference in GEP,Reco, and
NEE at HB site between the two study years resulted pri-
marily from the influence of variations in temperature. Here,
our results agree well previous study that suggested that CO2
fluxes in alpine meadows are largely influenced by tempera-
ture (Kato et al., 2006).

Our results showed that the seasonal variation in CO2
fluxes at DX was caused by the combined effects of air tem-
perature and soil moisture. The ecosystem activity at DX,
as an alpine grassland, was potentially affected by low tem-
peratures (Harazono et al., 2003), although air temperature
at the DX site was 2◦C higher than that at HB (Fig. 1, Ta-
ble 4). However, soil moisture during the growing seasons
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at DX was much lower than that at HB (Fig. 2), despite the
comparable levels of precipitation at these two alpine sites.
Furthermore, the high gravel content in the soil at DX also
limited the soil’s ability to retain water (Shi et al., 2006).
As a result, the seasonal variation in GEP and NEE at DX
was significantly correlated both to soil moisture and air tem-
perature, with a higher partial correlation with soil moisture
(Table 2). This finding indicates the characteristic of this
alpine meadow-steppe as a transitional vegetation type be-
tween meadow and steppe. Although we didn’t find an ob-
vious relationship betweenReco and any of the concerned
factors at the monthly scale (Table 2),Reco at DX was still
influenced simultaneously by soil temperature and soil mois-
ture at hourly time scale (Shi et al., 2006).

4.3 Effect of LAI on interannual and intersite variations
in ecosystem CO2 budgets

Although many studies have addressed the environmental
influences on CO2 fluxes in various grasslands, few have
sought to understand the dominant biotic or abiotic factors
that control the grassland ecosystem CO2 budget at a regional
scale. A synthesis study across 20 European grasslands by
Gilmanov et al. (2007) suggested the relationship of grass-
land GEP andReco with macroclimatic factors (mainly pre-
cipitation and temperature), which cannot be expressed by
simple monofactorial models. Our results showed that soil
moisture was the dominant factor influencing interannual and
intersite variation in NEE across the study sites and years
(Table 3 and Fig. 8h), which is consistent with the findings
of many earlier studies conducted at individual sites (Flana-
gan et al., 2002; Suyker et al., 2003; Hunt et al., 2004). We
also found that LAI (especially when calculated as the ac-
cumulated LAI during growing season, or LAIsum) plays a
key role in the difference in annual GEP andReco among
sites or years (Fig. 8, Table 3). This finding differed from
our hypothesis that the interannual and intersite variations in
GEP of grassland ecosystems would mainly correlate with
the variation in annual precipitation, which has been sug-
gested by many previous studies on individual sites (Li et
al., 2005; Ma et al., 2007; Gilmanov et al., 2007). Flana-
gan et al. (2002) also found a strong correlation between the
GEP and LAI in temperate grasslands. Here, however, the
role of LAI could be explained by the significant positive
correlation between LAI and averaged soil moisture during
the growing season across the study sites and years (Fig. 9a).
It confirmed our speculation that variation in LAI is an in-
tegrative indicator of grassland plant growth in response to
concurrent changes in multi-environmental factors (includ-
ing air temperature, PAR, VPD, soil moisture, precipitation,
etc.), of which soil moisture is usually the most significant
influence. The poor relationship between LAI and precip-
itation among our sites (Fig. 9b) suggested the importance
of available moisture other than gross precipitation on grass
growth and CO2 uptake in grasslands. On the other hand, the

difference in LAI at the regional scale, to some extent, also
indicates the difference of vegetation types or biome types,
which were determined by long-term climatic and geobio-
logical environments. In our study, the three sites represent
three different vegetation types. The significant relationship
between LAI and GEP across the three sites suggests the reli-
ability of estimating GEP of grasslands from LAI at regional
scale.

The significant relationship between annualReco and LAI
across the study sites and years could be ascribed to the
strong dependence ofRecoon GEP (Fig. 5a). Although there
might be some artificial mechanism in the relationship be-
tween Reco and GEP due to the partitioning of GEP and
Reco from eddy covariance derived NEE, we cannot deny the
strong influence of canopy photosynthesis onRecoby provid-
ing the substrate availability for autotrophic respiration and
heterotrophic respiration (Davidson et al., 2006). Evidence
exists in the literatures pertaining to the similar relationship
betweenReco and GEP for many ecosystem types (Valentini
et al., 2000; Law et al., 2002; Li et al., 2005, Aires et al.,
2008), suggesting the shadowing effect of canopy photosyn-
thesis activity on ecosystem respiration.

5 Conclusions

This study compared the CO2 fluxes (GEP,Reco, and NEE)
over three grasslands in China and analyzed the relevant fac-
tors influencing them. During the two study years, the alpine
shrub-meadow acted as a net CO2 sink, whereas the temper-
ate steppe and the alpine meadow-steppe acted as net CO2
sources. We found that the dominant factors influencing sea-
sonal variation in CO2 fluxes were different among the three
grasslands. LAI was the primary factor controlling the sea-
sonal variations in GEP,Reco, and NEE of the temperate
steppe, whereas air temperature exerted the dominant influ-
ences over variations in GEPReco, and NEE of the alpine
shrub-meadow. The seasonal variation in CO2 fluxes of the
alpine meadow-steppe was jointly affected by air tempera-
ture and soil moisture. The annual GEP andReco signifi-
cantly correlated with accumulated LAI across the study sites
and years, whereas soil moisture accounts for the variation
in annual NEE among the six site-years. The significantly
positive relationship between accumulated LAI and average
soil moisture content led us to conclude that available soil
moisture remains the primary factor influencing the spatial
variation in net CO2 exchange in grassland ecosystems.
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