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Abstract The eddy covariance technique was used to mea-
sure the CO2 flux over four differently grazed Leymus
chinensis steppe ecosystems (ungrazed since 1979 (UG79),
winter grazed (WG), continuously grazed (CG), and heavily
grazed (HG) sites) during four growing seasons (May to
September) from 2005 to 2008, to investigate the response
of the net ecosystem exchange (NEE) over grassland ecosys-
tems to meteorological factors and grazing intensity. At
UG79, the optimal air temperature for the half-hourly NEE
occurred between 17 and 20 °C, which was relatively low for
semi-arid grasslands. The saturated NEE (NEEsat) and temper-
ature sensitivity coefficient (Q10) of ecosystem respiration
(RE) exhibited clear seasonal and interannual variations,
which increased with canopy development and the soil water
content (SWC, at 5 cm). The total NEE values for the growing
seasons from 2005 to 2008 were −32.0, −41.5, −66.1, and
−89.8 g C m−2, respectively. Both the amounts and distribu-
tion of precipitation during the growing season affected the
NEE. The effects of grazing on the CO2 flux increased with
the grazing intensity. During the peak growth stage, heavy
grazing and winter grazing decreased NEEsat and gross prima-
ry production (45% for HG and 34% forWG) due to leaf area
removal. Both RE and Q10 were clearly reduced by heavy
grazing. Heavy grazing changed the ecosystem from a CO2

sink into a CO2 source, and winter grazing reduced the total

CO2 uptake by 79 %. In the early growing season, there was
no difference in the NEE between CG and UG79. In addition
to the grazing intensity, the effects of grazing on the CO2 flux
also varied with the vegetation growth stages and SWC.

1 Introduction

Grasslands cover 32 % of global land surfaces (Parton et al.
1995). Natural grassland ecosystems in semi-arid areas can act
as either CO2 sinks or sources, which depends mainly on
variations in the amount and timing of precipitation
(Gilmanov et al. 2007). Variations in the net ecosystem ex-
change (NEE) on half-hourly, daily, monthly, and longer time
scales have attracted much attention in the past two decades
(Aires et al. 2008; Li et al. 2005; Xu and Baldocchi 2004).
However, long-term measurements are needed over different
grassland ecosystems to understand the control of the CO2

flux under significantly different environmental and vegeta-
tion conditions.

Grassland comprises the most widespread ecosystem type
in China, where it covers 41.7 % of the total land area (DAHV
and CISNR 1996). The main type is temperate grassland in
north China, which accounts for 41 % of the total grassland
areas (DAHV and CISNR 1996). The typical steppe in the
temperate zones represents the most widely distributed grass-
land ecosystem in the Eurasia typical steppe region, which is
the largest contiguous grassland area in the world (Bai et al.
2004), where Leymus chinensis steppe is the main community
type. The climate in most of this area is arid and semi-arid, and
there was a gradual warming trend during the 1990s. The
productivity of steppe ecosystems is expected to be highly
sensitive to climate disturbances (e.g., drought and extremely
heavy rainfall events) (Hao et al. 2008; Schaffrath et al. 2011).
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Grazing is the major type of land management in grass-
lands. The impact of grazing on NEE is still uncertain al-
though several experiments have been conducted in different
areas (Chen et al. 2005, 2014; Lecain et al. 2002; Rogiers et al.
2005;Wang et al. 2011;Wilsey et al. 2002). Experiments have
shown that there was no significant difference in NEE be-
tween ungrazed and grazed sites over shortgrass steppe in
the USA and tropical pasture in Panama (Lecain et al. 2002;
Wilsey et al. 2002), whereas heavy grazing significantly de-
creased the net photosynthetic rate over typical steppes in
Inner Mongolia (Chen et al. 2005). Cattle grazing reduced
the CO2 uptake by 37 % on a seasonal scale over a typical
subalpine grassland in Central Switzerland (Rogiers et al.
2005). In addition, grazing exclusion for 3 years significantly
increased the NEE by 47.37% and ecosystem respiration (RE)
by 33.14 % compared with the free-range grazing treatment in
a meadow grassland on the Tibetan Plateau (Chen et al. 2014).
By contrast, the grazed site always had a higher daily uptake
rate or lower release rate than the ungrazed site over
L. chinensis steppe in Inner Mongolia (Wang et al. 2011).

In the present study, which was supported by the Sino-
German cooperation project MAGIM (Ketzer et al. 2008),
the eddy covariance technique was used to measure NEE over
four L. chinensis steppes under different grazing conditions to
investigate the effects of different grazing intensities on the
CO2 flux. We also determined the model parameters for eco-
system photosynthesis and respiration, as well as examining
the response of NEE to meteorological variables and the leaf
area index (LAI).

2 Site description and methods

2.1 Site description

The study sites are located at the Inner Mongolian Grassland
Ecosystem Research Station (latitude: 43.55° N, longitude:
116.67° E, altitude: 1200 m), which experiences a semi-arid
continental temperate climate, with wet hot summers and dry
cold winters. The annual average temperature and annual pre-
cipitation are 2.6 °C and 286.6 mm, respectively (1971–2000,
climate data obtained from the meteorology station at
Xilinhot). Eighty-eight percent of the precipitation is concen-
trated in the growing seasons (May to September). The soil is
dark chestnut (Mollisol) (100–150 cm depth) without a dis-
tinct CaCO3 layer (Wang and Cai 1988), which is composed
of 62.0 % sand, 22.2 % silt, and 15.8 % clay. The bulk density
at the surface (0–4 cm) is 1.14 ± 0.02 g cm−3 (Zhao et al.
2011).

The sites include four L. chinensis steppes, i.e., ungrazed
since 1979 (UG79), winter grazed (WG), continuously grazed
(CG), and heavily grazed (HG), which are all dominated by
L. chinensis, Stipa grandis, Koeleria cristata, and Agropyron

cristatum (Xiao et al. 1997). The UG79 site was lightly grazed
by sheep before 1979, but then fenced and ungrazed after
1979. WG was grazed from mid-October until mid-February
by 0.5 sheep units/ha. CG was grazed continuously by 1.2
sheep units/ha. HG was grazed by at least 2 sheep units/ha
for many years (Ketzer et al. 2008). The maximum grass
heights at UG79 in 2005 and 2006 were 26.3 and 27.8 cm,
respectively, and UG79 always had taller grass than the grazed
site (Table 1). UG79 has a gentle slope of less than 3°, whereas
WG, CG, and HG are relatively flat. UG79, WG, and CG are
located several hundred meters apart, whereas HG is ca 3 km
to the north of UG79.

2.2 Measurements

The eddy covariance system was used to measure the CO2

flux, which is composed of a three-dimensional sonic ane-
mometer (CSAT3, Campbell Scientific, USA) and an Open
Path CO2/H2O Gas Analyzer (LI-7500, LI-COR, USA).
The instruments were mounted at a height of 2 m above
the ground and about 0.1 m apart. Net radiation and photo-
synthetic active radiation (PAR) were measured at a height
of 1.5 m using a net radiometer (CNR1, KIPP&ZONEN,
Netherlands) and a PAR quantum sensor (LI190SB, LI-
COR, USA), respectively. The soil heat flux was measured
with two heat flux plates, which were installed about 2 cm
below the ground (HFP01, Hukseflux, Netherlands), and
the distance between them was not more than 1.5 m. Air
temperature and relative humidity were measured with tem-
perature and relative humidity probes located near the eddy
covariance system (HMP45C, Campbell Scientific, USA).
Precipitation was measured (52202 Tipping Bucket Rain
Gauge, RM Young, USA) at a height of 1 m. A CR5000
data logger (Campbell Scientific, USA) was used to record
the data. The soil moisture at a depth of 5 cm depth was
measured using horizontally inserted Theta-probes (Type
ML2x, Delta-T Devices Ltd., Cambridge, UK), and the
data were recorded by an automatic Data Logger (DL2e
Data Logger, Delta-T Devices Ltd., Cambridge, UK)
(Zhao et al. 2011). LAI was sampled at each site by clip-
ping 5–8 representative 0.08 m2 leaf quadrants. The leaf
area was measured using a portable area meter (LI-
3000A) and a transparent belt conveyer (LI-3050A, LI-
COR, USA) (Fan et al. 2009).

Two flux towers were used in this study. One tower was
installed permanently at UG79 from May 15, 2005, until
December 2008. Another tower was installed at one of the
three grazed sites during 2005 and 2006 (WG, CG, and
HG). This tower was moved between the different grazing
treatment sites about every around 6 weeks. The detailed mea-
surement scheme is shown in Table 1. Due to the poor data
quality of the data obtained during the winter time, only data
of the growing seasons were analyzed in this study.
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2.3 Date processing

EdiRe software was used to calculate half-hourly CO2 fluxes
from 10 Hz raw data (http://www.geos.ed.ac.uk/abs/research/
micromet/EdiRe/). Several correction procedures were
performed to obtain accurate energy fluxes. After coordinate
rotation (double rotation as described by Kaimal and Finnigan
1994), correction of spectral loss (Moore 1986) was necessary.
Next, the Webb correction (Webb et al. 1980) was applied to
obtain the corrected CO2 flux. Based on the footprint analysis
method proposed by Kormann and Meixner (2001), the 90 %
flux fetch was below 170 m at WG, CG, and HG. The 90 %
flux fetch was about 125m at UG79 under unstable conditions
and within the fenced steppe area.

Data gaps are unavoidable in long-term flux measurements
due to sensor malfunctions, precipitation, dew, dust, and other
factors. After quality control procedures (including stationary
and integral turbulence characteristics tests, described Foken
and Wichura 1996), roughly 25 % of the fluxes were missing
or discarded. Linear interpolation was used for short data gaps
(<2 h), and the lookup table method was used for longer gaps
(Falge et al. 2001).

The relationship between the nighttime NEE (RE, μmol
CO2 m−2 s−1) and soil temperature at a depth of 5 cm
(Ts, °C) is described by Van’t Hoff equation (Aires et al.
2008):

NEEnighttime ¼ aexp bT sð Þ ð1Þ

where a and b are the regression parameters. The temperature
sensitivity coefficient (Q10) of RE is determined by the fol-
lowing equation.

Q10 ¼ exp 10bð Þ ð2Þ

The partitioning of NEE into gross primary production
(GPP) and RE is based on an assumption that the temperature
sensitivity of RE is consistent in the nighttime and daytime
(Falge et al. 2001). Thus, the nighttime RE value was extrap-
olated to the daytime to calculate the daytime RE. The daily
RE was the sum of the daytime and nighttime RE. The daily
GPP was calculated as follows.

GPP ¼ RE−NEE ð3Þ

The Michaelis-Menten model was used to evaluate the
relationship between daytime NEE and PAR (Falge et al.
2001):

NEEdaytime ¼ αNEEsatPAR

αPARþ NEEsat
þ RE ð4Þ

where α is the apparent quantum yield (μmol CO2 μmol−1

photons), NEEsat is the NEE at a saturating light level, and RE
is the bulk estimated RE.T
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3 Results and discussions

3.1 Weather conditions and LAI

The mean air temperatures in the four growing season from
2005 to 2008 were 15.7, 15.3, 16.7, and 15.0 °C, respectively.
The minimum daily mean air temperature was −0.1 °C due to
a snowfall event in September 2006 and the maximum value
was 28.5 °C in July 2008. The mean vapor pressure deficit
(VPD) values in the growing seasons from 2006 to 2008 were
0.93, 1.15, and 0.90 kPa, but the daily mean VPD exhibited a
large variation, with a maximum value of 2.56 kPa (Fig. 1a).

The precipitation rates in the four growing seasons from
2005 to 2008 were 146.9, 228.4, 177.5, and 297.1 mm, re-
spectively. The 2008 growing season was a normal year be-
cause the precipitation of 297.1 mm was comparable to the
mean precipitation during 1982–2004 (data from IMGERS),
whereas the 2005, 2006, and 2007 growing seasons were dry,
with 48, 19, and 37% reductions in precipitation, respectively.
In the four growing seasons, 24 % of days had precipitation
events with more than 1 mm day−1. Among the rainy days, the
days with more than 5 mm day−1 precipitation only accounted
for 9 %. The soil water content (SWC) at a depth of 5 cm was
also low during the growing season due to low precipitation.
During the growing seasons, the SWC varied between 0.041
and 0.273 m3 m−3. High SWC values always followed rainy
days (Fig. 1b).

The LAI increased from May and peaked during July and
August. The exception was the maximum LAI at the UG79
site during 2007, which occurred in September. The difference

between UG79 and WG was small in 2005 and 2006, while
heavy grazing significantly reduced the LAI. The 2005 grow-
ing season was drier than 2006 but the LAI at HG was larger
in 2005 than that in 2006, which was possibly due to the
higher grazing intensity in 2006 (Fig. 2).

3.2 Response of the half-hourly CO2 flux to meteorological
variables at UG79

Based on the half-hourly data at UG79, the relationship be-
tween the daytime NEE and PAR during the growing season
was described by the Michaelis-Menten model. The stomatal
regulation of photosynthesis during periods of water stress is
well documented (Fu et al. 2006; Zhang et al. 2007). At this
observational site, previous study found that soil water stress
decreased water evaporation significantly only when SWC
was higher than 0.12 m3 m−3 (Wang et al. 2012). Thus, the
NEE data were grouped into two classes: SWC ≥ 0.12 m3 m−3

and SWC < 0.12 m3 m−3. Under both soil water conditions,
NEE decreased (a more negative NEE represents more CO2

uptake and the minimum NEE represents the largest CO2 up-
take, which is the same for NEEsat) with PAR until it reached a
critical value (PARcri), after which it declined. The PARcri

values were usually 900 and 1000 μmol m−2 s−1 with dry
and wet soil conditions, respectively. PARcri increased to
1300 μmol m−2 s−1 in the wet year of 2008. In the present
study, PARcri was lower than that determined in other grass-
land ecosystems (1000 to 1200 μmol m−2 s−1 for a typical
steppe; 1600 μmol m−2 s−1 for a desert steppe) (Yang et al.
2011; Zhang et al. 2007).

Fig. 1 The daily mean (a) air temperature (Ta), vapor pressure deficit (VPD), (b) soil water content (SWC), and the daily total precipitation (PPT) at
UG79 during the growing seasons (May to September) from 2005 to 2008
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The Michaelis-Menten model was only used when PAR
was less than PARcri. The light-response curves had clear sea-
sonal variations (Fig. 3a). In 2006, the minimum NEEsat on a

monthly scale occurred during the peak growing stage (July,
−8.94 μmol m−2 s−1) with the maximum LAI, but NEEsat

(−3.37 μmol m−2 s−1) was depressed in August 2006 by

Fig. 2 The leaf area index (LAI) at UG79, WG, and HG during the growing seasons (May to September) from 2005 to 2008

Fig. 3 The relationship between
the half-hourly NEE and PAR at
UG79 a from May to September
in 2006, b for the growing season
from 2005 to 2008. The
relationship between the half-
hourly NEE and air temperature
(Ta) at UG79 c from May to
September in 2006, d for the
growing season from 2005 to
2008. The relationship between
the RE and soil temperature (Ts) at
UG79 e from May to September
in 2006, f for the growing season
in 2005 and 2006 when
SWC < 0.12 m3 m−3 and
SWC > 0.12 m3 m−3 and for the
2006 growing season. The
dependent and independent
variables were averaged with a, b
PAR bins of 100 μmol m−2 s−1, c,
d Ta bins of 1 °C, and e, f Ts bins
of 1 °C

Response of carbon dioxide exchange to grazing intensity 723



drought and it was only 39 % of that in July. In 2006, this
NEEsat seasonality and the drought effect were similar to the
other 3 years.

NEEsat ranged from −4.57 to −7.50 μmol m−2 s−1 during
the entire growing season from 2005 to 2008, where the
maximum value was in the dry year of 2005 and the min-
imum value was in the wet year of 2008 (Fig. 3b, Table 2).
NEEsat reached −6.99 to −13.09 μmol m−2 s−1 with high
SWC values, whereas low SWC values increased NEEsat

by 47 to 65 % compared with the good water conditions.
The effect of SWC was the same for the parameter α
(Table 3). This phenomenon was consistent with that in
other previously examined semi-arid typical and desert
steppes, where the drought conditions depressed the pho-
tosynthetic parameters (NEEsat and α) (Li et al. 2005; Yang
et al. 2011; Zhang et al. 2007).

In 2006, the optimal air temperature (Ta) for the minimum
half-hourly NEE at UG79 was highest in July 2006 (22 °C)
and lowest in September due to grass senescence (14 °C). The
optimal Ta decreased to 16 °C in August 2006 due to the dry
soil conditions (Fig. 3c). For the whole growing seasons, the
value ranged between 17 and 20 °C from 2005 to 2008
(Fig. 3d). NEE started to increase above 20 °C over this
L. chinensis steppe. The optimal value for Ta was within the
range reported previously for a Duolun Stipa kryroii steppe
(15 to 25 °C) (Zhang et al. 2007), but significantly lower than
that for a Mongolian steppe (24 °C) (Li et al. 2005).

The RE data at UG79 were selected when u* was greater
than 0.2 m s−1. It is well documented that RE increases as an
exponential function of the soil temperature (Falge et al.
2001). The RE-Ts curve had a clear seasonal variation due
to plant growth (Fig. 3e). In addition to the soil temperature
and canopy development, RE was also strongly limited
by soi l water s t ress during August 2006 (mean
SWC = 0.08 m3 m−3, Fig. 3e), which was similar to that
found in a temperate grassland in the humid area of
Germany (Hussain et al. 2011). The correlation between the
low SWC and high soil temperature resulted in a decrease in
RE when the soil temperature exceeded 17 °C for the entire

growing season in 2006 (Fig. 3f). Thus, the RE data for each
growing season were grouped into two SWC classes.

The temperature sensitivity of respiration can be expressed
byQ10, which has been used widely to calculate RE in models
(Hunt et al. 1996; Potter et al. 1993; Tian et al. 1999). In this
study, Q10 ranged from 2.0 to 3.1 (Table 3), which is within
the normal range for grasslands (1.2 to 3.7) (Aires et al. 2008;
Falge et al. 2001; Flanagan and Johnson, 2005; Fu et al. 2006;
Wang et al. 2008; Xu and Baldocchi, 2004; Zhang et al.
2007). The results were similar to the Q10 values determined
over the Duolun S. kryroii steppe (2.29 and 3.31) (Zhang et al.
2007), but they were much higher than the values calculated
over a L. chinensis steppe (1.2 and 0.2) and a desert steppe in
Inner Mongolia (1.6) (Hao et al. 2008; Yang et al. 2011). We
found that the value of Q10 increased with SWC at this obser-
vational site (Table 3), which was consistent with the results
obtained for a Canadian mixed grassland and temperate
steppes (Flanagan and Johnson, 2005; Hao et al. 2008;
Zhang et al. 2007). However, our results differed from those
for a Stipa krylovii steppe and a desert steppe, where Q10 was
highest at medium SWC compared with low or high SWC
conditions (Wang et al. 2008; Yang et al. 2011). This
discrepancy may be related to the management history of the
sites. This study site had been fenced since 1979. Microbial
carbon in the surface soil and labile carbon were significantly
higher compared with the grazed steppe (Ma et al. 2005), and
large amounts of aboveground litter accumulated. Soil respi-
ration, which contributes up to 90 % of RE (Dugas et al.
1999), and the decomposition of accumulated litter both in-
creased with the SWC, as well as their temperature
sensitivities.

3.3 Diurnal variation in CO2 fluxes

The data in 2006 at UG79 illustrated the monthly average
diurnal variations in the CO2 flux (Fig. 4a). In May, the can-
o p y a b s o r b e d CO 2 o n l y w e a k l y ( l e s s t h a n
−0.56 μmol m−2 s−1) during the daytime. As the canopy de-
veloped, photosynthesis and respiration were enhanced signif-
icantly in June (NEE −3.53 μmol m−2 s−1) and they peaked in
July. The uptake of CO2 was depressed by drought in August.
During the late growing season, the magnitude of the CO2 flux
declined in the senescent stage of canopy growth. The maxi-
mum CO2 uptake and release for the monthly average diurnal
cycle were −7.4 and 3.4 μmol m−2 s−1 (NEE, where a negative
value indicates CO2 uptake), respectively, where both oc-
curred in August 2008. The maximum CO2 uptake was larger
t han tha t de t e rm ined ove r a S . k r y ro i i s t eppe
(−6.6 μmol m−2 s−1, Zhang et al. 2007) and a desert steppe
(−3.1 μmol m−2 s−1, Yang et al. 2011) in Inner Mongolia, as
well as over a grazed steppe in central Mongolia
(−3.6 μmol m−2 s−1, Li et al. 2005) and a tussock grassland
in New Zealand during summer drought (−4.9 μmol m−2 s−1,

Table 2 The photosynthesis parameters (NEEsat: μmol m−2 s−1, α:
μmol m−2 s−1) using Eq. (4) and the total values of GPP (g C m−2), RE
(g C m−2) and NEE (g C m−2) for the growing season from 2005 to
2008 at UG79

Variables 2005 2006 2007 2008

NEEsat −4.57 −5.73 −5.60 −7.50
α −0.015 −0.017 −0.027 −0.033
R2 0.99 0.98 0.97 0.96

GPP 233.9 296.4 380.5 433.9

RE 202.0 254.9 292.8 344.1

NEE −32.0 −41.5 −87.7 −89.8
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Hunt et al. 2002), but lower than that over C4 prairie grassland
ecosystems in North America (−28.0 μmol m−2 s−1, Dugas
et al. 1999; −23.0 μmol m−2 s−1, Ham and Knapp 1998;
−32 μmol m−2 s−1, Suyker and Verma 2001).

The half-hourly NEE generally decreased as PAR in-
creased. PAR was largest at noon, but the half-hourly
NEE on the diurnal cycle was lower in the morning than
in the afternoon (Fig. 4). This depression of the daytime
NEE at noon is a common phenomenon in semi-arid grass-
lands (Fu et al. 2006; Li et al. 2005; Zhang et al. 2007),
which is related to the increase in RE with Ts. Another
explanation is that CO2 assimilation is limited by the low
enzyme activity at high temperatures and stomatal closure
at high VPD (Zhang et al. 2007). In general, high Ta and
high VPD are always coupled together in semi-arid envi-
ronments. The survival strategy of plants induces stomatal
closure under high VPD and in high evaporation demand
conditions (Chaves et al. 2002). Stomatal closure is more
sensitive to an increase in VPD under water-stressed con-
ditions because the supply of water from the soil to plants
is deficient and leaf water potential declines (Jones 1998;
Tardieu and Simonneau 1998). Thus, the depression of the
daytime NEE at noon was stronger during the dry August
in 2006 compared with that in the relatively wet August of
2008 (Fig. 4a).

3.4 Growing season variations in the daily CO2 flux

We detected significant seasonal variations in NEE, GPP, and
RE over this steppe (Fig. 5). In the four growing seasons from
2005 to 2008, NEE became negative on May 17, 1, 18, and 9,
respectively. The NEE then decreased significantly in June and
reached itsminimumdaily value in June (−3.5 gCm−2 day−1 for
2007), July (−2.1 g C m−2 day−1 for 2006; −3.4 g C m−2 day−1

for 2008), or August (−1.5 g C m−2 day−1 for 2005). The min-
imumNEEwas smaller than that for aMongolian grazed steppe
(−2.3 g C m−2 day−1, Li et al. 2005) and a desert steppe in Inner
Mongolia (−1.6 g C m−2 d−1, Yang et al. 2011).

The LAI peaked in August during each growing season,
but the maximum CO2 uptake on a monthly scale occurred
during July in 2006 and June in 2007. This indicates that in
addition to the growth of vegetation, the seasonal variation in
NEE was also regulated by the distribution of precipitation
and the SWC. In August 2006, the total precipitation and
mean SWCwere only 17.0 mm and 0.08 m3 m−3, respectively
(30-year average precipitation =70.2 mm). During this
drought period, both GPP and RE decreased greatly, and
GPP became smaller than RE. Thus, the ecosystem changed
from being a carbon sink into a carbon source, before
returning to a carbon sink in September. This summer drought
caused a weak release of CO2 in August 2006. Similar

Table 3 The ecosystem
photosynthesis parameters
(NEEsat: μmol m−2 s−1, α: μmol
m−2 s−1, R2(1)) using Eq. (4), the
ecosystem respiration parameters
using Eqs. (1) and (2) (a: μmol
m−2 s−1, b, Q10, R

2
(2)), and the

mean SWC under wet and dry soil
water conditions
(SWC > 0.12 m3 m−3 and
SWC < 0.12 m3 m−3) for the
growing season from 2005 to
2008 at UG79

Year 2005 2006 2007 2008

Treatment Wet Dry Wet Dry Wet Dry Wet Dry

NEEsat −6.99 −3.71 −10.03 −3.78 −13.09 −6.53 −12.40 −6.53
α −0.022 −0.013 −0.024 −0.014 −0.023 −0.018 −0.026 −0.021
R2

(1) 0.98 0.95 0.97 0.97 0.96 0.97 0.98 0.98

a 0.323 0.116 0.016 0.009 0.026 0.016 0.024 0.019

b 0.095 0.074 0.353 0.212 0.580 0.375 0.538 0.437

Q10 2.59 2.10 3.07 2.44 2.72 1.99 2.50 2.27

R2
(2) 0.90 0.91 0.96 0.89 0.99 0.83 0.83 0.68

SWC 0.153 0.080 0.182 0.086 0.162 0.075 0.148 0.096

Fig. 4 a The monthly average
diurnal variations in NEE at
UG79 from May to September in
2006 and for August 2008. b The
average diurnal variations in NEE
at UG79 for the growing season
from 2005 to 2008
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responses of the CO2 fluxes to summer droughts were also
observed in the other 3 years.

The duration of net CO2 assimilation differed slightly (be-
low 10 %) among the four years, i.e., 92, 95, 95, and 101 days
from 2005 to 2008, respectively. However, the magnitudes of
the daily NEE, GPP, and RE were much smaller in 2005
compared with those in the other 3 years. For comparison of
the total NEE for the growing seasons, the CO2 flux from 1 to
15 May 2005 was filled by the data from the same period in
2006. The cumulative NEE differed significantly for the
growing seasons from 2005 to 2008, where the maximum
value was −32.0 g C m−2 in the driest year of 2005 and the
minimum value was −89.8 g C m−2 in the relatively wet year
of 2008 (Fig. 6, Table 2). The total precipitation was higher in
2006 than in 2007, but the total NEE was smaller in 2007
(−66.1 g C m−2) than that in 2006 (−41.5 g C m−2). This
difference was primarily due to the more frequent drought
spells in 2006, especially the droughts in June and August of
2006 (Fig. 1).

3.5 Effects of grazing on the CO2 flux

The effects of grazing on the NEE depend on how grazing
influences the different processes that control the GPP and
RE. First, the photosynthesis parameter NEEsat was derived
from the half-hourly NEE data between UG79 and the grazed
sites. This comparison focused on the peak growth stage (HG
in 2005 and WG in 2006). The dependence of the daytime

NEE on PAR and Ta was clearly affected by HG and WG.
With the same PAR or Ta, the NEE was lower at UG79 than
that at HG andWG (Fig. 7a, b). Consequently, the CO2 uptake
rate was higher in the daytime at UG79 compared with that at
HG and WG (Fig. 7c). The large difference in the NEE oc-
curred between UG79 andWG, but their difference in the LAI
was small due to the non-grazing at WG during the growing
season (Fig. 2). This means that the NEE difference was also
attributable to other factors, including the significantly in-
creased bulk density and the decreased organic carbon and
total nitrogen of topsoils with grazing intensity (Steffens
et al. 2008).

In 2006, the NEEsat at WG was 59 % of that at UG79, and
the ratio of HG relative to UG79 decreased to 53 % in 2005
(Table 1). However, when drought depressed the NEEsat dur-
ing the late growing season in 2006, NEEsat was slightly lower
at WG than at UG79 (Table 1), which was possibly due to
compensatory plant growth at WG (Lecain et al. 2000;
Milchunas and Lauenroth 1993). Second, WG and HG signif-
icantly reduced Q10, whereas CG had little effect on Q10.
However, an exception occurred where the Q10 value at HG
was higher than that at UG79 during the rapid growth stage
(June) in 2006 (Table 1).

On a daily scale, there was a distinct difference in the NEE
between UG79 and HG, whereas the NEE was similar at
UG79 and CG (Fig. 8). On a seasonal time scale, the effects
of grazing on the CO2 fluxes varied according to the differ-
ences in the grazing intensities, soil moisture, and vegetation

Fig. 5 The daily NEE, GPP, and RE during the growing seasons from 2005 to 2008

Fig. 6 The cumulative NEE, GPP, and RE for the four growing seasons from 2005 to 2008
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growth conditions (Table 1). In general, GPP was reduced
greatly by HG (35 and 45 %) and WG (34 %) due to the
reduction in the LAI. However, there was no significant dif-
ference (below 5 %) in the GPP between UG79 and HG in the
late growing season of 2006 because GPP was depressed by
the dry soil water conditions at UG79. In the peak stage of
vegetation growth, HG reduced RE by 28 % because the
shorter canopy respired less CO2 (Wilsey et al. 2002) and
the increased soil bulk density due to trampling by sheep
decreased RE (Binkley et al. 2003), although the RE at HG
was slightly higher than that at UG79 (below 10%) during the
early and late growing seasons. A possible explanation is that
both the higher soil temperature and respiration from sheep
contributed to RE at HG, and this was more important than the
difference in the LAI between UG79 and HG. These negative
impacts on RE andQ10 are consistent with the results obtained
for a tropical pasture in Panama (Wilsey et al. 2002), but
different from studies of a subalpine grassland in the Swiss
Alps and salt marshes in Denmark, where no difference in the
RE was found (Morris and Jensen 1998; Rogiers et al. 2005).

The effects of grazing on the NEE increased with the graz-
ing intensity. HG changed the steppe from a CO2 sink into a
CO2 source.When the grazing intensity decreased,WGweak-
ened the CO2 uptake rate greatly by 79 % in 2006. In partic-
ular, during the early growing season, CG benefited photosyn-
thesis and respiration in the ecosystem, and the NEE was
similar at UG79 and CG. The impact of grazing on the NEE
varied among different ecosystems. In this study, the negative

effects of grazing on the NEE were consistent with the results
reported for a meadow grassland on the Tibetan Plateau, a
subalpine grassland in the Swiss Alps, and a Mediterranean
grassland (Aires et al. 2008; Chen et al. 2014; Rogiers et al.
2005), whereas they differed completely from the effects of
grazing on the NEE over the L. chinensis steppe in Inner
Mongolia (Wang et al. 2011). This difference may be ex-
plained partly by a compensatory effect at the grazed site,
which hadmore leaves with a greater leaf-level photosynthetic
capacity and an open canopy architecture with a higher radi-
ation use efficiency (Wang andWang 1999; Zhou et al. 2007).
However, this greater photosynthetic capacity at the ecosys-
tem level was not observed at the grazed site in the present
study (Table 1). Moreover, there was no significant difference
in the NEE between ungrazed and grazed sites over a
shortgrass steppe in the USA and tropical pasture in Panama
(Risch and Frank 2006; Wilsey et al. 2002). Risch and Frank
(2006) hypothesized that moisture stress reduced the effect of
grazing in the Yellowstone Park. This was also the case for the
GPP at this study site during the late growing season in 2006.

3.6 Factors controlling the CO2 flux on a daily scale

On a daily scale, both the GPP and RE increased linearly with
the SWC. The response of the GPP to SWC was more sensi-
tive than that for RE over this steppe (Fig. 9a), which was
consistent with the results over a desert steppe in Inner
Mongolia (Yang and Zhou 2013). By contrast, Reichstein

Fig. 7 The relationship between a the daytime half-hourly NEE and
PAR, b the daytime half-hourly NEE and Ta, and c the average diurnal
variation in the NEE at UG79, HG, and WG in 2005 and 2006. The

periods are from July 10 to August 19 in 2005 and from July 1 to
August 11 in 2006. The dependent and independent variables were
averaged with a PAR bins of 100 μmol m−2 s−1 and b Ta bins of 1 °C

Fig. 8 The daily NEE at UG79,
WG, CG, and HG during the
growing seasons in 2005 and
2006
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et al. (2002) found that the RE was limited by drought more
than GPP in two Mediterranean forests because most of the
respiration occurred in the litter and upper soil layers, which
dried first, whereas the leaves could be recharged with water
acquired by the roots in the deeper soil layers to support photo-
synthesis. In semi-arid grasslands, the roots of grasses are
distributed mainly in the soil layers located at less than 30 cm
(Ping et al. 2010). Thus, the recharge of grasses with water from
deeper soil layers is very limited, and the GPP is more restricted
by drought than RE.

In addition to the soil temperature and soil moisture levels,
RE also responded to the canopy productivity (Fig. 9b), which
produced the available substrate for respiration (Thomey et al.
2011; Yan et al. 2011). The RE had a linear correlation with
the GPP over this steppe. The daily RE accounted for more of
the daily GPP in the peak growth stage (RE = 0.52GPP + 0.73,
R2 = 0.75) compared with the early and late growth stages
(RE = 0.38GPP + 0.82, R2 = 0.73) (Fig. 9b). This strong
relationship between the RE and GPP on daily, seasonal, or
annual scales has also been documented in Mediterranean C3/
C4 grasslands (Aires et al. 2008; Xu and Baldocchi 2004), an
oak/grass savanna (Ma et al. 2007), semi-arid steppes (Li et al.
2005; Yang and Zhou 2013), and a degraded grassland
(Du and Liu 2013).

The monthly total NEE varied linearly with the monthly
mean LAI (Fig. 10a). The slope of the linear relationship at
this site was similar to that for a Mediterranean C3/C4 grass-
land, although the correlation was weaker (R2 = 0.77,

slope = −1.71) (Aires et al. 2008). The change in the LAI
explained 46% of the variation in the NEE, and the remaining
percentage was associated with the changes in the PAR, SWC,
and other meteorological variables. For example, with a sim-
ilar LAI at UG79, the mean daily NEE were 0.59 and
−0.67 g C m−2 day−1 in July and September 2008, respective-
ly. This large difference in the NEE is partly attributable to the
changes in the SWC, as shown in Fig. 10b.

4 Conclusion

The ecosystem photosynthesis and respiration parameters
(NEEsat, α, and Q10) were investigated in different years
and soil water conditions at four differently grazed sites.
The daily and total NEE indicated that both the amounts
and distribution of precipitation affected the growing sea-
son CO2 fluxes. By altering the light-response curve, graz-
ing (WG and HG) significantly reduced the GPP. In the
peak growth stage, WG and HG reduced RE and Q10,
where HG even changed the CO2 sink into a CO2 source.
However, the NEE was similar at UG79 and CG during the
early growing season. The negative effects of grazing on
the CO2 fluxes increased with the grazing intensity, but the
effects also varied with the growth stages of vegetation.
Thus, understanding the effects of grazing on the total
CO2 fluxes during the growing season and the whole year
still requires more measurements.

Fig. 9 a The relationship
between the GPP, RE, and SWC
in peak growth stage (July and
August) from 2005 to 2008 at
UG79 (rainy days were
excluded). b The relationship
between the GPP and RE for the
peak growth (July and August)
and the early and late growth
(June and September) stages from
2005 to 2008 at UG79

Fig. 10 a The relationship
between the NEE and LAI; the
NEE was the monthly average
value before and after the LAI
sampling day; b The relationship
between the NEE and SWC on a
daily scale during July and
September, 2006, at UG79
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