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Abstract Eddy covariance technique was used to measure carbon flux during two growing sea-
sons in 2003 and 2004 over typical steppe in the Inner Mongolia Plateau, China. The results showed
that there were two different CO, flux diurnal patterns at the grassland ecosystem. One had a dual
peak in diurnal course of CO, fluxes with a depression of CO; flux after noon, and the other had a
single peak. In 2003, the maximum diurnal uptake and emitting value of CO, were —7.4 and 5.4
gm?2.d”’ respectively and both occurred in July. While in 2004, the maximum diurnal uptake and re-
lease of CO, were —12.8 and5.8 g-m™-d™' and occurred both in August. The grassland fixed 294.66
and 467.46 g CO,m™ in 2003 and 2004, and released 333.14 and 437.17 g CO,-m~2 in 2003 and
2004, respectively from May to September. Water availability and photosynthetic active radiation (PAR)
are two important factors of controlling CO, flux. Consecutive precipitation can cause reduction in the
ability of ecosystem carbon exchange. Under favorable soil water conditions, daytime CO, flux is
dependent on PAR. CO; flux, under soil water stress conditions, is obviously less than those under
favorable soil water conditions, and there is a light saturation phenomena at PAR=1200 pmol-m~=2.s7".
Soil respiration was temperature dependent when there was no soil water stress; otherwise, this re-
sponse became accumulatively decoupled from soil temperature.

Keywords: Leymus chinensls, CO, flux, photosynthetic active radiation, light saturation phenomena,
eddy covarlance technique.

Concerns about carbon and water/heat fluxes have
incurred more attention with global environmental
change“_ﬂ. Recent researches suggest that the unbal-
ance in global carbon budget have proved that there
was a neutral C-sink in middle-latitude region of the
Northern Atmosphere'®. This unbalance in global
carbon budget is not influenced by a singular ecosys-

www.scichina.com  www.springerlink.com

tem, but more little C-sink ecosystem!”". Grassland is a
very important ecosystem among little C-sink ecosys-
tems for approximately 32% of the worlds natural
vegetation is covered by grassland. There is still great
uncertainty in confirming whether grassland ecosys-
tems act as C-sink or C-resource because grassland
ecosystems show the interannual fluctuation in gross
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primary productivityls"’]. Concurrently, the responses
of grassland ecosystems to environment and correla-
tive biological dynamics have big dissymmetry, espe-
cially annual precipitation and distribution of precipi-
tation''®'"), Therefore, the function of grassland eco-
systems to future global climatic change should attach
more importance.

Eddy covariance technique has been widely applied
to measure carbon and water/heat exchange between
atmosphere and land surface'”). Currently, there are
more than 180 groups to measure CO»/H,O fluxes
with eddy covariance systemm. More recentlv, a few
studies on CO, exchange have been ogperated in grass-
land ecosystems across Savanna aud the Great Central
81221 Dygas et al."”
studied in a tall-grass grassland in Texas suggested
that its carbon budget was nearly balanced, and leaf
area index, photosynthetic active radiation and soil
water content controlled carbon flux. Sims and Brad-
ford"! reported a mixed grassland in the northwest of
Oklahoma has the potential of absorbing carbon, and
vegetation structure affected the carbon flux. Never-
theless, little attention has been given to the carbon
dioxide exchange in Eurasia grasslands regions.

Typical steppe ecosystems developed under
semi-arid continental temperate climate condition
cover approximately 4.1x10” hm? that is about 10.5%
of the national grassland area. It is the most represen-
tative and typical grassland in temperate grasslands of
China and much better reflects the vegetation charac-
teristics and physiognomy of the temperate grassland
regions. Some short-term studies have been operated
with the static chamber means during the growing

season. However, they only analyzed soil respiration
[17-20]

Plain and attained some results

and the diurnal variation of carbon exchange
and lack research for net ecosystem exchange (NEE).
Therefore, there is a virtual need for long-term field
measurements to quantify carbon dynamics under cli-
matic changes condition and management practices.

The main objectives of this study are to deepen our
understanding for the variation characteristics of CO;
exchange in a typical steppe ecosystem during two
years of growing season’s measurements on Inner
Mongolia Plateau. The specific objective is to analyze
the effects of meteorological and biological factors on
the fluxes exchanges.

1 Materials and methods
1.1  Study site description

The experimental site is located at Xilin River Wa-
tershed of Inner Mongolia Autonomous Region
(43°32'N, 116°40'E, 1200 m a.s.l). The site has been
fenced since 1979 and is located in a smooth wide
plain with low hills on a second-level basalt plat-
form!®!). The iow hi%ic have a relative height of 20—30
m with slope of <5°. The climate is described as tem-
perate, semi-arid continental climate with a dry spring
and moist summer. Annual temperature averages
—0.4°C with a growing season length of 150—180 d.
Annual mean precipitation is 350 mm with 89% of the
annual rainfall concentrated in April-September.

Soil type at the experimental site is dark chestnut
(Mollisol) with a soil depth of 100—150 cm'?!!. The A
horizon reaches 20— 30 cm deep and there is no ob-
vious CaCOs layer in the soil profile. Mean soil tex-
ture is 21% clay, 60% sand and 19% silt. Of 86 species
of flowering plants, belonging to 28 families and 67
genera in the site, there are 11 grass species (Jiang
1985). The xeric rhizomatous grass, L. chinensis (Trin.)
Tzvelev (syn. Aneurolepidium chinensis (Trin.) Kita-
gava), is the constructive species, and S. grandis
Smirnov, Koeleria pyramidara (Lam.) P. Beauv (syn.
K. cristata (L) Link) and Agropyron cristatum (L.)
Gaertn., are dominant species. The height of the grass
clusters is 50—60 cm; coverage averages 30% —40%
but can reach 60% — 70% in rainy years. Litter
accumulated due to enclosure since 1979.

1.2 Eddy covariance measurements

An eddy covariance (EC) system was utilized to
measure continuous carbon dioxide (CO,) fluxes over
the grassland. CO, fluxes were measured at 2.3 m
above ground level with a 3D sonic anemometer
(model CSAT3, Campbell Scientific, MS, USA) with
an adjacent open-path infrared CO»/H,O gas analyzer
(model LI-7500, LI-COR, Lincoln, NE, USA). The
eddy covariance measurements were taken at a fre-
quency of 10 Hz and turbulent fluxes were recorded
on a datalogger (CR5000, Campbell Scientific) as a
half-hour average.

Other auxiliary micrometeorological variables were
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measured near the EC system. Wind speed was meas-
ured at 1.5 and 2.3 m above the ground with cup ane-
mometers (034A-L and 014A; Traverse, MI, USA).
Air temperature and humidity were measured at 1.5
and 2.3 m above ground level with a temperature and
humidity probe, respectively (HMP45C, VAISALA,
Woburn, MA, USA). Net radiation and photosynthetic
active radiation (PAR) were measured at 1.5 m above
the ground with a net radiometer (CNR-1, Kipp &
Zonen, NY, USA) and a quantum sensor (LI-190SB;
LI-COR), respectively. A tipping bucket rain-gauge at
1.5 m above ground level (TE525MM, Camp*ll Sci-
entific) was used to measure precipication. Scil tem-
perature was measured at 5.05, 0.10, 0.20, 0.50 and
1.0 m below the ground with copper-constantan ther-
mocouples. Soil heat flux was attained by averaging
the output of three heat flux plates (HFT-3, Campbell
Scientific). Soil volumetric water content was meas-
ured with a time-domain reflectometer probe at 0.05,
0.2 and 0.5 m. Profiles of soil moisture were also
measured at a depth of 0—0.1, 0.1—0.2, 0.2—0.3 and
0.3—05 m every week with a soil auger. Data from
these sensors were recorded below the canopy using a
digital datalogger (CR23X; Campbell Scientific, Logan,
UT, USA).

Post-processing of the data involved a two-axis ro-
tation of the wind velocity components to align the
coordinates with the mean wind directional compo-
nent®. A WPL density correction was applied to den-
sity changes resulting from fluctuations in heat and
water vaporml. To fill in missing data, resulting from
data-screening criteria and instrument malfunction, we
applied the MDV and interpolation methods™®"!. We
designated fluxes toward the surface as negative and
fluxes toward the atmosphere as positive.

1.3 Biomass, leaf area measurements

Above-ground biomass was investigated by cutting
around the eddy covariance tower every 15 d during
May-September. Twenty quadrates of Ix1 m® were
harvested each time. The above-ground parts of the
vegetation were clipped to ground level and returned
to the laboratory for dry-matter measurements. The
clipped plant material was separated into live and
standing dead parts, which were weighed as the fresh

weight of live biomass and standing dead, respectively.
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Plant materials were oven-dried at 65°C, and dry
weights of live biomass and standing dead recorded.
Litter from the sampled quadrates was also collected.
LAI was measured every 20 d during the growing
season in 2004.

There are clear seasonal and interannual change of
aboveground biomass, leaf area index and soil water
content (Fig. 1). Precipitation was 354.3 mm during
this siudy period in 2003, while 344.3 mm in 2004,
which are both close t¢ the long-term annual averaged
precipitation (253.43 mm) (Fig. 1(a)). The community
shootiug production averaged (202.68+34.04) g
dw-m™ and (188.13+23.82) g dw-m™ based on the
peak standing crop of each sample in 2003 and 2004,
respectively. The maximum value reached on August
each year. The maximum LAI were 1.54 on August in
2004 (Fig. 1(b)). The correlation of LAI and above
biomass was strong (LAI = 0.23 + 0.0057 x above
biomass, r*= 0.97). Due to the affect of precipitation
frequency and precipitation distribution, the growth
rhythm of vegetation is different. The magnitude of
precipitation from May to July in 2003 accounted for
2/3 of total precipitation of the whole growing season
while it was less than 1/2 in 2004. Soil water content
across 0—20 cm depth (6,) associated with rainfall
exhibited the obvious seasonal and interannual fluc-
tuation. Maximum daily average soil volumetric water
content (6, = 0.23 m>-m™) across the upper 20 cm of
the soil profile occurred in middle-July in 2003, while
the maximum value (only 8, = 0.28 m3-m_3) was ob-
served in middle-August during the growing season in
2004 (Fig. 1(c) and (d)).

2 Results and analysis
2.1 Diurnal variation in CO; flux

There were two different patterns in diurnal CO,
flux course. One had dual uptake peaks (Fig. 2(a)).
Several clear days were chosen to explain the first
situation (Fig. 2 (a)). After sunrise (at 6:00—6:30 am,
Beijing Standard Time), grassland began to take up
CO, (F. was negative) and F, reached the daily
maximum magnitude at 8:00—10:00 (F. = -0.14
mg-m_z-s_'). Then, F. gradually decreased as PAR in-
creased and the ecosystem started to release CO, at
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Fig. 1. The characteristics of precipitation (a), above-ground biomass (b}, and soil water content {(c) and (d)) in 2003 —2004’s growing seasons.
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Fig. 2. The diurnal variation in CO; flux and photosynthetic active radiation (PAR) in 2003 —2004’s growing seasons.

12:00. The second peak of uptake occurred between of CO, and became the net source of CO,.
15:00 and 19:00. After that, the system kept the release Another diurnal course of CO; flux has only a sin-
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gle peak of uptake (Fig. 2(b)). The ecosystem started
to take up CO; around 6:00~6:30. After reaching the
maximum uptake around 8:00, F, gradually decreased
until the system became the net source of CO, around

19:00—20:00.
2.2 Seasonal variation in CO; flux

The sum of the half-hour carbon dioxide fluxes was
calculated to represent the daytime and nighttime
emission (Fig. 3). The daytime fluxes of CO, ranged
from an uptake of -7.4 g~m_2-d‘l for the month of July
to an emission of about 5.4 g-m_z-d'l in July during
this study period in 2003. The maxiziun uptake and
release was —12.8 and 5.8 gqm"zd_i i1 August respec-
tively in 2004. By mid May in 2003, the grassland
began to uptake CO,.
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The sum of diurnal and nocturnal F, was calculated,
and then the daily sum to one month was integrated
(Fig. 4). The variation in monthly CO, fluxes was
considerable distinction from May to September be-
tween 2003 and 2004. In 2003, the magnitude of
maximum monthly CO; uptake —135.36 g-mZmon™’
was observed in June. However, lbe maximum emis-
sion 95.2 g-m >:mon”" exhibiied ir July (Fig. 4(a)). In
contrast, both the maximum uptake (-244.26
g-m_z-mon"‘) and emissica (121.37 g-m_z-mon_l) oc-
curred in August in 2004 (Fig. 4(b)). Grassland started
to become a net sink of carbon dioxide in June and
reached the maximum value during the growing sea-
son in 2003. However, in 2004, the date of the ecosys-
tem’s converse from source to sink is in July, which is
almost one month delayed than that of 2003. The
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Fig. 3. The seasonal variation in daytime (a) and nighttime (b) CO; flux in 2003 —2004’s growing seasons.
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Fig. 4. The monthly variation in daytime (a) and nighttime (b) CO, flux in 2003 —2004’s growing seasons.
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maximum monthly uptake appeared in August in 2004
while it appeared in June in 2003. The dates when
grassland turned from net sink into net source of car-
bon dioxide were all in October in the two years.

The start point of the grassland growing season was
tentatively defined in this study according to the
measured F,. The first three days when the ecosystem
kept continuously taking up CO; can be considered as
the beginning of growth. On the contrary, it can be
regarded as the end of growth when the ecosystem
releases CO, continuously in three days. According to
definition, the growing season lasted 128 d, from 17
May (the first day of negative F) to 22 Septcmber (the
first day of positive F.) in 2003, and 11§ ¢, trom 2
June to 26 September, in 2()04. During the growing
season in 2003, the ecosystem fixed 294.66
g-m2mon' and released 333.14 g-m“mon”'. The
ecosystem, with a shorter growing season in 2004,
fixed 46746 gm>mon' and released 437.17
g-m‘z-mon_'.

2.3 Effect of photosynthetic active radiation on CO,
Sflux

In order to describe the relationship between F, and
PAR for peak-growth period of vegetation, data were
selected when soil water condition was favorable (8, >
0.12 m3-m"3) and when vapor pressure deficit (VPD)
was low (VPD < 0.5 kPa). As expected, a hyperbolic
relationship existed between F. and PAR during
peak-growth stage. Data in Fig. 5 were fitted with a
rectangular hyperbola of the following form:
_ (F,,Xb)(PAR - PAR")

" F,, +(b)YPAR- PAR")’
where F, is the CO, flux, F,, is the maximum F,, PAR’
is the value of PAR at the light compensation point
(the value PAR at which F.= 0) and b is the slope of
the fitted curve at F.= (. These observations do not
indicate light saturation of the steppe canopy up to
PAR levels of 1200 pmol-m™2s™".

The light compensation point (canopy plus soil),
derived from the F-PAR curves, ranged from 80 to
100 ],Lmol-m_z-s_l , and depends on the growth stage of
vegetation. Assuming soil respiration rate of about
0.018 mg-m_z-s_1 (measured value with static chamber)
would produce a canopy light compensation point of

(1

[

approximately 20— 50 umol~m"2-s‘l.
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Fig. 5. Daytime CO; flux as a function of photosynthetic active radia-
tion (PAR) during peak growth stage.

The magnitudes of F. obtained by extrapolating the
F.-PAR curves while PAR=0 is close to those measured
during nighttime (22:00—5:00), which shows that the
F-PAR relationship derived from the daytime CO,
flux under low VPD could be applied to attain reason-
able estimates of the nocturnal CO, exchange of the
ecosystem.

2.4 Effect of vapor pressure deficit and soil moisture

In order to check out the affect of vapor pressure
deficit (VPD) on the CO; flux, data from each life cy-
cle stage were grouped in three intervals of VPD (low:
0.0—0.5 kPa, moderate: 0.5—1.0 kPa, high: >1.0 kPa).
To avoid the confounding effect of low soil moisture,
data were excluded under soil water stress (8 ,< 0.12
m’-m ). Results for the peak-growth stage are pre-
sented in Fig. 6. It is clear that CO, exchange de-
creased when the VPD was high, probably through
reduction in stomatal conductance. With an increase of
VPD from low to high, for example, F,(at PAR = 1000
pmol-m%s™'") decreased by 20%. Similar affects of
VPD on the Fc-PAR relationship were observed during
the early growth stage and early senescence stages
(Fig. 6(a)).

Data, selected under soil water limitation (8, <0.12
m3-m_3), were use to examine the affect of low soil
moisture on CO; flux. Fig. 6(b) shows the F.-PAR re-
lationships under limiting soil moisture conditions. It
is clear that the values of F. under limiting soil water
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(b) under limiting soil water condivions (8,<0.12 m*m™)).

conditions were marked lower than those under
nonlimiting soil water conditions. Furthermore, an
increase in VPD seems to have resulted in much larger
reduction of F, under soil water stress. The extent of
reduction in F, was 50%—60% when the increase of
VPD went from low to high. In addition, the light
saturation phenomenon occurred in the ecosystem at
PAR = 1200 pmol-m™s™' under limiting soil water
conditions.

2.5 Factors controlling nocturnal CO; flux

Temperature and soil water availability are the pri-
mary environmental factors which control nocturnal
CO; release from grassland ecosystem. Data from
22:00 to 06:00 were chosen for average to minimize
the confounding effect during the transition periods
near sunrise and sunset, and U’ < 0.2 ms™' data were
eliminated. The data are divided into two different
intervals of soil moisture content (8, > 0.12 m>m”
and 6,< 0.12 m*>m™). The relationship between soil
temperature and F. is not notable under soil water
stress conditions (8, <0.12 m’ -m—3). Although data are
scatter and coefficient of determination (R%) is only 0.2,
nocturnal F, appeared to increase with the increasing
of soil temperature under the condition of no soil wa-
ter stress (Fig. 7). It indicates that the response of the
nocturnal CO; flux to soil temperature (measured at
0—0.05 m depth) is controlled by soil water content.
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Fig. 7. The nocturnal CO, flux as a function of soil temperature.

3 Discussions
3.1 The ecosystem potential of CO; flux

As we analyzed the measurement data during the
two growing seasons, we found the maximum CO;
uptake was —0.68 mg-m_z-s—1 at about 8:00 o’clock in
July in 2003, but —0.54 mg-m‘z-s_I at about 10:00
o’clock in August in 2004. The peak value of PAR
trailed the maximum CO, uptake. Comparing with the
other type of grassland ecosystems in the world,
steppe in Inner Mongolia has a slightly higher capabil-
ity in CO, uptake than tussock grassland in New Zea-
land (-0.26—-0.35 mg-m‘z-s_‘)m], and similar to the
mixed-grass prairic in Southern Plain Experimental
Range (-0.68—-0.4 mg-m2s)"*), but less than na-
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tive tall prairie in TX (-1.5 mg-m™%s™)"?/ Although
the diurnal CO, uptake values are similar, the release
during the nocturnal is more than the mixed- grass
prairie of Oklahoma'",

Xu et al.” and Sims ez al."* measured the differ-
ent growing stages during the growing season of the
alpine shrub in Qinghai-Tibet Plateau and the mixed-
grass prairie in Texas, respectively. The CO; flux of
the two different grassland ecosystems has an obvious
diurnal pattern. F, increased gradually after 8:00 and
reached the peak uptake value at 12:00. During night-
time, the value of CO, release is stately, and the
mixed-grass prairie has the depression of CQ; flux in
the afternoon. The diurnal patiern of CO; flux in Ley-
mus chinensis steppe ecosystem was entirely different
with the two grassland ecosystems in two patterns; one
is it has two uptake peak values and the other is the
first peak uptake value occurred at 9:00, earlier than
the alpine shrub in Qinghai-Tibet Plateau and the
mixed-grass prairie in Texas.

3.2 Vegetation and CO; flux

The relationship between the measured daily net
CO; flux and biomass and LAI was highly variable
during two growing seasons. The maximum values of
aboveground biomass were all observed in August in
two years, but the peak CO, uptake was observed dur-
ing mid-June to mid-July and there was no significant
relationship between the CO; fluxes and the sum of
aboveground biomass in 2003. Likely, one reason for
this may be the contribution of the inorganic compo-
nent (e.g. precipitation) to net CO, flux that was not
related to plant biomass accumulation®”. For example,
during mid-August (215—225 d) in 2003, when the
biomass reached its peak value, the decrease of the
precipitation and the soil water content (8, < 0.12
m3-m_3) made the CO; flux of the ecosystem decrease,
even in the daytime there was release of CO, (Figs.
1(c) and 3(a)). Therefore, the peak CO, uptake of the
ecosystem was not consistent with the status of bio-
mass. Mielnick et al.”! had the similar report in desert
grassland. However, in 2004, the maximum uptake
and emission was observed when the maximum bio-
mass and LAI appeared at the same period (F.= 3.68
—0.04 x biomass, R* = 0.91).

The second reason for this phenomenon may be

correlated with constitutes of CO, flux. There are two
opposing processes which control CO, flux of the
ecosystem between the surface of soil-vegetation and
atmosphere, plant photosynthesis and the respiration.
Photosynthesis process controls diurnal CO; flux
while respiration plays the main role during nighttime.
Generally, 40% of the fixed energy in herbage is used
to maintain respiration of tae hive organismsm]. More
living biomass and larger LAl can promote fixing
more carbon and taiking up more CO, from the at-
inosphere. Thercfore, there must be quite a positive
correlziion between CO, flux and biomass of the eco-
system. However, soil respiration made CO; flux not
only be affected by biomass, but also be related to the
soil microbial activity and other environment factors.
Our study plot has been fenced since 1979 and accu-
mulated much litter above ground. Microbial carbon in
the surface soil increased 14.7% —38.7%; labile car-
bon increased 28.2%—14.4%[291, although no varia-
tion in total soil organic carbon was apparent com-
pared to the vicinal-grazing steppe'””. This change has
been shown to increase soil respiration.

3.3 The effects of water and PAR on CO; flux

A clear characteristic of CO, flux in Leymus
chinensis steppe system is noon-release of CO; The
diurnal pattern of CO; flux does not follow that of
PAR. The ecosystem began to emit CO; at PAR > 1200
p,Lmol-m_z-s_1 under limiting soil water conditions.

The reason for that may be the affect of soil water
stress, which mainly embodies two aspects. Soil water
stress reduced partly leaf potential by reducing the
turgor in the guard cell associated with stomata and by
affecting enzymatic reactions associated with photo-
synthesis. This phenomenon was common in Leymus
chinensis steppe system"', located at the typical
grassland region in Inner Mongolia. Low precipitation
and drier soil are its main traits. Du ez al.”"! suggested
that the diurnal course of photosynthesis of Leymus
chinensis appeared the dual peak type (i.e. midday
photosynthesis depression). The portion of 76.8% of
all-day photosynthetic production was lost by midday
photosynthesis depression. Light saturation phenome-
non of the whole ecosystem was found to occur during
soil water stress period. Soil water not only affects
plant growth, but also affects ecosystem respiration.



194

Ecosystems also emit CO, even at daytime during
growing season under soil water stress conditions”>.
Kim and Verma™" studied over temperate grassland in
Kansa, and found midday depression of CO, flux in
the ecosystem happened when the soil suffered from

serious drought.

4 Conclusions

We observed and compared substantial interannual
variation in carbon exchange with eddy covariance
technique in 2003 and 2004. Growing seasca in 2003
had the maximum diurnal uptake zu¢ emiting value of
CO, -7.4 and 5.4 gm>.d! rospectively occurred in
July. Comparabiy, growing se¢ason in 2004 had the
maximum diurnal uptake and release of CO, —12.8
and 5.8 g-m'z-d'1 that both occurred in August.

The magnitude and distribution of rainfall affect on
the occurring time of peak production and the value of
CO; flux of grassland ecosystem. Consecutive pre-
cipitation can cause the reduction in the ability of
ecosystem carbon exchange. The daytime CO, flux is
controlled by photosynthetic active radiation under
favorable soil water conditions. Examination of our
data under both nonlimiting and limiting soil moisture
conditions showed that the CO, exchange was sub-
stantially controlled by high VPD. Soil respiration was
temperature-dependent when soil was under nonlimit-
ing soil moisture conditions but, as soil endured water
stress, this response became accumulatively decoupled
from soil temperature, and even decreased at higher
temperature.

Field data, measured with the eddy covariance sys-
tem, demonstrated that soil moisture significantly af-
fected the ability of a typical steppe to fix carbon and
respiration rate. The CO, uptake power of the ecosys-
tem and the possibility of developing a carbon sink
mainly depended on the magnitude and timing of
rainfall events associated with the phonological stage.

References

1  Adams J M, Faure H, Faure L, et al. Increases in terrestrial carbon
storage from the Last Glacial Maximum to the present. Nature,
1999, 348: 711—-714

2 Baldocchi D D, Faige E, Gu L H, et al. Fluxnet: A new tool to
study the temporal and spatial variability of ecosystem-scale car-

11

12

13

14

15

16

18

Science in China Series D: Earth Sciences

bon dioxide, water vapor, and energy flux densities. Bull Am
Meteorol Soc, 2001, 82: 2415—2434

IPCC. Land Use, Land-Use Change, and Forestry (2001a) Climate
Change 2001: Synthesis Report. Cambridge University Press,
2001

Schimel D S, House J I, Hibbard K A, et al. Recent patterns and
mechanisms of carbon exchange by terrestrial ecosystems. Nature,
2001, 414: 169—172

Wever 1. A, Flanagan 1. B, Carleon P J. Seasonal and interannual
variation in evapotranspiraticn. energy balance, and surface con-
ductance in northem temperate grassland. Agri Fort Meteorol,
2002, 112: 31—49

Ealdocchi D D, Xu L K, Nancy K. How plant functional-type,
weather, seasonal drought, and soil physical properties alter water
and energy fluxes of an oak-grass savanna and an annual grass-
land. Agri For Meteorol, 2004, 123: 13—39

Tans P P, Fung 1 Y, Takahashi T. Observational constraints on the
global atmospheric CO, budget. Science, 1990, 247: 1431 —1438
Frank A B, Dugas W A, Carbon dioxide fluxes over a northemn,
semiarid, mixed grass prairie. Agri For Meteorol, 2001, 108: 317
—326

Mielnicka P, Dugasa W A, Mitchellb K, et al. Long-term meas-
urements of CO; flux and evapotranspiration in a Chihuahuan de-
sert grassland. J Arid Environ. 2008, 60: 423 —436

Baldocchi D D. Assessing ecosystem carbon balance: problems
and prospects of the eddy covariance technique. Global Change
Biol, 2003, 9: 478 —492

Kim J, Verma S B. Carbon dioxide exchange in a temperate grass-
land ecosystem. Boundary-Layer Meteorol, 1990, 52: 135—149
Dugas W A, Heuer M L, Msyeux H S. Carbon dioxide fluxes over
bermudagrass, native prairie, and sorghum. Agri For Meteorol,
1999, 93: 121 —139

Kato T, Tang Y H, Gu S, et al. Carbon dioxide exchange between
the atmosphere and an alpine meadow ecosystem on the Qinghai-
Tibetan Plateau, China. Agri For Meteorol, 2004, 124: 121 —134
Li S G Lai C T, Tomoko Y Y. Carbon dioxide and water vapor
exchange over a Miscantbus-type grassland: Effects of develop-
ment of the canopy. Ecological Research, 2003, 18: 661 —675
Sims P L, Bradford J A. Carbon dioxide fluxes in a southern
plains prairie. Agri For Meteorol, 2001, 109: 117—134

Suyker A E, Verma S B, Burba G G Interannual variability in net
CQ; exchange of a native tallgrass prairie. Global Change Biol,
2003, 9: 255—265

Chen Z Z, Huang D H. A measurement to underground productiv-
ity and tumover value of Aneurolepidium chinense and Stipa
grandis grassland, at the Xilin River Valley. In: Research on
Grassland Ecosystem, No. 2 (in Chinese). Beijing: Science Press,
1998. 132—138

Cui X Y, Chen Z Z, Chen S Q. Progress in research on soil respi-
ration of grasslands. Acta Ecol Sin (in Chinese), 2001, 21: 315—
325

JiBM, Wang YF, Li X Z, et al. CH, and CO; concentration in
soils of the major grasslands of the Xilin river basin of Inner



Seasonal variation in carbon exchange and its ecological analysis over Leymus chinensis steppe in Inner Mongolia 195

20

21

22

23

24

25

26

Mongolia. Acta Ecol Sin (in Chinese), 2001, 25: 371—374

Li L H, Wang Q B, Bai Y F, et al. Soil respiration of a Leymus
chinensis grassland stand in the Xilin river basin as affected by
over-grazing and climate. Acta Phytoecol Sin (in Chinese), 2000,
24: 680—686

Chen Z Z, Wang S P, et al. Typical Steppe Ecosystem of China
(in Chinese). Beijing: Science Press, 2000. §1—52

Goulden M L, Munger J W, Fan S M, et al. Measurements of car-
bon sequestration by long-term eddy covariance: methods and a
critical evaluation of accuracy. Global Change Biol. 1996, 2: 169
—182

Webb E K, Pearman G I, Leuning R. Correction of flux measure-
ments for density effects due to heat and water vapor ‘ransfer.
Quart J R Met Soc, 1980, 106: 85—100

Falge E, Baldocchi D D, Richard €. Gap filling suslegies for de-
fensible annual sums of et ecosystern ¢xchange. Agri For Mete-
orol, 2001, 107: 43—69

Hunt J E, Kelliher F M, Mcseveny T M, et al. Evaporation and
carbon dioxide exchange between the atmosphere and a tussock

grassland during a summer drought. Agri For Meteorol, 2002, 111:

65—82
Xu S X, Zhao X Q, Li Y N, et al. Carbon dioxide exchange during

27

28

29

3¢

31

32

growing season and dormant season of an alpine shrub on the
Qinghai-Tibetan Plateau. Sci China Ser D-Earth Sci (in Chinese),
2004, 34(suppl IT): 118—124

Xu L K, Baldocchi D D. Seasonal variation in carbon dioxide ex-
change over a Mediterranean annual grassland in California. Agri
For Meteorol, 2004, 1232: 79—96

Sun R Y, Li B, Zhu G Y, et al. Gencral Ecology (in Chinese).
Beijing: Higher Education Press, 1997. 215—221

Ma X Z, Wang Y F, Weing S I. =t al. lmpacts of grazing on soil
czcbon factiorns in the prassiand of Xilin Kuver Basin, Inner Mon-
golia. Azta Phytoecol Sin Gr. Chinese), 2005, 29: 569—576

Wang Y F, Chen 2 Z, Larry T T. Distribution of soil organic car-
bon: i2; ine major grasslands of Xilinguole, Inner Mongolia, China.
Acta Phytoecol Sin (in Chinese), 1998, 6: 545—551

DuZ C, Yang Z G A research on internal cause of photosynthetic
reduction during midday period in Aneurolepidium chinense and
Stipa grandis under drought soil condition. In: Research on
Grassland Ecosystem, No. 2 (in Chinese). Beijing: Science Press,
1998.82—90

Suyker A E, Verma S B. Year-round observations of the net eco-
system exchange of carbon dioxide in a native tallgrass prairie.
Global Change Biol, 2001, 7: 279—289



