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Abstract Mary siudies on global climate have forecast major changes in the amounts and spatial
patterns of precipitation that may significantly affect temperate grasslands in arid and semi-arid re-
gions. As a part of ChinaFLUX, eddy covariance flux measurements were made at a semi-arid
Leymus chinensis steppe in Inner Mongolia, China during 2003—2004 to quantify the response of
carbon exchange to environmental changes. Results showed that gross ecosystem production (Fgep)
and ecosystem respiration (Rec) Of the steppe were significantly depressed by water stress due to
lack of precipitation during the growing season. Temperature was the dominant factor affecting Faep
and Ry, in 2003, whereas soil moisture imposed a significant influence on both Ry, and Fgep in 2004.
Under wet conditions, R, showed an exponentially increasing trend with temperature (Q,o = 2.0), but
an apparent reduction in the value of R, and its temperature sensitivity were observed during the
periods of water stress (Q,,=1.6). Both heat and water stress can cause decrease in Fgep. The sea-
sonality of ecosystem carbon exchange was strongly correlated with the variation of precipitation.
With less precipitation in 2003, the steppe sequestrated carbon in June and July, and went into a
senescence in early August due to water stress. As compared to 2003, the severe drought during the
spring of 2004 delayed the growth of the steppe until late June, and the steppe became a CO; sink
from early July until mid-September, with ample precipitation in August. The semi-arid steppe re-
leased a total of 9.7 g C-m™2 from May 16 to the end of September 2003, whereas the net carbon
budget during the same period in 2004 was close to zero. Long-term measurements over various
grassiands are needed to quantify carbon balance in temperate grasslands.

Keywords: Leymus chinensis steppe, water stress, ecosystem respiration, gross ecosystem production,
net ecosystem CO. exchange.

The response of terrestrial ecosystems to environ-
mental change is one of the key global change issues
that scientists are investigating by means of measure-
ments and models on both short- and long-time

scales''!. Grassland, which comprises 32% of the
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earth’s natural vegetation, may contribute greatly to
global carbon balance as large sinks or sources'”. In
the arid and semi-arid regions of China, temperate
grassland is important natural vegetation with an area
of about 3.13x10% hm? that plays an important role in
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maintaining and regulating the environment and cli-
mate, especially in the north. Grassland carbon bal-
ance is controlled by factors such as temperature, soil
moisture, available nitrogen and management prac-
tices (e.g. bumning, grazing and harvesting). Global
climate changes such as atmospheric warming, CO,
enrichment, and increased variability in rainfall, can
greatly affect key carbon cycling processes and alter
the carbon balance in grassland ecosystems“‘”. Grass-
lands in particular have very large, asymmetric re-
sponses to yearly variation of precipitation; in wet
years, productivity increases are much more pro-
nounced than reductions in productivity during dry
yearsm. In grassland ecosystems of continental Eura-
sia and North America, primary productici is strongly
controlled by variation i: annual precipitaiion, espe-
cially during the growing, season'™"".

Many studies on global change have forecast a ma-
jor change in rainfall with a globally higher frequency
of extreme rainfall events, a lower frequency of rain-
fall days and longer intervening dry periods®. Re-
corded data also show decreasing trends in precipita-
tion amounts in northern China since the 1960s, ac-
companied by increased intensity of storms and longer
dry spells[gl. The growing uncertainty in rainfall fore-
casting will lead to a higher variability in soil mois-
ture!"”, which would directly affect the carbon uptake
in grassland ecosystems that are sensitive to variation
of precipitation. The temperate, semi-arid Leymus
chinensis steppe in Inner Mongolia often suffers from
drought stress due to low precipitation. In these re-
gions, heat stress often accompanies drought stress!'!),

Moisture deficits and high temperature stress can
impact the physiological processes of plants in several
ways. Soil moisture deficits can cause reductions of
cell expansion, leaf area development, photosynthesis,
stomatal conductance and transpiration, and high
leaf-temperature can inhibit plant growth by inactivat-
ing photosystem II and promoting respiration!">"!.
However, the effects of environmental stress on key
carbon cycling processes in grassland ecosystems re-
ported in previous studies have been inconsistent!'*'*.
Such studies have been impeded by complex envi-
ronmental conditions and difficulties with the limita-
tion of measurement techniques. So far, few studies
have been conducted to investigate CO, exchange in

the semi-arid grasslands and their sensitivities to en-
vironmental stress at an ecosystem scale.

In recent years the eddy covariance technique has
emerged as an alternative way to assess ecosystem
carbon exchange“ﬁ'”'. The wide diversity of vegeta-
tion and climatic variability of grassland ecosystems
offer special opportunities for the study of ecosystem
physiology and environmental change[s'm. The objec-
tives of this study were to compare the responses of
net ecosystem CO, exchange (Fngg), ecosystem respi-
ration (Re.,) and gross ecosystem productivity (Fgep)
to changes in tenperature and soii moisture during the
growing seascn {May to Sepiember) in 2003 and 2004,
and to illustrate the effect of water stress on plant
phenclogy ard ccosystem carbon budget in the semi-
arid Leymus chinensis steppe.

1 Materials and methods
1.1 Study site description

Measurements were taken at a semi-arid Leymus
chinensis steppe site (43°33'11"N, 116°40'31"E, 1189
m above sea level, with a slope about 3% —6%) of
ChinaFLUX, located in the Xilin River Basin. The
site’s vegetation is dominated by warm-season grasses
such as Leymus chinensis, Stipa grandis, Koeleria
cristata and Agropyron cristatum, etc. The canopy
height is about 0.4—0.6 m, with a canopy coverage of
80%. The grasses germinate in late April and enter
their senescence phase in mid-October, with a growth
period of 150 d. The site has not been grazed since
1979 and there is a substantial amount of dead plant
material (litter) on the ground surface. The soil is dark
chestnut, with 21% silt and 60% sand on average. The
dominant temperate, continental, semi- arid climate
has an annual temperature around -1.1—0.2°C; mean
daily temperatures for January and July are -22.3 and
18.8, respectively. The mean annual precipitation for
the area is 313 mm (182—645.6 mm), mostly during
the warm season (May to September). The annual
evapotranspiration is about 1665 mm!'*%,

1.2 Experimental measurements

Fluxes of CO,, sensible heat, latent heat and mo-
mentum were measured at a height of 2.2 m above the
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ground with an open-path eddy covariance system
during the growing seasons of 2003 and 2004. Three-
dimensional wind speed and temperature fluctuations
were measured with a sonic anemometer (Model
CSAT-3, Campbell Scientific, Logan, Utah, USA).
Measurements of CO, and water-vapor densities were
made with an open-path CO,/H,O infrared analyzer
(Model LI-7500, Li-cor Inc., Nebraska, USA). All
signals were recorded at a frequency of 10 Hz and the
fluxes were calculated at half-hour intervals by a
CR5000 data logger (Model CRS5000, Campbell Sci-
entific).

Profiles of mean air temperature (7,), humidity (RH)
and horizontal wind speed were measured at 1.2 and
2.2 m heights above ground. lucideant and reflected
solar radiation, nct radiation {F,), phciosynthetically
active radiation (Qepp) and scil heat flux were also
measured. Soil temperatures were recorded at five
depths (-5, -10, 20, —~40, and —80 cm) with ther-
mometers (107-L, Campbell Scientific) and soil mois-
ture was monitored at three depths (-5, —20 and —40
cm, respectively) with TDR probes (Model CS615-L,
Campbell Scientific). Precipitation was measured
hourly with a rain gauge (Model 52203, RM Young
Inc., Traverse City, Michigan, USA). All meteoro-
logical data were averaged at 30 min intervals and
recorded by a CR23X datalogger (Model CR23XTD,
Campbell Scientific). The measurements were made
continuously, beginning in late April 2003 and the data
collected during both growing seasons (May to Sep-
tember, 2003 and 2004 ) were analyzed.

1.3 Data processing

To correct the effects of sensor tilt and sloping
fields on flux calculation, measurements were cor-
rected by rotating wind velocity axes using a tradi-
tional triple-rotation method to compute flux covari-
ances aligned normally to the mean streamlines'>"?*),
Correction was made on carbon dioxide and latent
heat fluxes for variations in air density caused by heat
and water-vapor transfer'™. The data were screened to
remove anomalous values caused by malfunction of
sensors due to interference from dew, hoarfrost, rain or
birds. Negative nighttime data were also excluded.
Some breaks in data collection occurred due to system
maintenance and power outages.
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The eddy covariance technique is apt to underesti-
mate net ecosystem CO, exchange at night, when air
becomes stably stratified”. A common practice is to
replace the flux during periods when friction velocity
(u») is below its threshold (u«.) with a flux that has
been estimated using a temperature function estab-
lished with data obtained during well-mixed, windy
periods (u«> us;). Many previous studies have shown
that u« is dependent upon site-specific parameters. In
this study, the us, was set at 0.15 according to the de-
pendence of nighttime flux on friction velocity (u«).
Missing or reiected data comprised 19% of all possible
30-min time periods during the study.

Interpolated values were used io fill gaps that were
2 h or less. For large gaps (a few hours to several
days), the daytime CO, flux was estimated as a func-

tion of Qppgp With the Michaelis—Menten equationm],

J+Reco.day’ (1)

F =[ @Qpprp Fee max
NEE :

@Qpprp + FreE, max
where a is the ecosystem quantum yield (mg
COz-pmol_1 photon), and Fnggmax iS the ecosystem
gross primary productivity at “saturating” light (mg
COz-m'2-s_l). Recoday is the ecosystem respiration
during the daytime, and Fngg the net ecosystem CO,
exchange (both in mg CO,-m™2.s7"). Missing night-
time Fngg was filled in from a Van’t Hoff respiration
model based on soil temperature[26]:

R =R e (2

eco, ¢
where R, is the ecosystem respiration rate at ref-

erence temperature (Trr, set as 0°C in this study) and
T; is soil temperature (K) at a depth of 5 cm. A fitted,
site-specific parameter is B = In(Q,0)/10, where Q) is
temperature sensitivity of respiration, increasing at
10°C increments. Thus eq. (2) can be rewritten as

Reco =R eln(Qw)(T.)/lO ] (3)

eco,T¢

It has been well proven in the literature that dry
conditions impede ecosystem respiration[27]; however,
traditional formulas may overestimate the response of
ecosystem respiration to dry-season temperatures. The
effects of temperature and soil moisture on the tem-
perature sensitivity of ecosystem respiration, in arid

and/or semi-arid ecosystems, could be illustrated as
Qo =a-bT, +cS,,, 4)
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where S, is soil water content in 0 to 5 m layer
(m3-m'3) and a, b and c are fitted, site-specific pa-
rameters. Positive b and ¢ mean that Q)¢ decreases
with increasing temperature and decreasing soil mois-
ture, respectively, over a limited range of soil water
content™™ L

The CO, flux measured by eddy covariance tech-
nique represents the net ecosystem CO, exchange
(Fneg), which is the balance between gross ecosystem
production (Fgep) and ecosystem respiration (Rm)“].
Daytime ecosystem respiration (Recoday) could be es-
timated with egs. (2)—(4) by establishing a function
between R, and soil temperature and soil moisture.

Gross ecosystem production ( Fgp ) could then be de-

rived by subtracting the estimaied daytime respiration

from the corresponding daytive Fpa™"

Fopp = Enee — Reco,day . &)
Daily ecosystem respiration is the sum of nighttime
and daytime respiration. The above computations were

done with MATLAB software (Math Works Inc., Na-
tick, Massachusetts, USA).

2 Results
2.1 Environmental variables

The daily mean values of photosynthetically active
radiation (Qpprp), air temperature (T,) and vapor pres-
sure deficit (VPD) from May to September in 2003
and 2004 were plotted in Fig. 1((a)-(c)). As compared
to 2003, in 2004 the average daily Qpprp was higher
from early May through mid-June and generally lower
from mid-July through mid- August, with some cloudy
days. There were two extremely cloudy periods in
May and June 2003 (Fig. 1(a)). The average daily air
temperature during the two growing seasons was
comparable, 6.4 and 6.0°C for 2003 and 2004 respec-
tively, even though it was much warmer during early
May, early June and mid-July in 2004 than in 2003.
There were several evident cold snaps in 2003 (once
each in early June, early July, and mid-July) in 2003.
As compared to 2003, the mean daily vapor-pressure
deficit in 2004 was much higher during May through
mid-June and again in mid-July, but lower in late June
and early August.
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Fig. 1. Seasonal trends of (a) daily total photosynthetically active
radiation (Qpeep, S-day average), (b) daily mean air temperature (T,, 22
m height) and (c) vapor pressure deficit (Drs, 2.2 m) at the steppe dur-
ing the growing seasons of 2003 and 2004.

Seasonal trends in volumetric soil moisture of the
top 0.05 and 0.2 m layers and daily precipitation dur-
ing the two growing seasons are included in Fig. 2.
The precipitation in 2003 (211.5 mm), occurring
mostly early and late in the season, is much less than
that of 2004 (344.4 mm). Lack of precipitation after
mid-June 2003 caused a serious drought stress on the
steppe in July and August, with a continuous decrease
in soil moisture in the deeper layer from early June
until September (Fig. 2(a)). The variation of soil
moisture in the upper layer significantly correlated
with rainfall events. As compared to 2003, in 2004
much more precipitation occurred in July and August.
Less precipitation during the early 2004 growing sea-
son resulted in extremely low root-zone soil moisture
(Sw_20 cm) from May through mid-June, which im-
posed severe water stress on the steppe. Another dry
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period in 2004 appeared during mid-July, with little
rainfall and high air temperature.

In summary, the major disparity in environmental
conditions between the two growing seasons was the
amount and timing of precipitation received (Fig. 2),
which resulted in a dry warm spring and a appropri-
ately moist period in late growing season (late July
through August) of 2004. By comparison, the 2003
growing season had a relatively cool wet spring and a
dry, hot summer. These variances explain much of the
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Fig. 2. Soil moisture (S, m® m™) in the 0—0.05 m and 0—0.2 m
layers and daily precipitation (mm) from May to September in 2003 and
2004.
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difference in net ecosystem carbon exchange during
the two growing seasons.

2.2 Response of Fgg to temperature and moisture

Fig. 3 shows the response of daily net ecosystem
CO;, exchange (Fngg) in the Leymus chinensis steppe
to the change of daily average air temperature and
topsoil moisture. The measured data were averaged

with a bin width of 1°C of air temperature or 0.01

-3 . .
m’ - m™ of soil water content to reduce sampling error.

In Fig. 3(a), the measured CO; flux data with topsoil
moisture > .08 m’. m > were selecied in order to re-
duce the strong confournding effects of szvere moisture
stress when analyzing the response of Fngg to tem-
perature. Fyge reached the maximum when Sy, >0.12
m’-m™ and temperature around 15—17°C and de-
creased when air temperature and/or soil moisture
were above or below the optimum, shown as a quad-
ratic function of temperature and/or soil moisture.
Fnee Was significantly depressed when T,>18°C and
$4,<0.1 m*>. m™. The decrease in Fygg at low tempera-
tures is likely due to the slow rate of plant growth in
the early and late growing season, whereas the de-
crease in Fyge at high temperatures could be ascribed
to simultaneous water and heat stress.

Water stress is the most common limiting factor of
vegetative growth in semi-arid grasslands. Fig. 3(b)
indicates that excessive soil water could restrain eco-
system carbon uptake although the decrease of Fnge
under high soil moisture is not distinct. Fngg is the
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(a) The response of daily net ecosystem CO, exchange (Fxee) to mean daily air temperature; the data were averaged with a bin width of 1°C

air temperature. (b) The response of Figg to soil moisture at 5 cm depth; the data were averaged with a bin width of 0.01 m* - m~ soil moisture. The
hollow points are total daily Fyge, the solid points represent measurements taken at half-hour intervals.
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balance between photosynthesis uptake and respira-
tion release, where Fngg is determined by environ-
mental factors that directly affect photosynthesis and
respiration. Clearly, it is necessary to examine the ef-
fects of environmental factors on ecosystem photo-
synthesis and respiration separately, in order to better
understand the underlying mechanisms of temperature
and moisture on Fygg in the Leymus chinensis steppe.

2.3 The effects of temperature and moisture on eco-
system respiration

The responses of ecosystem respiration (Reo) to soil
temperature and soil moisture during the two growing
seasons are compared in Fig. 4. Although there is a
difference in the response curves between iie two
years, R., shows an exncacaually increasing trend
with temperature in botl growing seasons. The R, in
2003 has a faster increase rate and a better correlation
with temperature than the case in 2004 (Fig. 4(a)). Soil
moisture has significant influence on R, in 2004 (R2
=0.37) but R, is poorly correlated with soil moisture
in 2003 (R*< 0.1). The results indicate that R, was
primarily controlled by soil temperature during the
growing season of 2003, whereas in 2004 the effect of
temperature on R., was weakened by the enhanced
effects of moisture on R, resulting in part from a
higher variability in soil moisture.

The relationships between R., and its primary con-
trolling factors, soil temperature (75) and soil moisture,
were further investigated based on the data collected
in darkness during high turbulence (u+>0.15 m-s™)

to examine the effect of soil moisture on the tempera-
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ture sensitivity of Rec,. The valid data is separated into
two groups, one with proper soil moisture (Sy, =
0.10 m® m—3) and the other under moisture stress (S, <
0.10 m* m™). For each group, the data were averaged
with a bin width of 1°C soil temperature to reduce the
sampling error of measured data. Then the Van’t Hoff
function (Eq. (2)) was used to describe the temperature
sensitivity of R, under different moisture conditions.

As seen in Fig. 5, ecosystem respiration (Rec,)
showed increasing trends with temperature under both
soil moisture conditions, but differed i absolute value
and rate of increase. R.., was significantly restrained
by moisturc sacss, and the temperature sensitivity pa-
rameter ((Jp) decreased fromm 2.0 under proper mois-
ture conditicns to 1.6 when the soil was under water
stress. It could be inferred from the results of Fig. 4(b)
and Fig, 5 that the direct effects of soil moisture on
R.., was relatively weak, but soil moisture could in-
fluence R, profoundly by regulating the temperature
sensitivity of Rec.

In order to understand the effects of spatial and en-
vironmental gradients on ecosystem Fngg from eddy
covariance data, it is essential to acquire estimates of
its main components, R.., and Fggp. This task can eas-
ily introduce significant errors if the effect of con-
founding factors is ignored. Therefore, it is necessary
to consider the effects of low soil water content on
ecosystem respiration when using a temperature- Re,
relationship to estimate R, In arid ecosystems, using
a temperature — Ry, relationship based on a long-term
data set can introduce a significant bias into R, and
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Fig. 4. The relationships between ecosystem respiration (Re.) and (a) soil temperature and (b) soil moisture at Scm depth during the 2003 and 2004

growing seasons. The curves were fitted with the data in the figures.
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Fig. 5. Temperature response for nighttime ecosystem respiration (Reco)
under non-limiting soil moisture (circles, n=588) and soil moisture
stressed (solid points, n=327) conditions. The R, data were classified
with a bin width of 1°C soil temperature from 7 to 22°C  Values regie-
sent the mean +SE (0.05 confidence). Tl temperature sensitivity of
ecosystem respiration wes aesczibed with thie Van't l-oft function (Eq.

)

Fgep estimates due to the distinct seasonal variation in
soil moisture. It is recommended that a short-term
temperature sensitivity of ecosystem respiration be
used, which largely avoids the bias introduced by
confounding factors in seasonal data.

2.4 The effects of temperature and moisture on gross
ecosystem production

Gross ecosystem production (Fggp) was estimated
with the method described in section 1.3. The rela-
tionship between daily Fggp and air temperature and
soil moisture during the two growing seasons were
compared and are plotted in Fig. 6, after abnormal
data from extremely cloudy and rainy days were
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screened out. Clearly, the effects of temperature and
soil moisture on Fggp were different in the two years.
In 2003, temperature had an important effect on Fggp,
whereas Fgep was weakly correlated with soil mois-
ture (R*= 0.1, Fig. 6(a)).

As compared to 2003, soil moisture had a signifi-
cant effect on Fggp in 2004, with decreased effects of
temperature on Fggp. Therefore, it can be inferred that
Fgep is mostly controlled by the change of temperature
during the growing season of 2003, whereas in 2004
soil moisture had more effect than air temperature did
on Fgrp. In Fig. 6(b), Fgep deczcased markedly under
soil water siress (Sy<0.1 - m™), and the data were
yauch scaitered under amn!z soii moisture conditions
Sw>0.1 . mJ'), which indicated that Fggp was sig-
nificantly restrained by water stress when the soil
dried out, but also that other factors significantly in-
fluenced Fggp when soil moisture was not limiting.

For determining the effects of a single factor (tem-
perature or moisture) on Fgep, we limited data, meas-
ured at half-hour intervals, to periods when light in-
tensity (Qpprp) ranged between 1100 and 1400 pumol
m2 s, to minimize the confounding effects of other
factors. The selected light intensity is sufficient for
plant photosynthesis and also avoids the depression of
Fnee under high radiation™”. Fig. 7(a) shows the re-
sponse of Fggp to air temperature when soil moisture
is non-limiting (S, > 0.1 m’-m>).

The optimal temperature range for the Leymus
chinensis steppe to sequestrate carbon by photosyn-
thesis is around 18—21°C, and Fggp decreased from

25
©2003: y=0.53x+0.39, R = 0.39 ® 2003 y=27.7x+5.77, R = 0.1
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Soil water content (m*-m )

Fig. 6. The relationship between daily gross ecosystem production (Fgep) and (a) air temperature and (b) soil moisture (5 cm depth) in the Leymus

chinensis steppe during the growing seasons of 2003 and 2004.
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Fig. 7. The response of half-hour gross ecosystem production (Fgge) to (a) air temperature and (b) soil moisture in a semi-ari steppe during July
and August, 2004. The data were limited to 1100< Qpprp <1400 pmol m2 57", In (a), che data were also selcztzd with S, *- 4.1 m® m > to reduce the

confounding effect of water stress.

0.7 to near 0 mg CO, m2s™" as 2it ternperature in-
creased from 20 w 30°C. Fg:p was significantly re-
strained by severe water siress in the steppe and
showed a sharp decline when the soil dried out
(Sw<0.1 m* m™), whereas Fig. 7(b) shows that Fggp
maintained a relative constant (around 0.4—0.5 mg
CO,m™-5™) in non-limiting soil (higher than 0.1 m’
m™). These results suggest that the steppe has high
gross productivity over a limited range of temperature
and soil moisture, above and below which Fggp de-
creased significantly.

In the field, heat stress often accompanies drought
stress because the efficiency of leaf cooling by
evapotranspiration decreases under moisture stress,
which highlights the importance of soil water avail-
ability for stress relief in arid and semi-arid ecosys-
tems''", Moisture deficits and high temperature stress
can impact the physiological processes of plants in
several ways. Soil moisture deficits can result in re-
ductions of cell expansion, leaf area development,
photosynthesis, stomatal conductance and transpira-
tion, and high leaf-temperature can inhibit plant
growth by inactivating photosystem II and promoting
leaf respirationm'm. Net ecosystem production is de-
termined by the coupling effects of temperature and
moisture, and proper moisture stress can promote
ecosystem carbon uptake; however, little precipitation
at high temperatures under strong radiation during the
summer often causes soil moisture deficit, and thus
reduces the gross ecosystem production of the semi-
arid Leymus chinensis steppe.

2.5 Seusonal and interannual variation in ecosystem
carbon budget

The half-hour measurements of Fygg and calcula-
tions of Fggp and R, were integrated to provide daily
values of ecosystem carbon budget and to investigate
how Fygr and its major components (Fggp and Re.o)
vary seasonally and interannually in response to varia-
tion in environmental conditions. In 2003, the grass
germinated in early May and the steppe became a net
sink of carbon during mid-May due to ample pre-
rainfall (Fig. 2(a)), but net ecosystem CO, was still
small due to active ecosystern respiration during the
warm, wet spring. The first peak of Fggp appeared in
mid-June, followed by a decrease in both Fyngg and
Fgep due to moisture stress in late June. Brief relief
from moisture stress occurred when topsoil was re-
wetted by rainfall events and uptake recovered tempo-
rarily in mid-July. Fgep and Fnpg were significantly
reduced by severe heat and moisture stress from
mid-July through August, which caused the steppe to
enter its senescence in early August 2003.

With 38% precipitation more than 2003, abundant
rain in 2004 did not begin on the steppe until late
June and mostly occurred in August (Fig. 2(b)), and
there was very little precipitation during the normal
period of plant germination and budding (May
through late June). As compared to 2003, both Fggp
and R, during this period in 2004 were significantly
depressed by drought stress, which also delayed the
recovery of the steppe until late June, after some pre-
cipitation (Fig. 8(b)). The steppe became a sink of
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Fig. 8. Seasonal variation in daily net ecosystem CO; exchange (Fxee) and its major comperin’s, gross ecosystem preduction (Fgr») and ecosystem
respiration (R..) of a semi-arid Leymus chinensis steppe during the growth seasons of year (a) 2002 and (b) 2904,

CO; until early July 2004, nioce than on: month later
than 2003.

It is worth noting that the abundant precipitation in
August 2004 resulted in the two-year peak rate of
Fneg, which is the balance between the increased Fggp
with ample soil moisture and decreased R.., at rela-
tively low temperatures. In addition, the steppe re-
mained a CO; sink before the senescence phase be-
gan in mid-September. Fig. 8 also shows that Fep has
strong effect on R, with a high agreement between
the seasonal variation of Fggp and R, since photo-
synthesis provides the substrate for ecosystem respira-
tion. In 2004, R.., was a significant contributor to the
total ecosystem CO, budget of the steppe, accounting
for about 60%—90% of daytime photosynthetic up-
take. In summary, the semi-arid steppe released a total
of 9.7¢g C. m™ from May 16 to the end of September
2003, whereas the net carbon budget during the same
period in 2004 was close to zero.

3 Discussion

Water stress, which has the largest interannual and
seasonal variation among all environmental variables,
is the most common limitation to growth of vegeta-
tion!"). Annual site-water balance explains much of the
interannual variation in the Fggp of grasslandsls_”.
This study site often suffers heat and drought stress
during the growing season due to low precipitation,
which limits the steppe’s carbon uptake. Net ecosys-
tem CO, exchange (Fngg) is determined by the proc-

esces of photosynthetic uptake and respiration release,
which are directly affected by temperature and water
balance. The results of this study show that tempera-
ture has important influence on ecosystem photosyn-
thesis and respiration of the steppe, whereas the re-
sponse of Fgep and R, to temperature can be changed
by variations in soil moisture (Figs. 4 and 6).

Correlation between Fgep / Reco and temperature of
the steppe was reduced in 2004, when there was
higher moisture variability compared to 2003. Further
analysis shows that Fggp decreased sharply when air
temperature and soil moisture was above or below a
limited range (Fig. 7), and reduction in R, and its
temperature sensitivity (Qjo) during soil moisture
stress was apparent (Fig. 5). It can be inferred by syn-
thesizing the above results that the reduction in Fngg
during periods of severe moisture stress is mainly as-
cribed to the decrease of Fggp, whereas the increased
respiration with temperature is responsible for the de-
crease of Fnegg when soil moisture is non-limiting,
since there is only a slight reduction in Fggp.

It is has long been recognized that soil temperature
is just one of a host of variables that influence ecosys-
tem respiration; factors such as soil moisture, soil or-
ganic matter and microbes are also known to influence
soil respiration[3"32]. Soil moisture deficit can restrain
ecosystem autotrophic and heterotrophic respiration by
limiting plant and microbial activity at low soil water
content, particularly in arid or semi-arid ecosystems.
Temperature-driven increases in respiration can also
be impeded by low soil moisture 3¢,
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In addition, gross ecosystem production is also a
primary determinant of the rate of ecosystem respira-
tion. In a Canadian temperate grassland, ecosystem
respiration was mainly determined by above-ground
productivity and soil moisture when temperatures
changed very litle™!. This study of the semi-arid
Leymus chinensis steppe demonstrates that water
availablility is the second determining factor for net
ecosystem CO; exchange.

Global carbon-budget studies from the 1980s and
1990s have shown that changes in climate and atmos-
pheric CO; have enhanced primary production in
global terrestrial ecosystems (FNEE)[36]. By contrast,
Fnee in China decreased during the 1980s and 1990<
because of stronger warming than the giobal average
in the arid north. which caused greater increascs in
Reco than in FGEP[37J.

The recorded datz shows that precipitation in
northern China has declined since the 1960s; although
it recovered in the late 1990s, it remained lower than
the wet 1950s, with more extreme rainfall events that
were punctuated by longer dry periods[9‘38]. Continued
increase in precipitation may reverse the Fygg of the
last two decades. However, if current warming trends
are sustained, and if precipitation does not substan-
tially increase, terrestrial ecosystem production in arid
northern China may continue to decrease and have an
important effect on net terrestrial ecosystem carbon
budget of China.

4 Conclusions

Net ecosystem CO, exchange was measured in a
semi-arid Leymus chinensis steppe, using an eddy co-
variance technique, during two consecutive growing
seasons. In 2003, gross ecosystem production (Fggp)
and ecosystem respiration (R..,) were strongly corre-
lated with temperature rather than moisture, whereas
in 2004 the effect of temperature on R.., was weak-
ened by effects of moisture on R.c,, with higher vari-
ability in soil moisture, and Fggp Was reduced by both
heat and drought stress during the growing season.
Overall, R.., showed an exponentially increasing trend
with temperature, but the reduction in the rate of Rec,
and its temperature sensitivity were apparent under dry
conditions. The combined effects of temperature and

soil moisture on Fggp and R, resulted in the depres-
sion of Fngg when temperature or moisture was above
or below a limited range. Fgep, Reco and Fngg all de-
creased significantly during severe moisture stress.

The seasonality of ecosystem carbon exchange
strongly correlated with variations in precipitation.
With less rainfall in 2003, most of which happened
either early or late in the growing season, due to
moisture stress the steppe sequestrated carbon in June
and July and went into senescence phase in August.
The severe drought stress during spring in 2004 de-
layed the growth of the steppe, which became a sink
of CO, in early July which was sustained until mid-
Jeptembes, with ample precipitaiion in August. In
2003, the senmi-and steppe released a total of 9.7 g
C-m™ from May 16 to the end of September; during
the same period of 2004, the net carbon budget was
close to zero.

Northern China’s vast temperate grassland includes
a wide diversity of vegetation due to distinct differ-
ences in precipitation. Most of this grassland has a
long history of grazing, which could impose complex
effects on vegetation structure and ecosystem produc-
tivity. The field site for this study has not been grazed
in more than 20 years; therefore, its spatial representa-
tive is very limited. In order to estimate the terrestrial
ecosystem carbon budget in northern China, forecast
its response to future climate change and evaluate its
role in global carbon balance, it is important to under-
stand the responses of temperate grassland to envi-
ronmental changes. To answer these questions, much
more long-term measurement of various grassland
vegetations is needed.
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