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Abstract To assess carbon budget for shrub ecosystems on the Qinghai-Tibet Plateau, CO,
flux was measured with an open-path eddy covariance system for an alpine shrub ecosystem
during growing and non-growing seasons. CO. flux dynamics was distinct between the two
seasons. During the growing season from May to September, the ecosystem exhibited net CO,
uptake from 08:00 to 19:00 (Beijing Standard Time), but net CO, emission from 19:00 to 08:00.
Maximum CO, uptake appeared around 12:00 with values of 0.71, 1.19, 1.46 and 0.67 g CO;
m2 h™' for June, July, August and September, respectively. Diurnal fluctuation of CO, flux
showed higher correlation with photosynthetic photon flux density than temperature. The maxi-
mum net CO influx occurred in August with a value of 247 g CO, m™. The total CO, uptake by
the ecosystem was up to 583 g CO, m™ for the growing season. During the non-growing season
from January to April and from October to December, CO, flux showed small fluctuation with the
largest net CO; efflux of 0.30 g CO, m2h~" in April. The diurnal CO, flux was close to zero during
most time of the day, but showed a small net CO, efflux from 11:00 to 18:00. Diurnal CO; flux, is
significantly correlated to diurnal temperature in the non-growing season. The maximum monthly
net CO, efflux appeared in April, with a value of 105 g CO, m™. The total net CO; efflux for the
whole non-growing season was 356 g CO, m™2.
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Most long-term carbon flux studies have focused

on various forest ecosystems, but less attention has
been directed to grassland ecosystems, though the later
covers the largest area among the four major natural
biomes including (aquatic, grasslands, forests and de-
sert) on the earth. Only temperate grassland ecosys-
tems comprise 32% of the earth’s natural vegeta-

tion'' ¥, Some studies indicate that grasslands may
behave as a significant carbon sink for balancing the
carbon budget in global terrestrial ecosystems'” *, but
others suggest that the carbon budget of grassland
ecosystems is near equilibrium'® ' Kim et al. re-
ported that a temperate grassland ecosystem domi-
nated by warm season tall grass in Kansas State had a
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net fixing capacity of 750 g CO, m™ in its growing
season from May to October, but the ecosystem re-
leased about 3 g CO, m™ per day into the atmosphere
during a drought period!'”. Dugas et al. showed evi-
dence that a native prairie dominated by big bluestem
and little bluestem (Blackland Research Center, Tem-
ple, Texas) was in approximate equilibrium for C
budget!'?!

As a unique geographic unit, the Qinghai-Tibet
Plateau has an average altitude over 4000 m above sea
level and covers about 2.5x10° km’. Climate on the
plateau is characterized by long, cold non-growing
season and short, cool growing season. Precipitation
concentrates in the growing season when daytime air
temperatures are high, which is potentially favorable
for plant growth. The Qinghai-Tibet Plateau also pos-
sesses the largest area of natural grasslands in China.
The grassland ecosystem on the plateau is hypothe-
sized to play an important role in the carbon balance in
both the regional and global ecosystems, but little
evidence is available for testing the hypothesis''*. We
expected a high net primary productivity of the alpine
shrub ecosystem during the short growing season be-
cause of the favorable environmental conditions with
abundant rainfall and moderate daytime temperature,
but low nighttime temperature'*!.

Alpine shrub is one of the dominant vegetation
with cold resistant xerophytes or mesophytes on the
Qinghai-Tibet Plateau. The vegetation distributes con-
tinuously or in large pieces among the alpine forest
and other alpine vegetations. Within China, the alpine
shrub covers a total area of about 116400 km® mainly
on the plateau, which takes the largest alpine shrub
area in the world!"*. Long-term monitoring and char-
acterizing CO, dynamics for the alpine shrub ecosys-
tem on the Qinghai-Tibet Plateau therefore will facili-
tate determination of source or sink status of grassland
ecosystems on the plateau.

1 Materials and methods
1.1 Site description

Measurements of CO, flux and environmental
factors were conducted at Haibei Alpine Meadow
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Ecosystem Research Station (Haibei Research Station),
the Chinese Academy of Sciences. The station is lo-
cated in the northeast of Qinghai-Tibet Plateau, in a
large valley oriented northwest-southeast and sur-
rounded by the Qilian Mountain (37°37'N,101°19'E,
3200 m a.s.l). The Datong River passes through the
south of the area. The climate at the Haibei Research
Station is dominated by the southeast monsoon and
high pressure from Siberia. It has a continental-type
climate, with severe and long winter from October to
next April, and short and cool summer from May to
September. The average annual air temperature for the
25 years from 1976 to 2001 was —-1.7°C with ex-
tremes of maximum 27.6C and minimum -37.1°C.
The average temperature in the warmest month (July)
and the coldest month (January) is 9.8°C and —14.8°C,
respectively. The average annual precipitation from
1976 to 2001 was 560 mm, and 80% of that rainfall
was concentrated within the growing season from May
through September“sl. The soil of the study site is
classified as Mollic Gryic Cambisols according to the
Chinese national soil survey classification system,
which is characterized by high organic matter (189.5
thm™, 0—10 cm), underdeveloped and thin soil layers.
Nitrogen and phosphorus exist mostly in the organic
state with a weak mineralization process. Nitrogen
storage, mainly in the form of organic nitrogen, was
10.63 t hm ™ in the soil pool. The amount of accumu-
lated mineralized nitrogen was only 1.59% of the total
nitrogen. The soil nitrogen nutritive condition was
characterized by abundant total nitrogen and a lack of
available nitrogen.

1.2 Methods

An eddy covariance observation tower was estab-
lished in a typical alpine shrub ecosystem, 8 km away
from the Haibei Research Station in August 2002.
Fetch of observation tower is about 60-cm-high alpine
shrub dominated by Potentilla fruticosa and jointed by
Kobresia capillifolia, Kobresia humilis and Saussurea
superba, and the land surface there is often covered
with thick moss and litter layer. With an even topog-
raphy and no apparent fluctuation within a scope of
several kilometers, this place is an ideal one for meas-
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uring CO, flux. From 1 January to 31 December 2003,
continuous CO; flux measurement was carried out in
the alpine shrub ecosystem. CO, flux (Fco,) of alpine
shrub ecosystem could be calculated by a formula
listed as the following:

—=_ 1 (7 1<
FCOZ_WS_FIOWSdt~Féws’ ¢))

where w' is atmosphere vertical instantaneous fluctua-
tions, s’ is fluctuations of atmosphere CO, density. w'
was measured using the three-dimensional sonic ane-
mometer (CSAT3, Campbell Scientific Inc., Utah,
USA); s" was measured using the anemometer’s tem-
perature and open-path CO,/H,O analyzer (Li-7500,
Li-Cor, USA) at 10 Hz. The overline in the formula
represents the average value during a certain period of
time!'®. Other micrometerorological measurements
such as photosynthetic photon flux density (PPFD),
soil temperature and soil water were measured at the
same site using quantum sensor (Li-190SB, Li-Cor,
USA), thermocouple (105T, CSI, USA) and soil
moisture sensor (TDR, CS615, CSI., USA), respec-
tively. Measuring system was installed with a height of
2.20 m. Calculated flux data and ancillary data were
recorded with a data acquisition system (CRS5000,
Campbell Scientific Inc., Utah, USA) at 30 min inter-
vals.

Owing to malfunction of the instrumentations or

power failure, missing data are unavoidable. Exponen-
tial regression of nighttime Fco, with u>02ms”
against soil temperature at a depth of 5 cm every
months were used to fill data gaps for nighttime

Fco, =byexp(bT;). )

For the daytime, data gaps were filled using the loga-
rithm relationship of PPFD and net CO; flux (Fco,) as

Fco, =gq, xPPFD/(a2 + PPFD) + q,. 3)
2 Results

2.1 Diurnal variation of CO, flux

There was a large diurnal variation of monthly
averaged CO: flux during the growing season (fig. 1).
The maximum CO, influx appeared around 12:00
(Beijing Standard Time) was 0.71, 1.19, 1.46 and 0.67
g CO; m™ h™' for June, July, August and September,
respectively. Net CO; influx of the ecosystem was ob-
served in the daytime from 08:00 to19:00, whereas net
efflux of CO; in the nighttime from 19:00 to 08:00. It
seems that there was a net CO; efflux occurring at
around 15:00 in May and the largest hourly net efflux
of CO, was 0.23 g CO, m ™ h™' (fig. 1).

The diurnal variation pattern of monthly averaged
CO; flux during the non-growing season was different
from that during the growing season (fig. 2). The
monthly averaged CO; flux during most daytime in
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Fig. 1. Diurnal variation of monthly averaged CO, flux during the growing season from May to September in the alpine shrub ecosystem on the

Qinghai-Tibet Plateau.
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Fig. 2. Diurnal variation pattern of monthly averaged CO: flux during the non-growing season from October to December and from January to April

in the alpine shrub ecosystem on the Qinghai-Tibet Plateau.

the non-growing season was close to zero, but net ef-
flux was observed from 11:00 to 18:00 with the peak
values generaily appearing from 14:00 to 16:00. The
peak CO; efflux of monthly averaged values were 0.18,
0.19, 0.03, 0.10, 0.12, 0.16 and 0.30 g CO, m > h™' for
each month from October to December, and from
January to April of 2003, respectively (fig. 2).

2.2 Monthly net CO; flux

During the growing season from May to Sep-
tember, monthly net CO; flux was positive except for
May (fig. 3). Large monthly net CO; influx occurred
in July and August, which were estimated to be 229
and 247 g CO, m?, respectively. The total value of net
CO, influx for the growing season was higher than that
of the net CO, efflux in the non-growing season. The

total net CO, influx was estimated as 673 g CO, m™”
for the period from June to September, and the total
net CO; influx volume for the whole growing season
from May to September was 583 g CO, m™. In the
non-growing season, except for the small amount of
monthly net CO, efflux in December and January, the
monthly net CO efflux was significant from January
to April, and from October to December. The largest
monthly CO; efflux was 105 g CO; m*, which oc-
curred in April. The total CO; efflux during the whole
non-growing season was estimated as 356 g CO m”.

2.3 Variation patterns of CO, flux and major
environmental factors

We obtained the averages of the hourly CO;
fluxes, soil temperature, soil moisture and PPFD for the
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Monthly net CO: flux in the alpine shrub ecosystem on the Qinghai-Tibet Plateau,
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growing season (153 d) and non-growing season (212
d), respectively. Correlation coefficients were then
calculated between the averages of CO, flux and those
of other environmental variables. During the growing
season, no significant correlation was found between
the averaged CO, flux and soil temperature during
either daytime (P > 0.5, R = —0.2689, n = 11) or night-
time (P>0.5, R=-0.1405, n=11). No significant cor-
relation was found between the CO; flux and soil hu-
midity (from 00:00 to 23:00) in the growing season (P
> 0.5, R = -0.2462, n = 23), too. However, CO; influx
was significantly correlated (P <0.01, R= —0.9674, n
= 12) with averaged PPFD. During the nighttime from
20:00 to 08:00, the averaged CO, flux was positive
about 0.20 g CO, m™ h™', indicating a net CO, emis-

137

sion from the ecosystem (fig. 4). With the increase of
PPFD after 08:00, the averaged CO, flux turned into
net CO, uptake (negative value). The maximum of net
CO; influx value was —-0.77 g CO;, m~ h™' at around
12:00.

During the non-growing season, there was a sig-
nificant positive correlation between the averages of
CO, flux and those of soil temperature either for the
daytime (P <0.01, R = 0.8653, n = 11) or for the night-
time (P < 0.5, R = 0.6629, n = 11) . The averaged CO,
efflux obtained from 00:00 to 08:00 was estimated to
be —0.03 g CO; m>h'. A peak averaged CO; efflux
was 0.12 g CO; m~ h™' at 15:00. From then on, the
CO; efflux decreased gradually until 19:00 (fig. 5).
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Fig. 4. Diurnal course of averaged CO, flux and averaged soil temperature (a), and averaged photosynthetic photon flux density (b) for the growing

season in the alpine shrub ecosystem on the Qinghai-Tibet Plateau.



138

Science in China Ser. D Earth Sciences

0.15 2
~——a~— Carbon dioxide flux 4o
0.13F —&— Temperature 5
=
. 010t 1-4 o
E >
_6 e
< oo Ik
= 1 -8 &
S o0s | §
S 0.05 1-10 =
1-12
0.03
{-14
0.00 i T | A ] 1 L 1. 1 1 1 —t 1 1 1 1 A | I — i _16
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00

Fig. 5. The diurnal course of averaged CO; flux and averaged soil temperature during the non-growing season in a shrub ecosystem on the Qing-

hai-Tibet Plateau.

3 Discussion and conclusions

3.1 Discussion

Observations of CO; flux on the Leymus chinen-
sis Steppe in the Inner Mongolia showed an apparent
diurnal CO; flux variation: CQ; flux increased since
09:00 and reached its peak value at 12:00, CO; flux
then decreased gradually and reached a stable value
during the nighttime“”. CO; flux showed similar di-
urnal variation pattern in the alpine shrub ecosystem
on the Qinghai-Tibet Plateau in the growing season
(fig. 1). The strong solar irradiance and suitable tem-
perature in daytime resulted in the apparent net CO,
influx during the growing season in the alpine shrub
ecosystem. The lower air temperature at the Haibei
Research Station during the non-growing season
(~14.8°C in January) could restrain the metabolism
activities of soil microbes. CO, efflux was close to
zero in most time of the day except for small amount
of net CO, efflux from 11:00 to 18:00 when the soil
temperature was high.

A four-years research on CO; flux in a mixed-
grass prairic on the northern great plain (Mandan)
showed that the average net CO; influx was 345 g CO,
m~2 in the growing season from 1996 101999}, which
was much lower than the value of 583 g CO, m™” in
the current alpine shrub ecosystem. Temperate grass-
land ecosystem dominated by tall stem grass showed
that the average daily CO; fluxes from May through

October was estimated to be ~4.1 g CO, m™ d”' (net
CO; influx), but close to zero during plant senescence,
or even to be a CO; source at about 3 g CO- m*d "
The average daily net CO; influx of the alpine shrub
during the growing season was estimated to be 3.81 g
CO, m™ d”!, whereas that of net CO» efflux during the
non-growing season was 1.68 g CO, m > d”', which
were smaller than the temperature grassland men-
tioned above. The seasonal CO; flux variation pattern
in the alpine shrub ecosystem is mainly determined by
the seasonal variation of climate on the Qinghai-Tibet
Plateau. About 80% of the annual precipitation at the
Haibei Research Station is concentrated in the growing
season. The rich precipitation and moderate tempera-
ture during the daytime in addition to the low tem-
perature at night may favor the accumulation of car-
bon in the alpine plants. High net ecosystem produc-
tivity results from high net canopy photosynthesis,
which depends mainly on the solar energy available,
and low autotrophic and heterotrophic respiration““.
During the cold period on the Qinghai-Tibet Plateau
from December to next February, the low temperature
environment could restrain the metabolism activities
of soil microbes and slow down the decomposition of
organic matter in the soil, and thus resulted in the
small CO, efflux. After late February, the rise of air
temperature and rehabilitation of metabolism activities
could result in the increase of CO; release. From late
April, as plants turn green, the CO, absorbed through
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photosynthesis exceeded the CO, released through the
respiratory activities of the ecosystem. The alpine
shrub ecosystem was a carbon sink for atmospheric
CO, during the period beginning from June until late
September, The CO, absorbed from the atmosphere
was less than the amount released through the respira-
tory activities and therefore there was a net CO; efflux
in the alpine shrub ecosystem from the beginning of
October to late November, which is probably due to
the withering of plants and reduced photosynthesis.
After late November, the CO, efflux was gradually
diminished as low temperature could restrain the me-
tabolism activities of soil microbes.

The correlation analysis showed that photosyn-
thetic photon flux density is the major environmental
factor determining the CO, flux during the growing
season. In the non-growing season, however, tem-
perature seems the major determinant for the ecosys-
tem CO, exchange in alpine shrub. Temperature, as a
key factor in affecting CO, release, could affect soil
CO; emission strength mainly through its impact on
the metabolism rate of soil organisms during the
non-growing season''*'?!. The nighttime temperature
during the non-growing season on the Qinghai-Tibet
Plateau could be lower than —30°C in January. Due to
the inhibition of the metabolism activities by low tem-
perature, the ecosystem CO, flux in the alpine shrub
could be close to zero. Despite that the environments
for soil microbes in the alpine shrub is extremely cold
and moist, the metabolism activities could be
enhanced significantly when soil temperature in-
creases''”. With increase of sunlight radiation and
temperature in the morning, soil respiration activities
could increase accordingly (fig. 5).

3.2 Conclusions

Carbon dioxide flux for the alpine shrub ecosys-
tem on the Qinghai-Tibet Plateau showed a significant
diurnal variation, with the peak CO, influx at around
12:00 during the growing season. CO; flux, however,
showed small diurnal change during the non-growing
season with the CO; efflux being close to zero in most
time of a day, but a small net CO; efflux from 11:00 to
17:00.

The total net CO; influx during the short growing
season in the alpine shrub ecosystem on the Qing-
hai-Tibet Plateau was 583 g CO, m™ in 2003. The
maximum values occurred in July and August, which
were 229 and 247 g m™, respectively. The largest CO,
efflux was estimated to be 105 g CO, m™ in April.
The total net CO, efflux during the non-growing sea-
son was 356 g CO, m >, With an annual net CO; influx
of 227 g CO, m™”, the alpine shrub ecosystem on the
Qinghai-Tibet Plateau was a carbon sink for atmos-
pheric CO; in 2003.

The ecosystem CO; influx was mainly affected by
the variation of photosynthetic photon flux density dur-
ing the growing season, but was mainly influenced by
soil temperature during the non-growing season in the
alpine shrub ecosystem on the Qinghai-Tibet Plateau.
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