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Abstract As one component or Chinal-LUX, tnn measurement of CO; flux using eddy covariance
over subtropical planted zonifersus ecosystem in Qianyanzhou was conducted for a long term. This
paper discusses the s8asonai dynamics of net ecosystem exchange (NEE), ecosystem respiration
(RE) and gross ecosystem exchange (GEE) between the coniferous ecosystem and atmosphere
along 2003 and 2004. The variations of NEE, RE and GEE show obvious seasonal variabilities and
correlate to each other, i.e. lower in winter and drought season, but higher in summer; light, tem-
perature and soil water content are the main factors determining NEE; air temperature and water
vapor pressure deficit (VPD) influence NEE with stronger influence from VPD. Under the proper light
condition, drought stress could decrease the temperature range for carbon capture in planted conif-
erous, air temperature and precipitation controlled RE; The NEE, RE, and GEE for planted coniferous
in Qianyanzhou are —387.2gC-m=2a™",1223.3gC-m2a™, -1610.4 g C-m2a' in 2003 and -423.8
gC-m2a' 14420gC-m?a™', -1865.8 g C-m? a™' in 2004, respectively, which suggest the in-
tensive ability of plantation coniferous forest on carbon absorbing in Qianyanzhou.

Keywords: plantation, eddy covariance, photosynthesis, respiration, drought stress.

Global climatic changing has been a focus for a
long time in many fields, the increasing CO, concen-
tration in atmosphere was considered as one main
driving force for global warming[l | However, there is
great discrepancy for all kinds of measurements in
carbon cycling. Many researches concluded that the
terrestrial ecosystem uptakes CO, from the atmos-
phere, but the direct observation was scarce. Forest
ecosystem is the most important carbon-absorbing
pool in the terrestrial ecosystem for plant growth,
which resulted in the focus on carbon up taking and in
environmental controllingnﬂ”. Planted forest is one
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important part in China for its carbon-fixing ability 561

From the 1970s, forestation has been one important
activity in China, which leads to the yearly increasing
of forest area, and forest biomass. In Southern China,
there is a magnitude of planted forest area, which ac-
counts for 54.3% of forestation and 52.6% of carbon
storage in China mainland.

The carbon up taking of planted forest was appro-
bated in Kyoto Protocol. Meanwhile, the forestation
and reforestation could be calculated in the country’s
CO, budgets from 1990. In the past 20 years, carbon
storage in the forests of China increased 0.4 PgC, with
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annual increasing 0.011—0.035 PgC, which mainly
resulted from forestation*!, Although the potential of
carbon fixation in planted forest was paid attention to
for a long time, there is disputation for the quantitative
estimation!"®, Eddy covariance (EC) was an advanced
technique that could be used for observation under a
high temporal frequency and for a long time. Eddy
covariance could show the daily seasonal and intra
annual dynamics and its correlation to environmental
factors. To accurately understand the carbon absorbing
ability of the terrestrial ecosystem, it is necessary to
observe carbon exchange for a long time with high
frequency"’; meanwhile, studying the influence of
environmental and physiological factors on CO, fluxes
over canopy could provide dataset for carbon balaace
validation™'®!13]

The paper analyzed the daily, scasonal dynamics of
NEE, RE and GFE and their environimental factors
using eddy covariance in Qianyanzhou, and estimated
the carbon budgets in tiie studied site.
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1 Materials and methods
1.1 Site description

The meteorological tower is located in the Qian-
yanzhou (115°04'13"E, 26°44'48"N, 110.8 m) station,
situated on the typical red earth hilly region in the
mid-subtropical monsoon landscape zone of South
China. The altitude for the whole experiment station is
around 100 m, so the footprint is relative plat. Around
the tower, the forest cover reaches 90% in 1 km® re-
gion, and 70% in 100 km®. The vegetation mainly in-
cludes Pinus masscniana, {inus eiliottii Engelm, and
Cunninghazia lanceolaia (Fig. 1). The shrub under
canopy mainly ‘ncludes Loropetalum chinense and
Lyomia corrpra. The soil is red soil, which is weath-
er=¢ from red sand rock. According to the statistics of
1985—2004 meteorological data, at this site, the mean
annual temperature was 17.9°C; positive accumulation
temperature is 6543.8°C, and =10C accumulation
temperature is 5948.2°C. The annual precipitation
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Fig. 1.

The vegetation map around tower in Qianyanzhou station.
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1485.1 mm, annual evaporation 1302.8 mm, mean
relative humidity 84%. It is a typical sub tropical
monsoon climate. The drought period analyzed in this
paper was performed during the 2003 growth season.
This season was warm and dry relative to the average
climatic conditions; the whole year cumulative pre-
cipitation was about 63% of the long term average in
this site, especially, during June and July. Both months
it was only 23%, and the averaged temperature was
higher by 1.0°C than the mean annual temperature,
and the July temperature was higher by 3°C (Table 1
and Fig. 1).

1.2 Data logging and processing

The EC was used for measuring CO, flux betweer:
vegetation and atmosphere. The three-dinisnsional
sonic anemometers (Model CSAT-2. Campbel. Scien-
tific) were used for measuring wind speed and tem-
perature fluctuation, the infrared. gas analyzer (Model
LI-7500, Licor Inc.) was used for measuring CO; and
H,0. The EC systems were described in detail in ref-
erences 14 and 15. Data were digitally logged con-
tinuously over 30 min intervals at a 10 Hz frequency
with data logger (Model CR5000, Campbell Scien-
tific). In addition, there are seven level CO, profile
system and routine meteorological measurement sys-
tem, installed for measuring net radiation, temperature,
and humidity; correspondingly, the photosynthesis,
respiration, letter fall, and LAI were measured.

In order to eliminate the items of horizontal and
vertical advection in the equation of conservation of
mass, the raw of 30 min flux data were reformed by
three-dimension coordinate rotation !'® that aligned
the vertical velocity measurement normal to mean
wind streamlines and brought the mean lateral and
vertical velocity to zeros. The effect of fluctuation
in air density on the flux data also was corrected!”.,

The NEE (Fngg, mg CO, m™ s™') was defined as
== . [~ 9P,
FNEE—wpc(z,)+E7dz. (1)

On the right hand side, the first term is CO; fluc-
tuation flux; the second item is storage of CO,. Eq.
(1) is the fundamental equation for NEE, the posi-
tive mean the CO; emission to atmosphere, and the
negative means carbon capture. NEE is equal to
NEP with denotation in converse.

During data analyzing, eliminating the abnormity
related to precipitation and dew could get credible
observations. To get zredibtle EC measurements on
nighttime {gross radiavion < I W.m™), we deleted
thc data when friction velocity less than 0.2 ms™ to
avoid the underestimation from storage and advec-
tion.

1.3 Gap filling

We divided the daytime data (total radiation=1
W.-m?) in every 10 days to fill the missing data

with the Michaclis—Memen“9]equation;
aQpN,
F == — £ + ’ 2
NEE (Ncs +an) Reco,d ( )

where a is the apparent quanta yield, N, is total
ecosystem exchange, it is potential NEE (when PAR
is abundance), and R, 4 is the non-light respiration
(when the PAR is zero).

Daytime NEE is from ecosystem respiration, so
we interpolate the missing data with the Lloyd and
Taylor equation[4‘2°].

Eo( 1 ]

T Ty Ty T,

FNEE =Reco.n =Reoo.nefe oo Ko ’ (3)
where Recorer iS the ecosystem respiration (mg m

s_l) at reference temperature (Trs); Tx is air tem-
perature, and E, is the activation energy in J mol ™.

Table 1 The parameters for planted coniferous around tower in Qianyanzhou station (observed in 2005)
. Diameter at breast height (cm) Height (m) Mean canopy (m) Max canopy (m} Min canopy (m) Density
Vegetation . . west  south west  south  west  south (yeeq.pm?
mean max min - mean max . min to east tonorth toeast tonorth toeast to north

Slash Pine 16.97  28.60 400 12.60 20.00 470 3.00 2.90 7.30 5.90 1.20 0.90 745
Chinese red pine 13.40  32.60 3.80 10.50 16.00 390 290 2.80 9.00 7.60 0.90 1.00 880
China fir 13.52  20.80 4.10 10.80 15.00 400 2.70 2.80 5.00 4.90 1.30 1.40 102
Broad-leaves 7.57 17.80 290 7.40 16.50 3.50 2.90 2.70 9.70 5.80 1.60 1.20 46
Mean/sum 13.82 2233 5.65 1097 1448 538 3.08 2.99 5.13 4.75 1.60 1.58 1773
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Ty is a fitted temperature parameter.

For the ecosystem under drought stress, data
lacking in nighttime could be utilized as Q¢ to fill-
ing“s‘z”. In the Q)¢ model, ecosystem respiration
was described with the Van’t Hoff function.

FNEE = Reco,n = Rt:co,r\:fseln(g‘0 M T )10 ’ (4)

In the Qo model, Q)¢ is negatively correlated to

temperature, and its relationship to water content
could be described with quadratic equation.

Qo =a-bT, +cS, +dS?, (5)
where Recorefs iS the ecosystem respiration under
reference temperature and proper water content. S,,
(m*-m™) is the water content in soil surface. a, b, ¢

and d are constants, in which =20 and d<0.

1.4  Ecosystem respiration and tota! T3, exchange

To estimate the gross ecosystem exvhange (Fggg,
mg CO, m2.57"), we need the daytime ecosystem
respiration (Reco, 4, mg CO, m™2 -s'l). We extrapo-
lated the night respiration to obtain the respiration
in daytime. Therefore, the RE (RE, FRE, mg CO,
m2.5™") was defined as the following:

Fre = Recon + Recou - (6)

Therefore, the GEE (Fggg, mg CO, m2. s") was
defined as

Fgeg = Fnge — Fre- M

GEE is rightly negative to GEP, on the ecosystem

level, and it could be considered that GEP is right
equal to GPP, on the temporal scale of hour. The

unit is mg CO; m™2-s™!, on the temporal scale of
day or year, and the unit could be g C m2.d"" and g
Cm?2.a",

2 Results
2.1 The climate condition in 2003 and 2004

The climate in Qianyanzhou is characterized as a
sub-tropical monsoon climate; the PAR, air tempera-
ture, VPD, precipitation and soil water content show
obvious seasonal dynamics in 2003 and 2004 (Fig. 2).
The PAR were 267.7 pmol-m™2.s™' and 249.9
umol-m'2 .s”! for 2003 and 2004, respectively. The
air temperature dynamics are similar for 2003 and
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2004 (Fig. 2(b)), the annual mean air temperature are
18.9°C and 18.6°C for 2003 and 2004, respectively.

The air temperatures of July, August and September in
2003 are 3.7°C, 1.2°C, and 1.6°C, higher than those in
2004. The VPD also are different for 2003 and 2004,
which was caused by the decreasing of precipitation in
June and July and high temperature in July, August
and September in 2003 (Fig. 2(b), (c)). The difference
also provides us a nice opportunity for studying the
effect of drought stress on carbor: cycling in a planted
forest.

There is a sigrnificant negative correlation be-
tween suminer temperature and soil volume water
content (Fig. 2(), (c)). The water volume content
varied similar to that of precipitation (Fig. 2(c)).
The precipitation is 944.9 mm in 2003, lower than
historical archives; it is 1404.5 mm in 2004. Soil
water content in summer showed an obvious de-
crease in 2003 for the drought, but kept stable in
2004, which also showed us the lag of influence of
drought on ecosystem processes. Meanwhile, the
drought and high temperature stress occur jointly
and synchronously.

2.2 Diurnal variation of carbon fixation

Fig. 3 compares and analyzes the NEE measured
on 3 times height of planted ecosystem in 2003 and
2004. There is an obvious seasonality variation of
monthly diurnal variation for 2003 and 2004, lower
in winter and drought season, and higher in summer.
During the growing season (May and June), the
carbon fixation in 2004 is little less than that of
2003, because in the former part of 2003, the ade-
quate water content did not influence the ecosystem
processes in 2003, but the drought stress in 2003
play a lag effect on ecosystem processes in 2004.
From July to October, carbon fixation in 2004 is
higher than that of 2003; the precipitation plays the
role in the differences. The obvious differences of
monthly diurnal variation also proved that the ne-
cessity of observation on carbon exchange between
atmosphere and terrestrial ecosystem for a long
term.

Meanwhile, the photosynthesis of single leaf is very
important to understanding the photosynthesis on the
ecosystem level. We also compared the monthly diur-
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Fig. 2. Seasonal dynamics of PAR, air temperature (39.6 m), VPD (39.6 m), precipitation and soil water content (5 cm) in 2003 and 2004.
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nal variation of NEE with photosynthesis on single
leaf scale (Fig. 4). After 6:00, along with the increas-
ing of PAR, CO, was captured more and more via
photosynthesis, and at the same time, the negative
NEP supported the point. The photosynthesis of single
leaf reaches its peak around 11:00; however, NEE
reaches its peak around 12:30, and when the PAR is
lower than light compensation point around 18: 00, the
photosynthesis cease and NEE became positive, which
suggests its role of carbon sources.
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Fig. 4. Comparison of monthly diurnal variation of NEE with diurnal
variation of single leaf photosynthesis (NEE: net ecosystem exchange,
Masson pine forest: Masson pine forest single leaf photosynthesis rate,
Slash pine forest: Slash pine forest single leaf photosynthesis rate).

2.3 Seasonal dynamics of ecosystem carbon fixation

The main advantage of EC is its contribution of
capturing seasonal variation of carbon flux. We also
analyzed the NEE, RE and GEE in 2003 and 2004
(Fig. 5). NEE is determined by the difference of RE
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and GEE, all of them showed obvious seasonality,
lower in drought season and higher in summer. The
decreasing RE during drought season in 2003, along
with the decreasing of NEE, totally shows carbon
sources.

One of the purposes of CO, measurement in long
term using EC is to estimate the carbon fixation ac-
curately. Our study showed that the planted forest
will be a carbon sink in two years; the NEE, RE, and
GEE are —387.2, 1223.3 and -1610.4 g C m™-a”' in
2003, and —423.8, 1442.0 and -18659 g C m>.a”"
for 2004. Meanwhile, ihie carbor fixation is different
for 2003 and 2004. The carbon fixation in 2004 is
higher than that of 2003, which suggests that the
influence of drought on carbon fixation could be

G.5%.

3 Discussion

3.1 The influence of high temperature stress on pho-
tosynthesis

The synchronous occurring of drought and high
temperature is the law for planted forest in Qian-
yanzhou. Figs. 6 and 7 show that response of day-
time NEE to PAR is significantly correlated to tem-
perature. The proper temperature range for photo-
synthesis is 24 —28°C (Fig. 6), and 20—32°C (Fig.
7). Drought stress limited the temperature range for
photosynthesis. When the temperature is higher than
32°C, NEE will decreases, which results from the
increased ecosystem respiration and decreased total
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Fig. 5. Seasonal variation of NEE, RE and GEE for 2003 and 2004.
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ecosystem exchangeml. High temperature leads to
high water pressure, so it is hard to separate the high
temperature stress and drought stress on the de-
creasing of carbon fixation. We used residual analy-
sis to determine the role of temperature and water va-
por pressure on ecosystem exchange. NEE was influ-
enced by PAR, it is negatively correlated to PAR,
which could be described by the Michaelis-Menten
model (Fig. 8(a), (b)). When the air temperature is
higher than 30°C, residual is correlated to tempera-
ture significantly (Fig. 9(a), (b)). The residual is
correlated to water vapor pressure significantly
when water vapor pressure is higher than 1kPa (Fig.
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10(a), (b)). Through the above analysis, we knew
that the VPD influences carbon fixation on the eco-
system level much more, for high VPD could induce
Stomatal closing, and thus inhibit photosynthesis on
the ecosystem level??),

3.2 The influence of temperature and soil water
content on RE

Fig. 11 shows the response of RE to air tempera-
ture in 2003 and 2004; on the ecosystem level, tem-
perature is the dominant factor on carbon emission
from planted forest. Yi: et ai.™ and Wen er al!™ re-
ported that under the drought sizess, water condition
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Fig. 8. The relationship of PAR to the difference between estimated and observed daytime Fnge (open square stands for the results from

Michalis-Menten model).
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Fig. 10. The relationship of VPD to the difference between estimated and observed daytime Fygg (open square stands for the mean Fygs for

every (.2 kPa).
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could be the dominant factor on RE in Qianyanzho;
temperature and water content influence the RE to-
gether. In our study (Fig. 11), the response of RE to
temperature is lower in 2003 than 2004, which results
from the droughi in 200%. Under the drought stress,
soil water content influence RE and its sensitivity to
temperature, i.e. Qo, for the Qo is very low under
drought stress!'),

3.3 Contribution of soil respiration to ecosystem
respiration for planted forest

It is still a disputed issue on how much contribu-
tion will plant respiration and soil respiration play

(247261 ' Some studies

on ecosystem carbon balance
reported that soil autotrophic respiration and het-
erotrophic respiration could reach 75% of ecosystem
respiration[27'28]. We measured the soil surface CO,
emission 50 away from our flux tower (in same
vegetation) with static chamber equipped GC in the
study period. The results show that the soil respira-
tions in the studied site are lower than other re-
ports[27'28' whether the litter fall was removed or not.
The soil respiration on bare soil account for 42.5%
of ecosystem respiration, and soil respiration from
litter fall-covered soil reaches 58.9% of ecosystem
respiration (Fig. 12). The mean reason lies in the
young forest in Qian Yanzhou, so the growing lead
to the intensive respiration of plant, so the relative
proportion of soil respiration will be low; mean-
while, the low pH value (4.6) and organic matter
(2.6%) also contributed to the low proportion of soil

O Ecosystem respiration # Soil respiration on bare soil
4 Soil respiration from litter fall-covered soil
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Fig. 12. 'The contribmtion of soil respiration to ecosystem respiration
over planied foresi in 2004.

respiration in ecosystem respiration.
3.4 Comparison with other studies

Using EC to measure CO; flux in a long term could
accurately estimate the carbon fixation of plantation
ecosystem in Qianyanzhou. Through the study for two
years, the planted coniferous showed a carbon sink
along the whole period, whatever drought of 2003 or
normal condition of 2004, which suggests the impor-
tant role of planted coniferous in carbon cycling. The
carbon fixation in 2004 is higher than that of 2003,
which means that effect of drought stress on carbon
fixation is large, even 9.5%. Comparing with other
studies sited in similar latitude (Table 3), our estima-
tion is very close to other observations. However, the
NEE in our study is higher than other studies of natu-
ral forest, even more than 10 times, but the reason
maybe lies in the growing of a panted forest, which
leads to high carbon fixation. Meanwhile, the growing
for the whole in sub-tropical leads to a strong carbon
sink. Some investigation also shows that the planted
forest will decrease the grow rate after 20 years, and
thus modify the forest stand and density; meanwhile,
reducing mixed forest of coniferous and broad leaves
will be a better choice for forest management and
carbon policy. In the case of the lack in observation on
the same vegetation, the comparison is a preliminary
job; further study on the same tree and their compari-
son will be a future point.
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Table 3 Comparison with other studies in similar latitude

Characteristics This study Sky Oaks Biological Field Station Gainesville-cypress wetland Gainesville (Mize)-slash pine
Longitude 26°44'N 33°22'N 29°46'N 29°45'N
Latitude 115°03'E 116°37'W 82°12'W 82°14'W
Vegetation planted coniferous Jungle Wetland cypress planted pine
Climate subtropical Mediterranean subtropical subtropical
NEE/gCm?a' —483.58—-519.45 -56.7—-176.3 -37—-84 -740—-610
Reference this paper Baldocchi, 2004 Clarke, 1999 Clarke, 1999

(www.fluxnet.ornl.gov)

(www.fluxnet.ornl.gov) (www.fluxnet.ornl.gov)

4 Conclusions

On the ecosystem level, the diurnal variation of
NEE for planted coniferous in 2003 and 2004 changes
along seasons, i.e. lower in winter and higher in sum-
mer. For May and June, the carbon fixation in drought
condition is little higher than that in th¢ normal condi-
tion, which maybe results from the previous adequate
water before the drought swess in 2003, but the
drought in 2003 leit 4 lag effect on the ecosystem in
2004. For the growing season, i.e. from July to Octo-
ber, carbon fixation in 2004 is higher than 2003, and it
may be due to the effect of the combined impact of
high temperature and drought.

The NEE, RE, and GEE of 2003 and 2004 for plan-
tation ecosystem in Qian Yanzhou show obvious sea-
sonal variability, i.e. lower in winter and drought con-
dition, higher in summer. Light is the main controlling
factor for NEE over plantation, and both temperature
and VPD influence NEE with stronger impact of VPD,
Under the condition with proper light, drought could
decrease the temperature range for carbon absorbing
over plantation, while temperature and precipitation
jointly dominate the RE.

The NEE, RE, and GEE for planted coniferous in
Qianyanzhou are -387.2gC-m2a ', 12233 gC-m™
a”',-16104 g C-m2a™' in 2003 and 423.8 g C-m™
a”',14420gC-m>a™", -1865.8 g C-m 2 a™" in 2004,
respectively; meanwhile, the soil respiration accounts
for 42.5% and 58.9% of the ecosystem respiration for
these two years, which suggests the intensive carbon
absorbing ability of planted coniferous in Qianyan-
zhou.
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