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Abstract The long-term and continuous carbon fluxes of Changbaishan temperate mixed forest
(CBS), Qianyanzhou subtropical evergreen coniferous forest (QYZ), Dinghushan subtropical ever-
green mixed forest (DHS) and Xishuangbana tropical rainforest (XSBN) have been measured with
eddy covariance techniques. In 2003, different responses of carbon exchange to the environment
appeared across the four ecosystems. At CBS, the carbon exchange was mainly determined by ra-
diation and temperature. 0°C and 10°C were two important temperature thresholds; the former de-
termined the length of the growing season and the latter affected the magnitude of carbon exchange.
The maximum net ecosystem exchange (Neg) of CBS occurred in early summer because maximum
ecosystem photosynthesis (Gep) occurred earlier than maximum ecosystem respiration (Re). During
summer, QYZ experienced severe drought and Nee decreased significantly mainly as a result of the
depression of Gpp At DHS and XSBN. Nz was higher in the drought season than the wet season,
especially the conversion between carbon sink and source occurring during the transition season at
XSBN. During the wet season, increased fog and humid weather resulted from the plentiful raintall,
the ecosystem Gepwas dispressed. The Qio and annual respiration of XSBN were the highest among
the four ecosystems, while the average daily respiration of CBS during the growing season was the
highest. Annual Nge of CBS, QYZ. DHS and XSBN were 181.5, 360.9, 536.2 and -320.0 g<Clm'2-a“,
respectively. From CBS to DHS. the temperature and precipitation increased with the decrease in
latitude. The ratio of Nec/R. increased with latitude, while Re/Gep, ecosystem light use efficiency (L. g).
precipitation use efficiency and average daily Gep decreased gradually. However, XSBN usualiy es-
caped such latitude trend probably because of the influence of the south-west monsoon climate which
does not affect the other ecosystems. Long-term measurement and more research were necessary to
understand the adaptation of forest ecosystems to climate change and to evaluate the ecosystem
carbon balance due to the complexity of structure and function of forest ecosystems.
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The responses and adaptation of terrestrial ecosys-
temn to global changing were the premise for under-
standing the interaction between ecosystem and at-
mosphere " As a major component of terrestrial eco-
systems, forests play an important role in mitigating
global climate change, and the carbon processes and
exchanges of forest ecosystems have received great
attention in global carbon cycling research” °. Re-
cently, long-term and continuous measurement of
carbon flux became possible due to the advancement
in the eddy covariance technique (EC), which has been

assumed as the standard method in flux measurement!’’

and applied to tropical rainforests'® '"!

[11.,12] [4.13,14]

, temperate for-

ests and boreal forests to provide the nec-
essary data for the evaluation of ecosystem carbon
balance. However, there is great uncertainty and in-
consistency among current research: long-term meas-
urement and more analysis are necessary to evaluate
the carbon sink/source status of different forest eco-
systems and to explain the response and adaptation of
carbon to climatic

forest ecosystem

[1.6]

processes
change

As the link and intermedium that couples different
spatial and temporal scales and an effective approach
to understand the regional responses under global
changing, the transect method utilized the comparative
research of different typical ecosystems under the en-
vironmental gradient to understand the response and
adaptation of ecosystem function and processes to
climatic changem'A In China. the plentiful terrestrial
ecosystems and environmental gradients provide a
unique scientific platform for studying carbon cycling.
Along the North-South Transect of Eastern China
(NSTEC), carbon. water and energy fluxes of four
typical ecosystems were measured with eddy covari-
ance in ChinaFLUX from 2002. The long-term flux
measurements will help to not only evaluate the eco-
system carbon budget under different environments,
but also to analyze the response of ecosystem carbon
processes and mechanism o global change on a re-

: e
gional scale! ™,

From cold temperate forests to tropical rainforests.
NSTEC includes different types of forests and such
transect was driven by the water and heat gradi-
ent'"™! This unique forest landscape was formed under
the influence of the Eastern Asian monsoon climate.
such as the subtropical evergreen broadleaf forest near
the tropic of cancer in China, while such region was
usually covered by desert or grassland in other regions.
This study on this forest transect will help us to under-
stand and evaluate the responses and adaptation of
forest ecosystems to the East Asian monsoon climate.
However, most previous research only focused on sin-

gle forest ecosystems{17 11

. and integrated research
has not been reponed“sl. In this study, the carbon flux
data from ChinaFLUX was utilized to analyze (1)
seasonal variation in carbon exchange of typical forest
ecosystems along the transect, (2) the environmental
controlling mechanism of carbon exchange and (3) the
effect of water and heat gradients on the carbon
budget.

1 Materials and method
1.1 Site description

From north to south. the North-South Transect of
Eastern China (NSTEC). the 15th standard transect of
IGBP. mainly includes temperate mixed forest. warm
temperate deciduous broadleaf forests. subtropical
cvergreen coniferous forests. subtropical cverereen
broadleaf forests and tropical rainforests: and such
transect was driven by the heat and water gradient.
The COa. HyO and energy fluxes of the Changbaishan
temperate mixed forest (CBS). Qianyanzhou sub-
(QYZ).
Dinghushan subtropical evergreen broadleal” forest
(DHS) and Xishuangbanna tropical rainforest (XSBN)

were measured continuously  with eddy  covariance

tropical  evergreen  coniferous  forest

technique from 2002, Basic information for each site
is listed in Table 1: more detailed descriptions are pro-
vided in Liv er al " Guan er ol Zhou et al " and
Shaeral™".
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Tabi. i Physical, vegetation and measurement feature ot three forest sites

Site ™ CBS QYZ DHS XSBN
Location 41 29N, 128°0S'E 26 44N, S01E 23 10N, 101°12°F 21 30N, 101921
Topography flat werrain hilly region hilly region valley
Elevation /m 736 100 300 750
Mecan Daytime ~
air Icmpc;'ulurc [ o e 2t 203
Precipitaton/mm AFN 1485 1.956 1.493
Soll type dark mrown soil red soil ]\d{:l:::i:? ol tateritic red soil
Canopy herght (m) 26 I3 15 36
LA (m™-m”) S6 3.6 40 6.0

Dominant species

Roughness height (m)
Height of EC (m)

Height of radiation/m

Precipitation (m)

Profiles of air temperature and

Pinc: Aoraiensis.
[ilic cmurensis,
Quercus mongolica. et

1.5

10

abuve canopy 32

below canopy 2

70

2,50 %.0. 22,0, 26.0. 32.0.

Pinus elliottit.

Pinus massoniuna.

Cunninghamic  lanceo-

lata. et

1.0

39

above canopy +2
below canopy 2
42

1.6. 7.6, 11.6. 15.6. 23.6.

Cleistocalvy opercalaties,
Svovgium jumbos.,

Cuastanopsis chinensis. et

2.0

27

above canopy 36

below canopy 2

36

4,00 9.00 15.0, 21 00 27.0.

Pometia  tomentosa,  Ter-
minalia mvriocarpa. Bar-
ringtonia  macrostachya,
Gareinia cowal, etc

30

18.8

above canopy 48.8

below canopy 2

70

4201630 26,2, 36.5. 42.0,

humidity (m) S0 418 31.6,39.6 31.0.36.0 18.8. 70
Soil temperature (m) .08 0.05 0.05 0.05
Soil moisture (m) G5, 0.20. Q.50 0.05.0.20, 0.5 0.05.0.20. 0.40 0.05.0.20, 0.40

a) CBS, QYZ, DHS and XSBN indicate Changbaishan temperate mixed forest. Qianyanzhou subtropical evergreen coniferous forest. Dinghushan
subtropical evergreen broadleaf forest anc Xishaungbanna tropical rainforest. respectively.

1.2 Flux and routine meteorology measurement

Uniform open path eddy covariance system (OPEC)
and observation methods were applied to measure the
long-term and continuous CO,. H,O and energy fluxes
between the biosphere and the atmosphere across dif-
ferent sites. 3D wind speed and temperature were
measured with a 3D sonic anemometer (Model
CSAT-3, Campbell Scientific Inc.) and the concentra-
tion of CO, and H,O were measured with an infrared
gas analyzer (Model LI-7500. Licor Inc.). The raw 10
Hz data was collected and stored using a datalogger
(Model CR5000, Campbell Scientific). and the 30 min
flux data was calculated and exported to a computer.
Routine meteorological fact ors such as radiation,
temperature, precipitation and soil moisture, etc. were
also measured with the same instruments at each site.
The details of the measureir:.nt are also described in
refs. [17, 18].

1.3 Flux calculation

1.3.1 CO, flux. Using the oddy covariance tech-
nique (EC), CO,, H,0 and crergy fluxes between the
biosphere and the atmosphere were calculated with

measured wind pulse and scalar pulscm. and the CO,
flux (F.) was calculated as

F.=pw'c’. (b
where p is the air density, ¢ is the concentration of COs,
and w is the vertical wind speed. The over-bar ifidi-

cates an averaging operation; the primes indicates the
differences between instantaneous and mean values.

1.3.2 Canopy storage. For vegetation with a high
canopy, as is typical of a forest. the net ecosystem ex-
change (Ngp) 1s significantly influenced by canopy
storage of CO, (Fy) (221 Generally. F can be estimated
through two approaches M2 the first approach is the
CO; profile method in which the variation in concen-
tration of CO, are measured within and above the
canopy with a CO, profile system. and the second
measures variations of CO- concentration at the meas-
urement height. Because the CO; profile system was
not available at DHS and XSBN. F, was estimated

with the second approacl: as in Hollinger er al. ™.
A N
F="C0 (2)
At

where Ac is the change of COs concentration between
two continuous measurements. Ar i1s the time internal



'J’A\

between two continuous mcasurements (Azis 1800 s in
this study), and A is the measurement height. Nyy is
calculated as
Nig =F+F i3)

In this study. positive N means that the vegetation
sequestrated CO, from the atmosphere, while negative
Ny indicates that the ecosystem released CO; to at-
mosphere.
1.3.3  Absorbed photosynthetic photon flux density.
The absorbed photosynthetic photon flux density ((.)
was estimated as in Griffis er al.'™*!,

Q,=(1-mQ,(1-e™), )

where k is the extinction coefficient (k equals 0.5, 0.4,
0.4 and 0.5 for CBS, QYZ, DHS and XSBN, respec-
tively), 77is the canopy albedo of photosynthetic ra-

diation (77 equals 0.03. 0.04, 0.03 and 0.03), Q, is

incident the photosynthetic photon flux density, and
LAI is the canopy leaf area index, estimated as,
LAI= «-lln (Qpb , (5)
£ G
where Q,,, and (), are the photosynthetic photon flux
density measured below and above the canopy, respec-
tively.

I.4  Data processing

1.4.1  Coordinate rotation and WPL conversion. 3D
coordinate rotation was applied to force the vertical
wind speed to be zero and reduced the effect of topog-
raphy[m‘ CO- concentration as measured by the infra-
red gas analyzer is the molar density rather than the
molar ratio; thus, this measurement is affected by
variation in air temperature, atmospheric pressure. and
humidity‘m. In order to remove the influences of the
variation in heat and water. thc WPL conversion was
applied after the coordinate rotation.

1.4.2 Data filtering.
data representing the interaction between vegetation

In order to obtain the true flux

and atmosphere and to reduce noise. the raw data were
filtered using the following steps: (1) data collected
during rain was eliminated. (ii) the flux threshold was
set to be [=3. 3] and climinated the apparent spikes.
(111) according to the relationship between nighttime
flux and friction wind speed (). the thresholds of ™

were identified as 0.1 for XSBN. and 0.2 m ~' for
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CBS. QYZ and DHS, respectively''™"”!

time flux data with «* lower than the threshold were

, and the night-

rernoved. and (iv) data that exceeded the meant1.96c
were removed. After data filtering, the available day-
time data were 83%. 82%, 73% and 76%. while the
nighttime data were only 34%. 30%, 34% and 15%,
respectively.

{.4.3 Gap filling. Continuous data was necessary
for the evaluation of the carbon budget with the eddy
covariance technique, but data gaps were inevitable
due to instrument failure, calibration and bad whether.
The common methods for gap filling include mean
daily variation (MDV), nonlinear regression, look-up
table and neural network methods. In this study, the
nonlinear regression method was applied to fill the
data gaps. Short-time (<2 h) gaps were interpolated,
while long-term daytime gaps were filled by inserting
with the Michaelisl-Menten model ™' using a time
window of 30 days,

an I max
aQ, + F,

max

Nip = — Ry, (6)
where o is the ecosystem photosynthetic photon yield
(mg CO, pmol“1 photon), Pn.x is the maximum pho-
tosynthetic rate (mg CO; m™*s™), Ry is the daytime
ccosystem respiration (mg CO, m’2~s"]),and Q, is the
photosynthetic photon flux density (Umol photon
ms .

Nighttime gaps were inserted with the relationship

125]

between flux and temperature

Ny =Ae™, (7)
where T is the soil or air temperature, both A and B are
constants, and B=In(Q,y/10), Q)¢ is the sensitivity of
respiration to temperature variation.

Short-time data gaps of routine meteorological fac-
tors (<2 h) were also interpolated. while long-term
daytime gaps were inserted with gliding windows with
window sizes of 14 and 7 for daytime and nighttime.
respectively.

1.4.4  Estimation of ecosystem respiration and pho-
tosynthesis.  Ecosystem respiration (R.) was usually
estimated by two approaches. The first used the rela-
tionship between the nighttime flux and temperature as
in equation (7). After the parameters were fitted. the
retationship was scaled to the whole day to estimate

the ecosystem respiration. The second used the rela-
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tionship between daytime flax and Q, as in equation
(6). and after Ry was fitted. the ecosystem respiration
could be estimated with equation (7). Ecosystem pho-
tosynthesis (Gpp) was calculated as the sum of Ngg and
R..ie.
Gpp=Nig+R.. (8)
With the processed and estimated data, the daily.
monthly and annual R.. Nge. Gpp and routine meteoro-
logical factors were calculated. All data processing
and calculations were completed with MATLAB
(Math Works Inc.. Natick. MA).

2 Results

2.1 Environmental factors

Compared to long-term records, the climate of each
ecosystem was warmer and drier in 2003. The annual
precipitation was particularly reduced, 37%, 43%.
34% and 23%. respectively (Figs. 1 and 2). At Chang-
baishan temperate mixed forest (CBS). precipitation
and temperature demonstrate synchronous seasonal
variation. During the growing season (April to Sep-

tember), the average dailv temperature was 16°C and

the accumutated precipitation was 89% of annual pre-
cipitation. At Qianyanzhou subtropical evergreen co-
niferous forest (QY7Z). a ~evere drought was observed
during the summer. In Juls. the precipitation was low
while the daily average temperature and VPD reached
more than 30°C and 4 kP respectively. and the soil
water content decreased to (.1 m’ m™ (Figs. 1 and 2.
According to long term records. Dinghushan sub-
tropical evergreen mixed forest (DHS) appeared to
experience drought (from April to September) and wet
seasons (from October t¢ next March) in a yeariw‘. In
2003. the accumulated precipitation during the wet
season accounted for 88% of annual accumulated pre-
cipitation. Under the influcnce of the Southwest mon-
soon climate. Xishangbanna tropical rainforest (XSBN)
displayed an apparent tog-cool scason (from Novem-
ber to next February). a drv -hot season (from March 10
April) and a wet-hot scas rirom May to October)™"
During the three differen: ~casons in 2003, the daily
average temperatures were 5. 23 and 24 C. respec-

tively. accumulated precipuauion were 171. 147 and

40
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Fig. 1. Seasonal variations of duiis uverage temperature (thick line) and VPD thin line). In order to remve i cuos ey fobse, a running mean filter

with 5 windows was applied. CES. QYZ, DHS and XSBN indicate Changbatshan temperate mixed forest. Qi

wshow subtropical evergreen contt-

erous forest, Dinghushan subtropical evergreen broadleaf forest and Xishaunghanna tropical rainforest. respecti
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Fig. 2.

Seasonal variation in daily average soil moisture (thick line) and daily accumulated precipitation (thin line). CBS. QYZ, DHS and XSBN

indicate Changbaishan temperate mixed forest, Qianyanzhou subtropical evergreen coniferous forest, Dinghushan subtropical evergreen broadleaf

forest and Xishaungbanna tropical rainforest, respectively.

832 mm, respectively, and the daily average VPD were
0.5. 0.9 and 0.7 kP. respectively. Generally, the water
and heat condition increased with decreasing latitude.

2.2

Ecosvstem respiration and temperature

Ecosystem respiration (R.) was estimated with both
daytime and nighttime flux (Fig 3); the estimated pa-
rameters and annual R, are presented in table 2. Dur-
ing the estimation of nighttime flux, the data were
block-averaged at 2°C intervals with at least 10 data
points in cach interval. The temperature selected for
the estimation was different across the four ecosys-
tems. For CBS and XSBN the soil temperature was
selected. while the air temperature near the ground
was selected for other two ecosystems. The selection
of temperature with different heights was identified
with the magnitude of relation coefficient between the
nighttime tlux and temperature. and this might reflect
the different sources of ccosystem respiration. For
CBS and XSBN the ccosvstem respiration may mainly
come from the soil respiration because of the old age
(9]

and high content of soil organic matter © . whereas

vegelation respiration niay serve as the main source of

ecosystem respiration in the other two ecosystems.
However more studies are needed to test such pre-
sumption.

Fig. 3 and Table 2 indicate that the two approaches
yield different estimates of R.. In CBS, QYZ and
XSBN the estimated R, with nighttime flux was higher
than that with daytime flux, especially the difference
attains more than 600 g~C~m’2~a" at XSBN. Different
turbulent intensity, flux fetch and plant ecophysi-
ological responses might explain such differences in
R..
would be much larger than that of daytime. In flux

For example. during nighttime, the flux fetch

measurements, the nighttime flux could be assumed as
the ecosystem respiration directly, so the estimated R,
with nighttime flux was adopted and analyzed in the
following sections.

Table 2 shows that XSBN>CBS>QYZ>DHS for the
temperature sensitivity of R. ((Qyy) and annual R..
while CBS>XSBN>QYZ>DHS for R. under 15C
reference temperature (Ry.1s). The annual R, of CBS
and QYZ are 1343 and 1280 ¢-C'm

which are comparable with the results of Yu e af. )
I

2 -
‘a . respectively.

rannual R. estimated as 1268 and 1197 ¢-:C:m ~a
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daytime respiration respectively. The daytime respiration is estimated with equation (6) and 30 days gliding window. The nighttime respiration is the
nighttime flux data and block averaged at 2 °C interval. and there are at least 10 data in each interval. The real and dash lines indicate the estimate

respiration-temperature response curves with nighttime and daytime respiration, respectively.

Tuble 2 Ecosystem respiration estimated with daytime and nighttime tiux data

. Annual R,
A B L
- Sf B T 77Q“]7m  mgCm’sh {(gCm*al)
CBS R 0.0557 0.1065 2.90 (.275 1343.56
R 0.0305 0.1319 3.74 1.220 1030.47
b Ry 00516 0.0524 1.69 0113 1280.36
QYZ ) <
R 00401 0.0520 168 {108k 987 80
R 10393 0.0472 1.60 04180 918.94
DHS R 7
Ry: (.0362 0.0517 1.68 DT 933,40
. R 1.0272 0.1106 3.03 RG] 2246.72
XSBN . 7
Ra 0.0398 0.0771 2.16 0.127 1634.47

A and B are constants: Qy is the temperature sensitivity of ecosystem respiration which represents the relative variation of respiration when the
temperature increase 10°C: Ry« s the ecosystem respiration under reference temperature (15°C): R and Ry indicate the ecosystem respiration are

estimated with nighttime and daytime flux, respectively.

respectively). cumulated Ny and radiation. At CBS there was an

: » apparent growing and non-growing season during a
2.3 Responses of ecos e carbon ex hange 1o cn- = v < = <
year. while in the other three ecosystems growth could

vironment . . .
last the entire vear. so only the data from growing
Generally. ecosysten: carbon exchange was deter- season was selected at CBS.
mined by radiation, temperature and water condi- The relationship between daily Ny and radiation
C 1612 . . )
tion'®" In this study. the residual analysis method could be well deseribed with Eq. (6) at CBS. QYZ and
was applied 0 analyze the response of ecosystem car- DHS (Fig. 41— however. this relationship

~he R smtal fae . Yo o0 . . .
bon exchange to environmental factors (Fig. 4). Fig. could be described with linear or rectangular hyper-

4(a)—(d) display the relationship between daily ac- bola. s0 a quadratic equation was used (Fig. 4(d)). At
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Fig. 4. The relationships between daily accumulated Ny, and residuals and environmental factors. Residual is the difference between Nig and esti-

mated Mg with Eq. (6) or quadratic equation. (a)—(d) present the relationship between Ny and radiation: (¢)— (h) the NEE residuals and temperature:
(1) — (1) the NEE residuals and VPD: (m)—(p) the NEE residuals and soil moisture. The real lines indicate the trend lines.

the scale of a day, the ecosystem photosynthetic pho-
ton yields (& were 094, 061 and 0.74
g-C-pumol -photon for CBS. QYZ and DHS, respec-
tively. the ecosystem maximum photosynthetic rates
(Prax) were 9.07. 4.45 and 5.09 g~C-m*2-s_], and eco-
system daytime respiration rates (Ry) were 5.34, 2.14
and 2.15 g~C~nfz~s'1
tial photosynthetic capacity of CBS during the grow-

. respectively. Clearly the poten-

ing season was higher than that of the other ecosys-
tems. while the respiration rate was also high.

Fig. 4(e)— (1) present the relationship between the
residual and temperature, VPD and soil moisture. Re-
sidual was calculated as the difference between meas-
ured Ve and estimated Ny with Eq. (6) or a quadratic

equation, and the positive (negative) residual repre-
sented the high (low) efficiency of the ecosystem to
sequester carbon under a given amount of radiation'*”’,
The relationship between residual and temperature are
presented in Fig. 4(e)—(h). The residual of CBS in-
creases lincarly with temperature, while the residuals
decrease for the other three ecosystems: the decrease
of residual wt QYZ became apparent when the tem-
perature was higher than 30, Water vapor deficit
(VPD) and soil moisture reflected the ecosystem water
condition. The residual of CBS was not affected by
VPD (Fig. 4(1)) or soil moisture (Fig. 4(m)). whilc the
restiduals of DHS and XSBN decreased with the im-
provement of soil moisture (Fig. 30) and 4(p)). This

~
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indicated that no apparent drought was observed in
CBS. DHS and XSBN. However. the residual of QYZ
decreased with VPD and increased with the tmprove-
ment of soil moisture rapidly due 1o the influence of
severe drought during summer (Fig. 4¢j) and 4(n)).

2.4 Seasonal variations of ecosvstem carbon ex-

change

Seasonal variation in ccosystem photosynthetic pa-
rameters. . P, and Ry are presented in Fig. 5: these
parameters were estimated with 30 min flux data with
Eq. (6). Photosynthetic parameters of CBS displayed
apparent single peak curves, with the maximum values
appearing in June: these maxima were (.0041
mg~COz'pm0171~ph0ton. 1.40 mgCOg'm_z-{1 and 0.34
mg’ COz'm’z-s’] for a, P and Ry, respectively. Com-
pared to CBS, seasonal variation in a for QYZ. DHS
and XSBN was not apparent. However, P, for
QYZ, DHS and XSBN displayed seasonal varation
comparable to CBS with maxima of 1.57. 1.18 and
1.77 mg‘COQ-m"z-sfl, respectively. During the summer,
Pnix of QYZ, DHS and XSBN decreased due to
different reasons. At QYZ, the decrease of P, re-
sulted from the influence of severe drought. Insuffi-
cient radiation resulted from the excessive precipita-
tion and fog during the wet season, perhaps accounting
for the decrease in Ppax at DHS and XSBN. Ry of each
ecosystem appeared similar seasonal variations as
temperature (Fig. 1) and the maximum Ry increased as
DHS<QYZ<XSBN<CBS.

Seasonal variation in Ngg, R, and Gpp are presented
in Fig. 6. The carbon exchange of CBS mainly oc-
curred during April to September. while it occurred
over the entire year for other three ecosystems. The
maximum Ngg occurred in early summer because Gpp
attained a maximum earlier than R.. After the maxi-
mum N decreased with the dechine of Gpp and the
increase of R. from August. This variation is similar to
that described for a boreal deciduous broadleaf forest
41 Under the influences of summer drought, Ny of
QY7Z decreased significantly because of the depression
of Gpp. During the wet season at DHS. the Gpp was
depressed due to insufficient radiation resulting from
the excessive rainfall and frequent fog. R, also re-
mained high under the higher temperature. while both
Gpp and R. were lower in drought season. As a result,

g
‘o

<iransect i China

—o (RS Y/
coe DS . NSBN
mn N

Spmol L photon

cr(mg -0

|
)

-8

- m

Simp-CO

i
o

»

)

!

-m

Ro(me -0,

fan  Mar May o Jul Sep Ny
Month

Fig. 5. The searonal variations ot ccosystem photosynthetic parame-
ters estimaied v.ith Equation (6). a is the ecosystem photosynthetic
photon yield. £, is the ecosystem maximum photosynthetic rate. and
R, is the ecosystem: daytime respiration.

seasonal varlation in MNgg was relative flat and ap-
peared to be 4 continuous carbon sink throughout the
year. XSBN uppeared to be a carbon sink during the
fog-cool season. changing to carbon necutral status in
the dry-hot season. However, such ecosystem became
a moderate carbon source due to the depression of Gpp
and increase of R. under the humid and warm climate
in the wet-hot season.

Seasonal variation in carbon budgets are presented
with monthiyv ratio of Gpp/ R, in Fig. 7. Gpp/ R, <1.0.
indicates thar the ccosystem Gpp was fower than R..
and that the coosystem is a carbon source. Gpp/ R, =1.0.
indicates carbon balance. i.e. the CO; sequestrated by
Gpp was wotaily respired by R Gpp/R. >1.0 indicates
that the ccosystem is a carbon sink Hor Fig. 7 shows
that seasonal variation in Gpp/ R. of CBS 1s similar to
that of temperature (Fig. 1. and the ecosystem ap-
peared to be the carbon sink during May to August,
with the maximum ratio occurring in June. Although
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Seasonal variation in Ngg, R. and Gpp. Ngg as calculated with the flux data filtered with «*. The missing daytime data were filled with Equa-

tion (6)using a time window of 30 days. the missing nighttime data are filled with Eq. (7). R. is estimated by the nighttime flux data with Eq. (7). and

Gpp=Neg+R..

QYZ appeared to be a carbon sink in every month, the
ecosystem became nearly carbon balanced under the
influence of summer drought in July. DHS appeared to
be a continuous carbon sink for the entire year, espe-
cially in January and December when the Gpp was
twice as large as R.. At XSBN, nearly every monthly
Gpp/ R. was lower than 1.0 except during the fog-cool
season. The annual R/Gpp were 81%, 78%, 63% and
116% for CBS, QYZ, DHS and XSBN, respectively.

30
e CBS = QY7
e DHS e NSBN
2.0 +—
1.0
0.0

Jan. Feb Mar Apr May un Jul Auag Sep Oct Nov Dec

\Month
Fig. 7.
hetween monthly Gy and R The mauon Ge/Re >1.00 =1.0 and <1.0

Seasonal variation of Gp/R.. Each dot represents the ratio

indicates the ecosystem appears o be the carbon sink. carbon neutral

and carbon source. respectively

2.5 Annual carbon balances

The annual carbon budgets of CBS, QYZ, DHS and
XSBN are presented in table 3. R. was estimated with
nighttime flux data, and Gpp=Nge+R,. In 2003, annual
Ngg of CBS, QYZ, DHS and XSBN were 181.5. 360.9,
536.2 and -320.8 g‘C-m‘2~afl, respectively.

Energy balance closure, which is usually repre-
sented by the ratio of available energy (solar radiation
+ soil heat flux + canopy heat storage) and turbulent
energy (latent heat flux + sensible heat flux), could
reflect the energy budget of the ecosystem i Energy
balance has been often utilized to evaluate the flux
data quality B and correct the annual N A for-
mer study indicated that the energy balance at CBS.
QYZ, DHS and XSBN are 83%. 77%, 82% and 58%

in 2003, respectively 32!

. In this study annual carbon
exchange was corrected with energy balance directly.
Table 3 shows that replacement of low «* data at night
reduces the raw flux totals substantially. The EBC
correction increased daytime fluxes more than night-
time fluxes and resulted in greater Ny because Gpp
was significantly larger than daytime R.. while the
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Tarle 3 Ecosystern carbon balances (g Crmova )
.. R. Gyp ANt
Site N . . .
LBC N-LBC EBC N-EBC RAW EBC N-EBC
CBS 1618.7 13436 18374 152501 391.4 2187 [N
QY7 16628 12804 21318 1641.3 687.60 1687 RIS
DHS 1120.7 GiR9 1774.6 14551 741.3 653.9 i
XSBN 38737 224607 3320.5 19259 120.2 -553.2 S32008

EBC. Encrgy balunce closure corrected tlux values with the nighttime flux duta filtered with «*: N-EBC. non-cnergy balance closure correcied

flux values the nightime flux data filtered with «*: RAW. non-cnergy balance closure corrected with low o nighttime observations inchuded. R wre

derived from the nighttime flux data. G is estimated as the sum of Ay and R,

annual Ny at XSBN become more negative because
the Gpp was lower than R.. EBC- and 1* -corrected
annual Npp were 218.7, 468.9. 6539 and -553.2
g~C-m’2~u'] for CBS. QYZ. DHS and XSBN, respec-
tively. The validity of the EBC method should be

evaluated further' ™.

3 Discussion

3.1

Compare to other forest ecosystenis

Table 4 presents the carbon budgets of different
forest ecosystems. The annual Nyg of CBS was within
the range of variation of similar ecosystems. Com-
pared to higher latitude coniferous forest ecosystems.
annual Ngg of QYZ was similar to that of Le Bray for-
est. The annual Ngg of DHS was lower than that of
Manaus and higher than that of Rond. However,
XSBN appeared to be a moderate carbon source in
2003, while the other rainforest ecosystems in South
America were carbon sinks.

3.2 Influence of phenology on carbon budget

Ecosystem carbon budget was intiuenced signifi-

714301 Eor the temperate forest

cantly by phenolog
ecosystem, the temperature determined the length of
growing season and the amplitude of carbon cx-
changc'14‘3()]. In 2003, ccosystem R.. Ny and Gpp of
CBS displayed similar scasonal variation to that of
temperature; canopy development (LA was alse in-
fluenced by temperature (Fig. 8(a)).

The ecosystem photosynthesis (Gpe® -+ us influenced
by temperature and leaf arca via enzynie activity dur-
ing the photosynthesis and photosynthetic arca. [n or-
der to quantify the respective contribution of tempera-
ture and leaf arca to Gpp. a simple method was applied.
First, the amplitude of LAI during the winter was as-
sumed to be the background LAT (LAL): this was

about 1.5 m~m ~. Second. the Gpp of per unit LAl
(Gppa) was calculated as the ratio of Gpp and the cor-
LLAL. Third. the contribution of tempera-
(Gppy) was estimated as LAIL, times Gy

responding
ture to Gpp
the difference between Gpp and Gpp, indicates the con-
tribution from leat area (Gppyap). Fig. 8(b). shows that
both Gpp, and Gpppa; increase with temperature. but
the increase of Gppy ap 1s much more rapid (Fig. 8th:).
According to the fitted curves, the contributions from
temperature and leal arca were 615 and 910 ¢-C-m N
respectively.

Two temperature thresholds significantly affected
the seasonal variation in carbon exchange und leaf
area at CBS. The ecosystem R. and Gpp become active
after the temperature exceeded the threshold of 0C i
the middle March. when leaf arca also increases and
new buds and leaves flush out. Carbon exchange be-
came inactive below the threshold of 0 “C in late Oc-
tober (Fig. 8(a)). When temperatures exceeded 10°C
on the 3rd of April. however. carbon exchange in-
creased rapidly. then decreased quickly after the tem-
perature dropped below 10 °C in late September. Sca-
sonal variation in LAJ also displayed a similar re-
sponse to temperature (Fig. 8(a)). Fig. 9 shows that R...
Nge. Gpp. and LAI increase rapidly after temperature
exceeds 10°C. while a small increase occurs when
temperaiure increases from 0°C 1o 10°C.

Under the influence of subtropical high pressire.
QYZ experienced severe drought from late June ‘o
August «due to low precipitation and high temperati-c.
Gpp decreased significanty during the drought peried
(Figs. 6 and 7). In May and June. when no apparcit
drought was observed. the monthly Mg were 68.8 dad

1

M .
62.2 ¢ Can mon . respectively. However. monthiy

Nip decreased 10 8.6 and 19.8 ¢-C-m ™ mon " in July

and August. respectively. With the apparent rainfall in
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Luble 4 Comparison of Mg among different forest ccosystems

Site Ny oCm 2 Y Vegetution type Latitude
Camp Borden A= 240 o lemperate Iﬁixcd forest 44”719’55
Collelongo. Selva Piany 200 660 temperate mixed torest 41°50'N
Takayama {20214 temperate mixed forest 36°08'N
Tomakomal 203" temperate mixed forest 42744'N
Harvard Forest 12630317 temperate mixed forest 42°32'N
Howland Forest 2103219 temperate mixed forest 45°20'N
Sask.. SSA Old Aspen 1221 temperate mixed forest 53°63'N
CBS 181 temperate mixed forest 42°40'N
Sask.. SSA Old Black Spruce 3568 boreal evergreen coniferous forest S3°59'N
Sask.. SSA Old Jack Pine 78 boreal evergreen coniferous forest 53°54'N
Lec Bray. Bordeaux 372.5 =575 boreal evergreen coniferous forest 44°43'N
Bayreuth 76.3¥ boreal evergreen coniferous forest 50°09'N
Reno\Ritten Bolzano 450¢ boreal evergreen coniferous forest 46°35'N
Niwot Ridge Forest 57.6—152.5% boreal evergreen coniferous forest 40°01'N
Wind River Crane 476.2 boreal evergreen coniferous forest 45°49'N
QYZ 360.9 subtropical evergreen coniferous forest 26°75'N
Rond., Rebio Jaru Ji Parand 102 tropical evergreen broadleaf forest 10°04'S
Manaus 601.7% tropical evergreen broadleaf forest 02°36'S
DHS 536.2 subtropical evergreen broadleaf forest 23°17'N
La Selva —0.05-—792!" rainforest 10°26'N
Ducke 2201 rainforest 02°57'S
Jaru 100! rainforest 10°04'S
Cuieriras 590! rainforest 02°35°S
XSBN =320 tropical seasonal rainforest 21796'N

a) Data source: hup://www fluxnetornl.gov/fluxnet/nee.cfm: The positive Nyp indicates the CO- into the ecosystem. while the negative indicates

the CO; release from ecosystem
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variations clearly. the negative Gy micans ccosysiem sequestrates CO: from atmosphere. (b The respective contribution of temperiature and leat arca

() The coordinated seasonal variations ot ceosystem Re Vg Gppe LAL and air temperature (7)) at CBS. In order o display the seasonal
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temperature. and the difference berween G and Gy indicates the contribution of Teaf arca. The real lines are trend lines
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September, monthly Ny recovered to  37.8
g:C'm™*mon ™",

According to long term records at DHS, the wet
season lasts from April to September, while the
drought season lasts from October to March of the
following year. In 2003, the accumulated precipitation
was 150.7 and 1148.7 mm in the drought and wet sea-
son, respectively (Table 5). During the wet secason, the
average daily Gpp was only 0.4 ¢-C m >d! higher than
that of the drought season. while average daily R,in-
creased 1.0 g-C~m—2-d”1, then Ngg decreased 0.6
g~C-m*2'd_'. The ecosystem photosynthetic parameters
also showed that the P, of the wet season was lower
than that of the drought season, while R, was higher.
The accumulated Ng: in the wet season and the
drought season were 212.4 and 323.7 g~C~m"2. respec-
tively.

Distinct characteristics of carbon exchange during
different scasons were also observed at XSBN (Fig. 6
and Table 5). Comparced to the drought-hot season and
the wet-hot season. the decrease of R. was more ap-
parent than Gpp during the fog-cool season. so the
ccosystem appeared to be a carbon sink. Although Gy,
increased with the improvement of temperature. the
increment of Gpp was lower than R, during the
drought-hot and wet-hot seasons (Table 5). Particu-
larly during the wet-hot scason. the plentiful rainfall

The relationship between average daily temperature and LAL (a). Gpp (b). R, (cvand v
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and resultant frequent fog were not favorable o G, .
while R.increased with the improvement of water and
heat. Influenced by Gpp and R.. ecosystem carbon
balance changed from a carbon sink to a carbon source
during the drought-hot and wei-hot seasons. Vourlitis
et al!”" and Loescher ¢r al™ indicated that a tropical
rainforest in Brazil and Centrai America appeared :c
be a moderate carbon sink due to the improvement of
water and temperature during wet season. while
Goulden et al.™ found that R, was lower due to the
slow decomposition of soil organic matter during :he
drought season. so Ny was higher than that of wet
season. and such variation was also displayed af
XSBN.

3.3 Latitudinal trend of ecosvstem carbon exchanz:

Along with the latitude. the environmental factors
showed apparent latitudinal variations and such varia-
tions influenced the ecosystem carbon exchange sig-
mficantly (Table 6). Fig. 6 presents the environmesiias
factors and parameters that relate 1o ccosvstent carion
exchange: only the data for growing season (Aprit
September) was selected  for CBS. Along the lar .
dinal gradient from CBS to DHS. R./Gpp decrea-2o

while Mg/ Gpp increased as temperature and precipiic-

tion increased. Ny /R. alse increased with the i
crease in latitude. and this result is similar o that -

served in European temperate and boreal foresis
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Table 5= The cenystem exchange and environmental factors during different seasons at DHS and XSBN.
~ >
N i T R Y S O SO S
C ¥ 5 o-C- o-C- o -

Ty (kpe ‘m™ - Comd ! s 3 : 2 L

e mm) O gy wtay MERTOLD
Dinghushan subtropical evergreen mived forest
Drought scason 10-3 16,6 0.63 0.20 150.7 2.0 1.8 3.8 0.0015 0.93 0.088
Wet season o 49 256 080 024 1148.7 3.0 1.2 42 0.0015 0.76 0.129
XSBN tropical seasonal rainforest
Fog-cool scason 11-2 18.3 048 0.23 170.6 4.0 0.1 4.1 0.0018 0.85 0.182
Drought-warm season 3-4 232093 0.24 147.1 5.7 -0.9 4.8 0.0006 1.64 1.154
Wet-warm season 5-10 248 0.69 0.28 831.5 7.7 -1.5 6.2 0.0017 0.90 0.240

1,15 air temperature: VPD is water vapor deficit; M is soil moisture; P is annual precipitation. The precipitation is the accumulative value, while

the other environmental factors are the average daily value during the corresponding season. R, Ny and Gyp are the average daily value during the

corresponding season. @. Py, and R, are estimated during the corresponding season respectively.

Table 6 The environmental factors and carbon exchange parameters

CBS
Air Icmperatuirieii 16.16
VPD 0.84
Soil moisture 0.28
Op 5774.38
Q. 492443
P 4393
Gpp/R. 1.13
Gpp/ Ny 8.44
GpplQ, 0.31
Nee/D 0.99
Gpp/D 8.37
RJD 7.38
Gyppl P 349

QYZ DHS XSBN
1976 2012 2235
0.94 071 0.66
0.18 0.22 0.26
8877.10 834282 10108 44
7001.65 6828.92 955825
854.9 1299.4 1149.2
1.28 158 0.86
456 273 ~5.08
0.24 021 0.20
0.99 147 ~0.88
451 401 5.26
352 254 6.14
1.93 13 167

Temperature ("C), VPD (kPa) and Soil moisture (m*m™) are average daily value: ¢, (mol-photon-m™), ¢, (mol-photon-m ?) and precipitation (mm)

are annual accumulation. Nyg. R.and Gyp are annual accumulation (g:C-m™a™'). D indicates the days during the growing season. In CBS. the growing

season is from April to September. and D=183. while for the other three ecosystems, D=365.

Although average daily NEE (Nge/D) decreased
with decreasing latitude, light use efficiency (Gpp/Q,),
precipitation use efficiency (Gpp/P) and average daily
Gpp (Gp/D) increased gradually. Such variation might
reflect the
with high efficiency during the limited growing season

fact that limited water and heat were used

at CBS. However, both the sensitivity of respiration to
temperature ((J1o) and average daily R, (RJ/D) of CBS
were higher than that of QYZ and DHS (Table 6). and
this may relate to the old age (about 200 years) of, and
plentiful organic matter in. the soil """l

The parameters mentioned above at XSBN typically
does not follow the latitudinal trends described above.
A possible explanation is that ccosystems such as
XSBN located in the southwest of China are mainly
influenced by the Southwest monsoon. Another possi-
ble explanation is that the data presented here may be

biased by short-term phenomena since data were only

analyzed for a single year. Long-term measurements

may be necessary to confirm these results.

4 Conclusions

Seasonal variation and their responses to the envi-
ronment of Changbaishan temperatc mixed forest
(CBS), Qtanyanzhou subtropical evergreen coniferous
forest (QYZ), Dinghushan
mixed forest (DHS) and Xishauanbanna tropical sca-
sonal rainforest (XSBN) along the North-South Tran-
sect of Eastern China were studied with the eddy co-

subtropical evergreen

variance technique. The results showed that,

(1) The ecosystem carbon budget at CBS appeared
to be coordinated with seasonal variation in tempera-
turc and leaf arca (LAID): the contribution from leaf
area was about 910 g-C ‘m higher than that of the

direct eftect of temperature, 615 g-C'm " Two tem-
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perature thresholds were observed during the season.d
variation of carbon exchange. The first. 0 "C. deter-
mined the length of the growth season. and the other
10°C. affected the magnitude of carbon exchange.
During the summer. QY7 experienced severe drough
due to low precipitation and high temperature: during
this period Ny decreased significantly due to a de-
crease in Gpp. Nig of both DHS and XSBN was higher
in the drought season and lower in the wet season; ihe
ecosystem carbon balance changed from carbon sink
to source at XSBN during the transition between the
fog-cool season and the wet season. The depression of
Gpp resulting from excessive humid and the increase
in R. with the temperature during the wet season
probably explained such Ngg variations at DHS znd
XSBN.

(2) At CBS, QYZ and XSBN; the estimated annizul
R. with nighttime flux data was higher than that esrt-
mated with daytime flux data. With respect to tei-
perature sensitivity of ecosystem respiration ((1o) w:id
annual R., XSBN>CBS>QYZ > DHS; the average
daily R.of CBS during the growing season was in¢
highest.

(3) In 2003, CBS, QYZ and DHS appeared tc e
carbon sinks, and annual Ngg were 181.5, 360.9 znd
536.2 g-C-m_z‘afl, respectively. XSBN was a moderate
carbon source of 320.8 g-C'm_2~a‘l.

(4) From CBS to DHS, both the temperature und
precipitation increased with the decrease in latitude.
Along this latitudinal gradient, ecosystem R./Gpe de-
creased gradually, from 88% at CBS to 78% at QY7 i
63% at DHS, while Nge/R. increased with the decrease
in latitude. Average daily Gpp. ecosystem light .1se
efficiency and precipitation use efficiency decreascd
with the decrease in latitude. However, XSBN tvpi-
cally did not follow this latitudinal trend. In this stucy.
only one year was analyzed. while not only the stri:-
ture and role of terrestrial ccosystem were complex:iy.
but also the responses and adaptation of different ¢:c-
systems to climatic change were different. so leog
term data and more work were necessary (O under-

stand such processes and evaluate the carbon budge:.
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