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Abstract CO, ilux was measured continuously in a wheat and maize rotation system of North
China Plain using the eddy covariance technique to study the characteristic of CO, exchange and its
response to key environmental factors. The results show that nighttime net ecosystem exchange
(NEE) varied exponentially with soil temperature. The temperature sensitivities of the ecosystem (Q,o)
were 2.94 and 2.49 in years 2002—2003 and 2003—2004, respectively. The response of gross pri-
mary productivity (GPP) to photosynthetically active radiation (PAR) in the crop field can be ex-
pressed by a rectangular hyperbolic function. Average Amax and o for maize were more than those for
wheat. The values of a increased positively with leaf area index (LAI) of wheat. Diurnal variations of
NEE were significant from March to May and from July to September, but not remarkable in other
months. NEE, GPP and ecosystem respiration (Rs;) showed significantly seasonal variations in the
crop field. The highest mean daily CO, uptake rate was —10.20 and —-12.50 gC.-m™.d™' in 2003 and
2004, for the maize field, respectively, and —8.19 and ~9.50 gC.m.d"" in 2003 and 2004 for the
wheat field, respectively. The maximal CO, uptake appeared in April or May for wheat and mid-August
for maize. During the main growing seasons of winter wheat and summer maize, NEE was controlled
by GPP which was chiefly influenced by PAR and LAIl. R, reached its annual maximum in July when
R.. and GPP contributed to NEE equally. NEE was dominated by R, in other months and tempera-
ture became a key factor controlling NEE. Total NEE for the wheat field was —77.6 and -152.2
gC-m2.a"in years 2002—2003 and 2003 —2004, respectively, and -120.1 and -165.6 gC-m~.a"’
in 2003 and 2004 for the maize field, respectively. The cropland of North China Plain was a carbon
sink, with annual ~197.6 and -317.9 gC- m2.a™" in years 2002—2003 and 2003 —2004, respectively.
After considering the carbon in grains, the cropland became a carbon source, which was 340.5 and
107.5 gC-m™2.a" in years 2002—2003 and 2003—2004, respectively. Affected by climate and filed
managements, inter-annual carbon exchange varied largely in the wheat and maize rotation system of
North China Plain.
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As a core study of global change and regional sus-
tainable development, the research on carbon cycle in
terrestrial ecosystems chiefly focuses on net carbon
balance in ecosystems. Micrometeorological and
chamber-based methods are main approaches to car-
bon flux measurements in ecosystems. Micrometeo-
rological methods are widely considered as the most
reliable and practicable approaches to long-term car-
bon flux measurement of ecosystems“’zl. Among
various micrometeorological methods, the eddy
covariance technique was used by most researchers for
its high precision, no need for emendation of diffuse
coefficient and stratificaticn siability, and continuous
direct measuremen:s of energy and mass flux without
disturbing the land smface. The eddy covariance tech-
nique has been uscd to research CO, exchange be-
tween biosphere and atmosphere in many countries
and regions one after the other (e.g. AmeriFlux, EU-
ROFlux, AsiaFlux and ChinaFLUX)"!, Generally,
compared with forest ecosystems, farmland ecosys-
tems are regarded as relatively weak sources or sinks.
However, recent researches show that farmland can
have equal or greater net ecosystem production (NEP)
than the natural ecosystems that were converted for
crop production* %,

Farmland ecosystems, the most active part in global
carbon pool, are greatly affected by human activities
(e.g. cultivation, irrigation and fertilization), which
lead to large variations of net ecosystem exchange
(NEE) of CO,. It is evident that farmland ecosystems,
especially in mid-latitudes, are strong contributors to
regional carbon budgetm. Agricultural managements
and cross-breeding changed remarkably during the
past 30 years. The variations (e.g. no-till, residues re-
turned to fields and increased the crop yield) affected
the amount of CO; from atmosphere to plants and CO,
emission from decomposition of residue and soil or-
ganic matter’®’. North China Plain is the main area of
food production in China. The cultivation areas of
wheat and maize in this region account for half and a
quarter in the whole country, respectively. Therefore, it
is very important to estimate the regional carbon

budget and research the mechanism of CO, exchange
in the farmland ecosystem in North China Plain.

There are obvious diurnal, seasonal and annual
variations of NEE in ecosystems with vegetations.
Based on long-term monitoring CO, and water vapor
flux, people have deeply undzrsiocd how environ-
mental factors (e.g. temperature, moistwie and radia-
tion) force thz carbon cyclem. However, most of
long-term (lux measure:nents of CO; have been con-
ducted in forest ecosystems and few of them were in

O-12 A few re-

grassiand and farmland ecosystems
searches on CO; flux have been done in farmland but
most of them were measured during the growing sea-
son, and CO; loss during the period of fallow was ne-

glected ™'

. The lack of annual measurements of
CO, exchange in farmland ecosystems decreases the
accuracy of assessments on the function of farmland
ecosystems in global carbon balance!'®. Based on two
years’ continuous CO; eddy-flux measurement, the
objects of this study are to research net ecosystem ex-
change of CO; in a farmland and its partitioning in the
plant and soil, to analyze main controlling factors on
diurnal, seasonal and annual variations of CO, ex-
change, and to provide theory and data for process
modeling research and accurate estimation on regional
and global carbon budget.

1 Materials and methods
1.1 Study site

The study was carried out at Yucheng Comprehen-
sive Experimental Station (36°57'N, 116°38'E, 23.4 m
elev.), Chinese Academy of Sciences. The station is
located in North China Plain within the east monsoon
region, with a semi-humid and warm temperate cli-
mate. Mean annual temperature, precipitation and so-
lar radiation at the area in the past 30 years were
13.1°C, 528 mm and 5225 MJ-m™>, respectively.
Summer precipitation accounting for nearly 70% of
the whole year showed an asymmetric seasonal pattern.
Parent materials of the soils are alluviums by the Yel-
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low River. Soil texture of root zone is sandy loam. Soil
organic matter and pH value are 1.21% and 7.9—8.0,
respectively. Winter wheat and summer maize are
planted for rotation in a year. Farmland managements
are shown in Table 1. The natural situation and plant-
ing systems of the station are typical in North China
Plain.

1.2 Field measurement

Eddy covariance system and microclimate gradient
measurement system were located in the center of an
even crop field with a large area. Wind speed, tem-
perature, humidity and CO, concentration above can-
opy were simultaneously measured by an eddy co-
variance system with a three-dimenzicnal sonic ane-
mometer (model CSAT3, Campbell Sci. Inc., USA),
an open-path and fast respunse infrared gas analyzer
(model LI-7500, Li-Cor Inc., USA) at 2.80 m height
averagely. All of tie above raw data were collected
continuously at 10 Hz with a Campbell Scientific data
logger (model CR5000, Campbell Sci. Inc., USA), and
the 30 min mean data were output.

Microclimate gradient measurement system in-
volved anemometers (model AR-100, Vector Instru-
ments, UK) and psychrometers (model HMP-45C,
Vaisala, Finland) at heights of 2.20 and 3.40 m aver-
agely. Photosynthetically active radiation was meas-
ured with a quantum sensor (Li-190SB, Li-Cor Inc.,
USA). Heights of sensors changed with crop growth.
During observation periods, wind fetch length was
more than 200 m and met well the requirement of
micrometeorological gradient measurement. Soil heat
flux was determined by two soil-heat-flux plates
(Hukseflux, Netherland) buried at 2 cm depth below
soil surface. Soil temperature transducers were placed
at the depths of soil surface, 10 and 30 cm. Soil mois-
ture sensors were installed at 10 cm and 30 cm depths.
Soil moisture was monitored with time domain reflec-
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tometry (TDR). Solar radiation, net radiation, air
pressure and precipitation were also measured. All
apparatuses were controlled with a data logger (model
CR23x, Campbell Sci.,, USA), and the data were
stored at intervals of 30 min. All sensors used in the
experiment were calibrated strictly. Biomass and leaf
area of winter wheat and summer maize were ob-
served weekly during the growing season.

1.3 Flux calculations

Vertical transfec of mass and erergy is directly
measursa by the frequency of turbulence movement in
the surtace layer. Fluxes of momentum, heat, water
vapor ang¢ irace gases were determined with the eddy
covariance method directly measuring the fluctuation
of temperature, humidity, wind velocity and gas
concentration. According to Renolds theory, the vertical
CO,; flux (F) can be expressed as follows:

F. =wc, =wc,+wc, 1)
where w is vertical wind speed and c. is CO; concen-
tration. Overbars indicate an averaging operation, and
primes denote deviations from the mean. The average
vertical wind speeds cannot be directly measured be-
cause they are usually less than 1 mm- s\, However,
w could be calculated if sensible heat flux and water
vapor flux (H and E) are known. According to
Webb-Pearman-Leuning algoﬁthm“7"8], CO; flux can
be computed as follows:

E_H
= @)
¢ pc,0

where ¢ is total molar concentration; p is the air den-
sity; ¢ is the specific heat capacity at constant pres-

— — -
F.=wc, +c,

sure, and @is potential temperature.

When atmospheric stratification is stable and tur-
bulence is weak at night, CO; released from soil and
plants hardly arrives to the height of instruments. Pre-

Table | Management details in winter wheat and summer maize field

Applied N

Applied N

Crop Breed Sowing date before sowing (kgN-ha™") _after sowing (kgN - ha™) Irrigation (mm) Harvest date
Winter wheat  Keyu 13 October 15, 2002 84.4 172.5 2250 June 8, 2003
Summer maize Ludan 981  June 14, 2003 281.3 September 27, 2003
Winter wheat  Keyu 13 October 23, 2003 90.0 2453 2625 June 13, 2004
Summer maize Ludan 981 June 20, 2004 2235 Octaober 2, 2004
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cision of instruments declined lead to low CO; fluxes.
The threshold of wind friction velocity (u*) can be
determined using the relationship between the friction
velocity () and Fc[”'lg]. In our experiment, the
threshold of velocity is 0.15 m-s™'. Fluxes will be
eliminated when u* was smaller than 0.15 m.s™.
When dews appear in the momning and rainy days, the
beads on the sensors of CO,/H,0 infrared gas analyzer
can affect the results. Data appearing above and other
data over normal range should be discarded during
calculation''"!, The data deleted and missed due to the
malfunction of instruments or power failure can be
filled using the follow methods: (1) the missing dat«
less than 2 h were filled using the linear interpwlation;
and (2) larger gaps (larger than 2 h) were filled vsing
the Mean Diurnal Variation method.

2 Results and discussion
2.1 Conditions of climate, soil and vegetation

In order to research carbon dioxide exchange be-
tween a farmland and the atmosphere, it is necessary
to understand the seasonal variations of key environ-
mental factors. The variations of photosynthetically
active radiation (PAR) were remarkably similar in
both years 2002—2003 (from November 2002 to Oc-
tober 2003, the same below) and 2003—2004 (from
November 2003 to October 2004, the same below)
(Fig. 1(a)). Maximal and minimal PAR appeared in
June and December, respectively. The annual average
temperatures in years 2002—2003 and 2003 —2004
were 12.6°C and 13.4°C, respectively, near the peren-
nial average (13.1°C) (Fig. 1(c)). Owing to continental
monsoon climate, seasonal distribution of precipitation
was asymmetric. Except for two strong rainfalls in
spring and autumn 2003 (Fig. 1), most of the precipi-
tation that fell in summer and spring was generally
droughty. Precipitation was 674.5 and 860.8 mm in the
years 2002—2003 and 2003—2004, respectively,
which was 28% and 63% higher than perennial aver-
age (528 mm). Both annual and seasonal variations of
soil moisture were large (Fig. 1(d)). Soil volumetric
content at the depth of 10 cm ranged from 0.09 to 0.22
m’-m™ for the year 2002—2003 and from 0.06 to

0.20 m’ -m™ for the year 2003 —2004. For the wheat

field, volumetric soil moisture at the depth of 10cm
were 0.14 and 0.10 m*>-m™ in the 2002—2003 and
2003—2004 seasons, separately. That for the maize

field was 0.16 and 0.17 m’.m™ in 2003 and 2004,
respectively.

The seasonal variations of green leaf area index
(LAI) of winter wheat and summer maize during the
measurement period are presented in Fig. 1(b). Winter
wheat began to elongate in late March and early April
2003, 2nd the peak of LAl (4.22) appeared in late
April 2993, As temperaiure ‘warmed up early in spring
2024, wirter wheat returned green and elongated early
end 1LAI increased rapidly. The maximal LAI (6.90)
appeared in mid April 2004. Winter wheat grew well
in 2004 mainly because of ample fertilization and irri-
gation (Table 1). Seasonal patterns of summer maize
LAI were similar in two years. LAI of summer maize
increased rapidly during the elongation stage in
mid-late July. It reached peak in early-middle August,
then declined slowly. Maximal LAI of summer maize
were 5.32 in 2003 and 4.75 in 2004. Less fertilization
and more precipitation in summer 2004 than in 2003
led to low LAI of summer maize in 2004 (Table 1).

2.2 Ecosystem respiration

Ecosystem respiration (R,.) includes shoots respira-
tion (R,;) and apparent soil respiration (R;). R, can be
divided into heterotrophic soil respiration (R,) and
autotrophic root respiration (R,). Temperature is the
main factor controlling ecosystem respiration. Many
researches showed that ecosystem respiration varied
exponentially with temperature[2°_23]. Their relation-
ship can be expressed as follows:

R, =Rye'", 3)
where Ry is ecosystemn respiration at a soil temperature
of 0C, and K is an empirical coefficient. The rela-
tionship between ecosystem respiration and tempera-
ture could be obtained by nighttime NEE and the cor-
responding temperature. Daily average of nighttime
NEE varied exponentially with soil temperature at 0—
10 cm depth and were statistically significant at 0.01
level (Fig. 2). The temperature sensitivities of the
ecosystem (Q;o) were 2.94 and 2.49 in years 2002 —
2003 and 2003 —2004, respectively. Qo values in our
experiment are higher than the value of 2 used as a
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Fig. 1.
tation; W,, soil volumetric water content at 10 cm depth.

default in many respiration models™*. Fig. 1 shows
that nighttime NEE concentrated in the range of low
soil temperature, and scattered when soil temperatures
were higher than 10°C. The main reasons were that an
increase in temperature improved plants to grow rap-
idly and enhanced the proportion of canopy respiration
in ecosystem respiration.

When LAI was very small or close to zero in seed-

Seasonal variations of environmental factors and LAI (c) T, average soil temperature at 0— 10 cm depth; T, air temperature; (d) P, precipi-

ling, over winter or harvest stage), apparent soil respi-
ration played an important role in agricultural ecosys-
tem respiration and led to small Q)¢ values which were
2.71 and 2.20 in the years 2002—2003 and 2003 —
2004, respectively. It coincided with the results ob-
tained by the chamber method at the same site (aver-
age Qo value was 2.70 in winter wheat field in
20032,
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Fig. 2. The response of daily average nighttime NEE to soil temperatcc in the layer from C to !G cm. (a) November 2002 — October 2003; (b) No-

vember 2003 —October 2004,

2.3 Gross primary productivicy

Gross primary productivity (GPP) is composed of
net ecosystem production (NEP) and ecosystem respi-
ration (R.). GPP can be calculated as follows!?® 28

GPP=NEP+R,. =R,. ~NEE 4)
where R.. is ecosystem respiration including nighttime
and daytime respiration and can be calculated by eq.
(3). Since R, calculated by eq. (3) had high errors in
June (after the harvest of winter wheat) with high soil
temperature and in October (the period of tillage be-
fore wheat sowing), NEE was directly used to replace
R.. during these periods when soil was bare. In addi-
tion, the extrapolation of R, based on the relationship
between nighttime R.. and temperature would overes-
timate daytime R, because leaf respiration exhibited
the restrain induced by light. The amount of overesti-
mation is determined by the contribution of leaf respi-
ration to R.. and its restrained degree[26]. However, eq.
(3) and eq. (4) are the optimal approaches used in the
eddy covariance method at present to estimate R, and
GPP.

For winter wheat and summer maize, GPP enlarged
with increasing PAR (Fig. 3). According to Micha-
elis-Menten kinetics, the response of GPP to PAR can
be expressed by a rectangular hyperbolic function®”’:

Ama.pr
K,+Q,’
where Q, is incident PAR, Ap,, the maximal assimila-
tion rate when PAR trends to infinite, and K, Micha-

GPP = &)

elis-Menten constant (Q,, at which assimilation rate is
one half of Ap.y). The apparent primary light use effi-
ciency (a) can be expressed as follows""":

Amax

X (6)
The monthly and quarterly correlation coefficients of
the light response curve were significant in the main
growth seasons of winter wheat (from March to May,
the same below) and summer maize (from July to
September, the same below). Seasonal average Amax
and a of summer maize were higher than those of
winter wheat (Table 2). According to the mechanism
of photosynthesis, light quantum efficiency of winter
wheat (C; plant) should be higher than that of summer
maize (C4 plant) because C, plants need two ATP
more than C; plants to assimilate 1 mole CO,. In fact,
Amax and a of C4 plants are equal to or higher than
those of C; plants because C; plants have light respira-
tion!], Averagely, Anax and a of summer maize in our
experiments were equal to or higher than the modeling
results of C, plants reported by Ruimy et al P, Amax
of the canopies for winter wheat and summer maize
were higher than those observed at the same site by Lu
et al.®! and Ma et al.®¥ using a photosynthetic in-
strument at Jeaf level. It may be a system error in dif-
ferent observations using different instruments.

Amax could be used to judge whether plant physio-
logical activity is strong or not. During the main grow-
ing seasons of winter wheat and summer maize, mean
monthly Ap. increased at first and then declined,

a=
m
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Fig. 3. The response of GPP to PAR for winter wheat and summer maize. (a) and (b) are winter wheat in 2003 and 2004, respectively; (c) and (d)

are summer maize in 2003 and 2004, respectively.

Table 2 Seasonal variation of photosynthetic parameters for winter wheat and summer maize®

Crop Year Month Aman a Kn e n

Mar 47.74 0.0205 2329 0.8371 96

Apr 56.52 0.0319 1774 0.7514 752

2003 May 50.89 0.0378 1345 0.7763 754
Winter wheat Mar—May 54.95 0.0331 1661 0.7517 1602
Mar 30.12 0.0321 938 0.7011 493

2004 Apr 54.59 0.0490 1113 0.8161 762

May 34.52 0.0427 809 0.6142 843
Mar—May 42.04 0.0416 1011 0.6548 2098

Jul 81.46 0.0437 1865 0.7921 489

2003 Aug 101.24 0.0535 1893 0.8069 683

Sep 47.37 0.0516 918 0.6333 529

Summer maize Jul—Sep 85.66 0.0473 N 1811 0.7299 17(3 ]__

Jul 27.89 0.1090 256 0.5954 341

2004 Aug 72.84 0.0892 816 0.7277 779

Sep 44.11 0.0688 641 0.5988 718
Jul—Sep 51.20 0.0821 624 0.5638 1838

a) The units of Agay, a, K were pmol CO,-m2+ 57", pmol CO, - pmol™ PAR and pmol PAR -m™-s™', respectively.

which showed the processes of crop growth, develop-
ment and senescence (Table 2). Former researches
showed that a increased with an increase in LAI®®.
Similar results were found in our experiment in the

winter wheat field (Fig. 4). The value of a is an indi-

cation of weak light use efficiency of canopy. Usually,
weak light reaching the ground is chiefly composed of
scatter light. Before winter wheat elongated, short
plants and small LAI led to a flat canopy structure that
could absorb less scatter light. During and around the
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anthesis period, canopy height and LAI reached
maxima. Favorable canopy structure had advantages to
absorb scatter light from every direction. LAI de-
creased as leaves in the under-layer turned yellow
gradually and fell in the late growing season of winter
wheat. At this time, the canopy absorbed scatter light
weakly. No similar results were found for summer
maize mainly because of no effects of plant height and
LAI on scatter light uptake by the sparse maize can-

opy.
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Fig. 4. Relationship between canopy a and LAI for winter wheat.

Light saturation point is an important index of plant
need for light. It usually decreases under unsuitable
environment conditions””"’. In the main growing sea-
sons of winter wheat and summer maize, mean
monthly K, ranged widely from 256 to 2329
pmol-m>-s™'. Annual difference of K, for a breed
was more remarkable than its difference between two
breeds. On seasonal average, half-saturation points of
light in 2004 were only 1/3 or 2/3 of those in 2003.
The reason may be that the arid spring and rainy
summer in 2004 were not suitable for winter wheat
and summer maize growth. Affected by a, seasonal
variations of K, were not obvious (Table 2).

2.4 Diurnal variation of net carbon exchange

Fig. 5 shows that crop field was a weak source of
CO; in winter and no obvious diurnal NEE could be
found from November to February of the next year.
During the main growing seasons of winter wheat and
summer maize, there were remarkable diurnal varia-
tions of NEE. After sunrise, CO, uptake by the farm-
land ecosystem increased with enhancing solar radia-

tion. CO, uptake reached maximum approximately at
12:00. Then, CO, uptake decreased with the decline of
solar radiation and was close to zero at sunset (about
18:00). The crop field became a carbon source at night
on account of crop and soil respiration. After harvest
(in June and October), the bare soil became a source of
CO; and its diurnal variation was unremarkable.

The maximal peaks of diurnal CO, uptake in the
summer maize field were —1.14 mgCOz-m'z-s_' in
2003 and —1.42 mgCQ,-m ™ s™ in 2004. Both ap-
peared in August, which were sirular to the seasonal
variations of LAJ. The maximal peaks of diurnal CO,
uptake by the winter wheat field were —0.81 mgCO, -
m2.s in May 2003 and -1.07 mgCOz-m_z-s'l in
April 2004 (Fig. 5). In both years, though maximal
LAI appeared in April and average PAR in May was
higher than that in April, average monthly LAI in May
2003 was slightly smaller than that in April 2003 and
its mean monthly PAR was significantly higher than
that at the same period in 2004. These led to a higher
peak of CO; uptake by the winter wheat field in May
than in April 2003.

Daily difference of NEE in a crop field was deter-
mined by the magnitudes of the sources and sinks of
CO,. Because soil respiration accounted for a small
part of CO; budget, the daily difference for NEE was
chiefly influenced by LAI and its duration time (pho-
tosynthetic potential). The daily difference of monthly
mean NEE was large in the crop field during the main
growing seasons of winter wheat (April—May) and
summer maize (August—September). It ranged from
1.0 to 1.9 mgCO;-m™2-s! and average LAI varied
between 3 and 5 (Fig. 5). In the maize field, the daily
difference of mean monthly NEE varied from 0.7 to
0.8 mgCOz-m_z-s'1
about 1. It became very small (0.1 —0.5 mgCO,-

m2.s™') when LAI was less than 1. The daily differ-
ence of monthly averaged NEE in 2004 was 10%
higher than in 2003 for winter wheat and 20% higher
than in 2003 for summer maize (Fig. 5). Except for
larger LAI of winter wheat in 2004 than in 2003, it
was mainly because the annual average temperature

and its daily difference were larger in 2004 than in
2003.

in July when average LAl was
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Fig. 5. Diurnal variation of monthly average for NEE in a crop field. 1—3, represent 2002, 2003 and 2004, respectively.

2.5 Seasonal variation of NEE, GPP and R,

NEE, GPP and R, show significant seasonal varia-
tions in the wheat-maize rotation system (Fig. 6).
Based on the positive and negative of NEE, one year
could be divided into four stages: two stages of CO,
uptake in the winter wheat and summer maize growing
seasons (negative NEE) and two stages of CO, emis-
sion in June and the period from October to February
of next year (positive NEE). According to the dates
when NEE exchanged between positive and negative,

it could be found that the wheat field absorbed CO,
generally from mid and late March to late May, and
from mid July to late September or early October for
the summer maize field (Table 3). Due to warming up
early in spring 2004, winter wheat stood and elon-
gated early and leaf area increased rapidly. Maximal
LAI and CO, uptake rate of winter wheat appeared
two weeks earlier in 2004 than in 2003. Annual
maximum of daily mean CO; uptake appeared in mid
August in the summer maize field. It was —-10.20

gC-m™2.d™ in 2003 and —12.50 gC-m™-d™" in 2004.
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Fig. 6. Seasonal variation of NEE, GPP and R,..

The maximums of daily mean CO; uptake in the win-
ter wheat field were —8.19 gC- m>.d" in May 2003
and -9.50 gC-m™2.d”" in April 2004 (Fig. 6 and Ta-
ble 3) which were lower than those obtained by Bal-
docchi'™ and Anthoni er al.!"™ in winter wheat fields
and Baker and Griffis"®® in a summer maize field (Ta-
ble 4). Because seasonal average Amax and a of sum-
mer maize were higher than those of winter wheat,
the maximal CO; uptake rate of summer maize was
larger than that of winter wheat (subsect. 2.3). It was
in good agreement with the result from Falge et al.B”
who reported that maximal CO, uptake rate of C,

plants was greater than that of C; plants. The fluctua-
tion of NEE was large during CO, uptake stages (Fig.
6). When photosynthesis was weak on cloudy and
rainy days, the farmland became a source of CO; in a
short time because NEE was mainly composed of soil
and plant respiration. It turned to a CO; sink quickly
when photosynthesis enhanced due to fine weather.
Annual maximums of daily mean CO, emission, with
4.98 and 7.08 gC-m2.d™" in 2003 and 2004, respec-
tively, appeared in l2ie June due to the nearly bare
field and the highest soil teinperature at this period
(Table 3). Total NEE fcr ithe winter wheat field was
=776 and ~152.2 gC-m_Z-a'l in years 2002 —2003
and 2003 —2004, respectively, and —120.1 and -165.6
gC .m2.a”" in 2003 and 2004 for the summer maize
field, respectively. In both years, total NEE in the
summer maize growing seasons was higher than that
in winter wheat growing seasons (Table 5) because the
ability of carbon assimilation of maize (C, plant) is
stronger than that of wheat, the C; plant.

The minimum and maximum of daily mean R, ap-
peared in January and July (Fig. 6), respectively,
similar to the seasonal trend of temperature. The
maximal R, was 11.84 gC-m™2d™" in early July 2003
and 10.29 gC-m™>-d”" in late July 2004 (Table 3).
The maximal R, appeared late in 2004 mainly because
of the delayed sowing of maize in 2004 and late ap-
pearance of the highest topsoil temperature The ap-
pearance dates of two GPP peaks were similar to those
of maximal carbon uptake (Table 3). Annual maxi-
mum of daily mean Gpp appeared in the maize field,
with 18.21 and 22.30 gC-m™-d™" in 2003 and 2004,
respectively. Maximal daily mean GPP in the winter
wheat field was 11.98 and 12.03 gC- m2.d" in 2003
and 2004, respectively. GPP was close to zero in June
and October for the bare crop field (Fig. 6).

Minimal monthly mean GPP and R.. emerged in

Table 3 Dates of NEE exchanged between positive and negative and appearance of the largest CO, release and uptake

Winter wheat field Summer maize field
2003 2004 2003 2004

Date of NEE changed from positive to negative late March early and middle March middle July middle July
Date of NEE changed from negative to positive late May the end of May late September early October
Emergence of the largest CO, release 24 June 27 June
Emergence of the largest CO, uptake 12 May 25 April 13 August 12 August
Emergence of the greatest GPP 13 May 25 April 9 August 12 August
Emergence of the greatest Rec 5 July 29 July
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Table 4 Comparison of annual maximum of carbon uptake and NEE among different farmland ecosystem$
Maximal carbon NEE Harvested NEE considered har-

Year Site Crop Culnva‘tll;n meas- uptake @C-m?.a carbon vested carbon Ref.
gC-m?.da) BT 07 Cm?a)  Com?ia)
Boardman, .
1991 USA winter wheat -134 (13]
Ponca, OK, .
1997 USA winter wheat -155 [4]
Thuringia, . e _ _ _
2001 Germany winter wheat tradition tillage -10.0—-120 -185—-245 286 41—101 [19]
. . no-till more than
1997  Illinois, USA maize 14 years -532 340 -193 [38]
1999 Illinois, USA maize no-till more than -18.5 -692 437 -255 (38]
14 years
2001 Illinois, USA maize no-till more than 505 309 -106 [38]
14 years
2001 Nebraska, USA  maize no-till more than 517 521 4 (39]
10 years
2002 Nebraska, USA  maize "Otill more than 44 503 79 [39]
10 years
2003 Nebraska, USA  maize e 381 470 89 (39]
PAsi 1]
Minnesota, corn/soybean LN\ _
2002-2003 USA Sition tradition tilage =14.0 -376 467 91 {36}
Minzcsota, com/soybean .
2002-2003 USA rotatbR reduced tillage =14.0 -350 436 86 [36]
W ‘wheat/maize L this
2002-2003 Yucheng, Ciina rotation tradition tillage -8.2—-10.2 -198 538 341 study
. wheat/maize b this
2003-2004 Yucheng, China rotation tradition tillage -95—-12.5 -318 425 107 study
Table 5 Annual average NEE and NEE considered carbon of grain in farmland
Year Crop Grain yield (gC-m™2.a7") Cy (gC-m2.27™") NEE (gC-m2-a™") NEE +Cy (gC-m™.a™")
winter wheat 526.0 203.6 -77.6 126.0
2002—2003 .
summer maize 885.7 334.6 -120.1 214.5
winter wheat 543.0 210.1 -152.2 579
2003—2004 .
summer maize 570.0 2153 -165.6 49.7
Table 6 Monthly mean and total annual NEE, GPP, R.., LAI and relative environmental factors in farmland”
Re GPP NEE PAR Air ten.lperaturc Precipitation LAI
Month (C) (mm)
02—03 03—04 02—03 03—04 02—03 03—04 02—03 03—04 02—03 03—04 02—03 03—04 02—03 03—04
11 26 44 10 17 17 27 106 64 44 5.6 1 20
12 17 25 19 18 -2 7 61 62 22 -0.2 8 11
1 13 22 8 1 5 22 93 83 -34 -1.5 3 0
2 16 30 18 25 -2 5 100 115 1.8 4.1 2 11
3 35 53 43 94 -8 41 134 132 6.9 8.8 43 56 0.57 1.57
4 70 78 170 243 -100 -165 190 177 13.7 15.2 160 52 320 5.69
5 134 107 238 204 -104 98 241 215 20.1 19.0 12 47 2.95 344
6 1 114 32 16 78 98 219 182 24.7 23.7 57 196
7 262 270 268 239 -6 32 187 200 25.5 26.2 108 224 1.33 1.07
8 234 230 360 431 -126 -201 153 171 24.7 24.4 70 205 4.78 4.31
9 134 167 155 229 =21 —62 133 145 20.5 ~214 60 27 374 341
10 73 73 0 14 73 58 120 110 13.6 14.4 152 13
Ii::e 1173 1230 1370 1563 -198 -318 1737 1655 675 861

a) The units of monthly and annual accumulated R.., GPP and NEE are gC-m™-mon™' and gC-m™.a™'; the unit of PAR js MJ.m>.d™". 2002—
2003 and 2003 —2004 were simplified to 02—03 and 03—04, respectively.
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January/October and January, respectively. Maximu-
mal GPP and R, occurred in August and July, respec-
tivel The peak of carbon uptake also appeared in Au-
gust due to the effect of GPP on carbon uptake (Table

6). Monthly average GPP/R,. ratio varied with seasons.

It was more than 1 in the main growing seasons. The
maximal monthly average GPP/R,. ratio occurred in
April and its second peak appeared in August (Fig. 7).
It indicates that NEE was controlled by GPP during
the main growing seasons of winter wheat and sum-
mer maize except for July. GPP was chiefly influenced
by PAR and LAI. GPP increased with increasing PAR
within a range (Fig. 3), and seasonal trend of GPP
corresponded to seasonal pattern of LAI (Figs. 1 and
6). The fine or cloudy weather would iead lo a great
fluctuation of GPP, which could iter the direction of
NEE sometimes in spite of higher LAl (Figs. 1 and 6).
There was a distinct influence of temperature on crop
growth in early spring. The winter wheat stood and
elongated lately in 2003 since winter temperature in
2003 was on average 2°C lower than in 2004 and
temperature increased slowly in spring 2003. There-
fore, mean GPP and LAI from March to May 2003
were only 63% and 83% of those in the same period of
2004, respectively (Table 6). Crop growth and devel-
opment required sufficient accumulated temperature.
Without sufficient effective accumulated temperature,
crops would grow and develop slowly and LAl and
GPP would be small. Suitable irrigation, drainage and
fertilization were satisfied with crop growth although
the seasonal variation of precipitation was large. The
influence of soil moisture and nutrient content on GPP
was less than that of light and temperature (Table 6).

35
o - 2002—2003
30
o —8-— 2003—2004
251 ‘. ‘_
8 20} ;
x -
N o N Q
A | .
S oash o
v 2 \ /'":l ‘3
B ) / 2
10} o \ ] : ,,"
' ‘ ‘g
0T u w8
' o =5
0.0 M. S A
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
Fig. 7. Monthly mean ratio GPP/R,..

Leaf area and CO, uptake increased rapidly when
maize elongated in mid-late July. Annual maximum of
Re. appeared in July, the hottest month of the whole
year. In July, The GPP/R,. ratio close to 1 suggested
that GPP and R.. contributed to NEE equally at that
time (Fig. 7 and Table 6). During the periods from
October to February of the next year and June, the
GPP/R,, ratio less than 1 implied that NEE was domi-
nated by R, (Fig. 7) and temperatire was a dominant
factor controlling NEE. Plant growth slowed down or
stopned completely when temperature was low from
November to February of ti:z next year. Low respira-
acn of plant and suil resulted in small mean monthly
GPP, R_.aind NEE (Fig. 7 and Table 6). Although R,
dominated NEE during this period, it had a slight ef-
fect on annual NEE. Both relative large contribution of
R.c to NEE and the greatest mean monthly CO, emis-
sion occurred in June. Though temperature was not
high after maize harvest in October, a great amount of
CO; released from the bare soil disturbed largely by
tillage before winter wheat sowing (Table 6).

2.6 Annual carbon budget

The flux measurement shows that annual NEE in
the cropland was -197.6 and -317.9 gC-m‘z-a'l in
years 2002—2003 and 2003 —2004, respectively. The
cropland was a carbon sink and its yearly difference
was remarkable. Because annual average temperature
and precipitation were 7% and 28% higher in the year
2003—2004 than in the year 2002—2003, NEE was
61% more in the year 2003—2004 than in the year
2002—2003. The yearly difference of seasonal pat-
terns on meteorological factors affected NEE strongly
(subsect. 2.5). Precipitation concentrates mostly in
summer in North China Plain. Precipitation in June
and July 2004 was twice or three times of that in the
same period of 2003. Though summer maize remained
green and grew rapidly which resulted in low yields,
the magnitudes of CO; uptake by summer maize field
were high (Table S). For the winter wheat field, irriga-
tion made the actual amount of input water the same in
both years though precipitation in spring 2004 was
only 72% of that in the same period of 2003 (Tables 1
and 6). Winter wheat grew well in 2004 because the
amount of N fertilizer was 42% higher in 2004 than in
2003 and it warmed early in spring 2004. The pro-
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longed period of carbon sink (20 d more in 2004 than
in 2003) led to a higher amount of CO, uptake in 2004
than in 2003. Sometimes, the effects of field manage-
ments (e.g. crop breeds, N fertilization, irrigation and
tillage) on NEE were greater than that of climate.
When comparing with annual average NEE measured
using the eddy covariance method in different regions,
we found that the amount of carbon uptake in the tra-
ditional cultivated cropland was lower than that with-
out tillage for many years (Table 4). Because agricul-
tural machines enter into the crop field less after using
the non-tillage method, the suitable tightness degree of
cropland soil reduces the mineralization ratio of soil
organic matter, which benefits not only for accurnu-
lating organic matter but also for decrcasing soil cai-
bon loss. However, some rescarcries shiowed that there
were no differences in WEE between croplands treated
with traditional tillag: and non-tillage (Table 4)[36].
Generally, the eftects of non-tillage on carbon flux in
cropland are small in a short time. It should take many
years to show the obvious effects.

To improve soil organic matter content, crop straw
is returned to the field. CO; flux measurement using
the eddy covariance method includes CO, releasing
from the straw. However, the carbon in grains (Cy,) is
not included in the flux measurement. C,; can be cal-
culated as follows:

Co =(1-Wg) fcY, Q)

where Wy, is water percentage in the grain (0.14 for
wheat*”! and 0.155 for maize™®); Jc is carbon per-
centage in the grain (0.45 for wheat*!! and 0.447 for
maize®); Y is the grain yield. Most of grains har-
vested from the field were carried to cities or other
places and consumed. All of them were transformed to
CO; and then released into the atmosphere. This part
of carbon should be involved in the carbon budget of
farmland if we scale up the carbon budget from a site
to a region. After the carbon in grains was taken into
account, most farmland ecosystems turned from car-
bon sinks to carbon sources. In our experiment, the
carbon sources of the cropland were 340.5 and 107.5
gC-m>-a! in years 2002—2003 and 2003 —2004,
respectively. Our results were similar to the observa-
tions by Anthoni et al™ Verma et al.® and Baker
and Griffis”®' ( Table 4).
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In North China Plain, two crops (such as winter
wheat and summer maize) were generally planted in
the farmland for rotation in a year. Farmland was
nearly bare from June to early July, the period with the
strongest radiation and the highest temperature in the
whole year, which led to less CO, uptake by biannual
cropping system than annual cropping system (Table
4). Since there are generally more yields in biannual
cropping system than annual cropping system, carbon
emission from biannval cropring system was larger
than annual cropping system aticr the carbon in grains
was considered.

3 Csonclusions and prospect
From the discussion above, we derive the following
conclusions:

(1) Nighttime NEE varied exponentially with soil
temperature. The temperature sensitivities of ecosys-
tem (Q1o) were 2.94 and 2.49 in years 2002—2003 and
2003 —2004, respectively. The response of GPP to
PAR in the winter wheat and summer maize field can
be expressed by a rectangular hyperbolic function.
Average An, and a in the maize season were higher
than those in the wheat season. The values of a in-
creased with LAI in the winter wheat field.

(2) There are significant diurnal variations of NEE
during the main growing seasons of winter wheat and
summer maize, but not obvious in other months. The
largest mean monthly diurnal peak of CO, uptake for
the maize field was —1.14 and —1.42 mgCO,-m™>.s™"
in 2003 and 2004, respectively, and —0.81 and -1.07
mgCO,-m™2-s™" in 2003 and 2004, for the wheat field,
respectively. The daily differences of NEE were large
in April, May, August and September, but small in
other months.

(3) Seasonal variations of NEE, GPP and R, were
obvious in the field of winter wheat-summer maize
rotation. The highest daily mean CO; uptake rate for
the maize field was —10.20 and -12.50 gC. m2.d”" in
2003 and 2004, separately, and —8.19 and -9.50
gC-m2.d™" in 2003 and 2004 for the wheat field,
respectively. The maximal daily mean CO, uptake
appeared in April or May for wheat and mid-August
for maize which occurred at the same time of the
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emergence of GPP peak. In the main growing seasons,
NEE was primarily controlled by GPP Which was
chiefly determined by PAR and LAI R, reached its
annual maximum in July, and R, and GPP contributed
to NEE equally at the same period. In other months,
NEE was dominated by Rec and temperature became
the primary environmental factor controlling NEE.

(4) Total NEE for the wheat field was —77.6 and
-152.2 gC-m™-a™" in years 2002—2003 and 2003 —
2004, respectively, and —120.1 and —165.6 gC-m™.
a~' in 2003 and 2004 for maize field, respectively. The
field of wheat-maize in Norh China Plain was a carbon
sink with the average annual NEE of -197.6 and
-317.9 gC-m2-a™" in years 2002—2003 and 2003 --
2004, respectively. After considering the arbon in the
grain, the cropland became a carbon sowce, with
340.5 and 107.5 gC-m ™~ -a " in years 2002—2003 and
2003 —2004, respectively. Affected by climate factors
and field managements, annual carbon exchange var-
ied greatly in the cropland.

Since crop yields largely affect the carbon budget in
farmland, all controlling factors of yields (crop breeds,
cultivation systems, fertilizer, irrigation and tillage
patterns) will influence the carbon budget of farmland
significantly. In North China Plain, the highest yield
was found in biannual cropping system that winter
wheat was sowed after deep tillage and fertilization,
and summer maize was sowed under no-till. One till-
age and another non-tillage in biannual cropping sys-
tem were good for resisting drought, avoiding flood
and ensuring stable high yieldsm]. However, it is not
the best approach to reduce carbon emission from the
farmland. In the United States, non-tillage method has
been applied since the 1960s that has not only im-
proved economic benefits but also protected the envi-
ronment. The experiment by Hollinger et al.®® indi-
cated that maize field without tillage for many years
not only yielded high but also remained a carbon sink
with the carbon in grains considered. Under the back-
ground of present light and heat resources in North
China Plain, annual cropping has more advantages on
enhancing CO, uptake by crops than biannual crop-
ping although the cost is declining total yields.
American experience is worth to use for reference
when we go the way of sustaining development and

harmonize the relationships among developing econ-
omy, improving agricultural production and protecting
the environment.
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