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SUMMARY

Agricultural soils can act as a source or sink of atmospheric C, according to
the soil management. This long-term experiment (22 years) was evaluated during
30 days in autumn, to quantify the effect of tillage systems (conventional tillage-
CT and no-till-NT) on the soil CO,-C flux in a Rhodic Hapludox in Rio Grande do Sul
State, Southern Brazil. A closed-dynamic system (Flux Chamber 6400-09, Licor)
and a static system (alkali absorption) were used to measure soil CO,-C flux
immediately after soybean harvest. Soil temperature and soil moisture were
measured simultaneously with CO,-C flux, by Licor-6400 soil temperature probe
and manual TDR, respectively. During the entire month, a CO,-C emission of less
than 30 % of the C input through soybean crop residues was estimated. In the
mean of a 30 day period, the CO,-C flux in NT soil was similar to CT, independent of
the chamber type used for measurements. Differences in tillage systems with
dynamic chamber were verified only in short term (daily evaluation), where NT
had higher CO,-C flux than CT at the beginning of the evaluation period and lower
flux at the end. The dynamic chamber was more efficient than the static chamber
in capturing variations in CO,-C flux as a function of abiotic factors. In this chamber,
the soil temperature and the water-filled pore space (WFPS), in the NT soil,
explained 83 and 62 % of CO,-C flux, respectively. The Q,, factor, which evaluates
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CO,-C flux dependence on soil temperature, was estimated as 3.93, suggesting a
high sensitivity of the biological activity to changes in soil temperature during fall
season. The CO,-C flux measured in a closed dynamic chamber was correlated
with the static alkali adsorption chamber only in the NT system, although the
values were underestimated in comparison to the other, particularly in the case of
high flux values. At low soil temperature and WFPS conditions, soil tillage caused
a limited increase in soil CO,-C flux.

Index terms: no-till, greenhouse gases, soil temperature, soil moisture.

RESUMO: EMISSAO DE DIOXIDO DE CARBONO EM LATOSSOLO
VERMELHOALTERADA POR SISTEMAS DE PREPARO NO SUL
DO BRASIL

Os solos agricolas podem atuar como dreno ou fonte de C atmosférico, dependendo do
sistema de manejo adotado. Este estudo foi desenvolvido em experimento de longa duragdo
(22 anos), durante o periodo de 30 dias do outono, com o objetivo de avaliar o impacto de
sistemas de preparo de solo (preparo convencional-PC e plantio direto-PD) nas emissées de C-
CO, de um Latossolo Vermelho distréfico, em Cruz Alta, RS. As emissées de C-CO, do solo
foram avaliadas com camaras dindmica (Flux Chamber 6400-09, Licor) e estdtica (com
captagdo em solugdo alcalina), imediatamente apés a colheita da soja. A temperatura e a
umidade do solo foram registradas, concomitantemente com as emissées de C-CQOs, por meto
de sensor de temperatura e TDR manual, respectivamente, integrantes do Licor-6400. Estimou-
se que, em 30 dias, uma quantidade equivalente a menos de 30 % do C aportado pelos residuos
de soja fot emitida na forma de C-CO,. As emissoes de C-COgno solo em PD foram similares
as emissoes do solo em PC, independentemente do tipo de cdmara utilizada. Diferengas entre
sistemas de preparo quanto & emissao de C-COj, avaliadas com a cdmara dindmica, foram
verificadas somente a curto prazo (letturas didrias), com o PD apresentando maiores emissées
do que o PC no inicio do periodo experimental e menores no final. A cdmara dindmica foi mais
eficiente do que a estdtica em captar as alteragoes das emissées de C-CO, em fungdo da
variag¢do da temperatura e a porosidade preenchida por dgua (PPA) no solo em PD, as quais
explicaram 83 e 62 % das emissées de C-COy, respectivamente. O fator @y, que avalia a
sensibilidade da emissdo de C-CO, a temperatura do solo, foi estimado em 3,93, indicando
alta sensibilidade da atividade microbiana a temperatura do solo durante o outono. As
emissées de C-COyregistradas no solo em PD com a cdmara estdtica foram correlacionadas as
da camara dinamica, porém com valores subestimados em relagdo aquela notadamente nos
maiores valores de fluxo. Em condi¢oes de baixa temperatura e PPA, o preparo de solo induziu
limitado incremento de emissao de C-COs.

Termos de indexacgdo: plantio direto, gases de efeito estufa, temperatura do solo, umidade do
solo.

INTRODUCTION

Global warming, which is associated to the recent
increase of greenhouse gases in the atmosphere, is a
result of a series of actions directly related to the
productive sector (IPCC, 2007). Carbon dioxide is the
main greenhouse gas, being estimated that agriculture
sector could contribute up to 75 % of total Brazilian
emission (Embrapa, 2006). Soil CO,-C flux is
increased by the land use change and biomass
burning, fossil fuel use, consumption of industrialized
products that demands high energy to manufacture,
and by tillage, that increases the biological activity
and soil C oxidation (Reicosky & Lindstrom, 1993).
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Soil is an important natural C pool and it is
estimated that the amount of C stored in its first meter
is 1350 + 250 Pg (1Pg =102 Mg), therefore more than
twice the amount stored in the atmosphere (750 Pg)
(Sundquist, 1993). Soil management practices
influence soil C flux to atmosphere and can define if
the soil will act as a source or a sink of atmospheric
C. Inthe conventional tillage (CT), plowing followed
by harrowing, induces aggregate breakdown and
increases C turnover as a consequence of the exposure
of organic matter to microbes activity and their
enzymes (Six et al., 1998, 2006). Soil aggregation
has been considered the main mechanism of C
protection of a wide range of soil classes (Six et al.,
2000; Bayer et al., 2000a; Denef et al., 2004; Dieckow
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et al., 2005; Fabrizzi et al., 2008). In addition, soil
tillage results in a higher contact between soil and
residues and increases soil temperature, both
processes that favor organic matter decay and increase
of soil CO,-C flux (Reicosky & Lindstrom, 1993; Bayer
et al., 2000a; La Scala et al., 2001; Lal, 2003). On
the other hand, management systems associated to
minimum soil disturbances, such as no-tillage (NT),
when combined with high input of crop residues, favors
soil C storage (Mielniczuk, 1999; Amado et al., 2001;
Bayer et al., 2006).

The effect of tillage systems on soil CO,-C flux has
been intensively investigated, but the results found
about its impact are divergent. Usually, short-term
CO,-C flux after tillage is higher in the CT plots
(Reicosky & Lindstrom, 1993; La Scala et al., 2006)
or in some cases similar (Sanhueza et al., 1994; Fortin
et al., 1996; Campos, 2006; Costa et al., 2008) to the
ones registered in the NT plots. On the other hand,
some researchers found higher emissions in NT than
in CT systems (Hendrix et al., 1998; Ball et al., 1999),
which indicates that the effect of soil tillage on soil
CO,-C flux could be related to: duration, season, soil
moisture and temperature, soil type, the mechanism
of so0il C stabilization and C stock (Liu et al., 2006).

This study aimed to investigate the effect of tillage
systems on soil CO,-C flux in the fall season,
determined by static and dynamic chambers, in a
Rhodic Hapludox in Cruz Alta, Rio Grande do Sul State,
Southern Brazil.

MATERIALS AND METHODS

Climate, soil and location

The study was carried out in a long term
experiment (22 years), in Cruz Alta, Rio Grande do
Sul State (Brazil), at FUNDACEP station (28 °36° S;
53 °40° W; 409 m asl). The soil was classified as clay
Rhodic Hapludox according to the soil taxonomy
(USDA, 1999) and “Latossolo Vermelho distréfico
tipico” (LVd) by the Brazilian soil classification
(Embrapa, 2005), and is cited in this paper as Oxisol.
The soil analysis at the beginning of the experiment
(0—0.20 m layer) determined contents of: 570 g kg'!
clay, 120 g kg silt, 310 g kg'! sand, 32 g kg'! soil
organic matter, pH (Hy0)=4.5,P=19 mg dm=3, K=
0.21 cmol,. dm™3, Al** = 0.12 cmol, dm3 and
CaZ* + Mg2*=0.42 cmol, dm3 (Campos, 2006). The
Fe content determined by ditionite-citrate-bicarbonete
was 63.5 g kg'l; hematite was predominant over
goethite (Inda Jr. et al., 2004).

The climate was classified as humid subtropical,
Cfa 2a, according to Képpen (Moreno, 1961). Mean
annual precipitation is 17565 mm (from 1974-2006),
with uniformly distributed rainfall during the year
and mean air temperature of 18.7 °C (from 1998-2006),
minimum temperature of 8.6 °C in July and
maximum of 30 °C in January, according to data of a

meteorological station (FUNDACEP) near the
experimental area. The experiment evaluated two
tillage systems (CT and NT) in the main plots (40 x
60 m) and three crop rotation systems in split plots
(40 x 20 m). Measurements were performed in both
tillage systems, but only in the following crop rotation
system: black oat (Avena strigosa Schreber) /soybean
(Glycine max (L.) Merr.)/ black oat + common vetch
(Vicia sativa (L.) Walp.) /maize (Zea mays L.)/ radish
oil (Raphanus sativus L. var. oleiferus Metzg.)/ wheat
(Triticum aestivum L.)/ soybean. The CT treatment
consisted of tilling in a plow operation with four disk
plow. The CT treatment consisted of soil tilling in a
plow operation with four disk plow. The plow tillage
was done at a depth of 0.20 m followed by a harrow
disk operation with 36 disks at 0.15 m. Soil
disturbance in the NT treatment was minimal; the
soil was only mobilized along the rows, while the
interrow soil surface was maintained under a cover
of crop residues. In both tillage systems a planter
with double disk system was used (SEMEATO SHM
mid land 15/17).

CO,-C flux measurements

Soil CO,-C flux was evaluated after soybean
harvest by using static and dynamic chambers.
Soybean was harvested on April 18 2007, and soil
CO, flux measurements started on May 06, 2007
(static chamber) and May 08, 2007 (dynamic chamber)
and lasted for 30 days.

In the static chamber a CO,-capturing method was
applied in an alkaline solution for 24 h in a closed
chamber (Anderson, 1982), while the method in the
dynamic chamber was based on direct measurements
of CO4 concentration changes within a closed chamber
by using infrared absorption spectroscopy (Soil CO,,
Flux Chamber 6400-09, Licor, NE, USA), during a
few minutes.

The static chamber consisted of a PVC cylinder
(diameter 0.3 m, height 0.3 m) that was inserted into
the soil to a depth of 0.05 m. The top of the chamber
was covered with rubber aiming to seal it completely,
and a Zn cover over it fixed with four screws distributed
symmetrically on the circumference. On the inside,
0.05 m above the soil, an x-format table was built to
support the plastic cup with alkaline 1 mol L' NaOH
solution to capture CO,-C emitted during the 24 h
period (Campos, 2006). Four chambers were installed
in the soil three days before tillage, to determine
baseline values of emission. In the CT plot, all
chambers were removed during soil tillage and replaced
immediately after. The soil was tilled with a disk
plow on May 09, 2007, with a harrow on May 11,
2007, and winter sowing occurred on May 29, 2007.
The CO;, flux was registered on May 6, 9, 11, 14, 24,
29, and 30, 2007, totalizing 7 days of measurement
within 30 days.

The dynamic chamber consisted of a closed system
inserted over 0.10 m diameter PVC collars that were
displayed in soil at 0.01 m depth two days before the
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beginning of CO,-C evaluation (Healy et al., 1996).
The chamber had an internal volume of 991 cm?, with
an exposed area to soil of 71.6 cm2, and was coupled
to a portable infrared gas analyzer (IRGA), which
determined the changes in CO, concentration inside
the chamber by means of optical absorption
spectroscopy. In this system, air passes continuously
from the chamber through the IRGA, and soil COy is
inferred based on the gas exchange rate within the
chamber (D’Andréa et al., 2006). The exchange rate
based on CO4 concentration within the chamber was
calculated every 2.5 s, and the soil COy was computed
for approximately 90 s per measurement. Ten PVC
collars were installed in each of the CT and NT plots.
The CO, flux measurements started one day before disk
plowing, and were carried out on 15 measurement
days May 8,9, 10,11, 12, 14, 15, 17, 18, 21, 24, 28, 29,
and 30, and July 6, 2007). On the measurement days,
soil CO,-C flux was determined at 9:00 and 15:00 h,
and a daily mean was calculated. During tillage and
sowing, measurements were intensified, with 5 daily
replications after disk harrowing, 11 after harrowing
and 4 after sowing, to calculate the mean daily flux on
those days. The soil COs flux results from both chambers
were expressed in C equivalent fluxes (CO4-C).

Soil temperature, soil moisture measurements
and meteorological data

Soil temperature and soil moisture were evaluated
at 0.10 m depth simultaneously to the CO5-C flux
measurements by a temperature sensor (thermistor)
and a TDR (time domain reflectometer) Campbell®
systems (Hydrosense TM, Campbell Scientific,
Australia), respectively. As soil density was also
measured at all points it was possible to calculate the
WFPS. Data of air temperature and rainfall during
the studied period were obtained from the
meteorological station FUNDACEP 50 m away from
the study site.

Statistical analysis

The effects of soil management systems on CO4-C
flux were investigated by descriptive data analysis.
The soil CO,-C flux relation with soil temperature
and WFPS was analyzed by the correlation coefficients
of exponential and linear relationships, respectively.
Soil CO,-C fluxes from static and dynamic chambers
were compared by linear regression adjustments and
standard mean error was used to compare the data.

RESULTS AND DISCUSSION

Meteorological conditions during the studied
period

In terms of meteorological conditions at the study
site in May and June 2007, temperatures were colder
and rainfall higher than usually registered. A total
rainfall of 179 mm was recorded in May (Figure 1a),
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corresponding to a 24 % higher volume than the mean
monthly rainfall (136 mm). Five rainfall events were
observed in the 30 day period when soil CO,-C flux
was measured, where 63 % of the total rainfall volume
of the period was recorded in only two events. As
expected, higher WFPS values were found immediately
after the stronger rains (Figure 1a). In general, the
values of WFPS in the NT soil were higher than in
the CT plot, which is in agreement with results
reported by Linn & Doran (1984), with exception of
May 28 (Figure 1a). These results confirm the higher
capacity of NT system to infiltrate and hold soil
moisture in relation to CT. Higher WFPS differences
(Figure 1a) between tillage systems occurred just after
the disk plow and harrow disk operations on the CT
plot. It is noteworthy that around 85 % of the total
rainfall volume occurred after soil tillage. Therefore,
after soil tillage, smaller WFPS values were found in
CT compared to NT. This result is probably associated
to the wind effect that dried the bare soil surface of CT.

A mean air temperature of 14 °C was registered
during the studied period, which is 13 % below the
mean temperature registered for this month (16 °C).
Besides, a high thermal amplitude was verified, since
the air temperatures ranged from 4 to 22 °C, with a
declining trend throughout the experimental period.
In May, the soil temperature was similar in the two
tillage systems. However, measurements performed
in the first week of June, after sowing, indicated a
higher soil temperature in the CT than the NT plot
(Figure 1b).

Soil CO,-C flux

Daily soil CO,-C flux measured with the dynamic
chamber in the NT plot ranged from 9 to 25 kg ha'!
day'l, while soil flux in the CT ranged from 5 to
20 kg hal day! (Figure 2a). Measurement results of
the static chamber indicated lower amplitudes than
the dynamic chamber, where results varied from 10
to 22 kg ha'l day?! in NT and from 11 to 18 kg ha'!
day!in CT soil (Figure 2b).

A mean daily CO,-C flux of 12.7+ 2.2 kg ha'l day!
was measured with the dynamic chamber under CT
and 15.7+ 2.9 kg ha'! day! under NT (Figure 2a). A
19 % higher flux was observed in the NT than the CT
plot, although this result was not significantly different
(p > 0.05). A similar trend was registered for the static
chamber with a mean flux of 14.2 + 1.0 kg ha'! day!in
the CT plot, compared to the 13.4 + 2.1 kg ha'l day!in
NT soil (Figure 2b). With this chamber, the CO5-C
flux in CT soil was 6 % higher than in NT, again
without significant difference (p > 0.05). The
similarity in the mean soil CO,-C flux registered in
tillage systems in a 30 day period agrees with results
of a long-term evaluation previously reported by
Campos (2006). However, this author found a mean
CO,-Cflux of 24.4 kg ha'l day! in CT and 26.0 kg ha!
daylin NT soil in a two-year period, which exceeds
the results found here by 42 and 48 %, in the CT and
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Figure 1. Rainfall and water-filled pore space (WFPS) (a) and soil temperature (Temp) (b) in conventional
tillage (CT) and no-tillage (NT) systems, in Cruz Alta (RS), Southern Brazil.
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Figure 2. Soil CO,-C flux in conventional tillage (CT)
and no-tillage (NT) systems measured in
dynamic chamber (a) and static chamber (b).
Vertical bars represent the mean standard

error.

NT plots, respectively. The lower soil temperature
and absence of plant growth during the study period,
compared to the investigation of Campos (2006), could
explain the lower soil CO,-C flux. Paul et al. (1999),

using static chambers, found a mean soil CO,-C flux
of 20 kg ha'! day! during the growth period of alfalfa
(Medicago sativa 1..). This value is closer to the highest
CO,-C flux registered in May, and slightly lower than
the biannual flux reported by Campos (2006).

The mean separation procedure of the daily fluxes
revealed that differences in emissions induced by soil
tillage system have a complex nature, due to the daily
flux variability. In the short term (single daily
readings), significant differences (p < 0.05) between
soil tillage systems were verified in the CO,-C flux,
independent of the soil chamber, mainly in the first
weeks after tillage. In the first two weeks of this
study, NT had a higher soil CO,-C flux than CT, when
evaluated by the dynamic chamber, which was more
efficient than the static to capture the temporal flux
variability. This result is probably related to several
aspects: the presence of easily decomposable soybean
residues on the soil surface, higher WFPS values
(Figure 1a), higher stocks of labile soil organic carbon
(Campos, 2006) and higher microbial biomass in NT
compared to CT, as reported previously at the same
experimental site (Fabrizzi et al., 2008). The higher
soil COgy— C flux under NT compared to CT, especially
at sites under longstanding no-tillage systems, have
been reported elsewhere (Yamulki & Jarvis, 2002;
Campos, 2006; Liu et al., 2006; Oorts et al., 2007).
This could be related to an improvement in soil quality
and biomass input potential in the conservation
system, compared to conventional systems (Amado et
al., 2007). In a 15-year-experiment, the soil CO4-C
flux in NT growing black oat+common vetch/
maize+cowpea was 64.7 kg ha'l day'!, while in NT
with black oat/maize the flux was 51.6 kg ha'! day!
and in CT with black oat/maize 36.6 kg ha'! dayl.
The soil CO,-C flux followed the order of soil quality
(Amado et al., 2007). The soil quality kit test guide
(USDA, 1998) classifies a soil CO,-C flux of 35.8 to
71.7 kg ha'! day! as ideal and a range of 17.9 to
35.8 kg ha'! day'! as medium.
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Soil tillage by disk plowing followed by disk
harrowing as well as the sowing procedure, both in
the CT plot, resulted in changes in soil CO,-C flux.
Fluxes registered by the dynamic chamber in the CT
plot had an irregular pattern with an increase of
around 40 % after the last tillage operation, compared
to the baseline CO,-C flux. This increase in the flux
is at least partially associated to an exposure of
occluded particulate organic matter within the
aggregates (Six et al., 1998, 2006). However, in our
experiment the increase in soil CO,-C flux induced by
tillage was much lower than reported by Reicosky &
Lindstrom (1993), in USA, in the first 24 h after
tillage. In an Oxisol in Southern Brazil, La Scala et
al. (2006) also stated a higher CO,-C flux after tillage,
with CO,-C, values by up to 143 kg hal day! higher.
It should be emphasized that although the soils here
and in the study of La Scala et al. (2006) were similar,
the soil temperature in the two studies differed
markedly, so the lower soil temperature during and
after tillage operations in our study could partially
explain the lower flux. Inthe CT soil the CO,-C flux
was lower than under NT, mainly in the rainy period
(Just after tillage and shortly before sowing). On the
other hand, the CO,-C flux in NT was more stable
during the rainy period (Figures la and 2a). The
sowing procedure induced a significant increment of
44 % soil CO,-C flux in both tillage systems. This
result is associated with the reduced spacing between
rows in winter crops (0.175 m), resulting in a
considerable soil disturbance.

The dynamic chamber was more efficient than the
static to capture short-term soil flux changes, e.g.,
those associated to the soil disturbances caused by
plow and disk operations (Figure 2). In CT soil, one
day after plow tillage, the soil CO,-C flux decreased
by more than 40 % (Figure 2a). Therefore, soil C-CO,
flux decreased from 13.6 to 5.1 kg ha'l day!, after a
soil temperature decline (from 15.9 to 12.5 °C)
(Figure 1b) and mainly the WFPS decrease (from 48
to 12 %) (Figure 1a). In spite of an increase after
plowing, the soil COy-C flux in CT was lower than in
NT (Figure 2a). In this short-term study carried out
during the fall season the significant declines in soil
temperature and WFPS values probably affected the
soil biological activity and, consequently, CO,-C
production and diffusive transport to a greater extent
than the expected tillage impact on flux.

Fifteen days after the beginning of the experiment,
the soil flux in the NT plot dropped to a lower value
than measured in the CT plot (Figure 2a). The higher
initial CO,-C flux in NT can be associated to the input
of soybean crop residues, 21 days before the experiment
began. The higher initial CO,-C flux in the
conservation system could be explained by the low C/
N ratio of this residue, high labile C contents and the
more favorable WFPS verified in the NT than in the
CT plot (Figure 1a). The decomposition of soybean
residues was fast, even when simply left on the soil
surface, as observed similarly by Campos (2006) at
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the same site; the decay rate was more controlled by
moisture, temperature, pH and Oq, and less by residue
incorporation into soil by tillage. In addition, Aita &
Giacomini (2007) reported that the effect of tillage to
increase the crop residue decomposition rate is
inversely proportional to the N plant content.

In this study, the cumulative or total soil CO4-C
flux CO,-C flux, during a 30 day period, was similar
in the tillage systems, independent of the chamber
type (Figure 3). Therefore, differences in CO,-flux
between treatments (Figure 2) were restricted to short-
term periods, while no difference between treatments
was stated in the 30 day period.

In the measurements of the dynamic chamber, the
total CO,-C flux in the NT plot was 471 kg ha'! but
381 kg ha'! under CT (Figure 3). These values are
equivalent to approximately 28 and 18 % of the
soybean crop residue input (NT=1698 kg ha'! C and
CT =2072 kg ha! Cin the 2006/2007 growing
season), for NT and CT respectively. Results of the
static chamber indicated that 24 and 21 % of
aboveground C input by soybean crops evolved as
COy—C flux under NT and CT respectively. Based on
decomposition equations of soybean residues (NT y =
Co 00085t and CT y = Co 00084ty astablished by
Campos (2006) at this site, a CO,-C flux of 382 and
461 kg ha'! from NT and CT soils, respectively, was
estimated in a 30 day-period. Therefore, the source
of the greatest part of the CO,-C flux measured here
was probably the soybean residue decomposition.
Quincke et al. (2007) reported a cumulative or total
soil CO,-C flux of 327 kg ha'! from CT soil and
227 kg hal in the NT soil in a soybean/sorghum
rotation in USA in a 30 day period after tillage,
measured in a dynamic chamber. These results are
lower than the values found here.
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Figure 3. Total soil CO,-C flux in 30 day period in
conventional tillage (CT) and no-tillage (NT) in
intensive cropping system measured in dynamic
and static chambers. The vertical bars represent
the mean standard error.

Relationships between soil CO,-C flux and
soil temperature and WFPS

There was an exponential increase in soil CO,-C
flux with soil temperature (r =0.91; p < 0.0001), and
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a linear relationship with soil WFPS (r = 0.79;
p < 0.0004) (Figure 4). These relations were
significant in the NT plot only and when measured
in the dynamic chamber, which was more sensitive
to changes of these variables than the static chamber.

Similarly as observed in this study, Janssens et
al. (2001) reported that 80 % of temporal changes in
soil COy-C flux could be ascribed to changes in soil
temperature, at adequate soil moisture. Verma et al.
(2005) and Costa et al. (2008) also observed a positive
correlation between soil CO,-C flux and soil
temperature. However, in a bare Oxisol, La Scala et
al. (2000) found no correlation between CO,-C flux
and soil temperature. During this experiment, the
NT plot maintained higher soil moisture with a mean
WEFPS of 37 % (Figure 1a). This is probably the
reason why soil temperature was detected as the main
control factor. On the other hand, higher soil moisture
variation was registered in the CT plot, with a mean
WEFPS of only 25 % (Figure 1a), that may have
influenced the relationship soil CO4-C - soil
temperature. Linn & Doran (1984) observed a higher
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Figure 4. Relationship between CO,-C flux and soil
temperature in the 0-0.10 mlayer (a) and water-
filled pore space (WFPS) in the 0-0.10 m layer
(b) measured in a dynamic chamber in no-tillage
system (NT).

aerobic microbial activity, measured by the soil CO,-
C flux, when the WFPS was close to 60 %. The same
authors found the lowest soil CO,-C flux when WFPS
was around 30 %.

After the exponential model linearization, a model
Ln(E ¢p2.c) =a+bTgor, was obtained (Figure 4a). In
this study Q;¢ was calculated by the following
mathematical expression: Qo = e!%, and the value
found was 3.93. This result is in the range of 1.3 to
5.1 reported by Conant et al. (2004) in USA soils.
These authors found higher Q;y values when
temperatures were lower, in agreement with Lloyd &
Taylor (1994).

Comparison of soil CO,-C flux measured by
static and dynamic chambers

The correlation between CO,-C flux obtained from
the two chambers was linear in the NT plot (r =0.78;
p < 0.02) (Figure 5), while in the CT plot this
relationship was not significant. Under NT, the static
chamber underestimated the CO,-C flux registered
by the dynamic chamber, especially when flux was
close or superior to 20 kg ha'! day!l. Jensen et al.
(1996) comparing static and dynamic chambers in CT
agriculture and under forest and pasture ecosystems
in temperate climate found an exponential
relationship (r= 0.84). Therefore, when soil surface
CO,-C flux rates measured by the dynamic method
were above 24 kg ha'l day! CO,-C, they were up to
five times higher than by the static method.
Therefore, these authors also reported that when CO,-
C fluxes are high, measurements by the static chamber
underestimate the ones by the dynamic chamber, as
verified in this study.

When the soil COs-C flux is low the static chamber
can overestimate the flux in relation to the dynamic
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224 p< 0.02

20{ n=7

y= 4.359 + 0.6265 x
R>=0.78

SOIL CO,-C FLUX, kg ha day™
- STATIC CHAMBER
>

6 8 lll) 1I2 1I4 1I6 ]IS 2IO 2I2 2I4 26
SOIL CO,-C FLUX, kg ha day™
- DYNAMIC CHAMBER

Figure 5. Relationship between CO,-C flux measured
in dynamic and static chambers in no-tillage (NT)
system.
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chamber (Nay et al., 1994; D’Andréa et al., 2006).
Jensen et al. (1996) reported that some static chamber,
are not able to full integrate CO,—C flux in a one-day-
period. Besides, the larger spatial variability observed
with the dynamic chamber requires a large number
of replications to obtain reliable estimates of the mean
s0il CO4-C flux. This limitation was probably reduced
in our study, at least during the tillage operation,
when 5 and 11 measurements were performed on the
days of disk plowing and harrowing, respectively, and
were reduced to a frequency of 2 daily measurements
(9-10 and 15-16 h) after that. However, no
measurements were performed with the dynamic
chamber at night.

The dynamic compared to the static chamber is
more appropriate to detect spatial and temporal
variability in studies that relate soil CO,-C flux with
soil temperature and WFPS. Using the dynamic
chamber it is possible to sample a high number of
points in a short time (La Scala et al., 2006). This
fact probably helped to establish a significant
relationship between CO,-C flux and abiotic factors
(temperature and WFPS) by the dynamic but not the
static chamber. On the other hand, the static chamber
maintained in the soil for 24 h has the advantage of
integrating the daily CO,-C flux and is probably more
adequate for long-term studies, for instance, related
to crop residue decomposition and labile C fraction
decay in soil organic matter.

CONCLUSIONS

1. The total soil COo—C flux in a 30 day period
was similar in no-till and conventional tillage,
independent of the chamber type. The differences in
CO,-C flux between tillage systems were related to
the day of observation; the differences were higher in
the first weeks after tillage. The restricted impact of
soil tillage in CO,-C flux was associated to
predominant climatic conditions of low soil
temperature and water-filled pore space during the
experimental period (autumn).

2. The dynamic chamber was more efficient than
the static to detect rapid changes in soil CO,-C flux
driven by abiotic factors. Soil COs-C flux in the no-
till plot increased exponentially with soil temperature
and linearly with water-filled pore space and these
properties explained most of the temporal flux
variability. The CO,-C flux was more sensitive to
soil temperature than to water-filled pore space during
the fall period evaluated in southern Brazil.

3. Only in the no-till system the static chamber
CO,-C flux measurements were linearly related to
those of the dynamic chamber. In this case of high
COgy-C flux the static chamber underestimated the
flux registered by the dynamic chamber.
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Luis Fernando Chavez et al.

ACKNOWLEDGEMENTS

The authors are indebted to the Fundacéo de
Amparo a Pesquisa do Estado do Rio Grande do Sul
(FAPERGS), Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPq) and Ministério da
Ciéncia e Tecnologia (MCT) for financial support of
the research project PRONEX “Sequestro de carbono
e mitigacdo das emissoes de gases de efeito estufa por
sistemas conservacionistas de manejo e as
oportunidades para o agronegdcio no RS”.

LITERATURE CITED

AITA, C. & GIACOMINI, S.J. Matéria organica do solo,
nitrogénio e enxofre nos diversos sistemas de exploragdo
agricola. In: YAMADA, T.; STIPP e ABDALLA, SR. &
VITTI, G.C. Nitrogénio e enxofre na agricultura brasileira.
Piracicaba, INPI, 2007. p.1-41.

AMADO, T.J.C.; BAYER, C.; ELTZ, F.L.LF. & BRUM, A.C.R.
Potencial de culturas de cobertura em acumular carbono
e nitrogénio no solo no plantio direto e melhoria da
qualidade ambiental. R. Bras. Ci. Solo, 25:189-197, 2001.

AMADO, T.J.C.; CONCEICAO, P.C.; BAYER, C. & ELTZ,
F.L.F. Qualidade do solo avaliada pelo “Soil Quality Kit
Test” em dois experimentos de longa duragdo no Rio
Grande do Sul. R. Bras. Ci. Solo, 31:109-121, 2007.

ANDERSON, J.P.E. Soil respiration. In: PAGE, A.L., ed.
Methods of soil analysis. 2.ed. Madison, America Society
of Agronomy, 1982. p.831-871.

BALL, B.C.; SCOTT, A. & PARKER, J.P. Field N,O, CO, and
CH, fluxes in relation to tillage, compaction and soil quality
in Scotland. Soil Till. Res., 53:29-39, 1999.

BAYER, C.; MIELNICZUK, J.; AMADO, T.J.C.; MARTIN-
NETO, L. & FERNANDES, S.V. Organic matter storage
in a sandy clay loam Acrisol affected by tillage and cropping
systems in Southern Brazil. Soil Till. Res., 54:101-109,
2000a.

BAYER, C.; MARTIN-NETO, L.; MIELNICZUK J.; PAVINATO,
A. & DIECKOW, J. Carbon sequestration in two Brazilian
Cerrado soils under no-till. Soil Till. Res., 86:237-245, 2006.

CAMPOS, B.C. Dinamica do carbono em Latossolo Vermelho
sob sistemas de preparo de solo e de culturas. Santa Maria,
Universidade Federal de Santa Maria, 2006. 188p. (Tese
de Doutorado)

CONANT, R.T.; DALLA-BETTA, P.; KLOPATEK, C.C. &
KLOPATEK, J.M. Controls on soil respiration in semiarid
soils. Soil Biol. Biochem., 36:945-951, 2004.

COSTA, F.S.; BAYER, C.; ZANATTA, J.A. & MIELNICZUK, J.
Estoque de carbono organico no solo e emissées de diéxido
de carbono influenciadas por sistemas de manejo no sul
do Brasil. R. Bras. Ci. Solo, 32:323-332, 2008.



CARBON DIOXIDE EFFLUX IN A RHODIC HAPLUDOX AS AFFECTED BY TILLAGE SYSTEMS... 333

D’ANDREA, A.F.; SILVA, M.L.N. & SILVA, C.A. Emissoes de
CO, do solo: Métodos de avaliagédo e influéncia do uso da
terra. In: ROSCOE, R.; MERCANTE, F.M. & SALTON,
J.C. Dinadmica da matéria orgénica do solo em sistemas
conservacionistas: Modelagem mateméatica e métodos
auxiliares. Dourados, Embrapa Agropecuaria Oeste, 2006.
p.199-242.

DENEF, K.; SIX, J.; MERCKX, R. & PAUSTIAN, K. Carbon
sequestration in microaggregates of no-tillage soils with
different clay mineralogy. Soil Sci. Soc. Am. dJ., 68:1935-
1944, 2004.

DIECKOW, J.; MIELNICZUK, J.; KNICKER, H.; BAYER, C.;
DICK, D.P. & KOEGEL-KNABNER, I. Carbon and
nitrogen stocks in physical fractions of a subtropical Acrisol
as influenced by long-term no-till cropping systems and
N fertilization. Plant Soil, 268:319-328, 2005.

EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA -
EMBRAPA. Centro Nacional de Pesquisa de Solos.
Sistema brasileiro de classificacéo de solos. Rio de Janeiro,
Embrapa-Solos, 2005. 374p.

EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA -
EMBRAPA. Primeiro inventario brasileiro de emissdes
antrépicas de gases de efeito estufa: Emissoes de 6xido
nitroso proveniente de solos agricolas. Brasilia, Ministério
da Ciéncia e Tecnologia, 2006.

FABRIZZI, K.; RICE, C.; AMADO, T.J.C.; FIORIN, J.E ;
BARBAGELATA, P. & MELCHIORI, R. Soil organic
matter and microbial ecology of Mollisols, Vertisols and
Oxisols: Effect of native and agroecosystems.
Biogeochemistry, 2008 (online 20/11/2008 http://
dx.doi.org/10.1007/s10533-008-9261-0).

FORTIN, M.C.; ROCHETTE, P. & PATTEY, E. Soil carbon
dioxide fluxes from conventional and no-tillage small-
grain cropping systems. Soil Sci. Soc. Am. J., 60:1541-
1547, 1996.

HEALY, R.W.; STRIEGL, R.G.; RUSSEL, T.F.; HUTCHINSON,
G.L. & LIVINGSTON, G.P. Numerical evaluation of static-
chamber measurements of soil-atmosphere gas
exchange: Identification of physical processes. Soil Sci.
Soc. Am. J., 60:740-747, 1996.

HENDRIX, P.F.; HAN, C.R. & GROFFMAN, P.M. Soil
respiration in conventional and no-tillage agroecosystems
under different winter cover crop rotations. Soil Till. Res.,
12:135-148, 1998.

INDA JR., A.V.; KLAMT, E. & NASCIMENTO, P.C. Composi¢ao
da fase sélida mineral do solo. In: MEURER, E.J., ed.
Fundamentos de quimica do solo. 2.ed. Porto Alegre,
Génesis, 2004. p.35-71.

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE
— IPCC. Climate Change 2007: The physical science basis.
Cambridge. UK: Cambridge University Press. (The Fourth
Assessment Report)

JANSSENS, I.A.; KOWALSKI, A.S.; LONGDOZ, B. &
CEULEMANS, R. Assessing forest soil CO, eflux: An in
situ comparison of four techniques. Tree Phys., 20:23-32,
2001.

JENSEN, L.S.; MUELLER, T.; TATE, K.R.; ROSS, D.J.; MAGID,
J. & NIELSEN, N.E. Soil surface CO, flux as an index of
soil respiration in situ: A comparison of two chamber
methods. Soil Biol. Biochem., 28:1297-1306, 1996.

LAL, R. Global potential of soil carbon sequestration to mitigate
the greenhouse effect. Critical Rev. Plant Sci., 22:151-
184, 2003.

LA SCALA, N.; MARQUES JR, J.; PEREIRA, G.T. & CORA,
J.E. Carbon dioxide emission related to chemical
properties of a tropical bare soil. Soil Biol. Biochem.,
32:1469-1473, 2000.

LA SCALA, N.; LOPES, A.; MARQUES JR, J. & PEREIRA,
G.T. Carbon dioxide emissions after application of tillage
systems for a Dark Red Latossol in Southern Brazil. Soil
Till. Res., 62:163-166, 2001.

LA SCALA, N,; BOLONHEZI, D. & PEREIRA, G.T. Short-
term soil CO, emission after conventional and reduced
tillage of a no-till sugar cane area in Southern Brazil. Soil
Till. Res., 91:244-248, 2006.

LINN, D.M. & DORAN, J.W. Effect of water-filled pore space
on carbon dioxide and nitrous oxide production in tilled
and nontilled soils. Soil Sci. Soc. Am. J., 48:1267-1272,
1984.

LIU, X.J.; MOSIER, A.R.; HALVORSON, A.D. & ZHANG, F.S.
The impact of nitrogen placement and tillage on NO, N,O,
CH,4 and CO, fluxes from a clay loam soil. Plant Soil,
280:177-188, 2006.

LLOYD, J. & TAYLOR, J.A. On the temperature dependence
of soil respiration. Func. Ecol., 8:315-323, 1994.

MIELNICZUK, J. Matéria organica e a sustentabilidade de
sistemas agricolas. In: SANTOS, G.A. & CAMARGO, F.A.,
eds. Fundamentos da matéria organica do solo:
Ecossistemas tropicais e subtropicais. Porto Alegre,
Genesis, 1999. p.1-8.

MORENO, J.A. Clima do Rio Grande do Sul. Porto Alegre,
Secretaria da Agricultura, Sec¢io de Geografia, 1961. 38p.

NAY, S.M.; MATTSON, K.G. & BORMANN, B.T. Biases of
chamber methods for measuring soil CO, efflux
demonstrated with a laboratory apparatus. Ecology,
75:2460-2463, 1994.

OORTS, K.; MERCKX, R.; GREHAN, E.; LABREUCHE, J. &
NICOLARDOT, B. Determinants of annual fluxes of CO,
and N,O in long-term no-tillage and conventional tillage
systems in northern France. Soil Till. Res., 95:133-148,
2007.

PAUL, E.A.; HARRIS, D.; COLLINS, H.P.; SCHULTHESS, U.
& ROBERTSON, G.P. Evolution of CO5 and soil carbon
dynamics in biologically managed, row-crop
agroecosystems. App. Soil Ecol., 11:53-65, 1999.

QUINCKE, J.A.; WORTMANN, C.S.; MAMO, M.; FRANTI, T.
& DRIJBER, R.A. Occasional tillage of no-till systems:
Carbon dioxide flux and changes in total and labile soil
organic carbon. Agron. J., 99:1158-1168, 2007.

R. Bras. Ci. Solo, 33:325-334, 2009



334

REICOSKY, D.C. & LINDSTROM, M.J. Fall tillage method:
Effect on short-term carbon dioxide flux from soil. Agron.
dJ., 85:1237-1243, 1993.

SANHUEZA, E.; CARDENAS, L.; DONOSO, L. & SANTANA,
M. Effect of plowing on CO,, CO, CH,, N,O, and NO
fluxes from tropical savannah soils. J. Geophys. Res.,
99:16429-16434, 1994.

SIX, J.; ELLIOTT, E.T.; PAUSTIAN, K. & DORAN, J.W.
Aggregation and soil organic matter accumulation in
cultivated and native grassland soils. Soil Sci. Soc. Am. J.,
62:1367-1377, 1998.

SIX, J.; ELLIOTT, E.T. & PAUSTIAN, K. Soil macroaggregate
turnover and microaggregate formation: A mechanism
for C sequestration under no-tillage agriculture. Soil Biol.
Biochem., 32:2099-2103, 2000.

SIX, J.; FREY, S.D.; THIES, R.K. & BATTEN, K.M. Bacterial
and fungal contributions to carbon sequestration in
agroecosystems. Soil Sci. Soc. Am. dJ., 70:555-569, 2006.

R. Bras. Ci. Solo, 33:325-334, 2009

Luis Fernando Chavez et al.

SUNDQUIST, E.T. The global carbon dioxide budget. Science,
259:934-941, 1993.

USDA-ARS. Soil quality test kit guide. Washington, Soil Quality
Institue, 1998. 82p.

USDA - Soil Survey Staff. Soil Taxonomy — A basic system of
soil classification for making and interpreting soil survey.
2.ed. Washington, 1999. 871p.

VERMA, S.B.; DOBERMANN, A.; CASSMAN, K.G;
WALTERS, D.T.; KNOPS, J.M.; ARKEBAUER, T.J.;
SUYKER, A.E.; BURBA, G.G.; AMOS, B.; YANG, H,;
GINTING, D.; HUBBARD, K.G.; GITELSON, AA. &
WALTER-SHEA, E.A. Annual carbon dioxide exchange
in irrigated and rainfed maize-based agroecosystems.
Agric. For. Meteorol., 131:77-96, 2005.

YAMULKI, S. & JARVIS, S.C. Short-term effects of tillage
and compaction on nitrous oxide, nitric oxide, nitrogen
dioxide, methane and carbon dioxide fluxes from
grassland. Biol. Fert. Soils, 36:224-231, 2002.



