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LONG-TERM C-CO, EMISSIONS AND CARBON CROP
RESIDUE MINERALIZATION IN AN OXISOL UNDER
DIFFERENT TILLAGE AND CROP ROTATION SYSTEMS()

Ben-Hur Costa de Campos®, Telmo Jorge Carneiro Amado'®, Carlos Gustavo

Tornquist®, Rodrigo da Silveira Nicoloso® & Jackson Ernani Fiorin(®

ABSTRACT

Soil C-CO, emissions are sensitive indicators of management system impacts
on soil organic matter (SOM). The main soil C-CO, sources at the soil-plant interface
are the decomposition of crop residues, SOM turnover, and respiration of roots
and soil biota. The objectives of this study were to evaluate the impacts of tillage
and cropping systems on long-term soil C-CO, emissions and their relationship
with carbon (C) mineralization of crop residues. A long-term experiment was
conducted in a Red Oxisol in Cruz Alta, RS, Brazil, with subtropical climate Cfa
(Koppen classification), mean annual precipitation of 1,774 mm and mean annual
temperature of 19.2 °C. Treatments consisted of two tillage systems: (a)
conventional tillage (CT) and (b) no tillage (NT) in combination with three cropping
systems: (a) RO- monoculture system (soybean/wheat), (b) R1- winter crop rotation
(soybean/wheat/soybean/black oat), and (c) R2- intensive crop rotation (soybean/
black oat/soybean/black oat + common vetch/maize/oilseed radish/wheat). The
soil C-CO, efflux was measured every 14 days for two years (48 measurements), by
trapping the CO, in an alkaline solution. The soil gravimetric moisture in the
0-0.05 m layer was determined concomitantly with the C-CO, efflux measurements.
The crop residue C mineralization was evaluated with the mesh-bag method, with
sampling 14, 28, 56, 84, 112, and 140 days after the beginning of the evaluation
period for C measurements. Four C conservation indexes were used to assess the
relation between C-CO, efflux and soil C stock and its compartments. The crop
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residue C mineralization fit an exponential model in time. For black oat, wheat
and maize residues, C mineralization was higher in CT than NT, while for soybean
it was similar. Soil moisture was higher in NT than CT, mainly in the second year
of evaluation. There was no difference in tillage systems for annual average C-CO,
emissions, but in some individual evaluations, differences between tillage systems
were noticed for C-CO, evolution. Soil C-CO, effluxes followed a bi-modal pattern,
with peaks in October/November and February/March. The highest emission was
recorded in the summer and the lowest in the winter. The C-CO, effluxes were
weakly correlated to air temperature and not correlated to soil moisture. Based on
the soil C conservation indexes investigated, NT associated to intensive crop rotation
was more C conserving than CT with monoculture.

Index terms: management systems, no tillage, conventional tillage, greenhouse
gases.

RESUMO: EMISSOES DE C-CO, DE LONGO PRAZO E A MINERALIZACAO
DO CARBONO DOS RESIDUOS CULTURAIS EM UM
LATOSSOLO SOB DIFERENTES SISTEMAS DE PREPARO E
ROTACAO DE CULTURAS

A emissdo de C-COydo solo é considerada um indicador sensivel dos impactos de sistemas
de manejo sobre a matéria organica do solo (MOS). Nos sistemas agricolas, as principais
fontes de C-CO, sdo as decomposigdes dos residuos culturais e da MOS, além da respiragdo das
raizes das culturas e da biota do solo. O principal objetivo deste estudo foi avaliar o impacto
de sistemas de preparo do solo e culturas nas emissoes de longo prazo de C-COsdo solo e sua
relagdo com a mineralizag¢do do carbono (C) de residuos culturais. Este estudo foi desenvolvido
em experimento de longa duragdo, em Latossolo Vermelho distréfico tipico, de ocorréncia na
regido de Cruz Alta, RS, Brasil. O clima é o subtropical Cfa, segundo a classificagdo de
Koppen, com precipitacdo pluvial anual média de 1.744 mm e temperatura média anual de
19,2°C. Os tratamentos investigados foram dois sistemas de preparo — convencional (PC) e
plantio direto (PD) - e trés sistemas de culturas: R0O- sucessdo de monoculturas (trigo/soja);
R1I- rotagdo de culturas de inverno (aveia-preta/soja/trigo/soja); e R2- rotagdo intensiva de
culturas (aveia-preta/soja/aveia-preta+ervilhaca/milho /nabo forrageiro/trigo/soja). O
efluxo de C-COjy do solo foi avaliado em intervalos fixos de 14 dias, durante dois anos (48
avaliagdes), por meio da captura do diéxido de carbono em solugdo alcalina. A umidade
gravimétrica do solo, na camada de 0-0,05 m, foi determinada concomitantemente com as
medigoes de C-CO,. Ainda, foi avaliada a taxa de liberag¢do do C dos residuos culturais
utilizando o método dos sacos de decomposi¢do, com amostragens aos 14, 28, 56, 84, 112 e
140 dias apds o inicio das avaliagées de mineralizagdo do C. Foram utilizados quatro indices
de conservagdo do C para avaliar a relagdo entre as emissées de C-COye estoques de C e seus
compartimentos no solo. A mineraliza¢do do C dos residuos culturais no tempo seguiu o
modelo exponencial. Para os residuos de aveia-preta, trigo e milho, a mineralizag¢do do C foi
maior no CT do que no PD, enquanto para a soja foi semelhante entre os sistemas de preparo
do solo. A umidade do solo foi maior sob PD do que no PC, especialmente no segundo ano de
avaliagdo. Nao houve diferen¢a na emissdo média anual de C-COs entre sistemas de preparo;
diferengas foram observadas apenas em algumas avaliagées individuais. As emissées de C-
COgyseguiram padrdo bimodal, com picos nos meses de outubro-novembro e fevereiro-margo.
As maiores emissées de C-CO, foram registradas no verdo, e as menores, no inverno. As
emissoes de C-CO, apresentaram baixa correlagdo com a temperatura do ar e ndo foram
influenciadas pela umidade do solo. Com base nos indices de conservagdo de C investigados,
o PD associado a rotagdo intensiva de culturas foi mais conservador de C do que o PC com
sucessd@o de culturas.

Termos de indexagdo: sistemas de manejo, plantio direto, preparo convencional, gases de efeito
estufa.
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INTRODUCTION

The greenhouse effect is a natural phenomenon
responsible for the partial retention of the incident
solar radiation on the earth surface, maintaining the
global mean temperature close to 15 °C IPCC, 2001).
However, the increase of greenhouse gas (GG)
concentrations in the last century has amplified this
natural effect and, consequently, raised the global
mean temperature. In developed countries, the
increase of GG concentrations has been associated to
industry and transportation sectors due to fossil fuel
consumption (IPCC, 2007). In developing countries,
changes in land use and agricultural activities have
been considered important sources of GGs. In Brazil,
these latter are the major sources of GGs because of
the high deforestation rates associated with frequent
biomass burning and high SOM decomposition rates
resulting of the soil mobilization under conventional
tillage (Cerri & Cerri, 2007). Possible consequences
of climate changes for Brazil include yield loss in the
major grain and cash crops (Siqueira et al., 2001;
Streck, 2005).

Soil organic matter, consisting mostly of C, is the
largest terrestrial pool in the C biogeochemical cycle
(IPCC, 2001). Although SOM rarely accounts for more
than 5 % of the soil volume, it plays a crucial role in
soil physical, chemical and biological properties
associated with crop yields and soil degradation
resistance (Brady, 1989; Concei¢éo et al., 2005;
Manlay et al., 2007). Therefore, the agricultural
systems that are able to increase the soil C stocks
could contribute to maintain soil productivity and, at
the same time, mitigate global warming. In this
context, conservation tillage systems have been
emphasized as an important tool to increase the soil
C sink (Franzluebbers et al., 1994; Bayer et al., 2000;
West & Post, 2002; Amado et al., 2006). In the context
of the project of low carbon agriculture, recently
launched by the Brazilian government, it was
estimated that the increase of the current NT area
from 28 million ha to 40 million ha in 2020, could
represent the removal of 224 million tons of
atmospheric CO4 (Brasil, 2009).

The increase in soil organic C stock (SOC) is a
result of a positive balance between C inputs, derived
from above and belowground biomass, and C outputs,
mainly associated to heterotrophic decomposition of
SOM and soil erosion (Anderson, 1982; Stevenson,
1994; Franzluebbers et al., 1994; Kuzyakov, 2006).
Crop residues and SOM, especially the labile pools,
are used as energy source by the microbial biomass.
Most of this C is lost as C-CO4 during the decompo-
sition process (Vargas & Scholles, 2000; Moreira &
Siqueira, 2002). Other soil C-COs sources include plant
root metabolism and the respiration of rhizosphere-
associated microorganisms (Mielnick, 1996). These
soil C-COs effluxes are regulated by climatic conditions,
especially temperature and soil moisture (Buyanovsky
et al., 1986; Rees et al., 2005).
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Crop decomposition begins with residue
fragmentation by soil fauna and subsequent microbial
activity. Residue decomposition is mainly regulated
by climatic conditions, soil nutrient availability and
the biochemical composition of the residues, such as
lignin and alkaloid contents and C/N ratio (Rees et
al., 2005; Padovan et al., 2006). In field studies of
crop residue decomposition under soil tillage systems,
mesh-bags are frequently applied (Wieder & Land,
1982; Amado et al., 2003; Padovan et al., 2006; De
Bona et al., 2006).

Soil C-CO, emission is a sensitive indicator of
changes in microbial biomass induced by soil
management systems, and, therefore, it is important
to understand the crop residue and SOM dynamics
(Campbell et al., 1991; Franzluebbers et al., 1995;
Vargas & Scholles, 2000; Costa et al., 2008).
Measurements of in vitro C-CO4 emission could be
more precise than in situ because the variability
associated with microclimatic factors is reduced and
the analytical procedures are simplified. However,
laboratory handling for these measurements could
affect the representativeness of the soil management
systems such as soil tillage and cropping systems.
Therefore, in situ assessments of C-CO, efflux have
been preferred for the study of microbial activity, crop
residue decomposition and SOM dynamics under soil
management systems (Franzluebbers et al., 1995;
Magid et al., 1997; Costa et al., 2006).

Conventional tillage causes physical fractionation
of crop residues, increases the soil-residue contact,
soil aeration and temperature, and leads to in an
increase in crop residue decomposition rates that
follows the exponential model decay (Amado et al.,
2000; Aita & Giacomini, 2007). on the other hand, no
tillage maintains crop residues on the soil surface,
promotes minimum soil disturbance limiting the soil-
residue contact resulting in a reduced crop residue
decomposition rate (Amado et al., 2003). The C-CO,
emissions are regulated by C crop residue input
(Franzlubbers et al., 1995; Mielnick, 1996). Tillage
and cropping systems also affect the microbial ecology
and activity (Vargas & Scholles, 2000). Comparing
long-term NT in Parana State, Siqueira Neto et al.
(2009) reported that the increase in time of NT
adoption from 12 to 22 years resulted in higher C-
CO, emissions. In that study, it was observed that
the seasonal C-CO,emissions followed the temperature
fluctuation during the year, i.e., in months with low
temperature, as in July, C-CO, emission was only
40 % of the months with high temperature, as in
October. Similarly, Costa et al. (2008), in Rio Grande
do Sul State, reported that in the winter, at an average
minimum temperature of 8 °C, C-COyemission was
20 % of the summer emissions, with an average
maximum temperature of 38 °C.

The C retention index was investigated in a long-
term experiment in Rio Grande do Sul State, Costa
et al. (2008) reported that NT of legume cover crop
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(vetch/maize) increases C retention in relation to CT
with grass crop succession (black oat/maize).
Information regarding the C retention index in tillage
and crop systems in Southern Brazil is still limited.

This study aimed to evaluate the effect of tillage
systems on crop residue carbon mineralization of main
cash and cover crops regularly used in Southern
Brazil. In addition, it investigated the long-term in
situ C-CO, emissions as affected by abiotic factors,
tillage systems and crop residue type. Finally, the
carbon management index was also determined, based
on the annual C-COyemission and its relation with
soil C stock and C crop input in a long-term experiment
conducted in a grain-producing region of Southern
Brazil, on an Oxisol.

MATERIAL AND METHODS

Soil and climate characteristics

Described by Campos et al. (2011).

Weather conditions in the experimental period

Precipitation distribution and air temperature in
the studied period are presented in figure 1. As
expected for subtropical climate, the mean
temperature was lower in the winter and higher in
the summer, with intermediate values in autumn and
spring. The mean winter was about half of the mean
summer temperature. The first year had a colder
winter, with a 22 % lower mean temperature than in
the second year. Also, the summer in the first was
drier than in the second year, with 45 % lower
precipitation. Inthe second year, a linear relationship
(r=0.73) between rainfall precipitation and air
temperature was noted. These abiotic factors would

—_
=3
=

probably sustain an increase of biological activity and,
therefore, C-CO, efflux in the second year compared
to the first year.

Long-term C-CO, emissions

Soil C-CO, efflux was assessed by the method of C-
COy trapping in a sodium hydroxide solution with
static chambers described by Anderson (1982), with
modifications proposed by Franzluebbers et al. (1995).
The evaluation period was from June 1999 to June
2001, corresponding to the 14th to 16th experimental
year. Five cylindrical PVC chambers (height 0.3 m,
@ 0.15 m) were randomly placed on the experimental
plots and pushed into the soil to a depth of
approximately 0.04 m between the crop rows.
Laboratory flasks (height 0.15 m, & 0.10 m)
containing 20 mL of NaOH 1 mol L1 solution were
placed in the chambers on a supporting wire-mesh
structure about 0.03 m above the soil surface. Three
control chambers with closed bottom were also placed
in the field as blanks.

Soil C-CO, efflux was assessed in an evaluation
period of 24 h, starting at 2:00 PM and finishing 24 h
later. The measurements were repeated within fixed
time intervals of 14 days for two years, totalizing 48
measurements. After the evaluation period, the flasks
with the alkaline solution were removed and
hermetically closed, until the titration with HC10.5 N
solution in BaCl, excess (Stotzky, 1956). The C-CO,
efflux per unit area was calculated as follows:

C-CO,=(B-V)xMxE)/(AxT) (1)

where C-CO, = C efflux as COy (mg m2h'l); B =
volume of HCI solution used for the titration of
treatment samples (mL); V = volume of HCI solution
used for the titration of blank samples (mL); M =
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Figure 1. Rainfall precipitation and air temperature during the evaluation period of CO, emissions (from

June 7, 1999 to June 4, 2001).
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molarity (mol L) of the HCI solution; E = carbon
gram-equivalent (6 g); A = exposed soil surface area
(m2); T =sampling time (h).

Crop residue decomposition

Crop residues for the decomposition study were
collected after the harvest of the grain crops or the
management of the cover crops. These crop residues
were chopped in 0.05 m pieces and dried at 65 °C to
constant weight. The mesh-bags (0.10 x 0.20 m) were
made of a 50 um screen to allow access of soil meso-
and macro-fauna (Amado et al., 2003; Padovan et al.,
2006). In the first evaluation period (1998/1999), the
mesh-bags were filled with an equal amount of crop
residues for all treatments. In the second period (1999
and 1999/2000), the amount of crop residues placed
in the mesh-bags was proportional to the amount of
dry biomass produced in each plot. Six mesh-bags
were placed per plot on the soil surface in NT and at
a depth of 0.10 m in the CT. The mesh-bags were
removed 14, 28, 56, 84, 112, and 140 days after the
beginning of the decomposition study. The remaining
crop residues inside the mesh-bags were dried at 65 °C
and attached soil was gently removed. Roots that
grew into the mesh-bags were also removed. The C
content of the crop residue samples was determined
by sulfochromic digestion with external heating, as
described by Tedesco et al. (1995). The decay rates of
the Cin the crop residues were adjusted by the one-
compartmental exponential model, as proposed by
Wieder & Land (1982) and Whitmore (1996), and
described as follows:

Y= Coe'kt (2)

where Y =remaining C (kgha); Cy=initial C (kgha);
K =decay constant rate; t= time (day).

The half-life C of the crop residues, or the time
necessary for release of 50 % of the initial amount of
C, was calculated as proposed by Paul & Clark (1989),
and described as following:

t15= (In 2)/k ®)
where t;,,= half-life; k= decay constant rate.

The amount of crop residue input to the soil by
cropping systems was estimated by Campos (2006)
and SOC, by Campos et al. (2011). Based on these
data and on the C-CO, efflux, four Carbon Conservation
Indexes (CCIs) were calculated, as proposed by
Franzluebbers et al. (1995) and Costa et al. (2008):

ccrp=259€
C-input )
C-CO, emissions
[ 1] = - cmissions. .
CC soc ®)
cer i =-£-CO; emissions o

POC
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CCIIV = C-CO, emissions

Coinput + SOC ™
where A SOC = mean annual change of soil organic
carbon (SOC) stocks between 1995 and 2004 in the 0—
0.20 m layer Mg ha'! yr1) (Campos et al., 2011); C-
CO, emissions = mean annual soil C-CO, efflux
(Mg ha'l); C-input = carbon crop (above and below-
ground) input, assuming additional 30 % of the
aboveground C input for root contribution (Zanatta et
al., 2007) Mg ha'l); SOC = SOC stock in the 0-0.20 m
layer (Mg hal); POC = Particulate organic C (POC)
stock in the 0-0.10 m layer (Mg ha'!)

Meteorological data

Precipitation and air temperature throughout the
study period were obtained at the FUNDACEP
meteorological station, approximately 300 m away
from the experimental site. The soil gravimetric
moisture in the 0-0.05 m layer was determined by
sampling soil concomitantly with the CO4 efflux
measurements.

Statistical analysis

Soil C-CO, emissions were compared at each
sampling using the LSD test at 5 % significance.
Given the high variability of the in situ C-COg efflux
measurements, which is inherent to the method used,
outliers were removed by the Dixon Q test. The
criterion for outlier elimination was a Dixon Q value
exceeding the critical Q value at 5 % significance
(Dixon, 1950). Soil moisture data from treatments
were compared using the Student t test. The crop
residue decomposition data were submitted to
regression analysis by the software SigmaPlot (Systat,
2002). Analysis of variance was performed using
software SAS (SAS, 1996). For a comparison of C-
CO4 emissions, the main sources of variation were
considered significant at a level of 5 % and their
interactions at 10 % by the F test. Additionally,
Pearson correlation coefficients for C-CO, efflux and
soil temperature and moisture were calculated using
original data.

RESULTS AND DISCUSSION

Crop residue decomposition

The crop residue decomposition rate, expressed by
exponential C decay in both tillage systems, was
assessed over three distinct periods, from November/
1998 to April/2000 (Figure 2; Table 1). Crop residue
decomposition rate has an influence on the soil cover,
soil moisture and C-CO, efflux (Amado et al., 1990;
Mielnick, 1996). In the first period from November/
1998 to April/1999, with winter crop residue input,
the composition of the cover crop consortium (R2)
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showed a predominance of black oat over common
vetch. Wheat in the cropping system RO and black
oat in R1 produced a higher C input than black oat +
vetch in the R2 cover crop consortium. This result
was not expected but some irregular crop growth
among treatments had been previously noticed in the
experimental period. The C decay rates for these
winter crops in the same tillage system were similar,
ranging from 4.8 to 5.6 kg ha'l day! C in NT and
from 12.2 to 12.8 kg ha'! day! Cin CT (Table 1). This
result is partially explained by the predominance of
grass crop (black oat and wheat) addition to the soil.
For these crops, the C decay rate under CT was about
twice as high as in NT. Therefore, the half-life of
black oat residues (R1) was 54 and 124 days for CT
and NT, respectively, while the half-life of wheat
residues (R0) was 57 (CT) and 139 (NT) days.

The C decay rate of black oat under NT (R1) of
4.8 kg ha'l day'! C observed in this study is similar
to findings reported by Da Ros et al. (2004), who
observed arate of 4.7 kg ha'! day! C under the same

Ben-Hur Costa de Campos et al.

climate and soil conditions. However, De Bona et al.
(2006) reported black oat decomposition rates under
NT of 6.7 and 11.0 kg ha! day! C in non-irrigated and
irrigated areas, respectively. These higher C minerali-
zation rates of black oat could be associated to diverse
climatic conditions of that study in relation to our
study, markedly the higher mean air temperature.

In the second evaluation period (April/1999 to
September/1999), with summer crop residue input of
maize, a C decay rate under CT (11.1 kg ha'! day! C)
about twice as high asin NT (5.1 kg ha! day! C) was
also observed. On the other hand, for soybean residues
the C decay rates were similar in the tillage systems
(RO CT=8.6 and NT=7.9 kg ha'! day! C; R1 CT=8.4
and NT=8.5 kg ha'! day! C). The C half-life for maize
residues was 62 and 136 days for CT and NT,
respectively, while for soybean residues it ranged from
81 to 88 days, with an average over tillage systems of
83 days. Therefore, the C decay rates were influenced
by the interaction of tillage and cropping systems.
This result is in agreement with Aita & Giacomini

RO R1 R2
2500| © Conventional tillage (CT) K black oat black oat + vetch
e No tillage (NT)
e Ct=1788 "' R’ = 0,97
2000 o _ -0,0051t 2 _ -0,0128t 2
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Figure 2. Carbon decay (Ct) of crop residue adjusted to a negative exponential model (Y = Coe'kt) under
conventional tillage (CT) and no tillage (NT) and cropping systems (R0: soybean/wheat; R1: soybean/
wheat/soybean/ black oat; R2: soybean/black oat/soybean/black oat+ common vetch/maize/oilseed radish/

wheat) during three periods of evaluation.
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Table 1. Initial C (C;), decay constant rate (k), determination coefficient (R? and half-life (t,,,) of crop
residues in mesh-bags under influence of two soil tillage systems (CT= conventional tillage and NT=no
tillage) and three cropping systems (R0: soybean/wheat; R1: soybean/wheat/soybean/black oat; R2:
soybean/black oat/soybean/black oat+ common vetch/maize/oilseed radish/ wheat), from November

1998 to April 2000
Tillage system Cropping system Crop residue Cy k R? tie
kg ha™ kg ha' day* day"
November 1998 - April 1999
CT RO Wheat 1,788 12.2 0.97 57
NT 1,668 5.1 0.89 139
CT R1 Black oat 2,541 12.6 0.94 55
NT 2,646 4.8 0.96 144
CT R2 Black oat+vetch 961 12.8 0.94 54
NT 913 5.6 0.93 124
April 1999 - September 1999
CT RO Soybean 1,113 8.6 0.97 88
NT 1,300 7.9 0.88 81
CT R1 Soybean 998 8.4 0.98 81
NT 1,295 8.5 0.94 82
CT R2 Maize 1,563 11.1 0.88 62
NT 2,480 5.1 0.97 136
November 1999 - April 2000
CT RO Wheat 557 7.1 0.94 81
NT 883 5.5 0.77 126
CT R1 Wheat 714 6.8 0.92 63
NT 1,156 5.9 0.88 136
CT R2 Wheat 817 5.3 0.92 82
NT 1,318 5.9 0.94 117

(2007), who noted that the effect of soil tillage on
increasing crop residue decomposition was more
pronounced for aboveground crop residues with high
C/N ratio. Intensive soil mobilization under CT leads
to shredding of the crop residues and increases the
soil-residue contact, concurrently increasing soil
aeration and soil temperature, which leads to faster
residue decomposition. Conversely, crop residues
under NT are maintained at the soil surface with less
soil-residue contact, with greater exposure of residues
to drying and wetting cycles. These combined conditions
decreased crop residue carbon mineralization rate in
NT, especially for plants rich in recalcitrant components.

In the third period (November/1999 to April/2000),
the same winter crop (wheat) was grown in the three
cropping systems. In this period, the monoculture
system (RO) produced about 50 % less wheat biomass
than the crop rotation systems (R1 and R2), in the
same tillage system. Wheat monoculture in Southern
Brazil increased the risk of plant diseases, resulting
in a reduced mean biomass yield (Campos et al., 2011).
Carbon decay rates for wheat residues ranged from
5.3 to 7.1 kg ha'! day! C under CT and 5.5 to
5.9 kg ha'l day! C under NT. Wheat residue C half-
life was 75.3 and 126.3 days under CT and NT,
respectively, averaged over cropping systems. In
conclusion, C decay from recalcitrant crop residues,
such as wheat and maize under CT, was about twice
as high as observed under NT. On the other hand, C

decay was similar across tillage systems for the less
recalcitrant crop residues, such as soybean. Also, as
expected, C decay of grass crops was lower than of
soybean.

In the State of Rio de Janeiro, Brazil, a soybean C
residue mineralization rate of 14.7 kg ha'l day! C
under NT was reported by Padovan et al. (2006). This
rate is about twice the C decay rate estimated in this
study (8.2 kg hat day! C). The higher C minerali-
zation rate verified in the referred study was probably
associated with its tropical climate (24.5 °C — mean
annual temperature) in comparison to the subtropical
climate of this study (19.2 °C — mean temperature).
Canalli (2009) reported soybean C mineralization rates
of 6.0 kg ha! day! Cin Campos Gerais of the state of
Parana, Southern Brazil, where the mean
temperature is 18 °C. The C mineralization rate of
maize of 4.0 kg ha'! day! C under NT reported in that
study is similar to the rate observed in this study
(5.1 kg ha'l day! C). These results suggest that C decay
of less recalcitrant crop residues such as soybean under
NT was more affected by air temperature (abiotic factor)
than more recalcitrant crop residues such as maize.

Soil moisture in the C-CO, evaluation period

Soil moisture during the period of June/1999 to
June/2001 followed as expected the observed
precipitation regime (Figure 1); therefore, it was
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higher in the second year than in the first. Soil
moisture was higher in NT than CT, as previously
reported by Amado et al. (1990) and Franzluebbers et
al. (1995) (Figure 2). This result is related to the longer
half-life of crop residues under NT than CT (Table 1).
In an interannual comparison between NT and CT
treatments, the differences in soil moisture were
higher in the second year. Thus, in the summer of
the second year, the average soil moisture in NT was
32 % higher than CT, while in the first year this
difference was only 9 %. This result evidenced that
NT is more efficient in storing water and conserve
soil moisture than CT, especially under higher rainfall
occurrence. The observed temporal variation in
temperature and rainfall during the experimental
period is typical of Southern Brazil, with a marked
effect on key biological processes that regulate C-COq
effluxes, such as plant growth, plant and soil biota
respiration, biomass production, crop residue
decomposition rates, and SOM turnover. Therefore,
the long-term C-CO, emissions in this region based
on the temporal variation should be evaluated in
different tillage and cropping systems.

C-CO, efflux from tillage and cropping systems

Carbon dioxide effluxes in tillage and cropping
systems based on daily measurements at fixed interval
(every 14 days) are shown in figure 4. Assuming that
the higher crop residue C decay rates under CT than
NT verified from November/1998 to April/2000 were
representative of the whole experimental period, the
influence of residue decay rates on long-term C-CO,
efflux from tillage systems (June/1999 to June/2001)
was apparently small. Previously, Franzluebbers et al.
(1995), Vargas & Scholles (2000) and Costa et al.
(2008) also reported similar soil C-CO, efflux from
tillage systems in long-term experiments. In the
present study, the highest daily emission was
2.18 kg ha'l h'l C-COy (January 2001) from CT with
intensive crop rotation (R2) and the lowest emission
was 0.10 kg ha'l h't C-CO4 (June 1999) from NT and
monoculture system (R0). In the 1999/2000 growing
season, the average emissions of CT and NT were
0.75 and 0.80 kg ha'! h'* C-CO,, respectively, and 1.28
and 1.27 kg ha'! h'l C-CO, for the same treatments
in the 2000/2001 growing season (Table 1). These
results are in agreement with climate conditions
reported previously and with other studies carried out
with C-CO, emissions in Southern Brazil (Costa et
al., 2008; Siqueira Neto et al., 2009). Franzluebbers
et al. (1995) conducted a long-term experiment in the
South-Central region of Texas, USA, with a mean
annual temperature of 20 °C and mean precipitation
of 1,000 mm (i.e., similar climatic conditions to
Southern Brazil) and reported mean annual emissions
of 0.65-1.02 kg ha't h't C-CO,, for NT with crop
rotation and CT with monoculture system,
respectively. In that study, a bimodal pattern of C-
CO, emissions was noted, with a first peak associated
to the maximum crop growth stage, attributed mostly
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to root respiration, and a second peak just after crop
harvest, mainly due to the decomposition of crop
residues and root senescence. In addition, SOM
decomposition is an important source of C-CO,
whenever climatic conditions are favorable to high
biologic activity (Kuzyakov, 2006). Therefore, most
of the measured soil C-CO, emissions in the tillage
and cropping systems in our study were probably
originated by the heterotrophic metabolism of
microorganisms during the decomposition of crop
residues and autotrophic root respiration, while SOM
turnover was an additional factor to total emissions
(Mielnick, 1996; Campos et al., 2011).

In the present study, a bimodal pattern for the C-
CO, efflux was also observed, with a first efflux peak
near October/November and a second peak, higher
than the first, near February/March (Figure 5).
Previously, Costa et al. (2008) also reported a C-COg
peak in October in a long-term experiment with tillage
and crop systems in Rio Grande do Sul State. The
October efflux peak was probably the result of the
winter crop residue input and the February peak was
mostly associated to the crop growth stage,
corresponding to maximum canopy photosynthetic C-
CO, assimilation and, as a consequence, high root
respiration. Mielnick (1996) reported a positive linear
relationship between leaf area index of maize and
alfalfa with C-COy efflux. In our study, the C release
from the input of aboveground winter crop residues
(Table 1 and Figure 2), as described above, can result
in a maximum theoretical efflux of 0.25-0.50 kg ha'!
h'1 C-CO, for NT and CT, respectively, since a fraction
of these values will be assimilated by microbial biomass
and incorporated as MOS.

Generally, the C-CO, effluxes (Figure 4) were
higher in the summer and lower in the winter months,
parallel to the air temperature pattern (Figure 1). A
similar trend had previously been reported by
Franzluebbers et al. (1995), Costa et al. (2008) and
Siqueira Neto et al. (2009). However, periods with
distinct patterns also occurred, e.g., between
December 1999 and January 2000, when, even at high
air temperatures, low C-CO, emissions were observed,
probably related to low soil moisture (Figure 3). Air
temperature, soil moisture and their interactions
effects on soil C-CO, emissions have been frequently
reported in the literature (Kucera & Kirkham, 1971;
Franzluebbers et al., 1995; Mielnick, 1996; Moreira
& Siqueira, 2002; Costa et al., 2008; Siqueira Neto et
al. (2009); Chavez et al., 2009). However, in this
study, averaged across cropping systems, no
significant correlation with soil moisture was observed
in the C-CO,4 efflux from the tillage systems CT
(r=0.135, p=0.097) and NT (r=0.011, p=0.89). On the
other hand, C-CO, emissions were weakly correlated
with air temperature for both CT (r=0.426, p < 0.001)
and NT (r=0.348, p < 0.001). In a similar study, Costa
et al. (2008) observed strong correlation (r=0.88,
p < 0.001) between C-COy emissions and soil
temperature, averaged across tillage and cropping
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(RO: soybean/wheat; R1: soybean/wheat/soybean/black oat; R2: soybean/black oat/soybean/black
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Figure 5. Monthly average peaks of C-CO, fluxes in conventional tillage (CT) and no tillage (NT) systems

between June 7, 1999 and June 4, 2001.

systems, but lower correlation with soil moisture in
the 0-0.05 m layer. Mielnick (1996) also reported that
soil temperature was by far the most important factor
in soil COy efflux from agricultural ecosystems.

The comparison of the two experimental periods
(1999/2000 and 2000/2001) shown an average C-CO,
efflux 59 and 71 % higher in the second than in the
first year, respectively for NT and CT. The mean air
temperature was similar in both periods, but the
winter was cooler in the first year. In addition, rainfall
was 20 % higher in the second period (Figure 1). This
result could indicate that in the first period the moist
soil and cold winter could be limiting factors for
biological activity. The relationship pattern of soil
moisture and C-COs efflux was non-linear, with a rapid
decrease of biological activity whenever soil moisture
was beyond the range considered ideal (Linn & Doran,
1984). Based on C-CO2 emissions, NT was less
sensitive to rapid changes on meteorological conditions
than CT.

The annual C-CO, efflux averaged across tillage
and cropping systems ranged from 8.93 to 9.47 Mg ha'!
yr'l, with an average of 9.06 Mg ha'! yr-1.
Franzluebbers et al. (1995) reported annual C-COsq
effluxes ranging from 5.85 to 8.42 Mg ha'l yr! in
Texas, USA. Mielnick (1996) in an average of two
years reported for maize growth season (June through
October) efflux of 5.05 Mg hal. Costa et al. (2008)
reported annual C-CO, effluxes ranging from 3.6 to
4.0 Mg ha'! yr! in Southern Brazil. Therefore, the
C-COg4 emissions observed in the present study were
comparable to those verified by Mielnick (1996) and
Franzluebbers et al. (1995) and about twice of those
found by Costa et al. (2008). However, is important
to highlight that Costa et al. (2008) excluded the
contribution of roots to C-CO, emissions by sampling
plots that had been kept free of any vegetation and

with low soil C stocks (from 27.8 to 36.1 Mg ha'! C),
whereas in the presented study soil C stocks were
high (from 53.9 to 62.5 Mg ha! C) and plant root
respiration was included in the C-CO, measurements.
On the other hand, crop residue inputs and air
temperature do nott explain the differences in C-CO,
effluxes between these two sites: in Costa et al. (2008),
study, C inputs ranged from 5.8 to 7.5 Mg ha'l yr'1 C
and the air temperatures were higher, whereas in
the present study C inputs ranged from 3.3 to
5.1 Mg ha'! yr'! C with lower temperatures. Based
on these observations, probably, the contribution of
root respiration and biological activity of the
microorganisms associated to the rhizosphere could
be the main reason for the differences in C-CO,
emissions verified in these two studies. Mielnick
(1996) reported that the relative contribution of root
plus rhizosphere to the surface C-CO, efflux was
estimated to average 54 % over a maize growing
season. Franzluebbers et al. (1995) found a correlation
between C-CO, effluxes and the amount of C input by
crop residues (r=0.713, p < 0.001), but the effect of
this C source was noted only for a short period after
the crop harvest. The same study found no correlation
between C-CO, emissions and soil C stock.

Soil carbon conservation indexes

With the purpose of evaluating the efficiency of
tillage and cropping system in soil C conservation,
four indexes based on the relationship of soil organic
carbon (SOC) and its compartments with annual C-
CO, emissions and C input were investigated in this
study (Table 2). The ratio of change in soil C stock by
the amount of C crop residue input (CCI I) ranged
from 3 to 14 %. The higher this relationship, the
more efficient the management system will be in soil
C conservation. Both tillage and cropping systems had
an effect on this ratio, which was higher for NT and
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crop rotation than for CT and monoculture. In
addition, the crop rotation effect was more pronounced
than the tillage effect. Beside the quantity of C input,
the quality of crop residues was important for
increases in soil C stock (Lovato et al., 2004; Amado
et al., 2006; Campos et al., 2011). Franzluebbers et
al. (1995) reported values ranging from 9 to 25 % for
these indexes, with the highest values also observed
under NT and crop rotation.

The ratio of annual C-CO, efflux by C stocks in
the 0-0.20 m layer (CCI II) was similar among tillage
and cropping systems, ranging from 15 % (NT R2) to
17 % (CT RO). These results were lower and the range
narrower than found by Franzluebbers et al. (1995)
who reported values ranging from 20 % (NT with crop
rotation) to 35 % (CT with soybean/wheat succession),
but higher than mentioned by Costa et al. (2008), who
found a range from 10.2 % (N'T maize/common vetch)
to 13.5 % (CT maize/black oat). In general, in these
studies (Franzluebers et al. (1995), Costa et al. (2008),
and in our study, CCI IT under NT and crop rotation
was higher than under CT and monoculture. The
CCI III was more sensitive to the effects of tillage and
crop systems than CCIII. This result was expected
since the soil residence time of particulate C is shorter
than of SOC (Kuzyakov, 2006) and therefore this pool
should have a higher relative contribution to annual
C-COg efflux. The increase in POC pool associated to
conservation system (Campos et al., 2011) did not
increase the C-CO,emission in the same proportion,
since the improvement in soil management (NT and
crop rotation) decreased the CCI ITI index.

The relationship between annual C-CO, efflux and
the sum of soil C stock and C input by annual crop
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residues (CCI IV) indicate similar results across tillage
and cropping systems, ranging from 14 to 15 %.
Franzluebbers et al. (1995) found values ranging from
17.4t027.0 % and Costa et al. (2008) reported values
ranging from 9.5 to 11.5 %. In the cited studies, the
lowest ratio was observed under NT and crop rotation.
This index is negatively related to the potential of soil
C conservation. The lack of sensitivity of CCI II to
tillage and crop systems in the present study could be
associated to the soil characteristics. The Red Oxisol
had high contents of iron and aluminum oxides,
inducing higher C stabilization, protecting MOS from
microbial decomposition and making it less sensitive
to soil management, in comparison to other soils with
low oxide contents (Bayer et al., 2006a,b). Additionally,
a higher proportion of recalcitrant MOS fractions in
the Red Oxisol could explain the smaller differences
in this index across tillage and cropping systems as
compared to an Alfisol (Costa et al., 2008) and
especially to an Inceptisol (Franzluebbers et al., 1995).

CONCLUSIONS

1. The crop residue C mineralization in time
followed the exponential model, regardless of the crop
residue type. For wheat, maize and black oat, C
mineralization was higher in conventional tillage than
in no-tillage and similar in both systems for soybean.

2. During the C-CO, efflux measurement period,
soil moisture was higher in no-till than in conventional
tillage; the difference in C-CO, efflux between tillage
systems was amplified in the second year, with higher
precipitation.

Table 2. Carbon conservation indexes under conventional tillage and no tillage and different crop rotation
systems. Soil C stocks were calculated by Campos et al. (2011). C-CO, effluxes were not statistically

different between the soil tillage systems

Carbon conservation index

Cropping
rotation Annual socC Annual C-input Ratio A SOC Ratio C-CO,
C-CO. Efflux C-input SOC  POC SOC + C-input
Mg ha'
Conventional tillage
Monocrop 8.95 53.98 4.01 0.03 0.17 3.54 0.15
Winter 9.06 56.62 4.60 0.06 0.16 2.67 0.15
Intensive 8.90 59.76 3.32 0.13 0.15 2.64 0.14
No tillage

Monocrop 8.93 55.03 3.62 0.05 0.16 2.33 0.15
Winter 9.03 58.90 5.12 0.08 0.15 2.19 0.14
Intensive 9.47 62.49 4.14 0.14 0.15 2.19 0.14

Annual C-CO, emissions: mean annual emissions determined between 1999 and 2001. SOC: soil organic carbon stocks of the 0—
0.20 m depth determined by Campos et al. (2011). POC: particulate organic carbon stocks of the 0-0.10 m depth shown in Table 2
in Campos et al. (2011). Annual C input: above-ground C input + 30 % for root contribution. D SOC: change of SOC stocks in the
0-0.20m layer between 1985 and 2004 (Campos et al., 2011). Monocrop: sucession of wheat/soybean. Winter crop rotation:
wheat/soybean/black oat/soybean. Intensive crop rotation: black oat/soybean/black oat+common vetch /maize/oilseed radish/

wheat /soybean.
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3. The annual average of C-CO, efflux did not differ
between conventional and no-tillage systems. Only
some individual C-CO, efflux evaluations differed
between tillage systems.

4. The C-CO, efflux followed a bimodal pattern with
a first peak in October/November and a second, more
intense, in February/March. The highest emission was
recorded in the summer and the lowest in the winter.
The C-CO, effluxes were correlated to air temperature
but not influenced by soil moisture.

5. Based on the soil conservation indexes
investigated, C conservation in no-till associated to
crop rotation was higher than in conventional tillage
with monoculture. The change ratio in soil C stock
per unit of C input by crop residues was increased
with the cropping system diversification, regardless
of soil tillage.
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