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Modeling organic carbon dynamics under no-tillage and plowed systems
in tropical soils of Brazil using CQESTR
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e Departamento de Solos, Universidade Federal de Viçosa, Viçosa, MG 36571-000, Brazil

1. Introduction

Restoring soil organic matter (SOM) levels in tropical soils is
critical for sustainable crop production. In extensive croplands of
Brazil, common management practices that remove straw at
harvest and intensive cultivation have resulted in significant losses
of SOM and nutrients for plant growth. In this respect, the adoption
of no-tillage system is a viable mechanism to increase SOM and,
therefore, soil organic carbon storage (Leite et al., 2004; Oliveira
et al., 2004). Besides improving soil quality, an increase in SOM is
viewed as a sink for atmospheric CO2 and, as a result, mitigates
detrimental effects of global warming (Lal, 2004).

Soil organic matter simulation models are important tools
evaluating long-term effects of management systems on soil C
N dynamics. In such models, the relationships among sev
components are described explicitly, as is the influence
environmental conditions. Following appropriate calibration
validation, models can be used to study SOM dynamics and
explore the possibilities for modification of SOM content and
composition through various intervention measures in the sys
(Shibu et al., 2006). Several SOM simulation models have b
developed and evaluated during the past 30 years, for exam
Century (Parton et al., 1987), RothC (Colleman and Jenkin
1996), DAISY (Hansen et al., 1990), and EPIC (William and Ren
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A B S T R A C T

CQESTR simulates the effect of management practices on soil organic carbon (SOC) stocks. The

version of the model had been calibrated and validated for temperate regions. Our objective wa

evaluate the CQESTR model performance for simulating carbon dynamics as affected by tillage pract

in two tropical soils (Ultisol and Oxisol) in southeastern and northeastern Brazil. In the southeast (20.

42.81 W), tillage systems consisted of no tillage (NT); reduced tillage (RT) (one disc plow and one har

leveling [RT1] or one heavy disc harrow and one harrow leveling [RT2]); and conventional tillage

(two heavy disc harrows followed by one disc plow and two harrow levelings). In the northeast (7.

45.23 W), tillage systems consisted of NT, RT (one chisel plow and one harrow leveling), and CT (one

plow, two heavy disk harrowings, and two harrow levelings). CQESTR underestimated SOC at both s

especially under NT systems, indicating that adjustments (e.g., the inclusion of clay mineralogy fac

are necessary for more accurate simulation of SOC in the tropics. In spite of this, measured and simul

values of SOC in the 0–20 cm depth were well correlated (southeast, R2 = 0.94, p < 0.01; northe

R2 = 0.88, p < 0.05). With respect to initial conditions (native forest), CQESTR estimated a decrease in

stocks in plowed and no-tillage systems. In 2006, in the southeast, SOC stocks were 28.8, 23.7, 23.2,

22.0 Mg ha�1 under NT, RT2, RT1, and CT, respectively; in the northeast, stocks were 36.0, 33.8,

32.5 Mg ha�1 under NT, RT, and CT, respectively. The model estimated carbon emissions varying f

0.36 (NT) to 1.05 Mg ha�1 year�1 (CT) in the southeast and from 0.30 (NT) to 0.82 (CT) Mg ha�1 year�

the northeast. CQESTR prediction of SOC dynamics illustrates acceptable performance for the two trop

soils of Brazil.

� 2008 Elsevier B.V. All rights reser
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1985; Izaurralde et al., 2006). However, mechanistic models
often too complex and show multicompartmental structure ba
on qualitative concepts rather than measurable entities, and
required parameters or input variables are generally difficul
c carbon dynamics under no-tillage and plowed systems in tropical
.still.2008.08.003
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in. Thus, it is important that simpler but mechanistic SOM
els be developed and validated under field conditions (Bruun

l., 2003; Hong-Jun et al., 2006).
QESTR is a process-based model that simulates the effect of
agement practices on soil organic carbon stocks. It requires few
t variables and these variables are readily available. Most of the
ired input data, including climate, is automatically extracted
existing crop management files associated with the c-factor

in the Revised Universal Soil Loss Equation (RUSLE, Renard et al.,
6). Monthly mean air temperature and precipitation can be
matically extracted from the city database files used by RUSLE
when local climatic data is not available. Daily average air

perature is estimated by fitting the annual temperature trend
ided by the average monthly temperatures. Soil organic matter
ge is computed by maintaining a soil carbon budget, i.e.,
tions of biomass such as crop residue or amendments, and losses
ganic carbon through microbial decomposition (Rickman et al.,
). Main input variables include the number and thickness of soil

rs, organic matter content and bulk density of each layer, above-
nd and below-ground crop biomass, tillage operations, monthly
age air temperature, monthly precipitation, and nitrogen
ent of residues at the beginning of decomposition.
n spite of CQESTR’s simplicity, few studies have used it in
perate regions (Rickman et al., 2002; Hong-Jun et al., 2006) and
e in tropical regions. Our objective was to evaluate CQESTR for

lating organic carbon dynamics in tropical soils of Brazil
er no-tillage and plowed systems.

aterials and methods

Study sites

he model was evaluated with data from two experiments in
il. One experiment was established in 1985 at the Federal
ersity of Vicosa Experimental Station, in Coimbra, Minas Gerais

e (20.75 S 42.81 W). The other experiment was established in
4 at Boa Esperanca Farm, in Baixa Grande do Ribeiro (BGR), Piauı́
e (7.55 S 45.23 W). The mean annual air temperature and
age rainfall are 19 8C and 1350 mm at Coimbra and 25 8C and

mm at BGR. Two-thirds of this rain falls during the warmest
on of the year, from October to April. Soils at the Coimbra field
Typic Hapludults and classified as ‘‘Argissolo Vermelho–
relo’’ in the Brazilian classification scheme. The surface horizon
has a clay texture (460 g clay kg�1), low pH (5.1), and 1.73% C.
at the BGR field are Typic Hapludox, which is referred to as

ossolo Vermelho–Amarelo’’ in the Brazilian classification
me, with a clay texture (560 g clay kg�1), low pH (5.0), and
% C in the surface horizon.
n Coimbra, the area was covered by Atlantic Forest (AF) until
0. After that, the land was cultivated for 54 years with major
s, such as maize (Zea mays L.) and common bean (Phaseolus

aris L.). An experiment was begun in 1985 that consisted of
tillage systems, arranged in a complete randomized block

gn, with four replications. Plots were 4 m � 11 m under a
ze–fallow–soybean (Glycine max L.) rotation. Tillage treat-
ts were (1) no tillage (NT), minimal soil disturbance with crops
g directly sown in summer on the residues of the weeds that

up during the fallow; (2) reduced tillage–disk plow (RT1),
ing at 20–25 cm depth with a three-fixed-disk plow, in a

In BGR, the area was originally covered by Cerrado (CER)
vegetation (Savannah Forest) until 1990 and then was cultivated
for 4 years with soybean under conventional tillage. An experiment
was started at the end of 1994 consisting of three tillage systems
arranged in a complete randomized block design with four
replications; plots were 7.20 m � 20 m. The soil was cultivated
with soybean, maize, or rice (Oryza sativa L.) during the wet season
and with millet (Pennisetum glaucum L.) as a cover crop during the
dry season. Tillage systems were (1) NT, minimal soil disturbance,
with crops being directly sown in wet season on the residues of the
weeds that grew up during the fallow; (2) RT, chisel plow and one
harrow levelling; (3) CT, one disk plow, two heavy disk harrowings
and two harrow levelings. Adjacent areas (100 m distance) with
the same soil type and native vegetation were selected as reference
plots at both locations. These plots were under secondary AF and
native CER at Coimbra and BGR, respectively.

2.2. Model description

CQESTR simulates the effects of climate, crop rotation, and
tillage management practices on soil organic C (Rickman et al.,
2001). It works on a daily time-step and can perform long-term
simulations (100 years). The model balances the effect of crop
residue or soil amendment additions and losses by microbial
oxidation of native SOM. In nature each organic addition to soil
decomposes and is slowly incorporated into SOM. Crop residue and
organic amendments are categorized by their placement in a soil
layer. CQESTR can track up to five soil layers (horizons) of any
depth. Each residue addition is tracked separately until it
decomposes completely. As organic residues (shoot, root, or
amendments) decompose their identities are maintained through-
out the decomposition phases in each soil layer. Existing SOM is
also tracked as a separate pool for each soil layer under
consideration.

In CQESTR, it takes approximately 3.5–4 years, depending on
cumulative degree days (CDD) or thermal time, before the
remnants of a residue are considered sufficiently composted to
be added to the stable SOM pool (Rickman et al., 2001). This
thermal time value was determined by best-fit calibration of the
model with long-term soil carbon observations. In the model, this
transfer occurs as an abrupt step function on the date that
composting is completed which is determined by CDD (Rickman
et al., 2002).

Residue decomposition is simulated by an exponential function
driven by cumulative heat units, with appropriate empirical
coefficients for the type of residue, nitrogen content, and
incorporation into the soil by tillage

Rr ¼ IR � expðk� fN� fW� fB� CDDÞ (1)

where Rr is the remaining residue in units of weight of residue per
unit area; IR is the initial residue amount; k is a universal
decomposition rate constant, independent of residue type or
location; fN is the nitrogen content factor and provides decom-
position rates for nitrogen-rich (i.e. legume) or nitrogen-poor
residues (i.e. cereal); fW is a water availability factor that depends
on residue location (either buried or lying on the soil surface) as
controlled by the timing and type of tillage and the presence or
absence of sufficient water (�2.5 cm) for maximum decomposi-

L.F.C. Leite et al. / Soil & Tillage Research xxx (2008) xxx–xxx
le pass; (3) reduced Tillage–heavy disk harrow (RT2), one
owing at 10–15 cm depth with a heavy disk harrower of 20
s weighing approximately 2 t; and (4) conventional tillage
, heavy disk harrow plus disk plowing, one single pass at 0–
m using a heavy disk harrow with 20 disks, followed by disk
ing at 20–25 cm depth with a three-fixed-disk plow.
ase cite this article in press as: Leite, L.F.C., et al., Modeling organi
ils of Brazil using CQESTR. Soil Tillage Res. (2008), doi:10.1016/
tion; fB is a biomass type factor; and CDD is the amount of heat
accumulated in units of 8C with a base temperature of 0 8C. In this
study the values of parameters in the decomposition equation
were the same as suggested by Rickman et al. (2002). The values
assigned to these parameters were as follow: fN was 0.8354,
1.2635, 1.9770 or 3.4040 for N content of <0.55%, 0.55% � to <1%,
c carbon dynamics under no-tillage and plowed systems in tropical
j.still.2008.08.003

http://dx.doi.org/10.1016/j.still.2008.08.003
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1% � to <1.5% and �1.5%, respectively. Water availability factors
(fW) values were 0.21, 0.32, 0.80, and 1.0 for residue on the soil
surface under dry condition, residue on the soil surface under wet
condition, buried organic matter under dry condition, and buried
organic matter under wet condition, respectively. Biomass type
factor (fB) values were 1.0, 0.35, 0.60, and 0.0019 for crop residue,
root biomass, pre-digested organic matter, and soil organic matter,
respectively (Rickman et al., 2002).

For each type of crop biomass or residue added to a soil, the
fraction on the surface and the fraction buried are tracked
separately. The decomposition of fresh residues refers to the
computed change in residue mass predicted by CQESTR on a daily
basis. For the first 1000 degree-days for each biomass (referred to
as rapid-phase decomposition), the decomposition rate is
computed using the initial nitrogen content for each biomass
to determine a value for fN; location of the biomass in the soil is
specified to determine a value for fW and biomass type for a
value for fB. After the rapid-phase decomposition is completed
(with the passage of 1000 degree-days), the nitrogen factor (fN)
is reduced to its minimum value (N0 = 0.8354) for all future
decomposition of that residue regardless of its initial N content.
Tillage operations conducted between growing seasons bury
additional amounts of residues or amendments. Buried and
surface amounts of residues are decomposed using a rate
appropriate for their location (Rickman et al., 2002).

The following information is required by CQESTR: Crop biomass
(above ground and below ground), dates of all residues or
amendment additions and tillage operation, fraction of pre-tillage
residue weight remaining on the soil surface after each tillage,
depth of tillage, nitrogen content of residue at decomposition
initiation, average daily air temperature expected throughout the
time of interest, an approximate date for the first significant rain
after harvest, number and thickness of soil layers, organic matter
content, and bulk density of each layer (Rickman et al., 2002).

2.3. Parameterization

CQESTR was originally developed and evaluated with data sets
from three wheat–fallow rotations (with either fall burning of
wheat residue, nitrogen fertilizer application or a manure-
amended wheat–fallow treatment) at the Pendleton Agricultural
Research Center in Pendleton, Oregon. All parameters values
determined from these previous studies were left unchanged.
These parameters include SOM decomposition rate and empirical
coefficients for fN, fW and fB.

Monthly minimum and maximum air temperature and pre-
cipitation were obtained from weather stations at the Vicosa
Federal University (1967–2004) and at the Boa Esperanca Farm
(1989–2004). Soil properties, such as SOM content, bulk density,
soil texture class, and soil drainage class, were obtained from the
field experiment at Coimbra and BGR. Crop yields, row spacing,
plants population, root mass per acre (in the top 4 in.), and canopy
cover were obtained from the field experiment and literature.
Tillage, planting, fertilization, and harvesting operation dates were
based on experimental records. Main input variables are shown in
Table 1.

We made two changes to CQESTR’s source code for improving
accuracy for our study area. First, an option that allows two crops
(or cover crop) per year was added. For cover crop, we simulated

heavy harrow, reduced tillage with disk plow, and conventio
tillage, respectively.

For the Coimbra experiment, we simulated SOM dynamics fo
years (1930–1984), representing AF conversion into cropland a
later, for 56 years (1985–2040), representing different til
systems. For the experiment at BGR, simulations were run initi
for 5 years (1990–1994) to represent the Cerrado native vegeta
conversion into cropland and for 46 years (1995–2040) to repres
tillage systems adoption.

2.4. Evaluation

Soil organic carbon stocks measured for model validation w
from samples collected in 1985, 1988, 1990, and 2000 at Coim
and in 2003, 2005, and 2006 at BGR. Soil samples were analy
using a wet digestion procedure with potassium dichromate
sulfuric acid under heating (Yeomans and Bremner, 1988).

The agreement between simulated (Y) and measured (X) va
after model calibration was assessed with (a) linear regress
relating simulated to measured values with intercept
significantly different from zero and slope not significa
different from unity and (b) mean squared deviations (M
and its components.

Mean squared deviation was calculated as the sum of squa
deviations between X and Y, divided by the number of obse
tions:

MSD ¼ 1

n

Xn

i¼1

ðYi � XiÞ2

where Yi and Xi are predicted and observed values, respectively
perfect equality with Y = X, MSD = 0. The MSD statistic
partitioned into three components (Kobayashi and Salam, 20
Gauch et al., 2003): (a) inequality of means,

IM ¼ ðX̄� ȲÞ2

(b) nonunity mean square, defined as

NU ¼ ð1� bÞ2 �
P

x2
n

N

� �

where b is the slope of the regression of Y on X and xn ¼ Xn

measures the degree of rotation of the regression line, and (c)
of correlation mean square,

LC ¼ ð1� r2Þ �
P

y2
n

N

� �

where r2 is the square of the correlation and yn ¼ Yn � Ȳ.
Carbon sequestration potential estimated by CQESTR (0–20

was compared to measured values in 2000 (Coimbra) and 2
(BGR). Mean Residence Time (MRT) was calculated as the invers

Table 1
Input variables for CQESTR simulation in two tropical soils (0–20 cm) u

different tillage systems

Ultisol (Coimbra) Oxisol (B

Soil variables

Texture class Sandy clay Clay
�3

L.F.C. Leite et al. / Soil & Tillage Research xxx (2008) xxx–xxx
Bulk density (Mg m ) 01.13 01.33

Initial SOM (g kg�1) 49.9 30.4

Drainage class Well drained Well drained

Monthly weather variables

Mean total precipitation (mm month�1) 140 110

Mean max. temperature (8C) 26.4 31.7

Mean min. temperature (8C) 14.8 21.8
the addition of millet residues at a rate of 6 Mg ha�1 year�1.
Second, we added a decomposition factor to account for differences
in SOM decomposition rate affected by types and number of tillage
operation; this was necessary to represent more effectively the
management practices that we evaluated. The values established
were 1, 1.08, 1.13, and 1.28 for no-tillage, reduced tillage with
Please cite this article in press as: Leite, L.F.C., et al., Modeling organic carbon dynamics under no-tillage and plowed systems in tropical
soils of Brazil using CQESTR. Soil Tillage Res. (2008), doi:10.1016/j.still.2008.08.003

http://dx.doi.org/10.1016/j.still.2008.08.003
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mposition constant (1/k) (Tiessen and Cuevas, 1994)

Ci e�kt (6)

re Ci is carbon content at the beginning of the experiment
mbra,1985; BGR, 1994) and t is time in years.

esults and discussion

Model evaluation

QESTR underestimated SOC stocks for both sites (Fig. 1). In
of this, differences between simulated and measured values

were small in the Ultisol, except in 1990. Perhaps this could be due
to sampling technique—residue or particulate OM was not
removed from the samples before SOM measurement, resulting
in overestimation of actual decomposed SOM. Larger differences
were found for no-tillage systems than for reduced and conven-
tional systems, varying from 3.7 (1995) to 10% (2000). For the RT1,
CT, and RT2 systems, the differences were 2.4 (1985) to 8.9%
(2000), 1.8 (1985) to 12.2% (1995), and 0.06 (1995) to 9.0% (1988),
respectively. In 2000, using the Century model for the same
experiment, estimated differences between simulated and mea-
sured SOC stocks were 0.3, 0.4, and 4.0% for NT, CT, and RT1,
respectively (Leite et al., 2004). These differences were lower than
estimated SOC stocks by CQESTR, except that both Century and

L.F.C. Leite et al. / Soil & Tillage Research xxx (2008) xxx–xxx
. Measured and simulated total organic carbon stocks (TOC) in 0–20 cm depth in an Ultisol (Coimbra) (A) under no tillage (NT), reduced tillage (RT1: disk plow; RT2:

y disk harrow), and conventional tillage (CT) and in an Oxisol (BGR) (B) under NT, reduced tillage (RT), and CT.

ase cite this article in press as: Leite, L.F.C., et al., Modeling organic carbon dynamics under no-tillage and plowed systems in tropical
ils of Brazil using CQESTR. Soil Tillage Res. (2008), doi:10.1016/j.still.2008.08.003

http://dx.doi.org/10.1016/j.still.2008.08.003
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CQESTR predictions were similar for RT2 (7%). However, since
CQESTR is a simpler model with fewer input variables, these results
can be considered acceptable.

In the Oxisol, CQESTR underestimation of SOC stocks was lower
than those observed in the Ultisol. The differences between
simulated and measured values were 4.0 (2005) to 4.6% (2006)
(NT), 1.25 (2003) to 2.19% (2006) (CT), and 1.61 (2005) to 2.23%
(2003) (RT), showing that CQESTR more accurately simulated
reduced and conventional tillages than the no-tillage system.
This trend indicates that input residue to the soil, especially from
cover crop, should be better represented by the model for tropical
conditions.

Underestimation of SOC stocks has been observed in other
models (e.g., Century) and is directly related to lack of important
mechanisms of C stabilization in tropical soils. As many tropical
soils are dominated by variable-charge minerals with low cation
exchange capacity (CEC), organic matter becomes very important
for the nutrient status of the soils (Mendonça and Rowell, 1996).
Since the climatic conditions of the Tropics promote fast soil
organic matter decomposition, especially after forest clearing,
tropical soils would be very poor in organic matter without this
stabilization process. Three main mechanisms of C stabilization
have been proposed: (1) biochemical stabilization, due to the
recalcitrance of compounds such as lignin and polyphenols, (2)
physical protection within aggregate structure, and (3) stabiliza-
tion by association with silt and clay particles (Six et al., 2002).
Several studies have reported a relationship between clay content
and preservation of organic C in tropical soils (Neufeldt et al., 2002;
Roscoe and Buurman, 2003). CQESTR considers only texture
effects. However, soils with the same textural class may show
different clay content and different clay minerals, as result, will
have different CECs, which, in turn, influence differently the C

stabilization. In our study, Ultisol and Oxisol have the sa
textural class but different clay content (46 and 56%, respective
which can improve C stabilization with a consequent increas
SOC stocks in the Oxisol. In addition to the clay content, the mo
predictions may be improved by addition of clay type factor, wh
can modify C turnover rates in these soils. In Brazil, the soils
dominated by variable-charge clay minerals such as kaolinite a
especially, Fe and Al oxides, which have a high floccula
capacity due to electrostatic interactions through their posi
charges. Numerous authors have reported that the str
adsorption of SOM to active Al and Fe oxides is the cause
SOM stability in tropical soils; therefore, the interaction of orga
compounds with clay in highly weathered oxidic soils can prev
SOM losses (Bronick and Lal, 2005; Bayer et al., 2006a). The lac
clay type effect in CQESTR and the magnitude of organic/inorga
complexation mainly in Oxisols, can explain partially the und
estimation of simulated SOC stocks.

In spite of CQESTR’s underestimation of SOC stocks,
correlation is good for Ultisol (R2 = 0.94; p < 0.01) (Fig. 2). T
conclusion is in agreement with that obtained by Hong-Jun e
(2006). They evaluated CQESTR at seven sites in Ch
and reported a good correlation (R2 = 0.94; p < 0.05) betw
simulated and measured values. The highest contributing co
ponent of MSD was inequality of means for both sites (75 and 8
followed by the lack of correlation (Ultisol) and nonunity m
square (Oxisol) (Fig. 2). These results help explain CQEST
performance. Measured and simulated values were hig
correlated (low LC), but measured and simulated means w
different (high IM), and slope was different from unity for Ox
(high NU), indicating that the model is better able to simulate
dynamics under different management systems in some trop
soils than others.

L.F.C. Leite et al. / Soil & Tillage Research xxx (2008) xxx–xxx
Fig. 2. Linear regression of measured and simulated soil organic carbon in the 0–20 cm layer in an Ultisol (Coimbra) (A) and Oxisol (BGR) (B). The components of the mean

square deviation are included.

Please cite this article in press as: Leite, L.F.C., et al., Modeling organic carbon dynamics under no-tillage and plowed systems in tropical
soils of Brazil using CQESTR. Soil Tillage Res. (2008), doi:10.1016/j.still.2008.08.003
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Trends in SOC stocks

QESTR estimated a decrease in SOC stocks after native forest
converted to cropland (Fig. 3). At Coimbra (Ultisol), SOC stock
985 (beginning of the experiment) was 34 Mg ha�1, which
esents a 47% decrease with respect to SOC stocks under the
ntic Forest. Reduction in SOC stocks after forest clearing is high
opical soils due to high decomposition rates in response to

m temperature and high precipitation regimes, especially
er intensive tillage, and may vary between 30 and 50% (Shang
Tiessen, 1997; Machado and Silva, 2001). The reduction in SOC
ks estimated by CQESTR was greater than the 37% decrease

ated by Century for the same experiment (Leite et al., 2004).
ever, if soil bulk density in 1985 is used for calculation of C

ks, the CQESTR estimate would be only 3% greater than the
ury estimate. As with many SOM simulation models, CQESTR

not consider tillage-induced changes in bulk density;
equently, SOC stocks can be underestimated since bulk
ity generally decreases with tillage operations (Lal et al.,

9). All tillage systems showed a decreasing trend in SOC stocks.
006, the values were 28.8, 23.7, 23.3, and 22.0 Mg ha�1, for NT,
, RT1, and CT, respectively (Fig. 3), representing from 15 (NT) to
(CT) decreases with respect to SOC stocks at the beginning of
experiment. Two reasons for this reduction are (1) the long
od under conventional tillage (55 years) before the experiment
n and (2) that no cover crop was used in the NT system.
t BGR (Oxisol), CQESTR also estimated a decrease in SOC stocks

r conversion from the Cerrado vegetation to cropland. The SOC
k measured under native forest was 48 Mg ha�1, while SOC
k was 42 Mg ha�1 at the beginning of the experiment, in 1994
. 3). A 10% decrease in SOC stocks at BGR was lower than the
decrease at Coimbra. This is probably because BGR has been

er conventional tillage for a shorter time (4 years) and also
use of higher soil clay content at BGR, since the model uses a
r decomposition rate for heavier soil texture. Lower pre-
ation in this region could have affected microbial activity and,
equently, lowered degradation rates. Also, this is an Oxisol
high variable charge from iron and Al oxides that could have

ilized organic matter; consequently, it will have relatively
er SOC (Martin and Haider, 1986; Oades et al., 1989; Oades,

5).
n the Cerrado region, the conventional system is considered to
ne of the most degradative systems of land use, which often
s to a reduction of C stocks in soil (Bustamante et al., 2006). Soil
adation process affects soil quality and crop productivity,

ch reduces C inputs to the soil. Silva et al. (1994) evaluated 220
ado soils (0–15 cm, >30% clay) cultivated with soybean and
fied losses of 41% in SOC after 5 years of cultivation. On the
r hand, less intense changes have been observed, such as the
lts of our study and those reported by Roscoe and Buurman
3). Roscoe and Buurman (2003) observed no changes in SOM
ks (0–40 cm) for a clayey Oxisol after 30 years of maize–bean
ping rotation. Low SOC losses can be attributed to the high
ility of SOM in Cerrado soils caused by a bonding effect of Fe
Al, as established by several authors (Zinn et al., 2005; Bayer
l., 2006a). Clay and organic matter interaction may increase
nic-mineral bond formation that could protect organic matter

microbial decomposition due partly to adsorption on clay
ace (Oades, 1988) and partly due to physical inaccessibility of

the experiment. In this case, the model predicted that residue
obtained from the cover crop (6 Mg ha�1) added was not enough to
increase SOC stocks in this acidic tropical soil.

3.3. Net changes in SOC

For the Ultisol, CQESTR estimated that tillage systems are
emitting 0.36 and 1.05 Mg C ha�1 year�1 under NT and CT,
respectively. Measured values also indicated that all tillage
systems (including NT) emitted C; however, they were smaller
in magnitude (Table 2). These estimates differ from others reported
elsewhere showing carbon sequestration under no-tillage systems.
We used C stocks at the beginning of the experiment as a reference
for calculations. On the other hand, if estimates for 2000 were
based on C stocks for NT and CT, C sequestration on the order of
0.47 (simulated) and 0.48 Mg ha�1 year�1 (measured) would be
reported for the 20-cm depth. When estimates are based on the
difference between NT and CT, they agree well with published
sequestration rates of 0.52 Mg ha�1 year�1 for Ultisols in Brazil
(Lovato et al., 2004).

In the Oxisol, C emissions were also observed, and varied from
0.30 (NT) to 0.82 (CT) when estimated by CQESTR, and from 0.14
(NT) to 0.84 Mg ha�1 year�1 (CT) when calculated from measured
values. Like the Ultisol, the highest difference between simulated
and measured values was observed in the no-tillage system (53%)

Fig. 3. Soil organic carbon dynamic (0–20 cm) simulated by CQESTR in an Ultisol

(Coimbra) (A) under no tillage (NT), reduced tillage (RT1: disk plow; RT2: heavy disk

harrow), and conventional tillage (CT) and in an Oxisol (BGR) (B) under NT, reduced

tillage (RT), and CT.

L.F.C. Leite et al. / Soil & Tillage Research xxx (2008) xxx–xxx
nic matter within the soil micro-aggregates (Tisdall and
es, 1982).
he decline in SOC stocks continued after tillage systems
tion. In 2006, SOC stocks estimated by the model were 36, 34,
32 Mg ha�1 for NT, RT, and CT, respectively, which means a
ction of 16, 20, and 25% in SOC stocks since the beginning of
ase cite this article in press as: Leite, L.F.C., et al., Modeling organi
ils of Brazil using CQESTR. Soil Tillage Res. (2008), doi:10.1016/
compared with conventional (2%) and reduced (4%) tillage systems
(Table 2). Considering SOC stocks in conventional tillage plots as
the baseline, in 2006, NT estimated and measured annual C
sequestration rates were 0.18 and 0.38 Mg ha�1 year�1, respec-
tively. Carbon sequestration rates in Brazilian Oxisols vary
depending on clay content and number of years of the experiment.
c carbon dynamics under no-tillage and plowed systems in tropical
j.still.2008.08.003
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Freitas et al. (2000) estimated an annual C sequestration rate of
0.25 Mg ha�1 year�1 (50% clay; 4 years) while Bayer et al. (2006b)
calculated 0.30 Mg ha�1 year�1(35% clay; 8 years), which is similar
to 0.35 Mg ha�1 year�1 (50% clay; 5 years) observed by Metay et al.
(2006). In longer experiments, Corazza et al. (1999) and Oliveira
et al. (2004) observed a C sequestration rate of 0.50 (40–50% clay;
15 years) and 0.52 Mg ha�1 year�1 (41% clay; 20 years), respec-
tively. Compared with these values, CQESTR underestimated C
sequestration rate for this Oxisol.

In the Ultisol, the decomposition rate (k) varied from 0.014 (NT)
to 0.029 year�1 (CT) and from 0.008 (NT) to 0.022 year�1 (CT), and
in the Oxisol from 0.013 (NT) to 0.021 year�1 (CT) and 0.009 (NT) to
0.022 year�1 (CT) estimated by the model and by measured values,
respectively (Table 2). CQESTR estimates for NT are very similar to
those of Bayer (1996) that reported decomposition rates of
0.012 year�1 for NT and 0.014 year�1 for CT from a one
compartment C model, in a 20-year-old experiment on a clayey
Ferralsol (>600 g clay kg�1) located in Southern Brazil. However,
CQESTR overestimated decomposition rates for the CT system
compared to Bayer (1996). On the other hand, decomposition rate
values estimated by CQESTR were lower than values (NT = 0.019;
CT = 0.040) reported by Bayer et al. (2006c) in the same climatic
region, but in a sandy clay loam Acrisol (220 g clay kg�1).
Decomposition rate values estimated by CQESTR were lower
probably due to the high clay content observed in our study.

The reduced rate of decomposition under no-till was reflected
in estimates of mean residence time (MRT) at both experiments. In
the Ultisol, MRT was 72 and 128 years for NT versus 34 and 48
years for CT, and in the Oxisol MRT was 77 and 126 years for NT
versus 48 and 49 years for CT, estimated by the model and
calculated from measured values, respectively (Table 2). According

tion. This accelerated turnover also inhibits the formation
stabilization of more recalcitrant organic matter fractions wit
micro-aggregates that have a longer residence time in soil
et al., 1999; Paustian et al., 2000).

4. Conclusion

The CQESTR model simulations in general underestimated
stock at two study sites in Brazil. Underestimation was particul
pronounced under no-tillage system. The conversion from na
forest to croplands greatly reduced the SOC stocks irrespectiv
the tillage practices. Crop residue was a major factor
maintaining or reducing the loss of SOC.

More studies are needed to evaluate the CQESTR mod
performance for simulating SOC dynamics in tropical soils. Furt
adjustments, such as inclusion of clay mineralogy and orga
matter interaction might be necessary to improve the mod
estimates. Nevertheless, the model showed acceptable per
mance to predict SOC dynamic in two tropical soils of Brazil.
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Table 2
Carbon emission, decomposition rate (k), and mean residence time (MRT) estimated by CQESTR and by measured values in an Ultisol (Coimbra) under no tillage (NT), red

tillage (RT1: disk plow; RT2: heavy disk harrow), and conventional tillage (CT) and in an Oxisol (BGR) under NT, reduced tillage (RT), and CT at 0–20 cm depth

Tillage system SOC stock (Mg ha�1) Rate (Mg ha�1 year�1) C Emission (Mg ha�1 year�1) k MRT (y

Initial Final Variation, D

Ultisol (Coimbra)

CQESTR

NT 43.4 34.79 �8.60 �0.53 �0.36 0.014 72

RT1 43.4 28.45 �14.94 �0.93 �0.96 0.026 37

CT 43.4 27.18 �16.21 �1.01 �1.05 0.029 35

RT2 43.4 28.80 �14.59 �0.91 �0.94 0.026 39

Measured

NT 44.0 38.54 �5.46 �0.34 �0.17 0.008 128

RT1 44.0 31.23 �12.77 �0.79 �0.82 0.021 49

CT 44.0 30.90 �13.10 �0.82 �0.86 0.022 48

RT2 44.0 31.24 �12.76 �0.79 �0.82 0.021 50

Oxisol (BGR)

CQESTR

NT 42.7 36.07 �6.63 �0.51 �0.30 0.013 77

CT 42.7 32.53 �10.17 �0.78 �0.82 0.021 48

RT 42.7 33.75 �8.95 �0.69 �0.72 0.018 55

Measured

NT 45.1 40.68 �4.42 �0.34 �0.14 0.009 126

CT 45.1 34.72 �10.38 �0.80 �0.84 0.022 49

RT 45.1 35.76 �9.34 �0.72 �0.75 0.019 56

(1)Contribution of 6 Mg ha�1 from cover crop (0.17 and 0.20 Mg ha�1 year�1 for Ultisol and Oxisol, respectively, considering 45% C) was assumed in no-tillage system (Sa

et al., 2005) and a fuel additional C emission of 0.045 Mg ha�1 year�1 and 0.031 Mg ha�1 year�1 for conventional and reduced tillage, respectively (Dieckow et al., 2
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