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A B S T R A C T

Introduction of conservation practices in degraded agricultural land will generally recuperate soil

quality, especially by increasing soil organic matter. This aspect of soil organic C (SOC) dynamics under

distinct cropping and management systems can be conveniently analyzed with ecosystem models such

as the Century Model. In this study, Century was used to simulate SOC stocks in farm fields of the Ibirubá

region of north central Rio Grande do Sul state in Southern Brazil. The region, where soils are

predominantly Oxisols, was originally covered with subtropical woodlands and grasslands. SOC

dynamics was simulated with a general scenario developed with historical data on soil management and

cropping systems beginning with the onset of agriculture in 1900. From 1993 to 2050, two contrasting

scenarios based on no-tillage soil management were established: the ‘‘status quo’’ scenario, with crops

and agricultural inputs as currently practiced in the region and the ‘‘high biomass’’ scenario with

increased frequency of corn in the cropping system, resulting in about 80% higher biomass addition to

soils. Century simulations were in close agreement with SOC stocks measured in 2005 in the Oxisols with

finer texture surface horizon originally under woodlands. However, simulations in the Oxisols with

loamy surface horizon under woodlands and in the grassland soils were not as accurate. SOC stock

decreased from 44% to 50% in fields originally under woodland and from 20% to 27% in fields under

grasslands with the introduction of intensive annual grain crops with intensive tillage and harrowing

operations. The adoption of conservation practices in the 1980s led to a stabilization of SOC stocks

followed by a partial recovery of native stocks. Simulations to 2050 indicate that maintaining ‘‘status

quo’’ would allow SOC stocks to recover from 81% to 86% of the native stocks under woodland and from

80% to 91% of the native stocks under grasslands. Adoption of a ‘‘high biomass’’ scenario would result in

stocks from 75% to 95% of the original stocks under woodlands and from 89% to 102% in the grasslands by

2050. These simulations outcomes underline the importance of cropping system yielding higher biomass

to further increase SOC content in these Oxisols. This application of the Century Model could reproduce

general trends of SOC loss and recovery in the Oxisols of the Ibirubá region. Additional calibration and

validation should be conducted before extensive usage of Century as a support tool for soil carbon

sequestration projects in this and other regions can be recommended.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Expanding human activities and extraction of natural resources
have been altering the global C cycle at a scale that enhancement of
the greenhouse effect and global warming is very likely, with
negative repercussions for mankind (IPCC, 2007). Advances in the
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environmental sciences in the last few decades have highlighted a
major role played by soils within earth’s biogeochemical cycles. In
particular, the soil is a fundamental component of the C cycle,
containing more C than the aboveground biomass of vegetation
and the atmosphere. Current soil organic C (SOC) stocks at any
location are determined by the native stocks, prior to human
intervention and by soil uses and managements that occurred
thereafter. The latter modify transfer rates between the soil,
vegetation, atmosphere and water compartments of the global C
cycle (Lal, 2003).

SOC dynamics in agroecosystems has been intensively studied,
especially annual grain production systems. Within a biogeophy-
sical setting of similar climate, soil and landform, SOC dynamics is
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most affected by intensity of tillage and type of cropping systems
specially regarding quantity and quality of biomass (Blanco-
Canqui and Lal, 2004; Amado et al., 2006).

Land use change in the form of conversion from native
vegetation to agriculture is usually associated with loss of SOC.
Davidson and Ackerman (1993) reported a 20–30% global mean
reduction of SOC stock with introduction of agriculture. Van Den
Bygaart et al. (2003) established a mean reduction of 24% of native
SOC of Canada when forests were converted to agriculture.
Veldkamp (1994) found a 50% decrease in SOC native stocks
within 5 years of agriculture in tropical soils in Costa Rica. In Rio
Grande do Sul state in Southern Brazil, 30–50% reduction have
been reported (Machado, 1976; Pöttker, 1977).

Soil organic C stocks in degraded agroecosystems can recup-
erate and sometimes even attain levels higher that those under
previous land use, including native, undisturbed vegetation. There
is compelling evidence that conservation agriculture can sequester
atmospheric C in significant quantities. Reduction of tillage
intensity and decrease in number of tillage operations – or
complete elimination of tillage as practiced in no-tillage – has been
shown to increase SOC. Incidentally, no-tillage has been shown to
have the greatest potential to recover SOC (Bayer et al., 2000; West
and Marland, 2002; West and Post, 2002; Dieckow et al., 2005a;
Bayer et al., 2006a). West and Marland (2002) estimated a
potential accumulation in no-tillage of 0.34 Mg C ha�1 year�1

(mean of 76 studies) in North American soils; Steinbach and
Alvarez (2006) indicated a 0.46 Mg C ha�1 year�1 rate of accumu-
lation for the Pampas region in Argentina and Bayer et al. (2006b)
reported rates of 0.35 and 0.48 Mg C ha�1 year�1 for no-tillage in
Central Brazilian Cerrado and subropical South Brazil, respectively.
Nonetheless, SOC accumulation tends to decrease with time, as C
stocks reach a new equilibrium. This tendency has sparked a
debate on a potential limit to C accumulation in soils—a
‘‘saturation capacity’’ for C in soils (Hassink, 1997; Six et al.,
2002; Stewart et al., 2008). It has been hypothesized that storage of
C in the clay fraction is asymptotically limited, probably by
saturation of interaction sites with organic matter. Conversely, C in
the sand and silt fraction has shown linear unbounded growth in
experimental plots provided that large biomass production or
external additions are in place (Dieckow et al., 2005b). The
saturation capacity would result from the physical storage limit of
C determined by clay and silt in soils and plant biomass dynamics
(Stewart et al., 2008). While the saturation concept is keenly
debated, it is consensual that agricultural soils can be an important
drain for atmospheric CO2 as long as adequate cropping systems
and management practices conducive to C sequestration are
implemented. It must also be considered that the potential to
accumulate C in soils is highly variable and that degraded soils
have greatest potential for sequestration (Intergovernmental Panel
on Climate Change 2001).

Analysis of agroecosystems dynamics is difficult because of
intrinsically complex interactions between components, which
often present nonlinear behavior and intricate feedback mechan-
isms. Assessing soil organic carbon dynamics within agroecosys-
tems also poses a similar challenge. Information gleaned from field
trials in experimental plots or from local surveys seldom can be
extrapolated to other soils and climates. Simulation models have
gained importance in scientific practice to overcome the limita-
tions. Models are tools that have increasingly being utilized in
science to integrate empirical relationships developed from
empirical research. Especially the simulation of stocks and fluxes
of nutrients and prediction of future agroecosystems states are
important aspects of model application (Krull et al., 2003). Models
have being widely applied to simulate soil organic matter
dynamics under temperate climate regions, but applications in
soils of the tropical and subtropical realm are less common.
The Century Model version 4.0 is an ecosystem-level model for
the plant–soil system that simulates carbon and nutrient dynamics
(Metherel et al., 1993). It was developed as a tool for ecosystem and
agroecosystems analysis to explicitly address effects of climate and
management in soil nutrient status. Century represents plant
growth, nutrient cycling, and soil organic matter (SOM) dynamics
for both natural ecosystems (grassland, forest, and savanna
systems) as well as agricultural systems. Soil nutrient cycling
and soil organic matter dynamics are simulated with greater detail,
whereas plant growth and water movement are represented by
relatively simpler submodels. A central aspect of Century is the
representation of nutrient dynamics in multiple pools or compart-
ments with specific residence times. A minimum input dataset for
running Century requires: (1) monthly precipitation; (2) monthly
average maximum and minimum air temperature; (3) soil physical
attributes (texture, bulk density); (4) lignin, N, S, and P content of
plant material; and (5) soil and atmospheric N inputs. Soil carbon
data for a given study site to be simulated is usually not directly
input, but rather obtained from a initial ‘‘equilibrium’’ simulation
of several thousand years to match measured data. At initialization
model parameters, especially those related to potential plant
production and management effects on SOC should be iteratively
adjusted to produce total soil carbon content close to observed
data. Once this is achieved, all state variables are considered
optimized for that particular environment and the simulations of
interest can be run (for example, with contrasting climate or soil
management events).

The capability of representing a wide range of cropping systems
and soil management practices has produced several applications
in analysis of impacts of tillage, cropping systems and global
change on natural ecosystems or agroecosystems (Paustian et al.,
1992). An integration of the effects of climate and soil driving
variables and agricultural management to simulate carbon and
nitrogen dynamics in the soil–plant system is possible. Simulation
can emulate complex agricultural management systems including
multiyear crop rotations, tillage practices, fertilization, irrigation,
grazing, and harvest methods. However, soil erosion – a crucial
process in most agricultural areas of the world that provokes C
losses not derived from soil organic matter decomposition – is
treated in a simplified form. In Century, erosion events are
uncoupled from precipitation and only flat monthly soil loss rates
can be entered as input variables.

In this study we applied the Century Model to examined
changes in soil organic carbon stocks since the inception of
agriculture in a representative area within the main agricultural
region of Rio Grande do Sul state, in southern Brazil. The historical
evolution of land uses and cropping systems was established and
future scenarios until 2050 were also introduced to evaluate
possible effects of current and alternative management practices
and cropping systems on SOC stocks.

2. Material and methods

2.1. Description of the study area

The study area comprises the Ibirubá and XV de Novembro
municipalities in north central Rio Grande do Sul (RS) state
(538050W, 288380S) in Southern Brazil (Fig. 1). The total area of the
study was 835.4 km2. The region is in a transition zone between
subtropical forests that once covered Northeastern RS to the
grasslands of the Southwest, the Brazilian Pampas (IBGE, 1986).
Currently, less than 10% of the native forests and 4% of grasslands
remain, most of the region being under intensive cropping
systems. The climate is subtropical, with 19.1 8C mean annual
temperature and 1697 mm mean annual precipitation. The
topography is predominantly gently sloping, but steeper slopes



Fig. 1. Location of Ibirubá region in the south Brazilian state of Rio Grande do Sul.
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occur near rivers and creeks, and altitude varies from 500 m in the
north to 380 m in the south.

Soils are mostly Oxisols – which occupy about 85% of the land
surface – and Inceptisols, with minor occurrence of Entisols and
Ultisols (Klamt, 1969). These Oxisols have been classified as
Latossolos Vermelhos aluminoférricos and Latossolos Vermelhos

distróficos according to the Brazilian Soil Classification System.
Correlation between these soil classified with Brazilian Soil
Classification System and Soil Taxonomy is not straightforward
and only possible at soil classification higher taxonomic levels.
Differences in these Oxisols are mostly in soil texture of the surface
horizon, which ranges from loamy some of the Latossolos Vernelhos

distróficos to very clayey in the Latossolos Vermelhos aluminoférri-

cos. Mineralogy is dominated by kaolinite, iron and aluminum
oxides (Klamt, 1969). As this study focuses on the top 20 cm of the
surface horizon required by the Century Model to simulate
agroecosystem C dynamics, we chose to differentiate these Oxisols
by their texture in the 0–20 cm surface layer (Table 1).

2.2. Soil sampling and analyses

Soil sampling for this study was conducted only at ridgetops-
defined as landforms from 0 to 8% slope which were not
bottomlands. These landforms were chosen because the available
soil erosion rates of Oxisols in Rio Grande do Sul state were
obtained in nearly flat or gently sloping landforms such as these
(Cassol, 1984). Additional criteria for sampling site selection were
time under agricultural use and availability of cropping history.
Suitable farms were chosen and farmers interviewed with support
Table 1
Mean particle size distribution in soil classes of Ibirubá region used for Century

simulations (0–20 cm). Standard deviations in parentheses.

Soil class Particle size distribution

Sand (g kg�1) Clay (g kg�1) Silt (g kg�1)

Oxisol, loamy surface horizon 610 (75) 242 (40) 148 (85)

Oxisol, clayey surface horizon 415 (92) 413 (64) 172 (86)

Oxisol, very clayey surface horizon 213 (54) 592 (63) 205 (64)
from local extension service and cooperative. Only fields cropped
for about 100 years in areas originally under subtropical forest and
about 50 years in areas under grasslands that were deemed
representative of the established general agricultural management
scenario were sampled. We chose to sample old fields because
management effects would have been enhanced in these fields.
Areas under native vegetation adjacent to sampled farm fields
were also sampled. SOC in these native vegetation sites was
considered in equilibrium, and used as a proxy of native SOC stocks
at the time of conversion to agriculture—1900 in woodlands; 1956
in grasslands.

Soils were collected to 30 cm depth. Soil sampling was
conducted in dug pits of approximately 30 cm width � 30 cm
length � 40 cm depth. One sample (�1 kg) was removed with knife
from the each of the three layers (0–10 and 10–20 cm) on the side
of each pits. Samples were air-dried, visible plant material
removed and sieved (2 mm) for further analysis.

Bulk density was measured with volumetric rings (Blake and
Hartge, 1986) by sampling one side of each pit in two layers (0–10,
10–20 cm). Carbon content was measured with the dry combus-
tion method (Nelson and Sommers, 1996) in a CH Shimadzu C
analyzer. Particle size analysis was conducted with the pipette
method after organic matter removal with H2O2 and soil dispersal
in NaOH 1 M and 6 h shaking (Gee and Bauder, 1986).

2.3. C stocks calculation and bulk density correction

SOC stocks were calculated in the 0–20 cm layer by the
equation (Ellert and Bettany, 1995):

C Stock ¼ C½SOC contentðkg Mg�1Þ� � layer thickness ðmÞ

� bulk density ðMg m�3Þ � 10

Because soils in cropped fields normally have greater bulk
density than originally under native vegetation, fixed depth
comparisons of C accumulation or loss can be compromised if
corrections are not applied to contemporary SOC stocks (Nye and
Greenland, 1964; Veldkamp, 1994; Mikhailova et al., 2000). C
stocks for the Century simulations of fields were corrected to an
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equivalent mass of soil under native vegetation for each soil class,
based on the method described by Ellert and Bettany (1995), using
the mass of soil in the 0–20 cm of native vegetation to recalculate
corresponding cropland SOC stocks.

2.4. Initializing Century

This study used the original Century Soil Organic Matter Model
version 4.0, as distributed by the developers (NREL, 2008). Weather
data necessary for the model runs (30-year time series with
minimum and maximum monthly temperatures, monthly pre-
cipitation) was obtained from the meteorological station near the
city Cruz Alta about 40 km from the study region. Soil texture was a
required site-specific input for initialization (Table 1). Soil carbon
data are usually not directly input, but rather derived from an
initial ‘‘equilibrium’’ or ‘‘spin up’’ simulation of several thousand
years. The model was calibrated with SOC stocks measured under
native vegetation for each soil class. The somsc output variable was
used as it more closely represents our measured soil C stocks. The
calibration process consisted of iteratively running the model,
inspecting output and altering the default biomass production prdx

parameters for subtropical trees or grasses until somsc matched
measured soil C stocks. Previous applications of Century in
Southern Brazilian conditions showed unrealistically low soil C/
N ratios during the course of the simulation (Oliveira, 2005). Upon
consultation with Century developers (Natural Resources Ecology
Lab, Colorado State University), changes were made in parameters
related to C/N ratio of the C pools and mineralized N losses. These
and other parameter modifications are listed in Appendix A.

2.5. Soil use and management scenarios

Generic soil use and management scenarios were developed
based on information gleaned from a farming systems review
(Mielniczuk, 1999) and interviews with farmers and local
extension service. Greater emphasis was given to aspects of soil
use and management that influence most directly SOC stocks, such
as types and frequency of crops, fertilizer use and tillage practices.
Two general future scenarios were established for the study region,
differing only by variations of the no till period: a ‘‘status quo’’
scenario, representing current practices and crop rotations, and a
‘‘high biomass’’ scenario (Table 2). The latter includes higher N
fertilizer input and more frequent use of corn in the crop rotation,
resulting in approximately 80% higher annual biomass production
(averaged across all soils). Aboveground and belowground crop
biomass represent major C inputs to the soil system and therefore
constitute a central aspect of terrestrial C dynamics (Bolinder et al.,
2007). Therefore, an additional calibration step of the model
involved inspection of the biomass output variables and tuning
each crop potential production parameter (prdx(1)) so that
biomass output variables approximated acceptable crop biomass
(Table 3). Simulated crop biomass was compared with data from a
long-term experiment on a very clayey Oxisol located within
100 km from the study region derived (Sisti et al., 2004). At this
site, under best available technology, aboveground biomass
production (mean of 13 years) was estimated at 5.0 Mg C ha�1

year�1 (corn), wheat (3.1 Mg C ha�1 year�1) and soybean
(2.3 Mg C ha�1 year�1). Shoot-to-root ratios were also checked
against data presented by Bolinder et al. (2007).

Soil erosion greatly affected soils and crop production in this
region, especially from the 1950s to 1970s, when intensification of
soil tillage took place. Century is not a soil erosion model, but has
the ability to simulate soil redistribution by allowing introduction
of fixed monthly soil loss to account for C that is transported from
the simulation site (Smith et al., 1997). We attributed erosion rates
according to landforms ridgetops, slopes and bottomlands, base on



Table 3
Mean C inputs from crop biomass in all soils and landforms simulated by Century.

Scenario block Crop Biomass

Aboveground (Mg C ha�1) Belowground (Mg C ha�1)

I. Low input ‘‘colonial’’ (1900–1955) Corn 2.0 0.5

Wheat 1.3 0.5

Summer fallow 0.7 0.3

II. Low intensity conventional (1956–1970) Corn 2.3 0.6

Wheat 1.9 1.1

Summer fallow 0.9 0.3

III. Intensive conventional (1971–1980) Wheat 1.5 0.8

Soybeans 0.9 0.5

IV. Reduced tillage (1981–1992) Wheat 1.5 0.7

Soybeans 1.0 0.5

Oatsa 1.0 0.7

V. No till (1993–2050)

‘‘Status quo’’ Wheat 1.6 0.7

Soybeans 2.2 0.6

Corn 3.9 1.9

Oats 1.0 0.8

‘‘High biomass’’ Wheat 2.7 0.7

Soybeans 2.3 0.7

Corn 4.8 1.5

Oats 1.4 1.3

a Avena sativa, grown as a cover crop in winter (May–August).
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mean annual erosion rates reported by Cassol (1984) obtained in
similar Oxisols near the study region. (Table 2). Because soil
deposition is not explicitly treated by Century, we used a
workaround suggested by Pennock and Frick (2001). This consisted
of simulating soil deposition by entering negative erosion rates. As
there was no research data available on deposition rates for this
region, we assumed it to be approximately 85% of the sum of
estimated erosion rate for ridgetops and slopes for the same soil
class, i.e., only 15% of eroded soil would be transported to water
bodies or other areas and the remaining 85% would be retained in
bottomlands. Some estimates suggest that this retention could be
as high as 97% if adequate buffer zones are in place (Lovell and
Sullivan, 2006).
Table 4
Texture, C content, bulk density and C stocks under native vegetation and in correspon

Soils and land use n C concentrationa

0–10 cm (g C kg�1) 10–20 cm (g C kg�1)

Oxisol, loamy, woodlands

Undisturbed 4 25.5 (5.8)a 14.7 (0.5)a

Cropland 3 18.4 (3.2)a 14.3 (1.9)a

Oxisol, clayey, woodlands

Undisturbed 3 31.5 (2.4)a 18.0 (1.2)a

Cropland 3 17.9 (1.0)b 14.1 (0.8)b

Oxisol, clayey, grasslands

Undisturbed 1 22.7 16.4

Cropland 3 20.2 (0.8) 16.5 (0.2)

Oxisol, very clayey, woodlands

Undisturbed 7 34.3 (6.4)a 21.2 (3.0)a

Cropland 3 23.1 (5.2)b 17.6 (1.7)b

Oxisol, very clayey, grasslands

Undisturbed 1 21.9 16.8

Cropland n 21.1 (2.1) 16.7 (0.8)

Standard deviations in parentheses.
a Within each soil class and native vegetation, C concentration and soil bulk density in c

Equal lowercase letters indicate that cropped and undisturbed soils were not different
b To account for compaction, cropland SOC stocks were corrected with mean soil mass

1995).
3. Results and discussion

3.1. Soil organic C and soil bulk density

C contents at both sampled depths in woodland soils were
generally higher than in cropland measured in 2005 (Table 4).
These measured concentrations were remarkably similar to those
observed (3.4%) in previous soil C assessment in very clayey
Oxisols under woodland in this region (Machado and Brum, 1978).
Although our sampling was limited for robust comparisons
because undisturbed native grasslands have almost disappeared
in the area, measured grassland soil C content was similar to
grasslands sampled in earlier studies: 1.8% (Machado, 1976),
ding cropland of Oxisols in Ibirubá, RS, Brazil.

Bulk density C stocksb

0–10 cm (Mg m�3) 10–20 cm (Mg m�3) 0–20 cm (Mg ha�1)

1.12 (0.08)a 1.24 (0.06)a 46.5 (6.7)

1.64 (0.04)b 1.60 (0.05)b 39.2 (6.8)

1.11 (0.13)a 1.21 (0.08)a 56.5 (1.9)

1.61 (0.03)b 1.62 (0.01)b 36.9 (0.8)

1.45 1.58 58.8

1.48 (0.12) 1.54 (0.01) 55.1 (3.2)

1.13 (0.20)a 1.19 (0.20)a 59.3(4.6)

1.37 (0.05)b 1.51 (0.07)b 46.0(7.2)

1.41 1.44 55.1

1.44 (0.07) 1.47 (0.11) 54.7 (4.1)

ropped and undisturbed soils were compared with a two-tailed t test when possible.

at 5% significance level.

of corresponding original native vegetation of the same soil class (Ellert and Bettany,



Fig. 2. Simulated SOC dynamics in three Oxisols originally under subtropical

woodlands converted to agriculture in 1900, in the Ibirubá region. Dots represent

SOC stocks measured in 2005 and bars are standard deviations. Roman numbers

represent scenarios from Table 2.
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2.0–2.7% (Pöttker, 1977), 2.2% (Jantalia et al., 2006), 2.6% (Dieckow
et al., 2009). Soil bulk density (SBD) was higher in grasslands and
croplands as compared to woodlands (Table 4). High SBD can be
ascribed to soil compaction by cattle trampling in these remaining
grasslands. Farm machinery traffic and absence of tillage are major
factors in affecting SBD in cropland, as all fields are currently under
no till management. Our measured SBD in woodlands was
somewhat higher than observed in earlier studies in similar
Oxisols under woodland—0.86–1.01 Mg m�3 (Silva, 1979; Sisti
et al., 2004). Higher SBD is probably due to timber extraction and
occasional cattle trampling in woodlots adjacent to pastures.
Grasslands showed somewhat higher SBD that those reported in
recent studies in these Oxisols, in which bulk densities ranged from
1.23 to 1.33 Mg m�3 (Jantalia et al., 2006; Dieckow et al., 2009).
Differences in cattle stocking rates and trampling in these pastures
are the most likely explanation for the observed SBD.

SOC stocks calculated for 0–20 cm depth were higher under
remaining patches native vegetation—grasslands and woodlands
(Table 4). Stocks increased with clay content, although correlation
was weak (Pearson’s coefficient of correlation: 0.39). Clay content
plays a key role in C stabilization in soils (Oades et al., 1989; Feller
and Beare, 1997), but hasty generalizations of the relationship has
been questioned (Percival et al., 2000; Bricklemyer et al., 2007).

3.2. Soil C stocks simulation in ridgetops

Soil management and cropping system scenarios were essen-
tially the same for all simulations, the only difference being a
55 year delay in start of agriculture on grasslands as compared to
woodlands. All simulations showed a general trend of significant
SOC losses in the intensive tillage periods at the onset of
agriculture, followed by slight SOC stock recovery when conserva-
tion agriculture practices such as reduced tillage were adopted in
the 1980s. SOC stock buildup was enhanced when no-tillage was
introduced in 1993 (Figs. 2 and 3).

Oxisols under subtropical forests of the Ibirubá region showed a
marked decrease in C stocks after conversion to agriculture. Loss of
native stocks was approximately 50% in loamy, 45% in clayey and
44% in very clayey Oxisols from 1900 to 1980. Earlier studies of
chronosequences in this region revealed a similar estimate of SOC
losses after conversion of forests to agriculture: Machado and
Brum (1978) reported 38% SOC decrease after woodland clearing
and 14 years of intensive soil management for annual grain crops
in a very clayey Oxisol similar to the one in this study. However,
comparisons with earlier studies have to be considered with
caution because of different analytical methodologies and
sampling procedures. It has been shown that the Walkley-Black
wet combustion method might underestimate C concentration
(Skjemstad et al., 2000; Dieckow et al., 2007).

In the initial farming period, soil management consisted of
oxen-draught moldboard plowing and tine harrowing, later
substituted by more frequent and deeper tillage with tractor-
pulled disk plows and harrows. Assuming equal soil management
and cropping systems, differences in C dynamics in these Oxisols
during the initial 80 years under agriculture could primarily be
attributed to soil texture, with greater C losses taking place in the
coarser texture Oxisols. Century represents soil texture effects in C
dynamics by relating clay content with C flow from faster cycling
pools to the more recalcitrant ‘‘passive’’ pool (Metherel et al.,
1993). Therefore finer-textured soils have larger passive C pools, in
accord with the observed role of clay as binding agent of organic
ligands, protecting stabilized SOC from heterotrophic decomposi-
tion (Feller and Beare, 1997).

Important increases in SOC stocks were noted after conserva-
tion agricultural practices such enhanced fertilizer application and
reduced tillage came into use from 1980 onwards. Larger increases
in soil C could be observed after 1992 with the advent of no-tillage.
Our simulations of soil management and cropping systems similar
to what is currently in practice in the region – the ‘‘status quo’’
scenario from 1993 to 2050 (Table 3) – showed considerable SOC
accumulation. However SOC recovery in these Oxisols did not
attain stocks observed under native subtropical forests: stocks
were 37%, 31% and 17% lower in loamy, clayey and very clayey
Oxisols, respectively. Higher SOC gains in very clayey Oxisols could
also be explained by lower decomposition due to protection of C
mentioned above. The alternative ‘‘high biomass’’ scenario with
approximately 80% more C plant residues (above- and below-
ground) added annually resulted in higher SOC stocks than the
‘‘status quo’’ scenario: by 2050 stocks were higher by 19%, 19% and
14% in loamy, clayey and very clayey Oxisols, respectively.
However, in spite of the simulated larger phytomass inputs, SOC
stocks were 25% lower in loamy, 17% lower in clayey and 5% lower
in very clayey Oxisols than under subtropical forests.



Fig. 3. Simulated soil organic C dynamics in two Oxisols originally under subtropical

grasslands, converted to agriculture in 1956 in the Ibirubá region. Dots represent

SOC stocks measured in 2005 and bars are standard deviations. Roman numbers

represent scenarios from Table 2.
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Simulated SOC stocks dynamics under grasslands showed
trajectories similar to the woodland soils, but loss of native C stocks
at the end of the agricultural periods with most intensive tillage
operations (1980) was not as large as observed in woodlands
(Fig. 3). The grassland Oxisols lost about 27% (clayey) and 20% (very
clayey) of their native SOC stock losses from 1956 to 1980. Pöttker
(1977) reported 36% SOC losses 15 years after introduction of
soybean production with intensive tilllage operations in very
clayey Oxisols originally under grasslands in this region. After
stabilization in the 1980–1992 period when reduced tillage, cover
crops and higher fertilizer rates were introduced, SOC stocks
showed distinct recovery when no-tillage agriculture became the
dominant soil management system after 1992. In the ‘‘status quo’’
scenario, clayey Oxisols accumulated about 5.8 Mg ha�1 and very
clayey Oxisols 7.4 Mg ha�1 from 1992 to 2050. Assuming SOC
stocks of the native vegetation as a potential maximum, these
projected stocks were still 20% (clayey Oxisol) and 9% (very clayey
Oxisol) below stocks in undisturbed grasslands. However, in the
‘‘high biomass’’ scenario, by 2050 higher C inputs led to SOC stocks
only 11% lower in the clayey and 2% higher in the very clayey Oxisol
than the native stocks C stocks. Although exceptional, cropland
SOC stocks larger than under undisturbed native vegetation had
been reported in other studies in similar Oxisols which assessed
SOC dynamics under no-tillage with large annual crop biomass
additions (Sá et al., 2001; Dieckow et al., 2005a). Assuming native
SOC stocks were in long-term equilibrium and represent a
potential site-specific maximum SOC stock, our results could
indicate that very clayey Oxisols originally under grasslands might
be approaching C saturation. Nevertheless, although SOC normally
reach a steady-state in the model runs for a given set of site-
specific input variables and parameters, it must be noted that the
Century algorithms do not include an explicit limit to SOC
accumulation.

In summary, there are noteworthy aspects in these Century
simulations. Grasslands had lower SOC stock losses after the
beginning of agriculture with intensive tillage and larger SOC stock
gains after conservation agriculture came into practice. A
fundamental aspect of these grassland simulations was the shorter
time under agriculture—55 years less than woodlands and only 25
years under intensive tillage (1956–1980). This shorter cropping
history resulted in less time for native soil C decomposition. An
additional facet relates to Century’s representation of SOC
dynamics in grasslands and forests: our ‘‘equilibrium’’ runs (model
initialization) generally resulted in somewhat larger passive C
pools on grassland Oxisol. Grasslands and pastures have abundant
fine root system with fast turnover that facilitate soil aggregation
and organic matter protection (Conant et al., 2001). Conversely,
forests have larger labile C pools derived from larger aboveground
biomass and surface litter. Therefore, the greater decrease in C
stocks originally under woodlands could be attributed to these
labile pools with faster turnover and the longer period under
agriculture.

3.3. SOC dynamics as affected by erosion

It is essential to consider that Century maintains the initial soil
mass of the 0–20 cm simulation layer by transferring soil from a
subsurface layer in a quantity equal to the soil lost by erosion
(Pennock and Frick, 2001). This subsurface layer contains 20%, 40%
and 80% of the active, slow and passive surface SOC pools,
respectively. In practical terms, a considerable fraction of soil C lost
in eroded soils is routinely replaced by more recalcitrant subsur-
face C. This algorithm assures that the simulated site remains
consistent with field sampling to 20 cm depth throughout the
duration of the simulation, regardless of soil mass lost by erosion.

Trajectories of SOC change in ridgetops, slopes and depositional
landforms were similar in all simulations (Figs. 2 and 3), although
erosion rates assigned to slopes were on average twice as large as
in ridgetops and deposition rates were about 85% of the sum of
erosion rates at ridgetops and slopes. This could suggest little
relevance of soil erosion or deposition processes in relation to SOC
dynamics in this region, but such interpretation should be
considered with caution. The long-term impact of erosion/
deposition on the SOC budget of the simulated sites can be better
assessed by inspecting cumulative erosion/deposition C gains or
losses through Century’s output variable sclosa (Table 5), as
suggested by Manies et al. (2001). In general erosion in woodland
Oxisols represented about 9% of native SOCstocks in ridgetops and
twice as much (about 18%) in slopes after 150 years of agriculture.
Deposited soil C in bottomlands represented about 20% of the
original stock under woodland. In the course of 95 years of
agriculture in soils originally under grasslands, C losses due to
erosion were about 7% of ridgetops and about 13% of slopes native
C stocks, whereas bottomlands accumulated deposited C stocks
representing 17% of original C stocks.

Our data suggest that the impact of erosion and deposition on
native SOC stock changes as simulated in this study is less
important than decomposition. The relative impact of erosion on
soil C were greater on the slopes of Oxisols originally under
woodlands (Table 5). These higher C losses result from the higher
erosion rates assigned to Oxisols in this landform, especially in the
period of intensive tillage operations (1971–1980). Deposition of
soil C led to greater SOC stocks in these landforms as compared to
ridgetops and slopes across all simulations. However, as deposition



Table 5
Impact of soil erosion and deposition on C dynamics in the ‘‘status quo’’ scenario. simulated by Century.

Soils and land use C stocksa Eroded (�) or deposited (+)

Ca (Mg ha�1)

C transferred from (�)

or to (+) subsurfaceb (Mg ha�1)

Relative C loss by

erosion (%)
Original (Mg ha�1) Final (Mg ha�1)

Woodlands (1900–2050)

Oxisol, loamy surface horizon

Hilltop 39.2 29.4 �3.7 �3.2 �9%

Slopes 39.2 28.8 �7.2 �5.8 �18%

Bottomlands 39.2 29.8 +9.2 +9.9 +23%

Oxisol, clayey surface horizon

Hilltop 56.5 39.2 �4.3 �3.4 �8%

Slopes 56.5 38.7 �7.6 �5.7 �13%

Bottomlands 56.5 40.2 +9.7 +8.9 +17%

Oxisol, very clayey surface horizon

Hilltop 59.3 48.9 �5.1 �3.6 �9%

Slopes 59.3 46.6 �10.2 �6.9 �17%

Bottomlands 59.3 50.4 +13.7 +11.6 +23%

Grasslands (1956–2050)

Oxisol, clayey surface horizon

Hilltop 58.8 47.2 �4.0 �2.8 �7%

Slopes 58.8 46.5 �7.8 �5.4 �13%

Bottomlands 58.8 48.3 +10.3 +8.3 +18%

Oxisol, very clayey surface horizon

Hilltop 55.1 50.2 �4.3 �2.8 �8%

Slopes 55.1 49.7 �7.6 �4.8 �14%

Bottomlands 55.1 51.7 +9.2 +6.8 +17%

a From sclosa Century output variable
b From lhzcc output variable.
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is not linked to erosion in Century, these results carry many
uncertainties. It is clear that refinements in the representation of
soil erosion/deposition phenomena in the Century Model and its
linkage to the soil C budget are necessary for more realistic
simulations.

Our results contrast somewhat with Century simulations in a
similar study conducted by Harden et al. (1999) in the U.S.
Midwest. A relative erosional C loss of 24% in relation to the native
‘‘control’’ site was observed. Erosion was considered to be more
important than decomposition in determining soil C stocks. The
long simulated agricultural scenarios (127 year) with higher
erosion rates – as high as 86 Mg ha�1 year�1 in one period – in
the U.S. study are likely explanations to the differences between
studies.

3.4. Model performance

A visual comparison of SOC stocks measured in the Oxisols on
ridgetops in the Ibirubá region in 2005 and corresponding Century
output for the same year allows an overview on Century’s
performance in simulating C dynamics in these conditions
(Figs. 2 and 3). Century performed well for the clayey and very
clayey Oxisols originally under woodlands, but underestimated
SOC stocks in the loamy Oxisols originally under woodlands and in
both Oxisols originally under grasslands. Other studies also noted
discrepancies related to soil texture: Silver et al. (2000) concluded
that Century underestimated C stocks in coarse-textured soils and
somewhat overestimated stocks in very clayey Oxisols under
forests in the Brazilian Amazon. The authors indicated that the
model default parameters might place too much weight in the
effect of soil texture on passive C pool formation. In NW U.S.,
Bricklemyer et al. (2007) observed that Century did not accurately
predict SOC changes under no-tillage in several sites and attributed
this to the tillage effect on decomposition rates, independent of soil
texture in Century.

An additional probable explanation for these inconsistencies
is that Century does not explicitly consider clay mineralogy
which is a central issue in soils with shrink–swell (Chilcott et al.,
2007) and variable-charge properties (Parfitt et al., 1997).
Soils with predominately variable-charge mineralogy such as
these in the Ibirubá strongly bond to organic ligands and protect
SOM from decomposition (Bayer et al., 2006a; Bayer et al.,
2006b).

These simulations also incorporate all uncertainties associated
with developing the general soil management and cropping
scenarios. In several cases, interviews with farmers produced
limited information about the history of fields, especially precise
dates of land use or soil management changes and farm inputs
applied. This was somewhat circumvented by confronting
anecdotal information with historical aerial photography –
available from 1956 onwards – and census data to developed
the soil management and cropping systems scenarios. Another
aspect that influenced our results was the application of a unique
soil management and cropping system scenario to the whole
region. This might not have been appropriate to capture farmer
response to site-specific agronomic constraints to crop production.
For example, it appears that management and inputs in the loamier
Oxisols were adjusted to cope with higher erosion, lower natural
fertility and crop yields. It is likely that these constraints have been
compensated by less intensive tillage, contour planting, adapted
cultivars, increased fertilizer or manure application. Likewise,
farmers that started off on the grassland soils in the 1950s probably
did so at higher technological level than was in use by the
traditional farmers who had been farming since 1900 in the same
region.

For a quantitative assessment of the simulated and observed
data, we applied statistical tests suggested by Loague and Green
(1991) and Smith et al. (1997) to the amalgamated SOC stock
output of Century runs and measured data. In general, the model
could moderately estimate soil carbon dynamics in Ibirubá soils
(Fig. 4). The root mean square error (RMSE) statistic, which
provides a percentage term of the total difference between
measured and simulated results, was 15.9%. The correlation
coefficient of measured and simulated data was 0.74. It should



Fig. 4. Measured and Century simulated Oxisol SOC stocks in cropland ridgetops in

the Ibirubá region.
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be noted that this coefficient is a measure of degree of association
between simulations and measurements, not necessarily a
measure of degree of coincidence, whereas the coefficient of
determination is a measure of the proportion of the total variance
of the observed data that is explained by the predicted data (Smith
et al., 1997). The calculated coefficient of determination (r2 = 0.54)
indicates a moderate difference between the variance of the
measured and predicted values. Results of the mean difference
(5.64 Mg ha�1) and coefficient of residual mass (0.12) were
reasonable and indicate that our results have no large bias or
systematic errors.

Although tested and utilized with success in other Southern
Brazilian ecosystems, Century’s numerous parameters are a
recurrent challenge for users in regions without prior application.
While we made minimal parameter modifications, additional
calibration of the model, especially with data from long-term
Appendix A. Annex A

Modified CENTURY parameters.

Parameter Description

CROP.100 file

prdx (1) Potential aboveground monthly production for crops (g C

TREE.100

prdx (2) Maximum gross forest production (g C m�2 month�1)

prdx (3) Maximum net forest production (g C m�2 month�1)

CROP.100 file

prdx (1) Potential aboveground monthly production for crops (g C
experiments, could lead to a better fit of simulated and observed
data and reduce uncertainties.

4. Conclusions

Application of the Century Model in the study C dynamics
provided a reasonable assessment of overall changes in SOC stocks
in the Oxisols of Ibirubá region in Rio Grande do Sul state.
Historical, current and future soil management and cropping
systems were explicitly simulated. In summary, Century captured
the trends of increased SOC decomposition during periods of
intensive tillage operations followed by stabilization and recovery
when conservation agriculture practices such as no-tillage were
adopted. There were important indications that soil erosion and
deposition played a secondary role in SOC stock change as
compared to heterotrophic decomposition throughout agricultural
history of this region, even though a period of high soil loss rates
took place. Some inconsistencies between observed and modeled
SOC stocks were apparent, which suggest that additional site
characterization and reassessment of model parameters are
necessary. Recognized model limitations such as lack of explicit
treatment of clay mineralogy also may have contributed to limited
success of our modeling effort. With these enhancements, the
model could be utilized as a support tool for the assessment of
impacts of agricultural practices and policies on soil carbon stocks
in the Ibirubá and the surrounding region of Planalto Sulrio-
grandense, one of the most important agricultural areas of Brazil.
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Original Modified

m�2) SBTG1a 300 350

SBTG2b 300 275

SBTF1c 800 1150

SBTF2d 800 1050

SBTF3e 800 1280

SBTF1c 300 600

SBTF2d 300 500

SBTF3e 300 450

m�2) Corn C1 250 200

Corn C3 400 220

Corn C4 550 350

Wheat W0 150 120

Wheat W1 250 170

Wheat W2 300 185

Oats OAT1 220 250

Oats OAT2 320 250

Soybean SYBN2 300 180

Soybean SYBN3 300 185

Soybean SYBN4 450 215

Weeds 300 350



Appendix A (Continued )

Parameter Description Original Modified

FIX.100 file

varat2 (1,1) Maximum c/n ratio of inputs entering slow soil C pool 20 25

varat3 (1,1) Maximum c/n ratio of inputs entering passive C pool 8 14

vlossg Fraction of mineral N lost via volatilization 0.1 0.13

a Subtropical grassland on very clayey Oxisol, based on Century default G5 option (mixed grassland w/75% warm season species).
b Subtropical grassland on clayey Oxisol, based on Century default G5 option (mixed grassland w/75% warm season species).
c Subtropical forest on very clayey Oxisol, based on Century default PRTP option (PuertoRico forest).
d Subtropical forest on loamy Oxisol, based on Century default PRTP option (PuertoRico forest).
e Subtropical forest on clayey Oxisol, based on Century default PRTP option (PuertoRico forest).
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infiltraçăo de água no solo. Masteŕs thesis. Departamento de Solos, UFSM(U-
niversidade Federal de Santa Maria). Santa Maria, Brazil, 114p. (in Portuguese).

Machado, J.A., Brum, A.C.R., 1978. Efeito de sistemas de cultivo em algumas
propriedades fı́sicas do solo. Rev. Bras Cien. Solo 2, 84–89.

Manies, K.L., Harden, J.W., Kramer, L., Parton, W.J., 2001. Carbon dynamics within
agricultural and native sites in the loess region of western Iowa. Glob. Change
Biol. 7, 545–555.

Metherel, A.K., Harding, L.A., Cole, C.V., Parton, W.J., 1993. Century Soil Organic
Matter Model—Agroecosystem Version 4. Natural Resources Ecology Labora-
tory. Colorado State University, Fort Collins, 133.
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