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Abstract

The adoption of no-till (NT) has been proposed to recover soil organic

carbon (SOC), which will aid the mitigation of climate change. However,

studies have questioned the potential of NT soils to deliver SOC seques-

tration and sustain crop yields. No-till experiments are relatively recent

(<50 years) and very few studies were able to assess SOC dynamics in

high-yield agroecosystems. We used the DSSAT-CENTURY model to pre-

dict long-term SOC (0–30 cm) using datasets from two experiments

assessing tillage and nitrogen (N) sources in a Mollisol from the midwest

United States (28 years) and tillage and crop rotations in an Oxisol from

southern Brazil (33 years). The conversion of prairie and grassland soils

to conventional agriculture decreased SOC by 61 and 12% in the Mollisol

and Oxisol, respectively. Soil organic C accrual in NT soils was >0.5 Mg

C ha−1 year−1 under medium-low-yield maize in the Mollisol and negli-

gible in the Oxisol under soybean/wheat rotation. Organic fertilization

and crop rotation increased SOC accrual at both sites. Simulated SOC

had good agreement with observations for NT soils but overestimated

SOC in tilled soils. The model's parameters were then modified for tilled

soils. Long-term simulations (100 years) revealed that SOC accrual in NT

soils (0–15 cm) is partially offset by losses at 15–30 cm under low C

inputs. Simulations with best crop management practices (BP; irrigation,

high-yield cultivars, higher plant density and improved N fertilization)

augmented C inputs and SOC stocks, ultimately recovering SOC to the

levels of prairie soils. Our results suggest that the adoption of NT,

recycling of organic fertilizers and the use of BP should be further pro-

moted for recovery and permanence of SOC in agricultural soils.

Highlights
• Studies have questioned the potential of conservation agriculture (CA) to

deliver SOC sequestration and sustain crop yields.
• We used the DSSAT-CENTURY model to simulate SOC dynamics in tem-

perate and subtropical soils.
• No-till under moderate C/N inputs recovered topsoil SOC, but subsurface

losses offset SOC accrual.

Received: 27 February 2019 Revised: 6 January 2020 Accepted: 10 January 2020

DOI: 10.1111/ejss.12938

Eur J Soil Sci. 2020;1–16. wileyonlinelibrary.com/journal/ejss © 2020 British Society of Soil Science 1

https://orcid.org/0000-0002-6087-3538
mailto:rodrigo.nicoloso@embrapa.br
http://wileyonlinelibrary.com/journal/ejss


• Use of CA, organic amendments and best practice crop management (BP) is
crucial for long-term SOC storage and permanence.
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1 | INTRODUCTION

Conversion of native ecosystems to intensively tilled agri-
culture has depleted soil organic carbon (SOC) and con-
tributed 133 Pg C to the atmospheric CO2 concentrations
over the past 12,000 years (Sanderman, Hengl, & Fiske,
2017). Depletion of SOC leads to a decline in soil quality
and a reduction in ecosystems services, ultimately threat-
ening food security (Lal, 2010). Conservation agriculture
(CA), as defined by minimal soil disturbance, permanent
soil cover and crop rotation, has been proposed to recover
SOC and soil quality, thus providing food security and
promoting climate change adaptation and mitigation
(Jat, Sahrawat, Kassam, & Friedrich, 2014; Lal, 2016;
Minasny et al., 2017). No-till (NT) is considered a key
component of CA because it addresses two of its princi-
ples, which are planting through soil cover with mini-
mum disturbance.

The adoption of NT recovers SOC, although only par-
tially offsetting initial losses from the soils of native eco-
systems (Luo, Wang, & Sun, 2010; Kopittke, Dalal,
Finn, & Menzies, 2017). However, NT experiments are
relatively recent (<50 years) and generally assess
agroecosystems with low- to moderate-inputs in order to
replicate regional agricultural practices (Bayer, Martin-
Neto, Mielniczuk, Pavinato, & Dieckow, 2006; Boddey
et al., 2010; Corbeels et al., 2016; Follett, Jantalia, & Hal-
vorson, 2013; Martínez et al., 2016; Olson, Ebelhar, &
Lang, 2013; Poffenbarger et al., 2017; Poirier et al., 2009;
Stewart, Halvorson, & Delgado, 2017). Very few studies
were able to assess long-term SOC dynamics in high-yield
agroecosystems (Cook & Trlica, 2016; Grassini &
Cassman, 2012; Grassini, Specht, Tollenaar, Ciampitti, &
Cassman, 2015; Walia, Baer, Krausz, & Cook, 2017). Con-
sequently, recent studies have questioned the potential of
NT soils to sustain crop yields (Pittelkow et al., 2014,
2015), promote SOC accrual in comparison with tilled
soils and mitigate climate change (Corbeels et al., 2016;
Powlson et al., 2014).

The importance of crop productivity and C inputs for
SOC accrual in NT soils has been extensively demon-
strated (Ogle, Swan, & Paustian, 2012; Powlson et al.,
2012). Crop productivity and SOC accrual in NT soils are
favoured by increased nutrient availability (de Oliveira
Ferreira et al., 2018; Kirkby et al., 2014; Manzoni, Taylor,

Richter, Porporato, & Ågren, 2012; Poffenbarger et al.,
2017; Van Groenigen et al., 2017), amelioration of subsoil
acidity (Dalla Nora, Amado, & Nicoloso, R. da S., &
Gruhn, E.M., 2017; de Oliveira Ferreira, Amado, et al.,
2018), use of organic amendments (Poulton, Johnston,
MacDonald, White, & Powlson, 2018; Powlson et al.,
2012; Xia, Lam, Yan, & Chen, 2017), irrigation and other
best crop management practices (BP), such as high-yield
cultivars with increased plant density (Follett et al., 2013;
Grassini & Cassman, 2012; Grassini, Thorburn, Burr, &
Cassman, 2011; Schwalbert et al., 2018; Stewart et al.,
2017). Thus, the adoption of BP could increase SOC
accrual in NT soils up to the levels of natural soils
(de Oliveira Ferreira et al., 2016, 2018).

We tested this hypothesis using the CENTURY
module included in the Decision Support System for
Agrotechnology Transfer (DSSAT) software
(Hoogenboom et al., 2015; Porter et al., 2010) to simu-
late long-term SOC dynamics in two long-term experi-
ments from the midwest United States and southern
Brazil. The DSSAT-CENTURY model has been used to
simulate SOC dynamics in both low- and high-yield
agroecosystems (Gijsman, Hoogenboom, Parton, &
Kerridge, 2002; Li, Yang, Drury, & Hoogenboom, 2015;
Liu et al., 2017; Musinguzi et al., 2014). The experi-
ments included in our study tested different soil tillage
systems, nitrogen (N) sources and crop rotation with
frequent plant and soil sampling. These unique datasets
allowed us to predict long-term SOC dynamics with the
DSSAT-CENTURY model and test the potential of NT
soils for SOC sequestration in temperate and subtropi-
cal agroecosystems.

2 | MATERIAL AND METHODS

2.1 | Long-term experiments

We used datasets (Nicoloso, 2009; Boddey et al., 2010; De
Campos, Amado, Bayer, da Nicoloso, & Fiorin, 2011; de
Oliveira Ferreira et al., 2013; Nicoloso, Rice, Amado,
Costa, & Akley, 2018) collected from two long-term
experiments located at the Technology Unit of the Cen-
tral Cooperative Gaucha Ltd. (CCGL-TEC) in Cruz Alta,
RS, Brazil (28�36001.000S, 53�40020.600W, elev. 432 m, slope
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3%) and at the North Farm of the Department of Agron-
omy, Kansas State University in Manhattan, KS, USA
(39�12041.700N, 96�35038.700W, elev. 323 m, slope 0%).

2.1.1 | Cruz Alta, RS, Brazil

The soil in Cruz Alta was a Typic Haplorthox or
Oxisol (U.S. Soil Taxonomy) or Rhodic Ferrasol (IUSS
Working Group WRB, 2015) and the climate was classi-
fied as humid subtropical (Cfa), with mean annual pre-
cipitation of 1,750 mm and temperature of 19.2�C. The
area had been under cultivation since 1965 with wheat
(Triticum aestivum) and soybean (Glycine max) double
cropping (winter/summer) under disk tillage (1965–1980)
and reduced tillage (1980–1985) (de Oliveira Ferreira
et al., 2016). Lime (5 Mg ha−1) was incorporated before
the experiment was established in 1985 to test two soil
tillage systems in the main plots and three cropping sys-
tems in subplots. The field experiment had no replicated
plots. The soil tillage systems were disk tillage (DT) and
no-till (NT). The DT treatment had slight variations over
the years. Until 2001, tillage operations consisted of one
pass of a chisel plough (15 cm) and two passes of a disk
harrow (8 cm) before planting winter crops and one pass
of a disk plough and two passes of a disk harrow before
planting summer crops (Campos, Reinert, Nicolodi,
Ruedell, & Petrere, 1995; Jantalia et al., 2006). Later, both
winter and summer crops were planted after one pass of
a disk plough (12 cm) and two passes of a disk harrow
(De Campos et al., 2011; de Oliveira Ferreira et al., 2013).
All crops in the NT treatment were planted through the
crop residues with minimal soil disturbance. The tested
cropping systems were (winter/summer): wheat/soybean
(R0), wheat/soybean/black oats (Avena strigosa)/soybean
(R1), and wheat/soybean/black oats/soybean/black oats +
vetch (Vicia sativa)/maize (Zea mays)/radish (Raphanus
sativus) (R2). Radish was first introduced in rotation R2 in
1996. Small grain crops (wheat, oats, vetch and radish)
were seeded using a double disk drill (5 cm) with 22-cm
spaced rows. Soybean and maize were planted in rows
spaced 45 cm apart using a planter equipped with coulter
blades, shanks for fertilizer banding (18 cm) and a double
disk for sowing seeds (8 cm). Wheat and maize received
60 and 90 kg N ha−1 in each cropping season, whereas
other crops received no N fertilization. The P and K fer-
tilization followed soil-test nutrient recommendations
until 2000, when a standard annual fertilization rate of
50 kg ha−1 of P2O5 and K2O was adopted for all cropping
systems (Boddey et al., 2010; De Campos et al., 2011).
Lime was applied again in 1995 (5 Mg ha−1) without
incorporation in the NT plots.

2.1.2 | Manhattan, KS, USA

The Manhattan experiment was established in 1990 in
plots with corn under contrasting soil tillage systems and
subplots with N sources. Replicated plots were arranged
in four randomized blocks. The soil was a moderately
well-drained Kennebec silt loam (a fine-silty, mixed, sup-
eractive, mesic Cumulic Hapludoll; Soil Survey Staff,
2014) or Haplic Chernozem (IUSS Working Group WRB,
2015). The climate was classified as humid continental
(Dfa), with a mean annual precipitation of 800 mm and
temperature of 11.4�C. The area had been cultivated with
wheat and other small grains under intensive tillage since
the 1930s. Two tillage systems were tested in the main
plots: chisel tillage (CT) and NT. For CT, tillage consisted
of one pass of a straight point chisel plough (15 cm) in
the autumn and two passes of a disk harrow (8 cm) in
the spring. Maize was planted with a planter equipped
with coulter blades and double disks for seeds (8 cm).
The N sources applied in the subplots were 168 kg
available-N ha−1, either with mineral (MF) or organic fer-
tilizers (OF), besides a control treatment (CO) without
N. The mineral fertilizers used were either ammonium
nitrate (1990–1996) or urea. From 1990 to 2001, the
organic fertilizer was a solid cattle manure collected from
the Kansas State University Beef Stocker Unit. Since
2002, the OF has been composted organic waste from the
North Farm composting facility at Kansas State Univer-
sity. The OF was analysed for total and ammonium-N
contents and the application rates were calculated con-
sidering that 30% of organic N content was available dur-
ing each cropping season (Mikha & Rice, 2004). Both
mineral and organic fertilizers were broadcast on the soil
surface before maize planting. For CT plots, the fertilizers
were incorporated with one pass of a disk harrow (8 cm).

2.2 | Soil and crop data

Stover biomass production was obtained from both exper-
imental sites. We recovered data from 21 out of 28 years
from the Manhattan experiment and for the crops culti-
vated during the 1985–2004 period from the Cruz Alta
experiment (Campos, 2006). Soil organic carbon content
and bulk density in the 0–5, 5–15 and 15–30-cm depths
were determined in 1990, 1992, 1995, 1997, 1999, 2002,
2003, 2004, 2007 and 2014 in Manhattan (Nicoloso et al.,
2018). Sample depths varied in the Cruz Alta experiment.
Soil was sampled from the 0–20-cm depth at the begin-
ning of the experiment in 1985 (De Campos et al., 2011).
Samples were collected from the 0–5, 5–10, 10–15, 15–20
and 20–30-cm depths in 2002 (Boddey et al., 2010), from
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the 0–5, 5–10, 10–20 and 20–30-cm depths in 2004
(De Campos et al., 2011), and from the 0–5, 5–15 and
15–30-cm depths in 2007 and 2010 (de Oliveira Ferreira
et al., 2013; Nicoloso, 2009). About two to three subsam-
ples were taken for one composite soil sample from each
sub-plot (Boddey et al., 2010; De Campos et al., 2011; de
Oliveira Ferreira et al., 2013; Nicoloso, 2009; Nicoloso
et al., 2018). Prairie and grassland soils from the sur-
roundings of the respective experimental sites (<2,000 m)
were sampled in the 0–5, 5–15 and 15–30-cm depths to
estimate original SOC in both locations (de Oliveira
Ferreira et al., 2016; Nicoloso, 2009). A factor of 1.14 was
used to correct SOC content in samples from 1985 and
2004 that were analysed by wet combustion in the Cruz
Alta experiment (Dos Santos Rheinheimer, De Campos,
Giacomini, Conceiç~ao, & Bortoluzzi, 2008). All other
samples from Cruz Alta and Manhattan were analysed by
dry combustion with a CN elemental analyser (Flash EA
1112 Series, ThermoScientific, Waltham, MA, USA). Soil
organic carbon stocks were calculated for each sampling
depth, treatment and year using soil bulk density and
SOC content. Soil organic carbon stocks were then rec-
alculated on the basis of equivalent soil masses (Wendt &
Hauser, 2013), using as references the soil bulk density
measured in the 0–5, 5–15 and 15–30-cm depths in 1990
in Manhattan and in the grassland soil in Cruz Alta
(Table S1).

2.3 | Calibration and validation of the
DSSAT-CENTURY model

We used the CENTURY module included in DSSAT
4.6.1.0 (Hoogenboom et al., 2015) to simulate SOC
dynamics in the two long-term experiments included in
this study. The required input data included soil profile
and initial conditions (Table S1), detailed soil and crop
management (Tables S2–S5) and daily weather. The
weather data, including daily rainfall (mm) and maxi-
mum and minimum temperature (�C), were obtained
from the CCGL-TEC weather station, ~350 m from the
Cruz Alta experimental site (available at http://www.
inmet.gov.br/projetos/rede/pesquisa/), and from the
Manhattan weather station (USC00144972), ~2,000 m
from the Manhattan experimental site (available at
https://www.ncdc.noaa.gov/ghcn-daily-description). We
used the DSSAT-Weatherman program (Pickering et al.,
1994) to estimate daily solar radiation (MJ m−2),
corrected for erroneous or missing data, and to generate
a climate data summary for both experimental sites (-
Figure S1). Crop cultivars varied during the experimental
period at both sites, but no detailed records were kept.
Thus, we used generic crop cultivars (Table S3) to

simulate average biomass production in each treatment
(Table 3). Nonetheless, DSSAT 4.6.0.1 did not have crop
models for simulation of black oat, radish or plant mix-
tures such as black oat + vetch. Thus, we created generic
plants for simulation of black oat and radish crops based
on DSSAT existing barley and canola genotypes. The
vetch crop was not simulated, but applied as a crop resi-
due concomitantly with black oat harvest (Table S5).

We conducted spin-up simulations to estimate initial
stable SOC pools for both sites (Basso et al., 2011) using
the SOC measured in the prairie and grassland soils as
initial total SOC stocks, the baseline SOC stocks as mea-
sured in 1985 in Cruz Alta and 1990 in Manhattan, and
the soil and crop management practices used in the areas
before the establishment of the experiments. We then
ran trial tests to simulate SOC using crop, fertilizer and
tillage practices used in CT MF and NT MF treatments
in Manhattan and DT R1 and NT R1 treatments from
the Cruz Alta site. These treatments were selected for the
calibration of the model because they were representa-
tive of the regional agricultural practices used in both
locations. Both spin-up simulations and trial runs were
performed using DSSAT-CENTURY default parametriza-
tion. The results showed good agreement with observa-
tions for NT soils at both locations. However, modelled
SOC was overestimated for CT and DT treatments in
both experiments. Both procedures (spin-up simulations
and trial runs) were repeated for CT MF and NT MF
treatments in Manhattan and DT R1 and NT R1 treat-
ments from the Cruz Alta site, with modifications of the
SOC decomposition parameters (Porter et al., 2010) until
SOC predicted by the DSSAT-CENTURY model had
good agreement with observations in all treatments
selected for calibration. The model required modifica-
tions of default respiration losses from both metabolic
and structural litter decomposition for tilled soils in both
locations (Table 1) following a previous study with the
Century 4.5 model (Weber, Mielniczuk, & Tornquist,
2016). No modifications of any of the default parameters
of the DSSAT-CENTURY model were required for NT
soils.

The model calibrated with default and modified
parameters for NT and tilled soils, respectively, was then
validated using the other treatments available in both
experiments: CT CO, CT OF, NT CO and NT OF in Man-
hattan, and DT R0, DT R2, NT R0 and NT R2 in Cruz
Alta. Although using treatments from the same experi-
mental sites, the model was validated with an indepen-
dent dataset with a greater number of observations from
treatments that were not used for the calibration proce-
dure (Musinguzi et al., 2014; Weber et al., 2016). The use
of treatments with N inputs and crop rotations for the
validation phase helped to test the accuracy of the model
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in simulating SOC under contrasting tillage practices and
biomass inputs (Bruun, Christensen, Hansen, Magid, &
Jensen, 2003). Following previous work, results were
evaluated using the lack-of-fit (LOFIT), root mean square
error (RMSE), modelling efficiency (EF), coefficient of
determination (CD), relative error (E), mean difference
(M) and correlation coefficient (r) tests (Smith, Powlson,
McGill, & Arah, 1997).

2.4 | Long-term simulations of soil
organic carbon

With the validation of the parameters of the model, we
ran long-term simulations (100 years) of SOC according
to the treatments tested in both experiments. These simu-
lations were performed using the stochastic weather gen-
erators WGEN (Manhattan) and SIMMETEO (Cruz Alta)
included in DSSAT. Weather generators were selected
based on the completeness of the weather series
(Soltani & Hoogenboom, 2003) and the correlations of
modelled SOC with observations at both sites (Table 1).
All simulations using weather generators were replicated
20 times. Alternative scenarios were also tested, including
the adoption of BP for both sites with the use of high-
yield crop cultivars and higher maize plant density
(Table S3), increased and split N fertilization (Table S4)
and irrigation (sprinkle applications set as automatic
when necessary).

3 | RESULTS AND DISCUSSION

3.1 | Calibration and validation of the
DSSAT-CENTURY model

The spin-up simulations and trial runs using DSSAT-
CENTURY default parameters for litter and SOC

decomposition overestimated SOC in CT and DT treat-
ments in both experiments (data not shown). Previous
studies suggested site-specific calibrations with modifica-
tions of the “cultivation factor” used in the CENTURY
model as a unitless multiplier to increase SOC and struc-
tural litter decomposition rates for a period of 30 days
after tillage or incorporation of organic residues into the
soil (Bolinder, VandenBygaart, Gregorich, Angers, &
Janzen, 2006; Porter et al., 2010; Weber et al., 2016).
Simulations using this approach required increasing the
default cultivation factor from 1.6 up to 20.0 (+1,150%)
to decrease the overestimation of SOC stocks in the CT
treatment from Manhattan. Using these parameters, the
SOC mineralization modelled to occur within the period
(92 days each year) when the cultivation factor was
affecting SOC decomposition rates in the Mollisol site
increased from 24.2 to 54.6% of the total SOC minerali-
zation predicted by the model (data not shown). These
results were considered unrealistic in comparison with
previous studies that reported no differences in SOC
mineralization from tilled and NT soils with residues
removed (Pes, Amado, La Scala, Bayer, & Fiorin, 2011)
or soil aggregates disrupted (Awale, Emeson, &
Machado, 2017; Razafimbelo et al., 2008).

Another assumption of the CENTURY model is that
55% of metabolic and 45% of structural litter C assimi-
lated by microbial biomass on the soil surface is lost as
CO2 (Parton, Schimel, Cole, & Ojima, 1987; Porter et al.,
2010). Moreover, respiration losses are assumed to be
55% for both metabolic and structural litter C when
assimilated by microbial biomass in the soil and 30% for
structural litter C when transferred to the slow SOC pool
(Parton et al., 1987; Porter et al., 2010). These values
were established for grassland soils considering fungi as
the primary decomposers of surface litter with higher
carbon use efficiency (CUE) and representing a higher
proportion of soil microbial biomass than bacteria
(Parton et al., 1987; Six, Frey, Thiet, & Batten, 2006).

TABLE 1 Decomposition rate parameters of the DSSAT-CENTURY model used in this studya

C pool (from) C pool (to)

Respiration lossesb

NT (default) CT (Manhattan) DT (Cruz Alta)

Metabolic litter SOM1 (surface) 0.55 0.75 0.6

SOM1 (soil) 0.55 0.75 0.6

Structural litter SOM1 (surface) 0.45 0.75 0.6

SOM1 (soil) 0.55 0.75 0.6

Structural litter SOM2 (surface) 0.3 0.75 0.6

SOM2 (soil) 0.3 0.75 0.6

aAdapted from Porter et al. (2010). Metabolic litter: easily decomposable fresh residue; structural litter: recalcitrant fresh residue; SOM1: microbial or active soil
organic matter; SOM2: recalcitrant and partially stabilized soil organic matter.
bFraction of carbon lost as CO2 during decomposition process.
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Respiration losses are also assumed to be constant
regardless of soil tillage and are not affected by the culti-
vation factor, despite evidence showing great variability
in CUE (10–78%) in soils with mixed microbial
populations (for review see Manzoni et al., 2012; Six
et al., 2006). A previous study reported higher fungal
biomass and recovery of 13C- and 15N-labelled grain sor-
ghum residues as SOC in NT than CT soils, although
residue C mineralization was similar in both tillage sys-
tems (White & Rice, 2009). Higher microbial biomass
increased SOC stabilization in NT soils due to occlusion
of fresh plant C within large soil aggregates in both
Oxisols and Mollisols (Fabrizzi et al., 2009; Six, Bossuyt,
Degryze, & Denef, 2004; White & Rice, 2009).

Assuming that respiration losses from both metabolic
and structural litter were likely to be higher in tilled than
NT soils (Ogle et al., 2012), we increased the default
values of the CENTURY module by 36–150% for CT soils
(up to 75%) at the Manhattan site and by 9–100% for DT
soils (up to 60%) at the Cruz Alta site (Table 1). Lower res-
piration losses were expected in heavy clayey Oxisols with
high Fe-oxides content (51–56% of clay with 63.5 mg Fe-
oxides g−1 soil as measured in Cruz Alta; Pes et al. (2011))
due to higher SOC stabilization promoted by organo-
mineral interactions (Razafimbelo et al., 2008). Nonethe-
less, default values were maintained for NT soils at both
sites considering that soil disturbances were minimal and
respiration losses during litter decomposition were likely
to be similar to grassland ecosystems such as those used
for the original calibration of the CENTURY model
(Parton et al., 1987). This approach yielded excellent
agreement of modelled SOC and crop biomass production
with observations at both sites with either measured and
simulated weather data (Figure 1, Tables 2 and 3).

3.2 | Long-term simulations using the
DSSAT-CENTURY model

Soil organic carbon stocks decreased by 61 and 12% due
to the conversion of the prairie and grassland to agricul-
ture under intensive soil tillage until 1990 in Manhattan
and 1985 in Cruz Alta, respectively (Figure 1). These
values are within the range (−0.2 to 65%) observed for
SOC losses in the 0–30-cm soil layer due to the conver-
sion of grassland to agriculture in a global assessment
(Sanderman et al., 2017). Although higher SOC losses
would be expected in warmer agroecosystems in response
to the cultivation of grassland soils (Ogle, Breidt, &
Paustian, 2005), losses were lower in Cruz Alta due to the
shorter cultivation period (20 years), higher clay and Fe-
oxides contents in the Oxisol (Razafimbelo et al., 2008),
and the higher contents of stable SOC in the grassland

soil (Table S1). The fraction of stable SOC estimated for
the prairie soil in Manhattan (36%) was similar to the
default values (34%) calibrated for temperate grassland
soils in the CENTURY module (Gijsman et al., 2002; Par-
ton et al., 1987). Nonetheless, the fraction of stable SOC
estimated for the Manhattan site (61% of total SOC on
average for tillage and fertilizer treatments in 1996) was
close to the results from a previous assessment carried
out in 1995 and 1996, when stable SOC averaged 58% of
total SOC (Espinoza, 1997). For the Cruz Alta site, our
estimate of the proportion of stable SOC in the grassland
soil (74%) was comparable to values measured in a Brazil-
ian Acrisol (70%) with similar clay content (46%) under
natural vegetation (Carvalho Leite, De Sá Mendonça,

TABLE 2 Statistical analysis of soil organic carbon as

predicted by the DSSAT model

Statistics

Weather data

Measured
Simulated
(20 replications)

n 73 73

LOFIT (P-value)a 0.808 0.918

RMSEb 5.361 5.129

RMSE 95% CI 11.020 11.020

Modelling
efficiency (EF)c

0.882 0.892

Coefficient of
determination
(CD)d

1.203 1.360

Relative error
(E)e

−0.216 −0.139

E 95% CI 7.756 7.756

Mean difference
(M) t-value6

0.067 0.167

P-value for M .859 .642

r 0.940 0.949

P-value for r <.001 <.001

aLOFIT (lack-of-fit test): P < 0.05 indicates that the total error in the
simulated values was significantly greater than the error inherent in the
measured values.
bRMSE (root mean square error): RMSE < RMSE 95% CI indicates that the
simulated values fall within the 95% confidence interval of the
measurements.
cEF can be negative or positive with a maximum value of 1 and positive
values indicating that simulated values describe the trend in the measured

data better than the mean of observations.
dCD ≥ 1 indicates that the deviation of the simulated values from the mean
of measured values was less than observed in the measurements.
eE < E 95% CI indicates that the bias in the simulation was less than the 95%
confidence interval of the measurements. 6t-value for the mean difference

between simulated and measures values. A t-value greater than the critical
two-tailed 2.5% t-value indicates that the simulation showed a significant
bias when compared to measured values.
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TABLE 3 Crop stover biomass production as observed and simulated by the DSSAT model

Site: Manhattan, KS, United States (1990–2017).

Crop Chisel tillage No-tillage

CO MF OFa CO MF OFa

Mg ha−1 year−1

Maize Obs. 4.9 ± 2.5 7.1 ± 3.7 7.4 ± 4.1 4.1 ± 1.5 7.1 ± 3.3 7.1 ± 3.7

Sim. 4.7 ± 0.6 7.3 ± 0.8 7.3 ± 0.8 4.1 ± 0.8 6.8 ± 0.7 7.4 ± 0.6

Site: Cruz Alta, RS, Brazil (1985–2017).

Crop Disk tillage No-tillage

R0 R1 R2 R0 R1 R2

Mg ha−1 year−1

Wheat Obs.b 2.4 ± 0.7 3.4 ± 1.0 2.7 ± 0.7 2.7 ± 0.8 3.9 ± 0.9 3.1 ± 0.6

Sim. 2.5 ± 0.9 3.4 ± 1.1 2.6 ± 1.0 2.8 ± 0.8 4.3 ± 1.7 3.6 ± 0.6

Soybean Obs. 4.7 ± 1.8 4.4 ± 1.7 4.7 ± 1.9 5.1 ± 1.7 5.0 ± 1.6 5.2 ± 1.9

Sim.c 5.3 ± 1.3 5.4 ± 1.3 5.7 ± 1.1 5.7 ± 1.1 6.0 ± 1.1 6.3 ± 0.8

Black oat Obs. - 4.7 ± 0.6 4.7 ± 0.1 - 5.7 ± 0.9 5.3 ± 0.7

Sim. - 4.5 ± 0.8 4.8 ± 1.0 - 4.5 ± 0.9 4.7 ± 1.0

Black oat + vetch Obs. - - 5.1 ± 0.3 - - 5.8 ± 0.5

Sim. - - 5.7 ± 0.8 - - 6.2 ± 0.8

Maize Obs. - - 7.5 ± 3.1 - - 9.4 ± 2.7

Sim. - - 7.7 ± 2.0 - - 9.1 ± 1.2

Radish Obs. - - 2.9 ± n.a. - - 2.9 ± n.a.

Sim. - - 2.8 ± 1.2 - - 2.7 ± 1.2

Total Obs. 7.1 ± 2.2 8.5 ± 1.7 10.4 ± 2.7 7.7 ± 2.0 9.8 ± 1.8 11.9 ± 2.7

Sim. 7.8 ± 1.7 9.5 ± 1.8 10.5 ± 2.3 8.6 ± 1.5 10.3 ± 1.5 11.8 ± 2.4

aOF 1990–2001: cattle manure 3,000 Mg DM ha−1 (7% N, 7% lignin); OF 2002–2017: compost 13,000 Mg DM ha−1 (3% N, 30% lignin).
bData from Cruz Alta as observed between 1985–2004 (Campos, 2006). The stover biomass of the grain crops was estimated with measured grain yield and a
harvest index of 0.35 for soybean and 0.4 for maize and wheat.
cSimulated soybean stover biomass considering stover at harvest (stem, leaves and pods) and senesced dry matter added to the soil.

FIGURE 1 Soil organic carbon stocks as measured and simulated with the DSSAT-CENTURY model in the 0–30-cm soil layer of a

Mollisol from Manhattan, KS, United States (a) and an Oxisol from Cruz Alta, RS, Brazil (b) according to soil tillage, fertilization and crop

rotation practices. Error bars indicate the mean's standard errors. CO, control treatment without N; CT, chisel tillage; DT, disk tillage; MF,

mineral fertilizers; NT, no tillage; OF, organic fertilizers; RO, wheat/soybean; R1, wheat/soybean/black oats/soybean; R2, wheat/soybean/

black oats/soybean/black oats + vetch/maize/radish
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Oliveirade De Almeida MacHado, Inácio Fernandes
Filho, & Lima Neves, 2004).

At the end of the pre-experimental period, simulated
SOC was within the standard errors of measured baseline
SOC at both sites. For the CT CO treatment in Manhat-
tan, modelled SOC decreased from 52.2 to 48.6 Mg C
ha−1 or −0.13 Mg C ha−1 year−1 from 1990 to 2017 in the
0–30-cm soil layer (Figure 1a). During the same period,
no significant changes in SOC were observed in CT MF
and NT CO treatments. Simulated SOC stocks increased
at 0.41 Mg C ha−1 year−1 from 1990 to 2002 in the NT
MF treatment, and then stabilized at 57.4 ± 0.3 Mg C
ha−1 (mean ± standard deviation (SD)) until 2017. The
application of cattle manure (3 Mg DM ha−1 year−1, 7%
lignin) increased modelled SOC linearly at 0.25 and
0.92 Mg C ha−1 year−1 (1990–2002) in the CT OF and NT
OF treatments, respectively. The application of com-
posted organic waste (13 Mg DM ha−1 year−1, 30% lignin)
in the following period augmented SOC accrual asymp-
totically until 72.2 and 84.7 Mg C ha−1 in the same treat-
ments (2002–2017). At Cruz Alta (Figure 1b), modelled
SOC decreased from 66.4 to 63.9 Mg C ha−1 or −0.8 Mg C
ha−1 year−1 (1985–2017) in the 0–30-cm soil layer of the
DT R0 treatment. Modelled SOC increased at 0.11 Mg C
ha−1 year−1 from 1985 to 1994 in the NT R0 treatment,
which then stabilized at 67.4 ± 0.3 Mg C ha−1 until 2017.
The adoption of R1 and R2 cropping systems with
increased crop biomass inputs (Table 3) promoted SOC
accrual regardless of tillage systems. The modelled SOC
increased asymptotically to 70.2 and 71.2 Mg C ha−1 in

2017 with CT R1 and CT R2 treatments, and to 73.9 and
75.1 Mg C ha−1 in 2017 with NT R1 and NT R2 treat-
ments, respectively. Although differences in modelled
SOC accrual were negligible between R1 and R2 cropping
systems under the same tillage system (~1.1 Mg C ha−1),
NT soils yielded a larger SOC recovery than DT soils
(~3.8 Mg C ha−1).

At both the Manhattan and Cruz Alta sites, SOC
accrual peaked within the first 10 years after conversion
of CT to NT and then stabilized after 10–17 years, as pre-
viously reported (Corbeels et al., 2016; West & Post,
2002). External C inputs from manure and compost
applications at the Manhattan site significantly increased
SOC stocks in both CT and NT soils. However, NT soils
showed evidence of SOC saturation in the surface soil
layer with partial translocation of SOC to underlying soil
layers within 15 years after compost applications
(Nicoloso et al., 2018). External C inputs did not show
evidence to increase the duration of SOC accrual in NT
soils. Simulations of long-term SOC dynamics (100 years
after the beginning of experiments) were then performed
using DSSAT weather generators for both sites (Figure 2).
Soil organic C stock in the 0–30-cm layer of the CT CO
treatment in Manhattan was predicted to decay until
42.7 Mg C ha−1 after 100 years of continuous maize with-
out N fertilization (Figure 2a). The mean SOC loss rate
predicted for the entire simulation period (−0.9 Mg C
ha−1 year−1) was similar to that observed during the
experimental period (1990–2017). For the NT CO treat-
ment, SOC stocks in the 0–30-cm soil layer remained

FIGURE 2 Long-term simulation of SOC stocks in the 0–30-cm soil layer of a Mollisol from Manhattan, KS, United States (a) and an

Oxisol from Cruz Alta, RS, Brazil (b) according to soil tillage, fertilization and crop rotation practices. CO, control treatment without N; CT,

chisel tillage; DT, disk tillage; MF, mineral fertilizers; NT, no tillage; OF, organic fertilizers; RO, wheat/soybean; R1, wheat/soybean/black

oats (Avena strigosa)/soybean; R2, wheat/soybean/black oats/soybean/black oat + vetch (Vicia sativa)/maize (Zea mays)/radish (Raphanus

sativus)
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stable during the first 28 years after conversion to NT
(1990–2017). However, long-term simulations showed
SOC decaying to 46.8 Mg C ha−1 in the same soil layer.
Although modelled SOC stocks have increased in the
0–5-cm soil layer from 9.3 Mg C ha−1 and stabilized at
11.5 Mg C ha−1 under NT CO, SOC losses in 5–15 and
15–30-cm soil layers overcame the surface SOC accrual in
the long term.

The application of mineral N (168 kg ha−1) increased
maize biomass production and SOC in both CT and NT
soils (7.1 Mg ha−1) in comparison with control treatments
(4.1–4.9 Mg ha−1) (Table 3). Nonetheless, SOC stocks
(0–30 cm) in CT MF soil were predicted to decrease in
the long term (100 years) to 48.4 Mg C ha−1, although no
significant changes were observed during the experimen-
tal period (1990–2017). Soil organic C losses for the CT
MF treatment occurred in the 15–30-cm soil layer,
whereas SOC stocks remained stable in both the 0–5 and
5–15-cm soil layers (data not shown). Similarly, SOC
accrual observed during the experimental period
(+5.7 Mg C ha−1, stabilized at 16.0 Mg C ha−1) for the NT
MF treatment was mostly negated (72%) in the long term
due to SOC losses in the 5–15 and 15–30-cm soil layers
(−0.6 and −4.4 Mg C ha−1). Thus, SOC stock (0–30 cm)
for the NT MF treatment was predicted to return to levels
(53.6 Mg C ha−1 after 100 years) similar to the baseline
(52.1 Mg C ha−1) but with greater SOC stratification from
the surface to underlying soil layers (de Oliveira Ferreira
et al., 2013). The use of OF had no impact on maize bio-
mass production but increased both C and N inputs in
comparison with other treatments. No-till soils had
greater retention of C inputs as SOC than CT soils. Soil
organic C stabilized at 77.9 ± 0.6 and 92.3 ± 0.6 Mg C
ha−1 in the 0–30-cm soil layer of CT and NT soils, respec-
tively. With external C inputs, SOC accrual in the 0–5
and 5–15-cm soil layers of both CT and NT soils over-
came losses in the 15–30-cm soil layer (−3.0 and −3.3 Mg
C ha−1, respectively).

Stover biomass production was higher in Cruz Alta
using double-cropping systems than in Manhattan with a
single maize crop (Table 3). Nonetheless, long-term simu-
lations showed decreasing SOC stocks from 66.4 to 56.8
and 60.0 Mg C ha−1 in the 0–30-cm soil layer of both DT
and NT soils with wheat/soybean (R0) (Figure 2b). Soil
organic C decreased in the 0–5, 5–15 and 15–30-cm layers
of DT R0 treatment. For the NT R0 treatment, SOC
accrual in the surface soil layer (12.9 to 14.7 Mg C ha−1)
did not compensate for SOC losses in underlying soil
layers (−3.3 and −4.3 Mg C ha−1 in the 5–15 and
15–30-cm layers, respectively) predicted to occur during
the simulated period (100 years). The intensification of
crop rotations increased stover biomass inputs and ini-
tially augmented SOC stocks in both CT and DT soils.

Nonetheless, SOC in DT soils was predicted to return to
levels (65.4–67.4 Mg C ha−1 for R1 and R2, respectively)
similar to the baseline due to SOC losses in the 15–30-cm
soil layer. Long-term SOC losses in the 15–30-cm layer
were partially negated by 69 and 48% of the SOC accrual
in the surface layers of NT R1 and NT R2 treatments
observed during the experimental period (1985–2017).
Simulations showed SOC in NT R1 and NT R2 treat-
ments (0–30 cm) decreasing from 73.9 and 75.1 Mg C
ha−1 as modelled for 2017 to 68.8 and 70.8 Mg C ha−1 at
the end of the simulation period (100 years), respectively.

The effect of stover biomass on SOC was mostly lim-
ited to the soil surface (0–5 cm) or to the underlying soil
layer due to residue mixing with soil tillage
(Franzluebbers, 2002). Thus, our study supports the
notion that reduced soil disturbance, increased biomass
production and external C inputs increase SOC stocks in
the surface of agricultural soils (de Oliveira Ferreira,
Amado, et al., 2018; Poulton et al., 2018). However, SOC
accrual was limited to the first 15–20 years after the
adoption of these soil, crop and fertilizer management
practices. Furthermore, this effect was completely
negated or at least partially offset due to long-term SOC
losses in deeper soil layers, especially in tilled soils or
agroecosystems with low to moderate biomass produc-
tion. Previous studies already discussed the importance
of the crop root system to maintain SOC at deeper soil
layers (Baker, Ochsner, Venterea, & Griffis, 2007;
McGowan, Nicoloso, Diop, Roozeboom, & Rice, 2019;
Rumpel & Kögel-Knabner, 2011). However, roots of
annual crops are mostly concentrated in the upper soil
layers and may not compensate for SOC losses in deeper
soil layers regardless of the soil tillage system (Olson, Al-
Kaisi, Lal, & Lowery, 2014; Stewart et al., 2017). For
instance, the root biomass of soybean, wheat and maize
in the upper 10-cm depth accounted for 70, 76 and 79% of
total root biomass measured to a depth of 50 cm of an
Alfisol from central Missouri (Buyanovsky & Wagner,
1986). Similarly, the maize root biomass found in the 0–5
and 0–15-cm soil layers was reported to represent 82 and
89%, respectively, of the total biomass measured to
120-cm depth in a Mollisol under NT from central Kansas
(McGowan, 2015). Although very few studies assessed
root biomass of annual crops in tilled and NT soils, it is
well known that soil physical and chemical attributes
along with tillage and fertilization practices can affect
both root biomass production and distribution through-
out the soil profile (Anderson, 1988; Bolinder, Janzen,
Gregorich, Angers, & VandenBygaart, 2007; Dalla Nora
et al., 2017; Nicoloso et al., 2008; Qin, Stamp, & Richner,
2005), thus affecting SOC storage (de Oliveira Ferreira,
Amado, et al., 2018; Ghimire, Machado, & Rhinhart,
2015; Olson et al., 2013; Stewart et al., 2017). The
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adoption of best crop management practices
(i.e., irrigation, optimization of N fertilization, high-yield
crop cultivars and correction of soil acidity), agricultural
intensification (i.e., high cropping frequency and cover
crops) and the use of organic fertilizers can increase both
stover and root biomass production and long-term SOC
storage in NT soils (Dalla Nora et al., 2017; de Oliveira
Ferreira, Amado, et al., 2018; Ogle et al., 2012;
Poffenbarger et al., 2017; Poulton et al., 2018; Stewart
et al., 2017).

3.3 | Scenarios with best crop
management practices

Most long-term experiments assessing SOC storage
according to tillage, cropping systems and fertilization
practices are carried out simulating conventional crop
management practices with crop yield and biomass pro-
duction similar to regional averages (Bayer et al., 2006;
Boddey et al., 2010; Corbeels et al., 2016; Follett et al.,
2013; Martínez et al., 2016; Olson et al., 2013;
Poffenbarger et al., 2017; Poirier et al., 2009; Stewart
et al., 2017). Consequently, very few experiments were
able to assess SOC dynamics in high-yield
agroecosystems (Cook & Trlica, 2016; Grassini et al.,
2015; Grassini & Cassman, 2012; Walia et al., 2017). Both
experiments assessed in our study had environmental
constraints (i.e., both rainfed with low annual

precipitation in Manhattan and frequent summer
droughts in Cruz Alta; Figure S1) and fertilization prac-
tices (i.e., low N input in Cruz Alta and single pre-plant
N application in Manhattan) that may have limited crop
biomass production, thus affecting long-term SOC stor-
age at these sites (Grassini et al., 2015; Grassini &
Cassman, 2012; Ogle et al., 2012; Poffenbarger et al.,
2017). We tested alternative scenarios using the parame-
ters calibrated in both experiments to simulate the effects
of the adoption of BP on biomass production and long-
term SOC storage based on selected treatments: CT MF,
CT OF, NT MF and NT OF in Manhattan, and DT R1,
DT R2, NT R1 and NT R2 in Cruz Alta.

The BP tested in these simulations were sprinkle irri-
gation (set automatically as required for grain crops by
the DSSAT model), split and increased N fertilization
(Table S4), and use of high biomass yield maize, wheat
and soybean cultivars with increased plant density for
maize (Table S3). The alternative scenarios with BP
increased the simulated stover biomass production at
both sites (Table 4). The stover biomass simulated for
both sites using BP was within the range of aboveground
maize, wheat and soybean biomass production in high-
yield agroecosystems in the midwest United States and
southern Brazil where BP were adopted (Dalla Nora
et al., 2017; Grassini et al., 2011, 2015; Schwalbert
et al., 2018).

Although the scenarios simulating the adoption of BP
had higher stover biomass production in both CT and NT

TABLE 4 Simulated crop stover

biomass by the DSSAT model with the

adoption of best crop management

practices (BPa), which consisted of the

use of high-yield crop cultivars and

higher maize plant density, increased

and split N fertilization, and irrigation

Site: Manhattan, KS, United States (1990–2017).

Crop Chisel tillage No-tillage

MF + BP OFb + BP MF + BP OFb + BP

Mg ha−1 year−1

Maize 14.9 ± 1.0 14.9 ± 1.0 14.7 ± 1.0 14.3 ± 1.6

Site: Cruz Alta, RS, Brazil (1985–2017).

Crop Disk tillage No-tillage

R1 + BP R2 + BP R1 + BP R2 + BP

Mg ha−1 year−1

Wheat 5.0 ± 0.8 4.6 ± 0.9 5.0 ± 0.8 4.5 ± 0.9

Soybean 8.9 ± 0.3 8.9 ± 0.4 8.9 ± 0.3 8.9 ± 0.3

Black oat 4.3 ± 0.8 4.5 ± 0.6 4.3 ± 0.7 4.5 ± 0.9

Black oat + vetch - 6.0 ± 1.1 - 6.0 ± 0.9

Maize - 11.9 ± 1.1 - 12.4 ± 1.1

Radish - 1.6 ± 0.6 - 1.8 ± 0.7

Total 13.6 ± 1.0 14.5 ± 1.8 13.6 ± 1.0 14.6 ± 2.1

aCrop cultivars, plant density and N fertilization are detailed in Tables S3 and S4.
bOF 1990–2001: cattle manure 3,000 Mg DM ha−1 (dry matter (DM), 7% N, 7% lignin); OF 2002–2089:
compost 13,000 Mg DM ha−1 (3% N, 30% lignin).
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soils in Manhattan, the effect on SOC storage was limited
under CT (Figure 3a). The SOC dynamics simulated for the
0–30-cm layer of the CT MF + BP treatment followed a
similar pattern to that observed in the NT MF but with
redistribution of SOC between 0–5 and 5–15-cm soil layers
due to residue mixing with tillage practices. In contrast to
CT MF, SOC increased in the CT MF + BP treatment at
0.3 Mg C ha−1 year−1 during the first 15 years of our simu-
lations until progressive SOC losses in the 15–30-cm soil
layers decreased SOC back to levels similar to those at base-
line (52.8 and 52.1 Mg C ha−1, respectively). Nonetheless,
SOC stocks in the CT MF + BP treatment at the end of our
simulations was 4.4 Mg C ha−1 higher than in CT MF
(48.4 Mg C ha−1). For the CT OF + BP treatments, SOC
accrual was faster than CT OF due to increased stover bio-
mass input during the first 30 years of the simulation. How-
ever, SOC stocks stabilized at similar levels in both
treatments (76.6 ± 0.9 and 77.9 ± 0.6 Mg C ha−1, respec-
tively). The higher N input (240 kg N ha−1 year−1) simu-
lated for the CT MF + BP treatment may have increased
both litter and SOC mineralization (Grave et al., 2015;
Poffenbarger et al., 2017), thus limiting the contribution of
increased stover biomass inputs to long-term SOC storage
in CT soil as compared with the composted organic waste
(OF). Composted organic waste typically has a high lignin
content of 20–40% (Francou, Linères, Derenne, Le Villio-
Poitrenaud, & Houot, 2008), presenting low mineralization
rates and promoting higher recovery of C inputs as SOC
than crop biomass regardless of soil tillage (Biala, 2011;
Grave et al., 2015; Lynch, Voroney, & Warman, 2006).

The use of BP increased both SOC accrual and long-
term SOC storage in NT soils from Manhattan. In the NT
MF + BP treatment, SOC increased at 1.2 Mg C
ha−1 year−1 during the first 15 years of our simulation.
Soil organic C accrual simulated for both 0–5 and
5–15-cm soil layers (+17.8 and +2.1 Mg C ha−1, respec-
tively) compensated for SOC losses in the 15–30-cm layer
(−3.9 Mg C ha−1) as predicted throughout the simulated
period for the NT MF + BP treatment. Thus after
100 years, SOC in the 0–30-cm layer of the NT MF + BP
treatment was 16 Mg C ha−1 higher than the baseline
(68.1 and 52.1 Mg C ha−1, respectively). For the NT OF
+ BP treatment, SOC was predicted to increase up to
152.7 Mg C ha−1 in the 0–30-cm soil layer, surpassing
SOC levels observed in the prairie soils (135 Mg C ha−1).
Soil organic C accrual was simulated to occur in both 0–5
and 5–15-cm soil layers (+33.6 and +69.9 Mg C ha−1,
respectively), whereas for the 15–30-cm soil layer, SOC
losses also decreased in comparison to the other simu-
lated scenarios (−2.5 Mg C ha−1).

The simulations with BP in Cruz Alta also showed
higher SOC accrual in both DT and NT soils (Figure 3b).
Nonetheless, differences in SOC between R1 and R2
decreased within the same tillage system because annual
biomass production was similar for R1 and R2 cropping sys-
tems with the adoption of BP (Table 4). Previous studies
already suggested that increased crop diversity favours SOC
storage in NT soils (Alhameid, Ibrahim, Kumar, Sexton, &
Schumacher, 2017; de Oliveira Ferreira et al., 2013, 2016; de
Oliveira Ferreira, Amado, et al., 2018). However, opposite or

FIGURE 3 Long-term simulation of SOC stocks in the 0–30-cm soil layer of a Mollisol from Manhattan, KS, United States (a) and an

Oxisol from Cruz Alta, RS, Brazil (b) according to soil tillage, fertilization, crop rotation, and the adoption of best crop management

practices, which consisted of the use of high-yield crop cultivars and higher maize plant density, increased and split N fertilization, and

irrigation. CO, control treatment without N; CT, chisel tillage; DT, disk tillage; MF, mineral fertilizers; NT, no tillage; OF, organic fertilizers;

RO, wheat/soybean; R1, wheat/soybean/black oats/soybean; R2, wheat/soybean/black oats/soybean/black oat + vetch/maize/radish
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null results were reported elsewhere (Luo et al., 2010; Wang,
Butterly, Baldock, & Tang, 2017). Our results suggest that
increased biomass production, rather than the number of
different crops within a cropping system (i.e., crop diversity),
is crucial for long-term SOC storage as simulated for high-
yield agroecosystems with BP. However, the inclusion of
maize and cover crops favoured SOC storage in both DT and
NT soils in low- to moderate-yield treatments with lower
crop diversity and higher soybean frequency (de Oliveira
Ferreira et al., 2013, 2016). Thus, SOC accrual in the
0–30-cm layer of DT R1 + BP and DT R2 + BP treatments
averaged 0.3 Mg C ha−1 year−1 during the first 20 years of
our simulation. For the NT soils, SOC accrual rates in R1
+ BP and R2 + BP treatments were 50% higher (0.45 Mg C
ha−1 year−1) during the same period in comparison with DT
soils. Soil organic C stocks in the DT R1 + BP, DT R2 + BP,
NT R1 + BP and NT R2 + BP treatments increased up to
72.9, 73.4, 76.5 and 77.1 Mg C ha−1 but decreased to 70.1,
70.9, 72.7 and 73.7 Mg C ha−1, respectively, at the end of the
simulated period due to SOC losses in the 15–30-cm layer.
For comparison, SOC observed in the grassland soil in Cruz
Alta was 75.2 Mg C ha−1.

Our simulations showed a higher potential for SOC
sequestration regarding both SOC accrual rates and total
SOC storage in temperate than in warmer
agroecosystems (Corbeels et al., 2016). Nonetheless, our
results also confirm that long-term NT, BP with increased
C inputs in high-yield fields and organic fertilization
should be further promoted to increase SOC storage in
both tropical and temperate agroecosystems (Boddey
et al., 2010; Poffenbarger et al., 2017; Poulton et al.,
2018). The integration of these practices could ultimately
restore SOC to the levels of prairie and grassland soils
(de Oliveira Ferreira et al., 2016; de Oliveira Ferreira, de
Moraes Sá, et al., 2018), which would help with the ame-
lioration of agricultural soils with regards to soil quality
and productivity and with the mitigation of climate
change (Jat et al., 2014; Minasny et al., 2017). Further-
more, complementary strategies (e.g., crops with deeper
and profuse root systems, alleviation of subsoil acidity,
etc.) (Dalla Nora et al., 2017; de Oliveira Ferreira et al.,
2018, b) should be implemented to increase root biomass
inputs to deeper soil layers, thus sustaining SOC levels in
the long term.

4 | CONCLUSIONS

We used the DSSAT-CENTURY model to simulate SOC
dynamics in two long-term experiments assessing soil till-
age, nitrogen sources and cropping systems in the mid-
west of the United States and southern Brazil. The model
overestimated SOC storage in tilled soils from both

experiments, requiring modifications of default values for
litter C respiration losses. Modifications of C respiration
losses yielded an excellent agreement between modelled
and observed SOC stocks in tilled soils. No parametriza-
tion of default values was necessary for NT soils. Cultiva-
tion of prairie and grassland soils led to a decrease of
SOC stocks, which were partially recovered with decreas-
ing soil disturbance (NT) or increasing C inputs as a
response to N fertilization, intensification of cropping
systems and organic amendments. However, long-term
simulations (100 years) revealed that SOC losses in the
15–30-cm layer could partially offset SOC accrual in the
surface layers (0–5 and 5–15 cm). Alternative scenarios
simulated with the adoption of BP (i.e., irrigation, high-
yield cultivars, increased plant density and split and
increased N fertilization) showed a greater potential for
SOC accrual in NT soils, ultimately recovering SOC up to
the original levels of prairie and grassland soils. Our
results suggest that the adoption of conservation agricul-
ture, recycling of organic fertilizers and the use of BP
should be further promoted for amelioration of agricul-
tural soils with regards to soil carbon sequestration and
permanence.

ACKNOWLEDGEMENTS
This work was supported by the Monsanto Company.
The authors thank Embrapa under project
no. 03.17.00.015.00.00, CNPq under grants no. 401196/
2016-0 and 302189/2018-1, and the CCGL-TEC. This is
contribution no. 19-030-J from the Kansas Agricultural
Experiment Station.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Rodrigo S. Nicoloso https://orcid.org/0000-0002-6087-
3538

REFERENCES
Alhameid, A., Ibrahim, M., Kumar, S., Sexton, P., &

Schumacher, T. E. (2017). Soil organic carbon changes
impacted by crop rotational diversity under no-till farming in

12 NICOLOSO ET AL.

https://orcid.org/0000-0002-6087-3538
https://orcid.org/0000-0002-6087-3538
https://orcid.org/0000-0002-6087-3538


South Dakota, USA. Soil Science Society of America Journal, 81,
868–877. Retrieved from https://dl.sciencesocieties.org/
publications/sssaj/abstracts/0/0/sssaj2016.04.0121

Anderson, E. L. (1988). Tillage and N fertilization effects on maize
root growth and root: shoot ratio. Plant and Soil, 108, 245–251.

Awale, R., Emeson, M. A., & Machado, S. (2017). Soil organic car-
bon pools as early indicators for soil organic matter stock
changes under different tillage practices in inland Pacific
Northwest. Frontiers in Ecology and Evolution, 5, 1–13.
Retrieved from http://journal.frontiersin.org/article/10.3389/
fevo.2017.00096/full

Baker, J. M., Ochsner, T. E., Venterea, R. T., & Griffis, T. J. (2007).
Tillage and soil carbon sequestration—What do we really
know? Agriculture, Ecosystems & Environment, 118, 1–5.
Retrieved from http://linkinghub.elsevier.com/retrieve/pii/
S0167880906001617

Basso, B., Gargiulo, O., Paustian, K., Robertson, G. P., Porter, C.,
Grace, P. R., & Jones, J. W. (2011). Procedures for initializing
soil organic carbon pools in the DSSAT-CENTURY model for
agricultural systems. Soil Science Society of America Journal, 75,
69–78. Retrieved from https://www.soils.org/publications/sssaj/
abstracts/75/1/69

Bayer, C., Martin-Neto, L., Mielniczuk, J., Pavinato, A., &
Dieckow, J. (2006). Carbon sequestration in two Brazilian
Cerrado soils under no-till. Soil and Tillage Research, 86,
237–245.

Biala, J. (2011). Short report: The benefits of using compost for miti-
gating climate change (Report No: DECCW 2011/0171). Sydney,
Australia: Department of Environment, Climate Change and
Water. Retrieved from https://www.epa.nsw.gov.au/resources/
waste/110171-compost-climate-change.pdf

Boddey, R. M., Jantalia, C. P., Conceiçao, P. C., Zanatta, J. A.,
Bayer, C., Mielniczuk, J., … Urquiaga, S. (2010). Carbon accu-
mulation at depth in Ferralsols under zero-till subtropical agri-
culture. Global Change Biology, 16, 784–795.

Bolinder, M. A., Janzen, H. H., Gregorich, E. G., Angers, D. A., &
VandenBygaart, A. J. (2007). An approach for estimating net
primary productivity and annual carbon inputs to soil for com-
mon agricultural crops in Canada. Agriculture, Ecosystems and
Environment, 118, 29–42.

Bolinder, M. A., VandenBygaart, A. J., Gregorich, E. G.,
Angers, D. A., & Janzen, H. H. (2006). Modelling soil organic
carbon stock change for estimating whole-farm greenhouse gas
emissions. Canadian Journal of Soil Science, 86, 419–429.
https://doi.org/10.4141/S05-102

Bruun, S., Christensen, B. T., Hansen, E. M., Magid, J., &
Jensen, L. S. (2003). Calibration and validation of the Soil
Organic Matter dynamics of the Daisy model with data from
the Askov long-term experiments. Soil Biology & Biochemistry,
35, 67–76.

Buyanovsky, G. A., & Wagner, G. H. (1986). Post-harvest residue
input to cropland. Plant and Soil, 5, 57–65.

Campos, B. C., Reinert, D. J., Nicolodi, R., Ruedell, J., & Petrere, C.
(1995). Estabilidade estrutural de um latossolo vermelho-escuro
distrófico após sete anos de rotaç~ao de culturas e sistemas de
manejo do solo. Revista Brasileira de Ciência do Solo, 19,
121–126.

Campos, B.-H.C. (2006). Dinamica do carbono em Latossolo
Vermelho sob sistemas de preparo de solo e de culturas. Federal

University of Santa Maria, Santa Maria, RS, Brazil. Dissertation
(PhD in Soil Science). Retrieved from http://w3.ufsm.br/ppgcs/
images/Teses/BEN-HUR-COSTA-DE-CAMPOS-TESE.pdf.

Carvalho Leite, L. F., De Sá Mendonça, E., Oliveirade De Almeida
MacHado, P. L., Inácio Fernandes Filho, E., & Lima
Neves, J. C. (2004). Simulating trends in soil organic carbon of
an Acrisol under no-tillage and disc-plow systems using the
Century model. Geoderma, 120, 283–295.

Cook, R. L., & Trlica, A. (2016). Tillage and fertilizer effects on crop
yield and soil properties over 45 years in Southern Illinois.
Agronomy Journal, 108, 415–426.

Corbeels, M., March~ao, R. L., Neto, M. S., Ferreira, E. G.,
Madari, B. E., Scopel, E., & Brito, O. R. (2016). Evidence of lim-
ited carbon sequestration in soils under no-tillage systems in
the Cerrado of Brazil. Scientific Reports, 6, 21450. Retrieved
from http://www.nature.com/articles/srep21450

Dalla Nora, D., Amado, T. J. C., da Nicoloso, R. S., &
Gruhn, E. M. (2017). Modern high-yielding maize, wheat
and soybean cultivars in response to gypsum and lime appli-
cation on no-till Oxisol. Revista Brasileira da Ciência do Solo,
41, e0160504.

de Campos, B. C., Amado, T. J. C., Bayer, C., da Nicoloso, R. S., &
Fiorin, J. E. (2011). Carbon stock and its compartments in a sub-
tropical oxisol under long-term tillage and crop rotation systems.
Revista Brasileira de Ciência do Solo, 35, 805–817. Retrieved from
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-
06832011000300016&lng=en&nrm=iso&tlng=en

de Oliveira Ferreira, A., Amado, T., Rice, C. W., Diaz, D. A. R.,
Keller, C., & Inagaki, T. M. (2016). Can no-till grain production
restore soil organic carbon to levels natural grass in a subtropi-
cal Oxisol? Agriculture, Ecosystems and Environment, 229,
13–20. https://doi.org/10.1016/j.agee.2016.05.016

de Oliveira Ferreira, A., Amado, T. J. C., Rice, C. W., Ruiz
Diaz, D. A., Briedis, C., Inagaki, T. M., & Gonçalves, D. R. P.
(2018). Driving factors of soil carbon accumulation in Oxisols
in long-term no-till systems of South Brazil. Science of the Total
Environment, 622–623, 735–742. https://doi.org/10.1016/j.
scitotenv.2017.12.019

de Oliveira Ferreira, A., de Moraes Sá, J. C., Lal, R., Tivet, F.,
Briedis, C., Inagaki, T. M., … Romaniw, J. (2018).
Macroaggregation and soil organic carbon restoration in a
highly weathered Brazilian Oxisol after two decades under no-
till. Science of the Total Environment, 621, 1559–1567.

de Oliveira Ferreira, A., Jorge Carneiro Amado, T., da Silveira
Nicoloso, R., de Moraes Sa, J. C., Ernani Fiorin, J., Santos
Hansel, D. S., & Menefee, D. (2013). Soil carbon stratification
affected by long-term tillage and cropping systems in southern
Brazil. Soil and Tillage Research, 133, 65–74.

Dos Santos Rheinheimer, D., De Campos, B. H. C., Giacomini, S. J.,
Conceiç~ao, P. C., & Bortoluzzi, E. C. (2008). Comparaç~ao de
métodos de determinaç~ao de carbono orgânico total no solo.
Revista Brasileira de Ciencia do Solo, 32, 435–440.

Espinoza, Y. (1997). Availability of nitrogen to corn after five years of
manure and fertilizer application under tillage and no-tillage sys-
tems. (MS thesis). Kansas State University, Manhattan.

Fabrizzi, K. P., Rice, C. W., Amado, T. J. C., Fiorin, J.,
Barbagelata, P., & Melchiori, R. (2009). Protection of soil
organic C and N in temperate and tropical soils: Effect of native
and agroecosystems. Biogeochemistry, 92, 129–143.

NICOLOSO ET AL. 13

https://dl.sciencesocieties.org/publications/sssaj/abstracts/0/0/sssaj2016.04.0121
https://dl.sciencesocieties.org/publications/sssaj/abstracts/0/0/sssaj2016.04.0121
http://journal.frontiersin.org/article/10.3389/fevo.2017.00096/full
http://journal.frontiersin.org/article/10.3389/fevo.2017.00096/full
http://linkinghub.elsevier.com/retrieve/pii/S0167880906001617
http://linkinghub.elsevier.com/retrieve/pii/S0167880906001617
https://www.soils.org/publications/sssaj/abstracts/75/1/69
https://www.soils.org/publications/sssaj/abstracts/75/1/69
https://www.epa.nsw.gov.au/resources/waste/110171-compost-climate-change.pdf
https://www.epa.nsw.gov.au/resources/waste/110171-compost-climate-change.pdf
https://doi.org/10.4141/S05-102
http://w3.ufsm.br/ppgcs/images/Teses/BEN-HUR-COSTA-DE-CAMPOS-TESE.pdf
http://w3.ufsm.br/ppgcs/images/Teses/BEN-HUR-COSTA-DE-CAMPOS-TESE.pdf
http://www.nature.com/articles/srep21450
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-06832011000300016&lng=en&nrm=iso&tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-06832011000300016&lng=en&nrm=iso&tlng=en
https://doi.org/10.1016/j.agee.2016.05.016
https://doi.org/10.1016/j.scitotenv.2017.12.019
https://doi.org/10.1016/j.scitotenv.2017.12.019


Follett, R. F., Jantalia, C. P., & Halvorson, A. D. (2013). Soil carbon
dynamics for irrigated corn under two tillage systems. Soil Sci-
ence Society of America Journal, 77, 951–963. Retrieved from
https://www.soils.org/publications/sssaj/abstracts/77/3/951

Francou, C., Linères, M., Derenne, S., Le Villio-Poitrenaud, M., &
Houot, S. (2008). Influence of green waste, biowaste and paper-
cardboard initial ratios on organic matter transformations dur-
ing composting. Bioresource Technology, 99, 8926–8934.

Franzluebbers, A. J. (2002). Soil organic matter stratification ratio
as an indicator of soil quality. Soil and Tillage Research, 66,
95–106. Retrieved from http://linkinghub.elsevier.com/
retrieve/pii/S0167198702000181

Ghimire, R., Machado, S., & Rhinhart, K. (2015). Long-term crop
residue and nitrogen management effects on soil profile carbon
and nitrogen in wheat–fallow systems. Agronomy Journal, 107,
2230–2240.

Gijsman, A. J., Hoogenboom, G., Parton, W. J., & Kerridge, P. C.
(2002). Modifying DSSAT for low-input agricultural systems,
using a SOM module from CENTURY. Agronomy Journal, 94,
462–474.

Grassini, P., & Cassman, K. G. (2012). High-yield maize with large
net energy yield and small global warming intensity. Proceed-
ings of the National Academy of Sciences, 109, 1074–1079.
https://doi.org/10.1073/pnas.1116364109

Grassini, P., Specht, J. E., Tollenaar, M., Ciampitti, I., &
Cassman, K. G. (2015). High-yieldmaize–soybean cropping sys-
tems in the US Corn Belt. In V. O. Sadras & D. F. Calderini
(Eds.), Crop Physiology: Applications for Genetic Improvement
and Agronomy (2nd ed., pp. 17–41). London, Whaltham, and
San Diego: Elsevier.

Grassini, P., Thorburn, J., Burr, C., & Cassman, K. G. (2011). High-
yield irrigated maize in the Western U.S. Corn Belt: I. On-farm
yield, yield potential, and impact of agronomic practices. Field
Crops Research, 120, 142–150. https://doi.org/10.1016/j.fcr.2010.
09.012

Grave, R. A., da Nicoloso, R. S., Cassol, P. C., Aita, C., Corrêa, J. C.,
Costa, M. D., & Fritz, D. D. (2015). Short-term carbon dioxide
emission under contrasting soil disturbance levels and organic
amendments. Soil and Tillage Research, 146, 184–192.

Hoogenboom, G., Jones, J.W., Wilkens, P.W., Porter, C.H.,
Boote, K.J., Hunt, L.A., … Tsuji, G.Y. (2015). Decision support
system for agrotechnology transfer (DSSAT) (Version 4.6).
Prosser, WA: DSSAT Foundation. Retrieved from www.
dssat.net.

IUSS Working Group WRB. (2015). International soil classification
system for naming soils and creating legends for soil maps.
Rome: FAO. Retrieved from http://www.journals.cambridge.
org/abstract_S0014479706394902

Jantalia, C. P., Petrere, C., Aita, C., Giacomini, S. J., Urquiaga, S. S.,
Alves, B. J. R., & Boddey, R. M. (2006). Estoques de carbono e
nitrogênio do solo após 17 anos sob preparo convencional e plan-
tio direto em dois sistemas de rotaç~ao de culturas em Cruz Alta,
RS. Seropedica, RJ: Embrapa Agrobiologia. Retrieved from
https://www.infoteca.cnptia.embrapa.br/bitstream/doc/623023/
1/bot013.pdf

Jat, R. A., Sahrawat, K. L., Kassam, A. H., & Friedrich, T. (2014).
Conservation agriculture for sustainable and resilient agricul-
ture: Global status, prospects and challenges. In R. A. Jat, K.
L. Sahrawat & A. H. Kassam (Eds.), Conservation Agriculture:

Global Prospects and Challenges (1st ed., pp. 1–25). Wallingford:
CAB International. Retrieved from: http://dx.doi.org/10.
1079/9781780642598.0001

Kirkby, C. A., Richardson, A. E., Wade, L. J., Passioura, J. B.,
Batten, G. D., Blanchard, C., & Kirkegaard, J. A. (2014). Nutri-
ent availability limits carbon sequestration in arable soils. Soil
Biology and Biochemistry, 68, 402–409. https://doi.org/10.1016/
j.soilbio.2013.09.032

Kopittke, P. M., Dalal, R. C., Finn, D., & Menzies, N. W. (2017).
Global changes in soil stocks of carbon, nitrogen, phosphorus,
and sulphur as influenced by long-term agricultural produc-
tion. Global Change Biology, 23, 2509–2519.

Lal, R. (2010). Depletion and restoration of carbon in the
pedosphere. Japanese Society of Pedology, 53, 19–32.

Lal, R. (2016). Beyond COP 21: Potential and challenges of the “4
per Thousand” initiative. Journal of Soil and Water Conserva-
tion, 71, 20A–25A. https://doi.org/10.2489/jswc.71.1.20A

Li, Z. T., Yang, J. Y., Drury, C. F., & Hoogenboom, G. (2015).
Evaluation of the DSSAT-CSM for simulating yield and soil
organic C and N of a long-term maize and wheat rotation
experiment in the Loess Plateau of Northwestern China. Agri-
cultural Systems, 135, 90–104. https://doi.org/10.1016/j.agsy.
2014.12.006

Liu, H., Liu, H., Lei, Q., Zhai, L., Wang, H., Zhang, J., … Liu, X.
(2017). Using the DSSAT model to simulate wheat yield and
soil organic carbon under a wheat-maize cropping system in
the North China Plain. Journal of Integrative Agriculture, 16,
2300–2307. Retrieved from https://www.sciencedirect.com/
science/article/pii/S2095311917616782

Luo, Z., Wang, E., & Sun, O. J. (2010). Can no-tillage stimulate car-
bon sequestration in agricultural soils? A meta-analysis of
paired experiments. Agriculture, Ecosystems and Environment,
139, 224–231.

Lynch, D. H., Voroney, R. P., & Warman, P. R. (2006). Use of 13C
and 15N natural abundance techniques to characterize carbon
and nitrogen dynamics in composting and in compost-amended
soils. Soil Biology and Biochemistry, 38, 103–114.

Manzoni, S., Taylor, P., Richter, A., Porporato, A., & Ågren, G. I.
(2012). Environmental and stoichiometric controls on microbial
carbon-use efficiency in soils. New Phytologist, 196, 79–91.

Martínez, I., Chervet, A., Weisskopf, P., Sturny, W. G., Etana, A.,
Stettler, M., … Keller, T. (2016). Two decades of no-till in the
Oberacker long-term field experiment: Part I. Crop yield, soil
organic carbon and nutrient distribution in the soil profile. Soil
and Tillage Research, 163, 141–151. https://doi.org/10.1016/j.
still.2016.05.021

McGowan, A. R. (2015). Biofuel cropping system impacts on soil C,
microbial communities and N2O emissions. (PhD. Dissertation).
Kansas State University, Manhattan, Kansas.

McGowan, A. R., Nicoloso, R. S., Diop, H. E., Roozeboom, K. L., &
Rice, C. W. (2019). Soil organic carbon, aggregation, and micro-
bial community structure in annual and perennial biofuel
crops. Agronomy Journal, 111, 128–142. Retrieved from https://
dl.sciencesocieties.org/publications/aj/abstracts/111/1/128

Mikha, M. M., & Rice, C. W. (2004). Tillage and manure effects on
soil and aggregate-associated carbon and nitrogen. Soil Science
Society of America Journal, 68, 809–816.

Minasny, B., Malone, B. P., McBratney, A. B., Angers, D. A.,
Arrouays, D., Chambers, A., … Winowiecki, L. (2017). Soil

14 NICOLOSO ET AL.

https://www.soils.org/publications/sssaj/abstracts/77/3/951
http://linkinghub.elsevier.com/retrieve/pii/S0167198702000181
http://linkinghub.elsevier.com/retrieve/pii/S0167198702000181
https://doi.org/10.1073/pnas.1116364109
https://doi.org/10.1016/j.fcr.2010.09.012
https://doi.org/10.1016/j.fcr.2010.09.012
http://www.dssat.net
http://www.dssat.net
http://www.journals.cambridge.org/abstract_S0014479706394902
http://www.journals.cambridge.org/abstract_S0014479706394902
https://www.infoteca.cnptia.embrapa.br/bitstream/doc/623023/1/bot013.pdf
https://www.infoteca.cnptia.embrapa.br/bitstream/doc/623023/1/bot013.pdf
http://dx.doi.org/10.1079/9781780642598.0001
http://dx.doi.org/10.1079/9781780642598.0001
https://doi.org/10.1016/j.soilbio.2013.09.032
https://doi.org/10.1016/j.soilbio.2013.09.032
https://doi.org/10.2489/jswc.71.1.20A
https://doi.org/10.1016/j.agsy.2014.12.006
https://doi.org/10.1016/j.agsy.2014.12.006
https://www.sciencedirect.com/science/article/pii/S2095311917616782
https://www.sciencedirect.com/science/article/pii/S2095311917616782
https://doi.org/10.1016/j.still.2016.05.021
https://doi.org/10.1016/j.still.2016.05.021
https://dl.sciencesocieties.org/publications/aj/abstracts/111/1/128
https://dl.sciencesocieties.org/publications/aj/abstracts/111/1/128


carbon 4 per mille. Geoderma, 292, 59–86. https://doi.org/10.
1016/j.geoderma.2017.01.002

Musinguzi, P., Ebanyat, P., Tenywa, J. S., Mwanjalolo, M.,
Basamba, T. A., Tenywa, M. M., & Porter, C. (2014). Using
DSSAT-CENTURY model to simulate soil organic carbon
dynamics under a low-input maize cropping system. Journal of
Agricultural Science, 6, 120–131. Retrieved from http://ccsenet.
org/journal/index.php/jas/article/view/32835

Nicoloso, R. S. (2009). Estoques e mecanismos de estabilizaç~ao do
carbono orgânico do solo em agroecossistemas de clima temper-
ado e sub-tropical. (PhD. Dissertation). Federal University of
Santa Maria, Santa Maria, Brazil. Retrieved from https://
repositorio.ufsm.br/handle/1/3574

Nicoloso, R. S., Amado, T. J. C., Schneider, S., Lanzanova, M. E.,
Girardello, V. C., & Bragagnolo, J. (2008). Efficiency of
mechanical and biological chiseling in the improvement of
physical attributes of a heavy clay oxisol and the increment
of soybean yield. Revista Brasileira de Ciencia do Solo, 32,
1723–1734.

Nicoloso, R. S., Rice, C. W., Amado, T. J. C., Costa, C. N., &
Akley, E. K. (2018). Carbon saturation and translocation in a
no-till soil under organic amendments. Agriculture, Ecosystems
and Environment, 264, 73–84. Retrieved from: www.elsevier.
com/locate/agee

Ogle, S. M., Breidt, F. J., & Paustian, K. (2005). Agricultural man-
agement impacts on soil organic carbon storage under moist
and dry climatic conditions of temperate and tropical regions.
Biogeochemistry, 72, 87–121.

Ogle, S. M., Swan, A., & Paustian, K. (2012). No-till management
impacts on crop productivity, carbon input and soil carbon
sequestration. Agriculture, Ecosystems and Environment, 149,
37–49. https://doi.org/10.1016/j.agee.2011.12.010

Olson, K., Al-Kaisi, M., Lal, R., & Lowery, B. (2014). Examining the
paired comparison method approach for determining soil
organic carbon sequestration rates. Journal of Soil and Water
Conservation, 69, 193A–197A.

Olson, K. R., Ebelhar, S. A., & Lang, J. M. (2013). Effects of 24 years
of conservation tillage systems on soil organic carbon and soil
productivity. Applied and Environmental Soil Science, 2013,
1–10. Retrieved from http://www.hindawi.com/journals/aess/
2013/617504/

Parton, W., Schimel, D., Cole, C., & Ojima, D. (1987). Analysis of
factors controlling soil organic matter levels in Great Plains
grasslands. Soil Science Society of America Journal, 51,
1173–1179. Retrieved from https://dl.sciencesocieties.org/
publications/sssaj/abstracts/51/5/SS0510051173

Pes, L. Z., Amado, T. J. C., La Scala, N., Bayer, C., & Fiorin, J. E.
(2011). The primary sources of carbon loss during the crop-
establishment period in a subtropical Oxisol under contrasting
tillage systems. Soil and Tillage Research, 117, 163–171.

Pickering, N. B., Hansen, J. W., Jones, J. W., Wells, C. M.,
Chan, V. K., & Godwin, D. C. (1994). WeatherMan: A utility for
managing and generating daily weather data. Agronomy Jour-
nal, 86, 332–337.

Pittelkow, C. M., Liang, X., Linquist, B. A., van Groenigen, K. J.,
Lee, J., Lundy, M. E., … van Kessel, C. (2014). Productivity
limits and potentials of the principles of conservation agricul-
ture. Nature, 517, 365–368. Retrieved from http://www.nature.
com/doifinder/10.1038/nature13809

Pittelkow, C. M., Linquist, B. A., Lundy, M. E., Liang, X., van
Groenigen, K. J., Lee, J., … van Kessel, C. (2015). When does
no-till yield more? A global meta-analysis. Field Crops Research,
183, 156–168. https://doi.org/10.1016/j.fcr.2015.07.020

Poffenbarger, H. J., Barker, D. W., Helmers, M. J., Miguez, F. E.,
Olk, D. C., Sawyer, J. E., … Castellano, M. J. (2017). Maximum
soil organic carbon storage in Midwest U.S. cropping systems
when crops are optimally nitrogen-fertilized. PLoS One,
12, 1–17.

Poirier, V., Angers, D. a., Rochette, P., Chantigny, M. H., Ziadi, N.,
Tremblay, G., & Fortin, J. (2009). Interactive effects of tillage
and mineral fertilization on soil carbon profiles. Soil Science
Society of America Journal, 73, 255–261.

Porter, C. H., Jones, J. W., Adiku, S., Gijsman, A. J., Gargiulo, O., &
Naab, J. B. (2010). Modeling organic carbon and carbon-
mediated soil processes in DSSAT v4.5. Operational Research,
10, 247–278.

Poulton, P., Johnston, J., MacDonald, A., White, R., & Powlson, D.
(2018). Major limitations to achieving “4 per 1000” increases in
soil organic carbon stock in temperate regions: Evidence from
long-term experiments at Rothamsted Research, UK. Global
Change Biology, 24, 2563–2584.

Powlson, D. S., Bhogal, A., Chambers, B. J., Coleman, K.,
Macdonald, A. J., Goulding, K. W. T., & Whitmore, A. P.
(2012). The potential to increase soil carbon stocks through
reduced tillage or organic material additions in England and
Wales: A case study. Agriculture, Ecosystems and Environment,
146, 23–33. https://doi.org/10.1016/j.agee.2011.10.004

Powlson, D. S., Stirling, C. M., Jat, M. L., Gerard, B. G., Palm, C. A.,
Sanchez, P. A., & Cassman, K. G. (2014). Limited potential of
no-till agriculture for climate change mitigation. Nature Cli-
mate Change, 4, 678–683. Retrieved from http://www.nature.
com/doifinder/10.1038/nclimate2292

Qin, R., Stamp, P., & Richner, W. (2005). Impact of tillage and
banded starter fertilizer on maize root growth in the top 25 cen-
timeters of the soil. Agronomy Journal, 97, 674–683.

Razafimbelo, T. M., Albrecht, A., Oliver, R., Chevallier, T.,
Chapuis-Lardy, L., & Feller, C. (2008). Aggregate associated-C
and physical protection in a tropical clayey soil under Malagasy
conventional and no-tillage systems. Soil and Tillage Research,
98, 140–149.

Rumpel, C., & Kögel-Knabner, I. (2011). Deep soil organic matter–a
key but poorly understood component of terrestrial C cycle.
Plant and Soil, 338, 143–158.

Sanderman, J., Hengl, T., & Fiske, G. J. (2017). Soil carbon debt of
12,000 years of human land use. Proceedings of the National
Academy of Sciences, 114, 9575–9580. https://doi.org/10.1073/
pnas.1706103114

Schwalbert, R., Amado, T. J. C., Horbe, T. A. N., Stefanello, L. O.,
Assefa, Y., Prasad, P. V. V., … Ciampitti, I. A. (2018). Corn yield
response to plant density and nitrogen: Spatial models and
yield distribution. Agronomy Journal, 110, 1–13. Retrieved from
https://dl.sciencesocieties.org/publications/aj/abstracts/0/0/
agronj2017.07.0425

Six, J., Bossuyt, H., Degryze, S., & Denef, K. (2004). A history of
research on the link between (micro)aggregates, soil biota, and
soil organic matter dynamics. Soil and Tillage Research, 79, 7–31.

Six, J., Frey, S. D., Thiet, R. K., & Batten, K. M. (2006). Bacterial
and fungal contributions to carbon sequestration in

NICOLOSO ET AL. 15

https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.1016/j.geoderma.2017.01.002
http://ccsenet.org/journal/index.php/jas/article/view/32835
http://ccsenet.org/journal/index.php/jas/article/view/32835
https://repositorio.ufsm.br/handle/1/3574
https://repositorio.ufsm.br/handle/1/3574
http://www.elsevier.com/locate/agee
http://www.elsevier.com/locate/agee
https://doi.org/10.1016/j.agee.2011.12.010
http://www.hindawi.com/journals/aess/2013/617504/
http://www.hindawi.com/journals/aess/2013/617504/
https://dl.sciencesocieties.org/publications/sssaj/abstracts/51/5/SS0510051173
https://dl.sciencesocieties.org/publications/sssaj/abstracts/51/5/SS0510051173
http://www.nature.com/doifinder/10.1038/nature13809
http://www.nature.com/doifinder/10.1038/nature13809
https://doi.org/10.1016/j.fcr.2015.07.020
https://doi.org/10.1016/j.agee.2011.10.004
http://www.nature.com/doifinder/10.1038/nclimate2292
http://www.nature.com/doifinder/10.1038/nclimate2292
https://doi.org/10.1073/pnas.1706103114
https://doi.org/10.1073/pnas.1706103114
https://dl.sciencesocieties.org/publications/aj/abstracts/0/0/agronj2017.07.0425
https://dl.sciencesocieties.org/publications/aj/abstracts/0/0/agronj2017.07.0425


agroecosystems. Soil Science Society of America Journal, 70,
555–569. Retrieved from https://www.soils.org/publications/
sssaj/abstracts/70/2/555

Smith, J. U., Powlson, D. S., McGill, W. B., & Arah, J. R. M. (1997).
A comparison of the performance of nine soil organic matter
models using datasets from seven long-term experiments. Geo-
derma, 81, 153–225. Retrieved from http://ac.els-cdn.com/
S0016706197000876/1-s2.0-S0016706197000876-main.pdf?_tid=
72d95a4a-d307-11e2-b3cc-00000aacb35d&acdnat=1371004152_
d44f26a7052c0a2335596ac401261448

Soil Survey Staff. (2014). Keys to soil taxonomy (12th ed.). Washington,
DC: USDA-Natural Resources Conservation Service.

Soltani, A., & Hoogenboom, G. (2003). A statistical comparison of
the stochastic weather generators WGEN and SIMMETEO. Cli-
mate Research, 24, 215–230.

Stewart, C. E., Halvorson, A. D., & Delgado, J. A. (2017). Long-term
N fertilization and conservation tillage practices conserve sur-
face but not profile SOC stocks under semi-arid irrigated corn.
Soil and Tillage Research, 171, 9–18. https://doi.org/10.1016/j.
still.2017.04.003

Van Groenigen, J. W., Van Kessel, C., Hungate, B. A., Oenema, O.,
Powlson, D. S., & Van Groenigen, K. J. (2017). Sequestering soil
organic carbon: A nitrogen dilemma. Environmental Science
and Technology, 51, 4738–4739.

Walia, M. K., Baer, S. G., Krausz, R., & Cook, R. L. (2017). Deep soil
carbon after 44 years of tillage and fertilizer management in
southern Illinois compared to forest and restored prairie soils.
Journal of Soil and Water Conservation, 72, 405–415. https://
doi.org/10.2489/jswc.72.4.405

Wang, X., Butterly, C. R., Baldock, J. A., & Tang, C. (2017). Long-
term stabilization of crop residues and soil organic carbon
affected by residue quality and initial soil pH. Science of the
Total Environment, 587–588, 502–509. https://doi.org/10.1016/j.
scitotenv.2017.02.199

Weber, M. A., Mielniczuk, J., & Tornquist, C. G. (2016). Changes in
soil organic carbon and nitrogen stocks in long-term experi-
ments in southern Brazil simulated with century 4.5. Revista
Brasileira de Ciencia do Solo, 40, 1–17.

Wendt, J. W., & Hauser, S. (2013). An equivalent soil mass proce-
dure for monitoring soil organic carbon in multiple soil layers.
European Journal of Soil Science, 64, 58–65.

West, T. O., & Post, W. M. (2002). Soil organic carbon sequestration
rates by tillage and crop rotation: A global data analysis. Soil
Science Society of America Journal, 66, 1930. Retrived from
https://www.soils.org/publications/sssaj/abstracts/66/6/1930–
1946.

White, P. M., & Rice, C. W. (2009). Tillage effects on microbial and
carbon dynamics during plant residue decomposition. Soil Sci-
ence Society of America Journal, 73, 138–145. Retrieved from
https://www.soils.org/publications/sssaj/abstracts/73/1/138

Xia, L., Lam, S. K., Yan, X., & Chen, D. (2017). How does recycling
of livestock manure in agroecosystems affect crop productivity,
reactive nitrogen losses, and soil carbon balance? Environmen-
tal Science and Technology, 51, 7450–7457.

SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Nicoloso RS,
Amado TJC, Rice CW. Assessing strategies to
enhance soil carbon sequestration with the
DSSAT-CENTURY model. Eur J Soil Sci. 2020;
1–16. https://doi.org/10.1111/ejss.12938

16 NICOLOSO ET AL.

https://www.soils.org/publications/sssaj/abstracts/70/2/555
https://www.soils.org/publications/sssaj/abstracts/70/2/555
http://ac.els-cdn.com/S0016706197000876/1-s2.0-S0016706197000876-main.pdf?_tid=72d95a4a-d307-11e2-b3cc-00000aacb35d&acdnat=1371004152_d44f26a7052c0a2335596ac401261448
http://ac.els-cdn.com/S0016706197000876/1-s2.0-S0016706197000876-main.pdf?_tid=72d95a4a-d307-11e2-b3cc-00000aacb35d&acdnat=1371004152_d44f26a7052c0a2335596ac401261448
http://ac.els-cdn.com/S0016706197000876/1-s2.0-S0016706197000876-main.pdf?_tid=72d95a4a-d307-11e2-b3cc-00000aacb35d&acdnat=1371004152_d44f26a7052c0a2335596ac401261448
http://ac.els-cdn.com/S0016706197000876/1-s2.0-S0016706197000876-main.pdf?_tid=72d95a4a-d307-11e2-b3cc-00000aacb35d&acdnat=1371004152_d44f26a7052c0a2335596ac401261448
https://doi.org/10.1016/j.still.2017.04.003
https://doi.org/10.1016/j.still.2017.04.003
https://doi.org/10.2489/jswc.72.4.405
https://doi.org/10.2489/jswc.72.4.405
https://doi.org/10.1016/j.scitotenv.2017.02.199
https://doi.org/10.1016/j.scitotenv.2017.02.199
https://www.soils.org/publications/sssaj/abstracts/66/6/1930
https://www.soils.org/publications/sssaj/abstracts/73/1/138
https://doi.org/10.1111/ejss.12938

	Assessing strategies to enhance soil carbon sequestration with the DSSAT-CENTURY model
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Long-term experiments
	2.1.1  Cruz Alta, RS, Brazil
	2.1.2  Manhattan, KS, USA

	2.2  Soil and crop data
	2.3  Calibration and validation of the DSSAT-CENTURY model
	2.4  Long-term simulations of soil organic carbon

	3  RESULTS AND DISCUSSION
	3.1  Calibration and validation of the DSSAT-CENTURY model
	3.2  Long-term simulations using the DSSAT-CENTURY model
	3.3  Scenarios with best crop management practices

	4  CONCLUSIONS
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY
	  DATA AVAILABILITY STATEMENT

	REFERENCES


