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Abstract
A sustainable land management has been defined as the management system that allows for production, while min-
imizing risk, maintaining quality of soil and water. Tillage systems can significantly decrease soil carbon storage and
influence the soil environment of a crop. Crop growth models can be useful tools in evaluating the impact of dif-
ferent tillage systems on soil biophysical properties and on the growth and final yield of the crops. The objectives
of this paper were i) to illustrate the SALUS model and its tillage component; ii) to evaluate the effects of differ-
ent tillage systems on water infiltration and time to ponding, iii) to simulate the effect of tillage systems on some
soil biophysical properties. The SALUS (System Approach to Land Use Sustainability) model is designed to simu-
late continuous crop, soil, water and nutrient conditions under different tillage and crop residues management strate-
gies for multiple years. Predictions of changes in surface residue, bulk density, runoff, drainage and evaporation were
consistent with expected behaviours of these parameters as described in the literature. The experiment to estimate
the time to ponding curve under different tillage system confirmed the theory and showed the beneficial effects of
the residue on soil surface with respect to water infiltration. It also showed that the no-tillage system is a more ap-
propriate system to adopt in areas characterized by high intensity rainfall.
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1. Introduction

Soil organic carbon (SOC) is the most often re-
ported attribute from long-term studies and is
chosen as the most important indicator of soil
quality and agronomic sustainability because of
its impact on other physical, chemical and bio-
logical indicators of soil quality (Reeves, 1997).
A sustainable land management has been de-
fined as the management system that allows for
production, while minimizing risk, maintaining
quality of soil and water. Long term studies
have consistently show benefit of increasing C
input into the soil. However, even with crop ro-
tation and manure additions, continuous crop-
ping results in a decline in SOC, although the
rate and magnitude of the decline is affected by
cropping and tillage systems, climate and soil

(Rasmussen et al., 1998). Restoring soil carbon
is essential to enhancing soil quality, sustaining
and improving food production, maintaining
clean water, and reducing increase in atmos-
pheric CO2 (Robertson et al., 2000; Bouma,
2002). Conventional agriculture, which includes
practices such as crop residue burning or deep
soil inversion by tilling, is generally harmful to
the environment (Basso et al., 2002). These tech-
niques considerably increase soil deformation
by compaction, erosion and river contamination
with sediments, fertilisers and pesticides. Such
short-sighted farming practices have resulted in
loss of an estimated 4 ± 1 gigatons of carbon
from soils of the United States, and 78 12 Gt
from the world’s soils (Lal, 2004), a large frac-
tion of which ended up in the atmosphere con-



tributing to global warming and reduced the
sustainability of agriculture by lowering soil or-
ganic matter and fertility, along with further
negative environmental effects (e.g. a decrease
in biodiversity). Conservation agriculture refers
to several practices which permit the manage-
ment of soil for agricultural uses, altering its
composition, structure and natural biodiversity
as little as possible and defending it from ero-
sion and degradation (Basso et al., 2000; Basso,
2003). Conservation agriculture includes direct
sowing/ no-tillage, reduced tillage/ minimum
tillage, non - or surface- incorporation of crop
residues and establishment of cover crops in
both annual and perennial crops. Generally, with
conservation agriculture the soil is protected
from rainfall erosion and water runoff; the soil
aggregates, organic matter and fertility level nat-
urally increase, and soil deformation under
heavy wheel load is reduced (Lal, 2004). Leav-
ing crop residues after harvest increases the car-
bon content of soil, but the benefits are lost if
the biomass is plowed under, because microor-
ganisms quickly degrade residue C to CO2 (Re-
icosky et al., 1995; Borin et al., 1997) and es-
sential nutrients that adhere to SOC disappear
with its depletion. Thus, farmers require more
fertilizer, irrigation and pesticide to preserve
yield.

There is scientific evidence that soil tillage
has been a significant component of the increase
in atmospheric CO2 which has occurred in the
last few decades (Lal, 1997). Historically, inten-
sive tillage of agricultural soils has led to sub-
stantial losses of soil C that range from 30% to
50% (Davidoson, 1993). These CO2 losses are
related to soil fracturing which facilitate the
movement of CO2 out of the soil and oxygen in-
to it (Reicoisky et al., 1997; Lal, 2004). Conven-
tional agriculture operations (mouldboard plough-
ing) bury nearly all the residue and leave the soil
in a rough, loose, and open condition resulting in
maximum CO2 losses and a consistent reduction
of the CO2 sink effect of the soil. The less we till,
the more carbon we capture, store or sequester
to build up organic matter and long-term pro-
ductivity and, at the same time, the lesser the car-
bon dioxide that is released into the atmosphere
(Cole, 1996; Paustian et al., 1998; Rasmussen et
al., 1998; Smith et al., 1998).

A major concern among producers is the
possible yield penalties associated with reduced

tillage compared to conventional tillage.
Residue cover on the soil surface reflects solar
radiation and acts as an insulator, slowing soil
warming during spring. This effect is more no-
ticeable in a temperate, cool climate with wet
and cool springs because high soil water con-
tent maintained by residue cover is combined
with low energy income (Allmaras et al., 1977).
Because of improved water infiltration and wa-
ter conservation resulting from a residue cover,
yields are improved in lower rainfall years and
dry locations (Basso et al., 1996; Griffith et al.,
1977). Reicosky et al. (1977) reported that on
poorly drained soils, maize yields were de-
creased because poorly drained soils are usual-
ly colder due to higher water content. When
vegetative maize development is delayed by
lower temperature created by a residue cover,
maize yield loss to short maturity due to short
maturity period is more noticeable. Residue
cover decreases the probability of water deficit
by increasing water infiltration, through the re-
duction of the impact of rain on soil surface, and
reducing evaporation.

Although the scientific knowledge of tillage
effects on soil properties is rather extensive,
models that account for tillage are few and their
applications is limited. Crop growth models that
account for management effects on yield and
environmental impact can help farmers and pol-
icy makers make decisions because they provide
output on crop response for a wide variety of
environments and management inputs. In this
regards, crop growth models can be useful tools
in evaluating the impact of different tillage sys-
tems on the growth and final yield of the crops.
There are existing models that account for
tillage effects on soil properties but require ei-
ther large input requirements or rather poor
crop growth components. Dadoun (1993) devel-
oped CERES-Till, a model to predict the influ-
ence of crop residue cover on soil surface prop-
erties and plant development. Andales et al.
(2000) incorporated CERES-Till into CROP-
GRO-Soybean. The model gave good predic-
tions when compared to measured values for an
Iowa case study.

The objectives of this paper were i) to illus-
trate the SALUS model and its tillage compo-
nent; ii) to measure the effects of different
tillage methods and residue management prac-
tices in a tropical environment on field infiltra-
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tion; iii) to use a time to ponding approach for
predicting the rate of water infiltration into
arable soils; iv) to simulate the effect of tillage
systems on soil organic carbon, bulk density,
drainage, soil evaporation and surface runoff.

2. Methodology

2.1 Brief overview of the SALUS model

The SALUS (System Approach to Land Use
Sustainability) model is designed to simulate
continuous crop, soil, water and nutrient condi-
tions under different management strategies for
multiple years (Figure 1). These strategies may
have various crop rotations, planting dates, plant
populations, irrigation and fertilizer applica-
tions, and tillage practices. The program simu-
lates plant growth and soil conditions every day
(during growing seasons and fallow periods) for
any time period when weather sequences are
available. For any simulation run, a number of
different management strategies can be run si-
multaneously. By running the different strate-
gies at the same time we can compare this ef-
fect on crops and soil under the same weather
sequences. This also provides a framework
whereby the interaction between different areas
under different management practices can be
easily be compared. Every day, and for each
management strategy being run, all major com-
ponents of the crop-soil-water model are exe-
cuted. These components are management prac-
tices, water balance, soil organic matter, nitro-
gen and phosphorous dynamics, heat balance,
plant growth and plant development. The water

balance considers surface runoff, infiltration,
surface evaporation, saturated and unsaturated
soil water flow, drainage, root water uptake, soil
evaporation and transpiration. The soil organic
matter and nutrient model simulates organic
matter decomposition, N mineralization and
formation of ammonium and nitrate, N immo-
bilization, gaseous N losses and three pools of
phosphorous. The development and growth of
plants uses temperature and light to calculate
the potential rates of growth for the plant. This
growth is then reduced based on water and ni-
trogen limitations.

The SALUS biophysical model is composed
of three main structural components: i) a set of
crop growth modules; ii) a soil organic matter
and nutrient cycling module and; iii) a soil wa-
ter balance and temperature module.

The crop growth modules are derived from
the CERES (Ritchie et al., 1985; Ritchie et al.,
1989) and IBSNAT family of crop production
models (Jones and Ritchie, 1991) that were orig-
inally developed for single year, monoculture
simulations. The crop growth algorithms from
these were extracted and restructured into crop
growth modules that are linked to the soil wa-
ter, nutrient and management submodels. Cur-
rent operational crop growth modules include
maize and wheat. Rice, barley, sorghum and mil-
let simulation modules are under development.
A generic grain legume module (e.g., soybean,
dry beans) and alfalfa growth modules are be-
ing added to the system. Phasic development is
controlled by environmental variables (e.g., de-
gree days, photoperiod) governed by variety-
specific genetic coefficients. Carbon assimilation
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Figure 1. Diagram of the com-
ponents of SALUS.



and dry matter production are a function of po-
tential rates (controlled by light interception
and parameters defining the variety-specific
growth potential) which are then reduced ac-
cording to water and/or N limitations. The main
external inputs required for the crop growth
routines are the genetic (variety-specific) coef-
ficients and daily solar radiation as a driving
variable.

The soil organic matter (SOM) and nitrogen
module is derived from the Century model with
a number of modifications incorporated. The
model simulates organic matter and N mineral-
ization/immobilization from three SOM pools
(active, slow and passive) which vary in their
turnover rates and characteristic C/N ratios.
There are two crop residue/fresh organic mat-
ter pools (structural and metabolic), for repre-
senting recalcitrant and easily decomposable
residues, based on residue lignin and N content.
A surface active SOM pool associated with the
surface residue pools was added to better rep-
resent conservation tillage systems and peren-
nial crops. The soil phosphorous (P) model in-
corporates inorganic and organic phosphorous
dynamics. Inorganic P is divided into three pools
i) labile; ii) active; and iii) stable.

The soil water balance module is based on
that used in the CERES models but incorpo-
rates a major revision in calculating infiltration,
drainage, evaporation and runoff. In SALUS, a
time-to-ponding (TP) concept is used (see sec-
tion 2.3 for details) to replace the previous
runoff and infiltration calculations which were
based on SCS runoff curve numbers.

The SALUS model does not explicitly in-
clude submodels to predict pest and disease out-
breaks or the occurrence of extreme weather
events (e.g., hail). We recognize that these fac-
tors can have a major impact on crop produc-
tion and yield and the sustainability of a par-
ticular management system. However, the mul-
titude of potential pest species and disease-caus-
ing organisms of major crop species precludes
the inclusion of pest dynamics submodels ex-
plicitly within a general cropping systems mod-
el such as SALUS. Similarly, it is unrealistic to
attempt to predict the occurrence of extreme
weather events within the model structure. Sim-
ulation using the SALUS can also be performed
on the web-based system. SALUS-web version
was developed by the GIS centre of the Feng

Chia University in Taiwan and it is available to
the public at http://salus.gis.fcu.edu.tw.

2.2 Salus tillage and residue component

The tillage model present in SALUS was based
on CERES-Till (Dadoun, 1993), a model used
to predict the influence of crop residue cover
and tillage on soil surface properties and plant
development. The model requires tillage date,
tillage implement and tillage depth. Shelton et
al. (1990) and Buckingham and Pauli (1993)
proposed to use the product of percent of
residues remaining after tillage operation as a
way to calculate final residue biomass at the sur-
face. Values of percentage of remaining residue
at the surface are estimated from the tillage
tools used. Low and high limits are given in
table 1 as the amount incorporated increases
with residues breakability. Multiplying the coef-
ficients for each tillage operation provides an
estimate of the percentage of residues left at the
surface.

2.2.1 Residue coverage. The fraction of the soil
surface covered by the remaining residue (Fc)
is calculated by:

FC = 1.0 – EXP (-AM*Mulch)  (1)

where AM is the area covered per unit dry
weight of residue (ha kg-1) and is dependent on
residue type (e.g. crop, density) and Mulch is the
amount of surface residue remaining after
tillage (kg ha-1). The equation is based on the
probability of each piece of residue falling on a
bare soil surface. Dadoun (1993) gives AM val-
ues for common crops (Table 2). FC is used in
subsequent calculations for surface albedo and
the effect of rainfall kinetic energy on surface
soil properties.

Residue thickness is important in determin-
ing the reduction of soil evaporation due to sur-
face residue. The algorithm for estimating aver-
age residue thickness assumes that the residues
are arranged in layers, each layer one residue
thick, with the coverage of each layer described
by Eq. (1). The total thickness of the surface
residues is calculated by summing the area-
weighted thickness of each layer once all of the
total residue biomass is accounted for.

2.2.2 Water balance effects. The presence of crop
residues affects the soil water balance through
rainfall interception and reduction in soil evap-
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oration. The maximum amount of water that can
be retained by crop residues is proportional to
the mass of the residues. Dadoun (1993) noted
that residues were shown to hold water up to
3.8 times their dry weight. The amount of pre-
cipitation intercepted is a function of the
amount of water currently held and the maxi-
mum amount that can be retained by the
residues. All of the water held by residues is as-
sumed to be available for evaporation. The en-
ergy available for soil evaporation (i.e. soil po-
tential evaporation) is budgeted for two
processes: evaporation of water from residue;
and evaporation of water from the soil. The soil
potential evaporation (EOS, mm) is decreased
by the amount of water evaporating from the
residues and the residue water content is up-
dated.

2.2.3 Effects on soil parameters. Because bio-
logical activity is a function of temperature, and
leaves, stems and reproductive organs are dif-
ferentiated in the meristem, meristematic tem-
perature should be used in thermal time calcu-
lation to more accurately predict attainment of
biological stages. SALUS predicts plant devel-
opment rate using the model developed by
Vinocur and Ritchie (2001) to predict meris-
tematic temperature from soil and air tempera-
ture to predict the phenology in early stages of
plant development when the meristem of the
plant is 1-2 cm below the soil surface (i.e. in
maize and wheat). In light of the previous con-
sideration, SALUS includes the Vinocur and
Ritchie (2001) modification of the soil temper-
ature model of CERES to account for the pres-
ence of crop residues.

The four soil properties in the model that
vary with tillage are bulk density (g cm-3), satu-
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Table 1. Residue incorporation percentage during common
field operations (adapted from Buckingham and Pauli,
1993).

Operation Type of residue
Non-Fragilea Fragile

Plows
Moldboard plow 90-100 95-100
Chisel plows with:
Sweeps 15-30 40-50
Straight spike points 20-40 40-60
Twisted points or shovels 30-50 60-70
Combination chisel plows
Coulter-chisel plow with:
Sweeps 20-40 50-60
Straight spike points 30-50 60-70
Twisted points or shovels 40-60 70-80
Disk-chisel plow with:
Sweeps 30-40 50-70
Straight spike points 40-50 60-70
Twisted points or shovels 50-70 70-80
Field cultivators (including leveling)
Field cultivator as primary tillage
Sweeps 30-50 cm wide 10-20 25-45
Sweeps or shovels 15-30 cm 20-30 30-50
Duckfoot points 30-40 45-70
Row cultivators 76 cm wide rows
Single sweep per row 10-25 30-45
Multiple sweeps per row 15-25 35-45
Finger wheel cultivator 25-35 40-50
Rolling disk cultivator 45-55 50-60
Ridge till cultivator 60-80 75-95
Row planters
Conventional planters with
Runner openers 5-15 10-20
Staggered disk openers 5-10 5-15
Double disk openers 5-15 15-25
No till planters with
Smooth coulters 5-15 10-25
Ripple coulters 10-25 15-30
Fluted coulters 15-35 20-45
a Non-fragile residues are generally more difficult to incorpo-
rate due to their large size, greater resistance to breakage and
decomposition (i.e. maize and wheat) in contrast to fragile
residues that are relatively small and easily incorporated (soy-
bean and peanuts).

Table 2. Values of average mass to area conversion for residue.

Crop Am Source
(ha kg-1)

Maize 0.00032 Van Doren and Allmaras, 1978
Maize 0.00040 Gregory, 1982
Wheat 0.00054 Gregory, 1982 data from Wishmeier et al., 1978
Winter wheat stem 0.00027 Greb, 1967
Wheat 0.00045 Gregory, 1982
Winter wheat stems 0.00027 Greb, 1967
Soybean 0.00032 Gregory, 1982
Grain sorghum stems 0.00006 Greb, 1967
Sunflower 0.00020 Gregory, 1982



rated hydraulic conductivity (cm day-1), ponding
capacity, and water content at saturation (cm3

cm-3). Soil conditions after tillage are inputs and
dynamically changed when precipitation occurs.
The process of change in bulk density, saturat-
ed hydraulic conductivity follows the same pat-
tern. The parameter changes from an initial val-
ue to a settled value following an exponential
curve that is a function of cumulative rainfall
kinetic energy since the last tillage operation:

Xvar = Xstl + (Xtill – Xstl) * 
EXP (-RSTL * SUMKE)

(2)

where Xvar represents the dynamic soil prop-
erty, Xtill is its value just after a tillage opera-
tion, Xstl is the settled value of the property,
RSTL is the rate of change of the soil proper-
ty (per J cm-2 of rainfall kinetic energy), and
SUMKE is the cumulative rainfall kinetic ener-
gy since the last tillage operation (J cm-2). The
rate of change of the soil property is assumed
to be a function of soil water aggregate stabili-
ty (AS, 0.0-1.0). Water aggregate stability (AS)
is correlated to soil organic matter (Tisdall and
Oades, 1982):

AS = 0.005 * OC (L) (3)

RSTL = 10 * (1-AS) (4)

where OC(L) is the percentage organic carbon
content of soil layer L. Aggregate stability is not
measurable in absolute terms. It expresses the
resistance of aggregates to breakdown when
subjected to disruptive processes such as inter-
mittent rainfall. Eq. (3) normalizes the value of
aggregate stability such that a value of 1.0 rep-
resents the greatest stability while a value of 0.0
represents soil aggregates that have absolutely
no resistance to destructive forces. A relation-
ship was used to estimate cumulative rainfall ki-
netic energy from cumulative precipitation
(Wishmeier et al. 1978).

KE = 3.812+0.812 * Ln(RAIN/TIME)
* RAIN

(5)

Surface cover (SOILCOV) from residue (FC)
and crop canopy (CANCOV) decreases the
amount of energy received by the soil surface
proportionally to the surface covered (Wish-
meier et al., 1978).

SOILCOV = CANCOV + FC * 
(1- CANCOV)

(6)

Effect of the rainfall intensity decreases with
soil depth. The decrease of the effect was as-
sumed exponential with depth (depth, cm) and
the coefficient used, 0.15 cancels the intensity at
the bottom of the tilled layer (26 cm). Hence
the cumulative intensity is calculated for the top
four layers.

SUMKE (L) = (1-SOILCOV)
KE*EXP(-0.15*depth)

(7)

Every time bulk density changes, the saturation
water content for each layer L (SAT(L)) is up-
dated using the equation relating porosity and
density:

SAT (L) = 0.92 * (1-BD(L)/2.66) (8)

where BD(L) is the bulk density of layer L (g
cm-3), soil particle density is assumed to be 2.66
g cm-3, and 92% of the total porosity is assumed
to be effective due to air entrapment (Dadoun,
1993).

Field study: tillage systems effects on infiltration
and time to ponding
To estimate both runoff and loss of soil through
erosion and to provide a rational basis for pre-
dicting infiltration during rainfall or irrigation it
is crucial to predict the “time-to-ponding”.
Time-to-ponding is defined as the time (during
rainfall or sprinkler irrigation) when free water
first appears at the soil surface (White et al.,
1989). This time defines the period beyond
which both runoff and erosion may occur. The
study was conducted on a silty loam soil with-
out plants at the CIMMYT (International Cen-
tre for Maize and Wheat Improvement) El
Batan experimental station in central Mexico.
The treatments compared in this study were
conventional tillage (moldboard at 25 cm fol-
lowed by scarifying at 15 cm), minimum tillage
(moldboard at 15 cm) and no-tillage. The study
was conducted on a plot that had been under
no-tillage for 8 years. The conventional and min-
imum tillage treatments were imposed on this
plot for a direct comparison of surface man-
agement.

Water was applied with sprinkler irrigation
at various rates that would never allow any sur-
face ponding. The infiltration rate was calculat-
ed by multiplying the infiltration amount and
the time necessary for the water to infiltrate in
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the soil. The application of water was terminat-
ed when the infiltration rate was equal to the
saturated hydraulic conductivity present at a
deeper soil layer.

Estimates of the time-to-ponding were de-
termined using the equation currently used in
the SALUS water balance model (Ritchie et al.,
2005). The time-to-ponding determines the pre-
cipitation rate above which water ponds, which
is equivalent to the maximum infiltration rate.
Precipitation that cannot infiltrate, ponds. When
ponding exceeds the ponding capacity of the
soil, water runs off. Ponding also activates the
soil surface macropores.

The water application system produced a
uniform wetted area 4 m wide by 4 m long. The
uniformity of the water application system was
checked by placing 10 tin cup (2 cm high by 5
cm i.d.) on the measured area and by collecting
the water at the end of each applications.

2.4 Simulation study: simulated effects on soil
biophysical properties

The soil organic carbon dynamic was simulated
using a 50-year weather record from a meteo-
rological station in Foggia and a clay soil type.
The simulated tillage effects on CO2 evolution,
bulk density, drainage, soil evaporation and
runoff was performed using 15 year weather
records from a field in San Basilio, Ro, NE Italy.
The soil used in the latter simulation study was
a loamy soil with medium content of organic
matter (1.5%).

3. Results and discussion

3.1 Infiltration and time-to-ponding

The time to observe the presence of free water
on the soil surface is function of the surface
management and thus it varied between treat-
ments. The no tillage treatment with residues re-
tained on the surface showed the highest infil-
tration (Figure 2). Crop residues increased in-
filtration for all the treatments compared to soil
surface without residues. The lowest infiltration
was observed in the conventional tillage systems
without residues. Ponding conditions were ob-
served for this treatment after 25 minutes of ir-
rigation with only 2 cm of water infiltrated.

Figure 3 shows the infiltration rates with re-
spect to the cumulative infiltration. The infiltra-

tion rate follows an exponential decay with the
final rate controlled by the saturated hydraulic
conductivity of the deeper layer. The KSAT of
the lower layers slows the infiltration and if the
rate of the water application is higher than the
value of KSAT of the restricting layer, the wa-
ter backs up through the soil layers conse-
quently decreasing the infiltration rate. This can
be observed by the change in the exponential
curve that occurs when the infiltration ap-
proaches the final rates (see arrows on figure
4). The lower slope of the exponential curve ap-
proaching the KSAT of the lower layer is con-
firmed by the theory (Broadbridge and White,
1987; Broadbridge et al., 1988, White et al.,
1989). In their study, Broadbridge et al. (1988),
illustrated the theoretical differences in the base-
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Figure 2. Cumulative infiltration for the tillage systems at
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Figure 3. Measured and simulated values for the time-to-
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ment moisture build-up. They reported that
when the rainfall rate exceeds the surface infil-
tration rate, surface ponding precedes basement
saturation; when, instead, the rainfall rate is less
then the critical value for the surface infiltra-
tion rate, basement saturation precedes surface
ponding. In this case, the time to basement sat-
uration is close to the time taken for the rain-
fall to fill the available pore space. This phe-
nomenon was confirmed by this study for all the
treatment in comparison. Indeed, looking at the
no tillage treatment (Figure 3) as an example,
the exponential curve for the time-to-ponding
changes slope at the infiltration rate of 1.7 cm
hr-1. If the curve were to keep the same slope,
the successive infiltration rate would have been
at 1.6 cm hr-1 instead of 1.1 as a result of the
KSAT of the restricting soil layer. The dashed
lines represent the KSAT of the deeper layer.
The model was used to simulate time to pond-
ing under different rates. The model provided
satisfactory results for all the treatments till the
KSAT of lower layer was reached. In order to
include the effect of the KSAT of a deeper lay-
er, a complete water balance is necessary.

3.2 Simulation of tillage effects on soil organic
carbon

The simulation results of the SALUS model es-
timating the effect of the conventional tillage,
minimum tillage and no tillage on the carbon
lost from the soil surface as carbon dioxide
(CO2) are presented in figure 4. The no tillage

clearly showed a reduction in C losses through
CO2 as expected due to a lower soil mineral-
ization and higher accumulation of organic mat-
ter. For the simulated period of 15 years, the no
tillage treatment sequestered in the soil about
20000 kg ha-1 of carbon compared to the mini-
mum and conventional tillage treatment. No sig-
nificant differences were observed between the
two tilled treatments. Tillage practices disturb
soil structure causing fracturing which increas-
es the movement of CO2 out of the soil and oxy-
gen into it. Similar results were found by vari-
ous authors (Reicosky et al., 1995; Lal, 1997; Lal,
2004a). In this specific case, the reduction of
CO2 emissions in the no tillage systems converts
into an increase in carbon storage which builds
organic matter and long-term productivity.

The trend of the simulated carbon pool de-
composition by SALUS are shown in figure 5
and 6. The soil active organic carbon (Figure 5)
confirmed the theory which sees the no tillage
treatment the most efficient from this point of
view with a slower decomposition rate, in addi-
tion to the carbon sources provided by the stub-
ble retained on the soil surface. Figure 6 com-
bines the simulated results of the resistant and
slow carbon pool. Also in this case, the no tillage
systems showed to be the best treatment for soil
carbon storage with consequent behavior of
sink instead of source for both pools. The soil
resistant organic carbon requires a long term
period to detect any changes. The simulated re-
sults of SALUS are in line with what found by
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previous authors (Lal, 2004a). Small changes are
observed in the continuous conventional and
minimum tillage with their associate stubble re-
moval. The simulated results represent a simu-
lation run of 52 years of wheat grown in Fog-
gia, southern Italy.

3.3 Simulation of tillage effects on soil water bal-
ance variables

Figure 7 through 11 show the simulated be-
havior of soil properties in a loamy soil of San
Basilio, a rural area close to Rovigo, Italy, af-
fected by the tillage systems compared in the
model scenarios. Simulated changes in bulk
density (Figure 7a) were due to tillage opera-
tions first with a decrease and increase there
after due to the rainfall kinematic energy. To
clearly illustrate the effect of tillage on bulk
density, only the conventional tillage is shown.
Figure 7b depicted the effect of different
tillage systems on the 7-15 cm layer. The be-
havior of the surface property, as depicted by
the model, were consistent with general ex-
pectations described by Mankin et al., 1996.
Bulk density of the top layer decreased due to
loosening of the soil, but it returned to the
original value with the occurrence of rainfall.
Similar trend were also observed for the lay-
ers where tillage occurred (7-15 and 15-26 cm).
The conventional tillage causes an increased
reduction of bulk density compared to mini-
mum tillage effect.

Figure 8 showed the cumulative drainage

simulated for the three tillage systems. The no
tillage treatment showed the highest amount of
drainage as expected due to the presence of a
better soil structure and porosity. This phenom-
enon is also a result of the additional water that
infiltrates due to the presence of residues on the
soil surface that reduce the kinetic energy of the
rainfall. Conventional tillage was the treatment
with the lowest amount of water draining
through the soil profile, due to higher surface
runoff as well as increase in water storage.

The reduction in soil evaporation was clear-
ly evident under no tillage (Figure 9), with 300
mm y-1 being the standard evaporation for the
studied environment. The presence of residues
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on the soil surface in the no tillage systems re-
duced the loss of water from the soil surface.
Additional information to explain these differ-
ences between tillage treatment reside in the
soil water content data of the top layer (data
not shown). Riley et al. (1994) reported a re-
duction of soil evaporation in the treatment
where plant residues were retained on the sur-
face. Throughout the season and for other loca-
tions (Dadoun, 1993; Andales et al., 2000) soil
water content in top 15 cm was greater in the
no tillage systems compared to conventional
and minimum tillage.

Cumulative runoff (Figure 10) was greater in
the conventional tillage and least in the no
tillage systems. Surface crop residues increased
the amount of infiltration in the no tillage sys-
tems (as shown in the CIMMYT study) by re-
ducing the kinematic energy of the rain and, due
to higher surface roughness). Conservation
tillage management with surface residue accu-
mulation has been shown to reduce runoff by
buffering the soil surface against rainfall impact
(Langdale et al., 1992). Soil structure in the no
tillage system, with the undisturbed presence of
earthworm channels and previous root canals
allow for a better distribution in the deep lay-
er compared to the conventional tillage that in
many case is associated with an hard pan (low
conductivity layer) cause by the compaction of
tillage (Rasmussen, 1999). Saturated flow of wa-
ter through large pores and cracks, quickly
reaches the compacted layer in conventional
tillage causing saturation overland runoff (Bas-
so, 2000; Franzluebbers, 2002).

The difference between tillage and no tillage
systems in regard to simulated runoff depicted
in figure 10 are substantial demonstrating that
no tillage system should be advised in areas with
high intensity rainfall.

4. Conclusions

Improper use of crop residues (e.g. removal,
buring, or plowing under) can accelerate soil
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Figure 8. Simulated cumulative drainage from a loamy soil
under different tillage systems (San Basilio, Ro, Italy).
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degradation process through soil erosion, de-
pletion of soil fertility and environmental pol-
lution of surface and groundwater contamina-
tion. Residue management and conservation
tillage system improves soil structure, enhance
soil fertility, sequester carbon and mitigate
greenhouse effect. The experiment to estimate
the time to ponding curve under different tillage
system confirmed the theory and shows the ben-
eficial effects of the residue on soil surface with
respect to water infiltration. It also showed that
the no-tillage system is a more appropriate sys-
tem to adopt in areas characterized by high in-
tensity rainfall.

The paper described the application of SALUS
model, a dynamic model that simulate the ef-
fects of management on the soil-plant-atmos-
phere system. In this study, its tillage component
was presented and the effects of tillage systems
and residues management were simulated on
some biophysical soil properties. The simulated
results confirmed the theory and what was
found in field studies conducted by previous au-
thors. The no tillage system proved to be the
practice that sequestered more carbon and in-
crease water infiltration through the reduction
of soil evaporation and runoff.
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