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Abstract – A key principle of direct seeding mulch-based cropping systems is the retention of crop residues on the soil surface to preserve soil
water for crop growth. In this study the impact of surface crop residue on water use and production risk associated with rainfall variability is
analysed for two contrasting tropical sites. The two sites are La Tinaja in semi-arid Mexico and Planaltina in humid Brazil. The crop growth
model STICS, version 3.0 was updated with a simple empirical module, incorporating the following effects of surface residue on soil water
balance: (1) rainfall interception and subsequent mulch evaporation; (2) radiation interception with associated reduction of soil evaporation and
(3) reduction of surface water runoff. The results of the model simulations showed that the effect of radiation interception at both sites was much
more important than the effect of intercepting rain. The high sensitivity of model yield predictions to surface water runoff, especially in La
Tinaja, highlighted the importance of a careful parameterisation of the surface water runoff formalism. The model results suggested that even
small amounts of surface residue are effective at reducing water loss and increasing yield. In La Tinaja, grain yield was increased at least two-
fold with retention of 1 Mg ha–1 surface residue. In Planaltina, the advantage of water conservation by surface residue is partly offset by
increased drainage losses. As a consequence, the impact of crop residue mulching on grain yield was lower at that site.

crop growth model / mulching / climatic risk / surface residue / water balance

1. INTRODUCTION

In response to the negative impact of soil degradation proc-
esses under ‘conventional’ cropping systems that are based on
soil tillage [25], direct seeding mulch-based cropping (DMC)
systems without tillage practices and with a protective cover of
crop residues are being developed in many parts of the tropics.
For example, in Brazil the area under DMC increased from
1 million ha in 1990 to 15 million in 2001. Over the last 5 years,
the greatest adoption of DMC systems in Brazil has been by
large-scale farmers in the central tropical Cerrado region,
where now over 4 million ha are cultivated using these practices
[9]. Apart from the positive effect on soil conservation and sus-
tained land productivity, another major impact of DMC is
decreased labour costs, generally leading to higher income and
a better standard of living for the farmers [24]. 

The DMC systems are based on four essential farming prac-
tices: (1) absence of soil tillage; (2) maintenance of a mulch of
crop residues at all times; (3) direct seeding into crop residues,
and (4) use of suitable crop successions [24]. The retention of
crop residues on the soil surface is a key principle for reducing
surface water runoff and erosion. A mulch of crop residues
enhances water infiltration and protects the soil from sealing

and crusting by rainfall [10, 18]. Under semi-arid conditions
surface plant residues also play an important role in conserva-
tion of soil water through reduced soil evaporation [27]. In
addition, crop residues as a mulch moderate the temperature
fluctuation in the top soil layer [7], which can enhance the activ-
ity of soil microorganisms and fauna [13], thus promoting the
release of nutrients, improving water infiltration, and facilitat-
ing root development. Finally, a mulch of crop residues may
also contribute to the control of weeds, by smothering them or
through allelopathic effects [8].

Water is often a major limiting factor for crop production in
the tropics, particularly in semi-arid regions. Soil water avail-
ability is directly related to environmental factors (including
precipitation, evapotranspiration, soil type and topography),
but may be influenced by agronomic practices, including irri-
gation, fallowing and sowing time, or via specific water con-
servation practices, such as terracing and mulching [17]. The
water conservation effect of surface residue may potentially
increase crop yields in tropical environments, where there is a
risk of drought stress [14].

The effects of surface crop residue management need to be
incorporated into simulation models that are used for predicting
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and evaluating crop growth and yield in DMC systems. There
exist a number of detailed, mechanistic models that have been
developed to analyse mulch effects on coupled mass and heat
transfers in the soil [7, 10, 20]. However, such models are not
appropriate for agro-climatic analysis because of the large
number of parameters, for which values are not always easy to
obtain. STICS (Simulateur mulTIdisciplinaire pour les Cul-
tures Standard) [5, 6] is a crop model which links crop growth
to soil water and C and N dynamics. It relies essentially on well-
known generic relationships or on simplifications of existing
models with an easy access to input data. STICS is capable of
predicting effects of management practices such as fertiliser
application, sowing date or irrigation on crop yield. Despite its
wide application, STICS has not been fully tested for DMC sys-
tems with surface crop residue in tropical conditions.

The main objective of this study was to establish to what
extent DMC effects on crop water balance may reduce produc-
tion risk associated with rainfall variability for two tropical
locations of contrasting climates. As a means of taking into
account complex interactions between management practices
and soil and weather conditions, we used STICS and analysed
the effects of surface residue on production risk associated with
rainfall variability for two sites. The STICS model, version 3
was improved by incorporating a module to simulate the effects
of surface crop residue on water dynamics and tested at the two
sites. A sensitivity analysis was performed to identify which
components or processes of the surface residue module were
most critical in predicting water use and maize yield at each site.

2. MATERIALS AND METHODS

2.1. Model description

For this study we adapted the crop growth model STICS,
version 3.0 to account for the effects of surface crop residue on
the water balance and final crop yield. STICS, version 3.0 is
fully described in Brisson et al. [5]. 

STICS is an established and tested crop growth model [5, 6]
that simulates processes of plant development and growth, as
well as soil water and nitrogen balances on a daily time step.
We chose to use STICS due to its successful application to var-
ious soil climate conditions [6]. Input variables and parameters
relate to climate, soil and management practices (cultivar, sow-
ing date, crop density, and fertiliser and irrigation application
amounts and dates). Output variables relate to both agricultural
productivity and sustainability (e.g. nitrate leaching). 

The modified version of STICS that is described and used
in this study considers that a mulch of surface residue affects
soil water content through 3 processes: (1) rainfall interception
and subsequent mulch evaporation; (2) radiation interception
with associated reduction of soil evaporation, and (3) reduction
of water runoff. Effects through changes in soil temperature or
albedo by surface residue were not taken into account.

The following sections describe the modifications to STICS,
version 3.0 introduced in this study and incorporated in STICS,
version 5.0 [6]. The symbols used and their units are defined
in Table A1 (see Appendix). 

2.1.1. Crop residue coverage

Plant residues on the soil surface are treated as a separate
component to residues incorporated in the soil and soil organic
matter. The rate of surface residue decomposition is described
by first-order kinetics:

SR = SRo exp(–k t) (1)

where SR is the mass of surface residue (expressed as dry mat-
ter, DM, per unit area; kg DM ha–1) at time t (days), SRo is the
initial mass of surface residue (kg DM ha–1), and k the actual
decomposition rate coefficient (day–1).

Soil coverage by the remaining crop residues is then
described using the following equation [12, 23]: 

FSC = 1 – exp(–β SR) (2)

where FSC is the fraction of soil surface covered by crop res-
idues and β the area covered per unit dry weight of residue (ha
kg–1 DM). The equation accounts for clumping and mutual
shading by pieces of crop residues on the soil surface. The value
of β depends on the type of residue.

2.1.2. Rainfall interception

The maximum amount of water that can be retained by crop
residues (SRWSAT, mm) is proportional to the mass of the res-
idues: 

SRWSAT = δ SR 10–4 (3)

where δ is the specific water retention capacity of the crop res-
idue (kg H2O kg DM–1), which varies according to the type of
residue [21, 23]. 

The maximal amount of rainfall that can be intercepted by
the layer of surface residue (INRmax, mm) at a given time is
accordingly defined by the amount of water currently held
(SRW, mm) and SRWSAT:

INRmax = SRWSAT – SRW. (4)

The actual amount of intercepted rainfall by surface residue
(INRa, mm) is a function of the fraction of soil covered by crop
residues (FSC), limited by INRmax:

INRa = min[RAINS FSC, INRmax] (5)

where RAINS is the rainfall amount on the surface residue
(mm), corrected for losses through interception by the crop can-
opy and water runoff.

2.1.3. Soil and mulch evaporation

Evaporation from soil is calculated based on the formalism
developed by Ritchie [19]. There are two stages of soil evapo-
ration: during the first stage the soil is wet enough for potential,
energy-limited evaporation to occur, while during the second
stage when the soil gets drier, the evaporation is lower depend-
ing on a climatic parameter and soil water availability (see for
details Brisson et al. [5]).
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Potential soil evaporation is related to the energy available
at the soil surface and is reduced in the presence of surface crop
residue. The method of calculation corresponds to a Beer’s law
equivalent, where the radiation arriving at the soil surface
through the layer of crop residues (Rss, MJ m–2) is a function
of the mulch area index (MAI):

Rss = Ri × exp (–γ MAI) (6)

where:

MAI = β SR (7)

and Ri is the incident radiation arriving at the surface residue
layer (MJ m–2) and γ the extinction coefficient for net radiation
in the surface residue layer.

Potential soil evaporation (Eos, mm day–1), is accordingly
calculated as: 

Eos = ETp exp (–ε LAI)  exp (–γ MAI) (8)

where ETp is the reference evapotranspiration (mm day–1),
LAI the leaf area index, and ε the extinction coefficient for net
radiation in the crop canopy layer. 

All the water held by surface residue is assumed to evaporate
in proportion to the energy incident upon the surface residue
layer. Accordingly, the direct potential evaporation from the
mulch of crop residue (Eom, mm day–1) is calculated as:

Eom = ETp exp (–ε LAI) [1 – exp (–γ MAI)] (9)

2.1.4. Surface water runoff

Water runoff (ROFF, mm day–1) is calculated according to
a simple empirical relationship, that relates runoff to the
amount of rainfall (RAIN, mm day–1):

ROFF = b (RAIN – a) for RAIN > a (10a)

ROFF = 0 for RAIN ≤ a (10b)

where the empirical parameters a (mm day–1) and b, respec-
tively, denote the threshold value of rainfall below which there
is no water runoff and the proportion of water above the thresh-
old value that is lost through runoff. It is clear that a and b
largely depend on the slope, texture, porosity and surface
roughness of the soil. The effects of a mulch layer of crop res-
idues on surface water runoff are accounted for by replacing
the values of a and b for bare soil with those obtained for
mulched soil (see below). 

2.2. Site and experiment descriptions

We used data from two experimental sites with maize (Zea
mays L.) cropping for the model testing and application. One
site was located in La Tinaja, Mexico (19°42’N, 103°47’W,
1200 m altitude), the other in Planaltina, Brazil (15°35’S,
47°42’W, 1100 m altitude). The sites represent contrasting con-
ditions of tropical environments (Fig. 1). The La Tinaja site has
a semi-arid tropical steppe climate whereas the climate of Plan-
altina is a humid tropical of savannah type. Mean annual rain-

fall in La Tinaja is 525 mm with 80 to 90% of the rain occurring
between June and September. Dry spells of 10 days or longer
are, however, common during the rainy season. Mean annual
reference evapotranspiration in La Tinaja is about 1710 mm
and the mean temperature during the growing season is around
25 °C. In Planaltina, mean annual rainfall is 1400 mm, with a
dry season from May until September. Reference evapotran-
spiration is fairly constant throughout the year with a mean
annual total of 1480 mm. The mean maximum and minimum
temperatures during the growing season are 17 and 27 °C,
respectively.

The experiment in La Tinaja was carried out during the 1995
and 1996 growing seasons on a silty-loam soil (Dystric Cam-
bisol) with the following treatments: (i) maize under conven-
tional tillage (CT); (ii) maize directly seeded, but without a
mulch of crop residues (DMC0); (iii) maize directly seeded into
a residue mulch of 1.5 Mg dry weight ha–1 (DMC1.5); (iv)
maize directly seeded into a residue mulch of 3 Mg ha–1

(DMC3), and (iv) maize directly seeded into a mulch of 4.5 Mg
ha–1 (DMC4.5). In the CT treatment the soil was disked twice
to a depth of about 10 cm before sowing the maize crop (cultivar
HV 313) on 28/06/96. The mulch in the DMC treatments con-
sisted of maize harvest residues from the previous cropping
year. In each treatment, soil water content was monitored using
a neutron meter at selected times during the growing season.

Figure 1. Monthly mean rainfall and reference Penman evapotran-
spiration for (a) La Tinaja and (b) Planaltina. Bars indicate standard
deviation of means for 1992–2002 data in La Tinaja and 1973–2002
data in Planaltina. 
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Maximum LAI was estimated from radiation flux measure-
ments with a Picqhélios® radiometer at flowering, and final
grain yield and total above-ground dry matter were determined
during harvest (10/11/96). The field experiment in Planaltina
was conducted during the 2001/2002 growing season at the
experimental farm of Embrapa Cerrados on a Geri-Gibbsic Fer-
ralsol (Xanthic) with a clayey texture, a widely distributed soil
in the Cerrados. Maize (cultivar Cargil 125) was grown with
CT practices and with direct seeding into mulch (DMC). In the
CT treatment the soil was disked to about 20-cm depth on
3 occasions before sowing the maize crop on 05/11/01. In the
DMC treatment a millet cover crop (sown on 02/04/01) pre-
ceded the maize crop. The millet was desiccated on 18/10/01
with glyphosate and laid down with a rolling harrow. The maize
was directly seeded (05/11/01) in the resulting mulch (about
4 Mg DM ha–1) without any tillage operation. In both treat-
ments soil moisture was monitored using a neutron probe and
LAI was measured using a LICOR 2000 at regular intervals
during the growing season. During harvest (15/03/02), the final
grain yield and total above-ground dry matter of the maize crop
were determined.

2.3. Model parameterisation and simulations

We first parameterised the model for the two sites, then
examined the sensitivity of the model output to selected param-
eters of the surface residue module, and finally, quantified,
using long-term climate records, the impact of surface residue
management on crop production risk associated with rainfall
variability at both sites.

Non-site-specific model parameters were those from an ear-
lier calibration of STICS for maize growth under tropical con-
ditions [1]. Cultivar- and site-specific plant parameters were
obtained for each site by fitting the model to observed data on
crop phenology and growth (see below). The data necessary to
complete the model input files containing soil and management
parameters were obtained from the respective experiments.
Daily values for minimum and maximum temperature, radia-
tion, wind speed and relative humidity were obtained from
automatic weather stations, located in close proximity (less
than 2 km) to each experimental site. Daily rainfall was
recorded on the experimental plots. The surface water runoff
formalism (Eq. (10)) was calibrated by developing an empirical
relationship between runoff and rainfall for each residue treat-
ment. For the La Tinaja site, data from runoff plots established
at the experimental site during the 1995 growing season were
used [22]. For the Planaltina site, parameter values for surface
runoff were estimated based on measured data from a runoff
experiment at Goiania (16°28’S, 49°17’W) comparing CT and
DMC treatments on a Ferralsol under climatic and site condi-
tions similar to those of Planaltina [4]. Finally, values for the
parameters of the surface residue module (Eqs. (1–9)) were
based on physical characteristics of the maize (La Tinaja) and
millet (Planaltina) mulch measured during the respective
experiments (for methodology see Scopel et al. [22]). A list of
selected model parameters with their values is given in Table I. 

A simple sensitivity analysis was performed to assess the rel-
ative importance of the three components (runoff, rainfall inter-
ception and radiation interception) of the surface residue mod-
ule. We therefore tested the model’s sensitivity in prediction

of long-term average grain yield to the following key parame-
ters of the module: (i) the surface runoff coefficients a and b,
(ii) the specific water retention capacity of the crop residue, δ,
and (iii) the extinction coefficient for net radiation in the surface
residue layer, γ. The parameters influence, respectively: (i) the
amount of water lost through surface runoff, (ii) the rainfall
intercepted by surface residue and the direct evaporation from
the residue mulch, and (iii) the reduction of soil evaporation by
surface residue. For these simulations we used long-term tem-
perature and rainfall data (25 yrs in Tinaja and 30 yrs in Plan-
altina), that were available from nearby weather stations. Long-
term (30 yrs) daily radiation and reference Penman evapotran-
spiration data were also available for Planaltina, but for La
Tinaja we used each year the same daily average values based
on observations over a 4-year period (1994–1997) at the loca-
tion. On a decadal basis, radiation and reference Penman eva-
potranspiration showed little variation between years at this
site. All simulations were run with the values for other param-
eters than a, b, δ and γ as those were obtained by calibrating
the model at each site (see Tab. I), except for the value of RUE
(4.2 g MJ–1 [5]) in Planaltina that was increased to represent
optimal growing conditions [1], which were not obtained in the
experiment. Finally, as part of the sensitivity analysis, the
effects of rainfall and radiation interception by surface residue
were further examined by running the model for three levels of
surface residue (0, 1 and 6 Mg ha–1) at both sites. For simplicity,
we assumed in these simulations equal water runoff for the
three residue levels (a = 5 mm day–1 and b = 0.2) with values
for δ and γ from Table I.

To quantify the impact of crop residue mulching on water
use and maize yield likelihood for a range of management and
soil conditions at both sites, we simulated using long-term
weather records yield sequences for a typical local maize cul-
tivar for three sowing dates (early, medium and late) and two
soil depths (low and high plant-available soil water storage
capacity) and examined the interactions with three levels of sur-
face residue (no mulch, and low and high quantity). Other
model parameter values were the same as those described above
(Tab. I). This resulted in a simulation matrix of 36 combinations
(Tab. II). Simulated yields for each combination were sorted
into ascending order and the cumulative distribution function
(CDF) was calculated. To simplify presentation, only the min-
imum, 25, 50 (median) and 75 percentiles and maximum values
of the CDFs were presented in bar form. 

3. RESULTS 

3.1. Model parameterisation

Figure 2 shows the empirical runoff-rainfall relationships
for the CT and DMC treatments at both sites. The results clearly
indicate a mulch effect on surface water runoff. In La Tinaja,
residue mulching only had an effect on parameter b (Eq. (10a),
Fig. 2a), while in Planaltina mulching affected the value of both
parameters a and b (Fig. 2b). In La Tinaja, increased amounts
of surface residue reduced runoff with the value of b decreasing
from 0.54 (CT, no mulch) to 0.28 (DMC1.5, 1.5 Mg ha–1) and
0.18 (DMC4.5, 4.5 Mg ha–1).
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Observed and simulated plant-available soil water (PAW,
0–120 cm soil depth) and LAI for the CT, DMC1.5 and
DMC4.5 treatments in the La Tinaja experiment are shown in
Figure 3. In these simulations, the number of thermal degree
days from emergence to flowering (E_A), and from flowering
to the beginning of grain filling (A_GF) were manually
adjusted until the phenology was accurately simulated for the
cultivar used. The maximum rate of LAI development
(DLAIMAX) was calibrated to 1.25 10–3 day–1 (Tab. I) in order
to fit the model output to the observed data of maximum LAI.
The model predicted slightly larger and more prolonged max-
imum LAI with increased quantity of surface residue (Fig. 3).
This is because the residue treatments had a significant effect

on PAW, both measured and simulated, which resulted in dis-
similar water stress on LAI between surface residue treatments.
The course of PAW was simulated reasonably well for the
DMC1.5 and DMC4.5 treatments, although the model slightly
underestimated rates of soil water recharge after important rain-
fall events, and of water depletion during drier periods (Fig. 3b
and c). In contrast, in the CT treatment, the model substantially
underestimated dynamics of soil water recharge and depletion,
as indicated by the discrepancy between observed and simu-
lated PAW in that treatment (Fig. 3a). Observed and simulated
PAW (0–180 cm soil depth) and LAI for both CT and DMC
treatments in the Planaltina experiment are shown in Figure 4.
Again, we calibrated the model for the observed phenological
stages of the cultivar and fitted maximum LAI to the observed
value by adjusting DLAIMAX (1.8 × 10–3 day–1). This resulted
in a good fit for CT, but overestimated LAI in the case of the
DMC treatment, especially for the latter sampling date. In fact,
while the model predicted a slight increase in LAI with appli-
cation of surface residue, the observed data indicated similar
or even lower LAI values (latest sampling date) for DMC com-
pared with CT. Once fitted to LAI, the model simulated well
the observed course of PAW in the CT treatment (Fig. 4a). For
DMC, the overestimation of LAI during the later stage of the

Table I. Values for selected parameters in STICS for maize growth at the two study sites.

Parameter (units) La Tinaja Source Planaltina Source

Surface residue layera

k (day–1) 0.007 observed, [23] 0.007 observed, [16]

β (ha kg–1 DM) 0.00037 observed, [23] 0.00039 observed, [16]

δ (kg H2O kg–1 DM) 3.8 observed, [23] 3.2 observed, [16]

γ (–) 0.80 observed, [23] 0.45 observed, [16]

Surface runoff

a (mm day–1) 5 (CT)

5 (DMC1.5)

5 (DMC4.5)

observed, [22] 10 (CT)

20 (DMC)

observed

b (–) 0.54 (CT)

0.28 (DMC1.5)

0. 18 (DMC4.5)

observed, [22] 0.35 (CT)

0.20 (DMC)

observed

Plant

ε (–) 0.7 [1, 5] 0.7 [1, 5]; 

DLAIMAX (m2 leaves m–2 °Cdays–1) 1.25 × 10–3 fitted 1.8 × 10–3 fitted

RUE (g DM MJ–1) 3.8 fitted 2.9b fitted

VITIRCARB 

(g grain g–1 plant day–1)

0.012 fitted 0.0125 fitted

E_A (°C days) 865 fitted 930 fitted

A_GF (°C days) 395 fitted 380 fitted

Kcmax (–) 1.2 [5] 1.4 [1]

Soil

PAWC (mm) 140 observed 180 observed

RD (cm) 120 observed 180 observed

Q0 (mm) 9 determined by soil texture 

[5]

6 determined by soil texture 

[5] 

a Mulch of maize harvest residues in La Tinaja and mulch of millet crop residues in Planaltina;
b RUE = 4.2 g DM MJ–1 [5] for optimal growing conditions  in Planaltina (in sensitivity and climatic risk simulations).

Table II. Summary of the soil and management options for the cli-
matic risk simulations in La Tinaja and Planaltina.

La Tinaja Planaltina

Sowing date (3) 20/6, 10/7, 30/7 18/9, 18/10, 18/11

PAW storage capacity (2) 70, 140 mm 90, 180 mm

Surface residue level (3) 0, 1, 3 Mg ha–1 0, 1, 6 Mg ha–1
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growing cycle clearly overvalued water consumption (Fig. 4b).
Apart from this, the model over-predicted soil water content
early in the growing season, possibly due to an overestimation
of water conservation by the mulch of surface residues. In con-
trast to La Tinaja, observed PAW contents at the Planaltina site
did not show mulch effects of soil water conservation. In the
same way, simulated PAW dynamics were comparable for both
the CT and DMC treatments, except during the first phase (from
day 0 to 25) of soil water recharge. 

The model was also fitted to observed data on final grain
yield and total above-ground biomass for both sites by adjust-
ing the parameters of radiation-use efficiency (RUE) and allo-
cation to grain (VITIRCARB) (see Tab. I for parameter values).
With these parameter adjustments we took into account possi-
ble genotype differences and sub-optimal growing conditions
other than temperature or water stress. Figure 5 shows observed
and simulated data for the five soil management treatments in
the experiment in La Tinaja during two cropping seasons (1995

and 1996). Grain yield and total above-ground biomass were
simulated well for all treatments over the two cropping years,
with the slope and the intercept of the regressions not signifi-
cantly (P < 0.01) different from the 1:1 line. 

3.2. Sensitivity analysis

The relative importance of the three components (runoff,
rainfall interception and radiation interception) of the surface
residue module was examined through an analysis of the
model’s sensitivity in prediction of the final maize grain yield
to the parameters a and b, δ and γ.

Figure 3. Observed (symbols) and simulated (line) PAW ( ) (0–
120 cm) and maize LAI ( ) for three surface residue management
treatments during the 1996 growing season in La Tinaja. 

Figure 2. Relationship between surface water runoff and rainfall
amount (a) for CT, DMC1.5 and DMC4.5 treatments in La Tinaja
and (b) for CT and DMC treatments in Planaltina. Symbols are
observed data and lines are the fitted relationships used in STICS. For
La Tinaja, observations were made in runoff plots cropped with
maize during the 1995 growing season on the La Tinaja site [22]; for
Planaltina, observed data came from runoff plots with maize during
the 2001/2002 growing season on a representative site in Goiãnia.
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Figure 6 shows the grain yield responses at both sites to var-
ying water runoff coefficients a and b (see Eq. (10)). In these
simulations, δ and γ were assumed to be zero (i.e. no effects of
rainfall and radiation interception by mulch), which exclu-
sively demonstrated the impact of changing runoff on grain
yield. The parameters a and b are interactive: the effect of
parameter b becomes more significant with lower values for the
threshold parameter a. For example, in Planaltina grain yield
decreased only by about 10%, when b increased from 0 to 0.5
for a 10 mm day–1 threshold a value, whereas the same increase
in b caused a yield reduction of around 50% when a was set to
zero. For the same changes in parameter values, yield responses
were relatively greater in La Tinaja compared with Planaltina.
This is because of the more water-limiting conditions in La
Tinaja. Simulated grain yield response to runoff in Planaltina
was ‘buffered’ through the mechanism of increased drainage
loss with decreased runoff. The model predicted for the Plan-
altina site that decreasing runoff by 100 mm resulted in a cor-
responding increase of 60 mm in the drainage (data not shown).
In contrast, drainage losses in La Tinaja were small to zero and
decreased runoff is largely (>70%) accounted for by an increase
in transpiration (data not shown). 

The effects of rainfall and radiation interception by surface
residue (parameters δ and γ) are illustrated in Figure 7, where
simulated grain yield is shown as a function of surface water
runoff for different sets of values of δ and γ. In fact, by assigning

a zero value to δ and γ, respectively, the mechanisms of rainfall
and radiation interception are switched off in the model. The
value of 1.0 for γ is the theoretical value for randomly distrib-
uted, horizontal, black elements. For these simulations we
assumed for both sites an initial surface residue level of 6 Mg
ha–1. Varying amounts of surface runoff were obtained by run-
ning the model with changing values for parameter b. Between
γ = 1 (maximum radiation interception by surface residue) and
γ = 0 (no radiation interception) and with δ = 5, the simulated
decline in grain yield was between 25% and 80% in La Tinaja
and between 5% and 35% in Planaltina, depending on the run-
off losses (Fig. 7). As expected, the mulch effect of radiation
interception on final yield was closely related to soil water sup-
ply to the plant, as the effect is to reduce soil evaporation. By
decreasing δ from δ = 5 (maximum value for specific water
retention capacity of residue) to δ = 0 (no interception of rain-
water by mulch) and with γ = 1, simulated grain yield increased
by between 10 and 55% in La Tinaja and between 2 and 15%
in Planaltina, again depending on surface water runoff. This is

Figure 4. Observed (symbols) and simulated (line) PAW ( ) (0–
180 cm) and maize LAI ( ) for two surface residue management
treatments during the 2001/2002 growing season in Planaltina.

Figure 5. Simulated versus observed values for (a) grain yield and
(b) total above-ground biomass of maize grown during the 1995
(white symbols) and 1996 (black symbols) growing seasons in the La
Tinaja site. The five points per growing season represent the five
treatments (∇  CT,   DMC0,   DMC1.5,   DMC3 and 
♦ DMC4.5) of the experiment (see text).
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because water intercepted by surface residue evaporates rap-
idly at the first stage rate and is lost for plant uptake.

A comparison of results from model runs with varying levels
of surface residue (0, 1 and 6 Mg ha–1, Tab. III) indicated that
high levels of surface residue have a large impact on soil evap-
oration at both sites: the presence of 6 Mg ha–1 surface residue
more than halved soil evaporation. However, a large part of this

water gain (40% in La Tinaja and 80% in Planaltina) was coun-
terbalanced by evaporation loss from surface residue and, in the
case of Planaltina, by increased drainage. The final effect was
a 40% (La Tinaja) and 10% (Planaltina) increase in transpira-
tion and a corresponding increase in grain yield. As expected,
the effect of a low level of surface residue (1 Mg ha–1) was
much smaller, with a decrease of about 10 to 15% in soil evap-
oration. Again, a large part of this (small) water gain (30% in
La Tinaja and 80% in Planaltina) was offset by evaporation
from surface residue and drainage. The final gains in transpi-
ration (and yield) with the retention of 1 Mg ha–1 surface res-
idue predicted by the model were about 13% in La Tinaja and
less than 3% in Planaltina. 

3.3. Climatic risk analysis

In La Tinaja, surface residue management had a large impact
on yield likelihood (Fig. 8). A crop residue mulch of 1 Mg ha–1

resulted in a strong increase in the 25, 50 and 75 percentile yield
values compared with the simulations with no mulch. The abso-
lute increase in median grain yield with 1 Mg ha–1 surface res-
idue varied between about 1000 kg ha–1 (late sowing and low
PAW storage capacity) and 1600 kg ha–1 (late sowing and high
PAW storage capacity). Over all combinations of sowing date
and PAW storage capacity, median grain yield increased two-
to four-fold with retention of 1 Mg ha–1 surface residue. The
effect of an extra 2 Mg ha–1 surface residue was much smaller:
averaged over all combinations, median grain yield only
increased by about 500 kg ha–1 when passing from 1 to 3 Mg
ha–1 surface residue (Fig. 8). The simulations also showed that
delayed sowing (from 20/6 to 30/7) decreased yields at 25, 50
and 75 percentiles for all levels of surface residue. The absolute
decrease in median yield was fairly small (< 300 kg ha–1) for
sowing until 10/7 and tempered by the use of surface residue
(25% relative decline for zero mulch compared with < 10%
decline for 1 and 3 Mg ha–1 residue levels). However, with a
30/7 sowing the yield decline became more significant (for zero
mulch a 65% yield decline compared with 20/6 sowing) and the
relative impact of surface residue was smaller for the 70-mm
PAW storage profile (still 40% decline) compared with the
180-mm profile (25% decline). 

In Planaltina, the highest median yield and lowest variability
were predicted for an 18/10 sowing with 6 Mg ha–1 surface res-
idue (Fig. 9). However, the impact of surface residue manage-
ment on maize yield likelihood was much smaller than in La
Tinaja. For example, for early sowing (18/09), retention of
6 Mg ha–1 surface residue increased 25 percentile yield values
by only about 700 kg ha–1, and mulching effects on median val-
ues were even smaller (< 500 kg ha–1) and were almost zero on
the 75 percentile yield values (Fig. 9). This indicates that crop
residue mulching in Planaltina is mostly effective during years
of low yield potential (low water supply). The simulations also
showed that surface residue effects on yield likelihood were
less pronounced with later sowing and even tended to com-
pletely disappear for an 18/11 sowing (Fig. 9). Compared with
early sowing, medium and late sowing reduce yield variability,
as indicated by the smaller range bars, and the effects of high
PAW storage capacity become evident with later sowing. 

As already mentioned above, surface residue management
under the climatic conditions of Planaltina also has a major

Figure 6. Simulated responses of grain yield to changing values of
surface water runoff parameters a and b. Simulations were run with
parameters δ and γ equal to zero.

Figure 7. Simulated responses of grain yield as a function of surface
water runoff to changing values of rainfall and radiation interception
parameters δ and γ in (a) La Tinaja and (b) Planaltina. ( ) δ = 0, γ =
0; (∆) δ = 5, γ = 0; (+) δ = 0, γ =1; ( ) δ = 5, γ = 1. All simulations
were run for a surface residue level of 6 Mg ha–1.
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impact on the risk of water drainage. As an example, the results
of model simulations are shown for the soil with the high
(180 mm) PAW storage capacity (Fig. 10). The model pre-
dicted for an 18/10 sowing an increase in median water drain-
age of around 150 mm (from about 470 mm to 620 mm) with
the retention of 6 Mg ha–1 surface residue. While drainage
exceeded 570 mm in 25% of years for the zero mulch treatment,
this level becomes 700 mm for a 6 Mg ha–1 surface residue.
Similar results of surface residue effects on drainage were pre-
dicted for earlier and later sowing dates, with the difference that
for late sowing the range of possibilities is extended to zero
drainage (Fig. 10).

4. DISCUSSION

We updated the crop growth model STICS with a simple sur-
face residue module in which three major mulch effects on

water balance are described by empirical functions: (i) rainfall
interception, (ii) radiation interception modifying the dynamics
of soil evaporation, and (iii) surface water runoff. The experi-
ments used for model testing were, however, not set up to exam-
ine effects of surface residue on soil water balance components
in depth. Our objective was not to validate all details of the sur-
face residue module but to understand and quantify the main
impacts of surface residue using a simple model approach,
respectively, in tropical semi-arid Mexico and humid Brazil.
This was possible with the simple modifications made to the
model.

The effects of rainfall and radiation interception on soil
water conservation by surface residue are counterbalancing

Table III. Simulated grain yield and water balance components for La Tinaja and Planaltina.

Site SRo 

(Mg ha–1)

Y

(Mg ha–1)

T

(mm)

Es

(mm)

Em

(mm)

R

(mm)

D

(mm)

LT 0 2.9 (1.2) 162 (68) 280 (44) 0 (0) 65 (18) 0 (0)

LT 1 3.3 (1.1) 181 (62) 241 (40) 12 (2) 65 (18) 1 (4)

LT 6 4.1 (0.8) 231 (45) 120 (21) 63 (9) 65 (18) 6 (15)

P 0 7.3 (1.2) 337 (49) 506 (59) 0 (0) 187 (48) 280 (187)

P 1 7.5 (1.1) 347 (48) 448 (51) 22 (3) 187(48) 306 (194)

P 6 7.9 (1.1) 370 (37) 244 (32) 113 (17) 187(48) 387 (210)

LT: La Tinaja; P: Planaltina; SRo: initial mass of surface residue; Y: grain yield; T: transpiration; Es: soil evaporation; Em: evaporation from surface
residue; R: runoff; D: drainage.
Means of simulated values using 25 (La Tinaja) and 30 (Planaltina) years rainfall data with a = 5 mm day–1, b = 0.2, δ = 5, γ = 1, and with other
model parameters the same as those in Table I. Values in parentheses are standard deviations of means.

Figure 8. Effect of residue management, sowing date and PAW
storage capacity on grain yield of maize in La Tinaja. The black/grey
bars encompass the range between the minimum and maximum
yield, the extremes on the grey bars encompass the range between the
25 and 75 percentiles and the horizontal line shows the median yield
level. PAWC: plant-available soil water storage capacity.

Figure 9. Effect of residue management, sowing date and PAW
storage capacity on grain yield of maize in Planaltina. The black/grey
bars encompass the range between the minimum and maximum
yield, the extremes on the grey bars encompass the range between the
25 and 75 percentiles and the horizontal line shows the median yield
level. PAWC: plant-available soil water storage capacity.
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(Tab. III). Surface residue limits the energy reaching the soil
surface, decreasing first-stage evaporation of soil water. On the
other hand, a layer of surface residue can store an amount of
water that then evaporates at the first stage rate. Our simulation
results show that over the whole year the radiation effect is
much more important for governing total evaporation than the
effect of intercepting rain at both sites (Tab. III). The simulated
reduction of soil evaporation by a residue mulch of 1 Mg ha–1

is about three times larger than the amount of water intercepted
and subsequently evaporated from the mulch. With increased
amounts of surface residue the effect of rainfall interception and
subsequent mulch evaporation becomes relatively more impor-
tant, but in absolute terms more water is conserved. It should
also be noted that evaporation from the residue mulch layer is
overestimated by the model, since it is assumed that it occurs
at the first stage. The results suggest that if used for maximum
control of evaporative water losses, high mulch loads are rec-
ommended for both sites. It is, however, not always possible
to produce or to maintain high levels of crop residues. Moreo-
ver, other processes such as N immobilisation may limit plant
growth when retaining high amounts of crop residues on the soil
surface [28].

Our modelling approach thus consists of a simple quantita-
tive description of surface residue effects on the water balance,
requiring only limited data inputs. This is in contrast with other
published more detailed, physically-based mulch models that
quantify surface residue effects on soil water content by solving
the balance of energy and water at the soil surface [7, 10, 20].
Parameterisation of such models for application to practical
problems remains, however, difficult because measurements of
the necessary parameters are not available for a wide range of
conditions. Moreover, a large number of these parameters that
are related to the physical properties of the mulch layer may
evolve considerably in time due to decomposition, especially
under the hot and humid conditions of the tropics [26]. Apart
from the runoff coefficients (see below), our surface residue

module requires only four mulch parameters (Tab. I). Two of
those parameters (γ, the extinction coefficient and δ, the spe-
cific water retention capacity of the mulch) have a direct influ-
ence on soil water balance processes. Given the extreme values
we used for γ and δ in the sensitivity analysis and the rather lim-
ited sensitivity of simulated yield to these parameters under
runoff conditions of mulched soils (Fig. 7) as compared with
the parameters related to runoff, the choice of these values is
not too critical for model predictions and therefore it is reason-
able to use ‘nominal’ values for γ and δ. There are few published
values for γ. Wagner-Riddle et al. [29] reported a value of 0.98
for residues from rye, which is higher than the values measured
in the experiments reported here (Tab. I). For δ, published val-
ues range between 2 and 4.5 kg H2O kg DM–1 mulch [2, 21,
23, 29].

The high sensitivity of model yield predictions to both sur-
face runoff parameters a and b, especially under the semi-arid
conditions of the La Tinaja site (Fig. 6), highlights the impor-
tance of a careful parameterisation of the surface water runoff
formalism. In the model, residue effects on surface runoff are
considered by changing runoff coefficients with mulch level.
For the Mexican site, the b value changed from 0.54 (no mulch)
to 0.28 (1 Mg ha–1) and 0.18 (4.5 Mg ha–1) (Fig. 2). Surface
residue, even at a low level, substantially reduces the runoff
amount [10]. With the above b values, and a = 5 mm day–1 and
all other parameters being equal between mulch treatments
(Tab. I), simulated grain yield increased with 110% and 150%
for, respectively, 1 Mg ha–1 and 4.5 Mg ha–1 surface residue
compared with the zero mulch treatment (Fig. 6). These yield
predictions were in agreement with observations (Fig. 5).

In our present model we did not incorporate explicit rela-
tionships describing mulch effects on surface runoff. It has been
suggested that a partial residue mulch increases soil infiltration,
as a result of (1) the increased flow path tortuosity and rough-
ness, which slows down the water flow rate across the soil sur-
face, and (2) the improved topsoil structure, mainly due to
increased macro-fauna activity [10]. In the present model the

Figure 10. Effect of residue management and sowing date on
drainage losses in Planaltina for a PAW storage capacity of 180 mm.
The black/grey bars encompass the range between the minimum and
maximum yield, the extremes on the grey bars encompass the range
between the 25 and 75 percentiles and the horizontal line shows the
median yield level.

Figure 11. Relationship between surface residue cover and water
runoff reduction factor. The reduction is relative to runoff from bare
soil. Symbols are observed data from ( ) Gilley et al. [11] and ( )
Findeling et al. [10].
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amount of water lost through runoff was calculated based on
empirical runoff coefficients for each site and surface residue
treatment. This is a serious drawback of the model and makes
the model highly site- and season-specific. For example, in La
Tinaja much of the bias observed between measured and sim-
ulated PAW in the CT treatment (Fig. 3a) was probably caused
by an overestimation of surface water runoff. The empirical
runoff-rainfall relationships used (Fig. 2) were established dur-
ing the 1995 growing season, when maize growth was smaller
than in 1996. This suggests that the reducing effect of the plant
canopy on water runoff was more significant in 1996 than in
1995. Moreover, it is expected that this plant canopy effect is
relatively more important in the CT treatment without a mulch
cover than in the DMC treatments with mulch. One way to
address this shortcoming would be to estimate runoff for bare
soil based on site characteristics (using the USDA Curve
Number Method) and modify that through a relationship between
soil cover and runoff reduction (where soil cover includes both
the crop canopy and residue mulch layer). Figure 11 shows an
example of a ‘generic’ relationship for the effect of residue
mulch on surface runoff. The relationship is principally based
on data from Gilley et al. [11], showing that water runoff is
reduced exponentially as a function of the fraction of soil sur-
face covered by crop residues. In a similar way, the effects of
canopy cover could be approximated based on data from
Findeling et al. [10] that suggest a 15% decrease in runoff per
unit increase in LAI.

Management practices, climatic conditions and soil type
may influence crop response to water conservation by surface
residue. Our model analysis quantified the effects of surface
residue management on maize grain yield likelihood associated
with the probable range of climatic conditions at two locations
with contrasting tropical weather (Planaltina in humid Brazil
and La Tinaja in semi-arid Mexico) for different sowing dates
and for soils with different PAW storage capacities (Figs. 8 and
9). The broad range in simulated yield associated with each
combination, even at the humid Planaltina site, reflects the
effect of the high variability in rainfall at both sites (Fig. 1). Dif-
ferences in the impact of surface residue management and in
yield probability between the two locations were largely related
to the amount of rainfall. At the semi-arid location in Mexico,
retention of surface residue at least doubled the median grain
yield (Fig. 8). The greatest response to surface residue was from
0 to 1 Mg ha–1 with a smaller response to further increasing the
mulch level (dependent on the soil water supply conditions).
This suggests that even small amounts of surface residue are
effective at reducing water loss and increasing yield. For the
humid conditions in Brazil, the advantage of water conserva-
tion by surface residue was partly offset by increased drainage
(Fig. 10; Tab. III). At this site evaporative demand is, in general,
lower than rainfall during the growing season (Fig. 1). As a con-
sequence, the impact of crop residue mulching on grain yield
was small. The phenomenon of increased deep drainage under
DMC compared with conventional cropping systems was
observed in fields in the Cerrados by Lilienfein et al. [15]. Deep
drainage induces a risk of nutrient leaching. The large pool of
easily decomposable organic compounds from surface residues
adds to the risk of nutrient leaching in DMC systems. Main-
taining the soil profile below its water holding capacity, par-
ticularly during periods when rainfall probability is high, is

therefore crucial to minimise both deep drainage and nutrient
leaching. The results from our simulations highlight the impor-
tance of introducing cover crops in the cropping systems of the
tropical humid environments to simultaneously minimise run-
off and drainage below the root zone [24]. It is also evident that
with a second crop total plant biomass increases and subsequent
mulch effects on water conservation become more significant,
especially in regions with a dry season such as the Cerrados.

Finally, DMC systems encompass several other features
which were not considered in the present surface residue mod-
ule. Most importantly, not tilling the soil and the increased bio-
logical activity due to mulching have effects on soil physical
properties such as hydraulic conductivity and bulk density that
may affect soil water balance processes. However, quantitative
description of these effects is often incomplete and difficult to
extrapolate for a particular location or soil type to a wide range
of situations. One of the few examples of simulation models
that predict soil physical properties in relation to soil manage-
ment practices is reported by Andales et al. [2], who developed
a ‘tillage’ model that predicts changes in bulk density and
hydraulic conductivity as a function of cumulative rainfall
kinetic energy. Besides, for a more comprehensive evaluation
of DMC systems other effects on soil surface conditions also
need to be included, such as mulch-induced changes in soil tem-
perature and nutrient dynamics. An integrated representation
of mulch and tillage effects in simulation models will enhance
our understanding of DMC system functioning and will
improve our capability of predicting the impact of DMC on pro-
ductivity and sustainability. 

5. CONCLUSIONS

We analysed the impact of surface crop residue on water use
and production risk of maize for two tropical locations of con-
trasting climate using a modelling approach. A simple surface
residue module was incorporated into the STICS crop growth
model for this study. The results showed that under the semi-
arid conditions of La Tinaja in Mexico, where rainfall varia-
bility is high, even small amounts of surface residue are effec-
tive at reducing water loss (surface runoff and soil evaporation),
giving rise to higher yields with smaller risks of crop failure.
Under the humid conditions of the Cerrado region in Brazil,
potential gains in water through a decrease in runoff and evap-
oration are largely offset by increased drainage losses with pos-
sible leaching of nutrients. As a consequence, under these cli-
matic conditions the impact of crop residue mulching on grain
yield in DMC systems is small and the use of cover crops as
nutrient recyclers becomes crucial. 

The model outputs are most sensitive to the empirical runoff
coefficients of the surface water runoff formalism, emphasising
the need for a careful site-specific parameterisation of the run-
off-rainfall relationships for bare and mulched soils. 

Obviously, for a more complete modelling analysis and
agronomic evaluation of DMC systems, other effects of surface
crop residues, such as nitrogen and organic matter contribu-
tions to the soil, also have to be considered. This is the subject
of our ongoing research.
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