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INTRODUCTION

Maize (Zea mays L.) is the world’s largest 
cultivated cereal and represents the food base of 

many countries (FAOSTAT, 2013). During 2015/16 
crop season, Brazil cultivated approximately 15.215 
million hectares, with a yield of 82,327 thousand 
tons (CONAB, 2016). In the State of Rio Grande 
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ABSTRACT: The objective of this study was to simulate the variation of the available soil water during maize crop growth, in two different 
sowing times (first and second growing season), using a drip irrigation system. The treatments consisted of different irrigation strategies 
(full to deficit). The SIMDualKc simulation model was used to determine the daily soil water balance and crop evapotranspiration using the 
dual crop coefficient approach. Soil, climate, crop and irrigation parameters were used as input data. Two experiments were carried out in a 
rainout shelter composed of two metallic structures (16x10m) in the city of Santa Maria, Rio Grande do Sul, Brazil, during 2010/11 (second 
crop, season 1) and 2011/12 (first crop, season 2) growing seasons, under no-tillage system. The simulations showed that all the irrigation 
management strategies used in season 2 resulted in soil water deficit, while only two strategies showed deficit in season 1. Results showed good 
agreement between observed and simulated soil water data, with an R2 ranging from 0.86 to 0.99 and the root mean square error ranging from 
2.7 to 5.6% of the total available water for seasons 1 and 2, respectively. The observed results of water balance showed that maize grown in 
season 2 presented higher water consumption compared to season 1, due to the higher atmospheric demand of season 2. The SIMDualKc model 
allowed the partitioning of crop evapotranspiration into soil evaporation and crop transpiration, demonstrating that the vegetative growth 
subperiod presented the greatest differences between the two seasons compared to the others growth phases.
Key words: SIMDualKc, dual coefficient, evapotranspiration partitioning, soil evaporation, crop transpiration.

RESUMO: O objetivo deste estudo foi simular a variação da água disponível no solo durante o desenvolvimento da cultura do milho, em 
duas épocas de semeadura diferentes (primeira e segunda safra), utilizando sistema de irrigação por gotejamento. Os tratamentos consistiram 
em diferentes estratégias de irrigação (plena e deficitária). O modelo de simulação SIMDualKc foi utilizado para determinar o balanço 
hídrico diário do solo e a evapotranspiração da cultura usando a abordagem do coeficiente cultura dual. Os parâmetros de solo, clima, 
cultura e irrigação foram utilizados como dados de entrada. Dois experimentos foram realizados em uma cobertura móvel composta por duas 
estruturas metálicas (16x10m) na cidade de Santa Maria, Rio Grande do Sul, Brasil, nas safras 2010/11 (segunda safra, época 1) e 2011/12 
(primeira safra, época 2), sob sistema de plantio direto. As simulações mostraram que todas as estratégias de manejo de irrigação usadas 
na época 2 resultaram em déficit hídrico, enquanto que apenas duas estratégias apresentaram déficit na época 1. Os resultados mostraram 
boa concordância entre os dados de água no solo observados e simulados, com um R2 variando de 0.86 a 0.99 e raiz quadrada do erro 
médio variando de 2,7 a 5,6% da água total disponível para as épocas 1 e 2, respectivamente. Os resultados observados do balanço hídrico 
mostraram que o milho cultivado na época 2 apresentou maior consumo de água em comparação com a época 1, devido à maior demanda 
atmosférica da época 2. O modelo SIMDualKc permitiu a partição da evapotranspiração da cultura em evaporação do solo e transpiração 
da cultura, demonstrando que o subperíodo de crescimento vegetativo apresentou as maiores diferenças entre as duas épocas em relação às 
demais fases de crescimento.
Palavras-chave: SIMDualKc, coeficiente dual, particionamento de evapotranspiração, evaporação do solo, transpiração da cultura.
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do Sul, water availability is the factor that most 
affects maize yield, due to the irregular distribution 
of pluvial precipitation during the crop cycle, which 
may explain the yield fluctuations over the years 
(BERGAMASCHI et al., 2007).

Irrigation is among the viable alternatives 
for increasing productivity, by meeting the crop 
water requirements (PAREDES et al., 2014). The 
optimization of water use and productivity can be 
achieved through deficit irrigation (PEREIRA et al., 
2012), which consists of applying depths lower than 
those needed to satisfy the full crop water requirements. 
Therefore, this may affect productivity, but reduces 
water and energy consumption. However, the yield 
reduction has to be minimal in order to maintain the 
economic return of the irrigated crop (RODRIGUES et 
al., 2013). The effects of water deficit on maize plants, 
when applied at various stages of crop development, 
are widely discussed in the literature (MARTINS et al., 
2013, RODRIGUES et al., 2013).

Developing irrigation management 
strategies based on available soil water requires 
knowledge of plant response to water deficit, which 
can be obtained through modeling (PAREDES et al., 
2014), relating grain yield or biomass production 
to evapotranspiration. The water balance models 
help to determine the irrigation needs and improve 
the management of the irrigation system (MA et al., 
2013). The most common method for calculating crop 
water requirements is the Kc-ETo method (ALLEN et 
al., 1998), which combines a crop coefficient (Kc) 
with the grass reference evapotranspiration (ETo) 
to estimate crop evapotranspiration (ETc). More 
recently, the dual Kc method was introduced and it 
provides a better estimation of daily ETc, because 
it considers soil water evaporation (Es) and crop 
transpiration (Tc) separately. The SIMDualKc model, 
developed by ROSA et al. (2012), uses the dual Kc 
approach to provide information that helps irrigation 
management, especially in situations of water deficit.

The objectives of this study were: (i) to 
simulate the variation of the available soil water 
during the maize growth in two growing seasons in 
the Southern region of Brazil; (ii) to simulate and 
analyze the soil water balance and its components 
for irrigation strategies ranging from full to deficit 
and; (iii) to partition ETc into Es and Tc using the 
SIMDualKc model.

MATERIALS   AND   METHODS

The experiments were conducted at the 
Universidade Federal de Santa Maria (UFSM), 

located in the State of Rio Grande do Sul (RS). The 
climate is humid subtropical (cfa), according to the 
Köppen-Gaiger classification (KOTTEK et al., 2006). 
The soil is classified as Ultisol (Soil Survey Staff, 
2006), loamy in the top layers and clayey underneath.

Two experiments were carried out during 
2010/11 and 2011/12 growing seasons. The first 
experiment was sown on January 13th, 2011 (second 
crop, season 1), described by MARTINS et al. (2013), 
and the second was sown on October 15 h, 2011 (first 
crop, season 2), described in the study of GONZÁLEZ 
et al. (2015). Both experiments were conducted under 
a rainout shelter, composed of two 16x10m metallic 
structures, which move on rails in the East-West 
direction, as described by MARTINS et al. (2013).

The experiments consisted of four irrigation 
strategies, with four replications. During season 1, the 
treatments were: 100S1 (100% of the accumulated 
ETc), 81S1 (mild deficit, 81% of the accumulated ETc), 
56S1 (moderate deficit, 56% of the accumulated ETc) 
and 29S1 (severe deficit, 29% of the accumulated ETc). 
In this first season, depths of 25mm were applied when 
the accumulated ETc values reached 25mm (100%), 
30mm (81%), 36mm (56%) and 43mm (29%). During 
season 2, the treatments were: 100S2 (100% of the 
accumulated ETc), 84S2 (mild deficit, 84% of the 
accumulated ETc), 59S2 (moderate deficit, 59% of the 
accumulated ETc) and 30S2 (severe deficit, 30% of 
the accumulated ETc). In this season, irrigations were 
triggered when the accumulated ETc reached values 
of 25mm (100%), 34mm (84%) 40mm (59%) and 
43mm (30%). Before implementing the treatments at 
21 days after sowing (DAS), there were 73 and 95mm 
of precipitation in seasons 1 and 2, respectively. On 
January 5, 2012 (season 2), an error in the irrigation 
system caused the application of a 108mm irrigation 
depth in treatments 100S2 and 59S2.

The hybrid DKB240Y was sown on crop 
residues on the soil surface at the density of 6.5 plants 
m-2. A drip irrigation system was used, with self-
compensating dripping tubes (discharge of 1.3 L h-1). 
Soil moisture was measured using a set of FDR sensors 
(Campbell Scientific, Inc.), determining the volumetric 
soil water content in four layers of the soil profile (0-
10, 10-25, 25-55, 55-85cm).

The soil water balance was simulated 
using the SIMDualKc model (ROSA et al., 2012) 
to calculate ETc by separating it into Es and Tc. 
The input data of the model were: maximum and 
minimum air temperature (°C), minimum relative air 
humidity (%) and ETo (mm), estimated by the FAO-
Penman-Monteith method (ALLEN et al., 1998) on 
a daily basis. The meteorological data were obtained 
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from the automatic meteorological station located 
approximately 200 meters from the experimental area. 
The soil data used were field capacity, wilting point 
and soil texture. The irrigation data were composed 
of the irrigation system, fraction of soil wetted by 
irrigation (fw), irrigation dates and irrigation depths 
(mm). The crop data used were plant phenology, 
plant height (m), fraction of soil covered by crop (fc) 
and leaf area index (LAI), which were calibrated and 
validated as described by MARTINS et al. (2013) and 
GONZÁLEZ et al. (2015).

The SIMDualKc model input data also 
included the non-observed (standard) parameters 
such as the basal crop coefficient (Kcb), depletion 
fraction for no stress (p), as well as parameters that 
characterize soil water evaporation, such as total 
evaporable water (TEW), readily evaporable water 
(REW), thickness of the evaporation soil layer (Ze), 
and parameters for estimating deep percolation (aD 
and bD). The SIMDualKc model uses a decay function 
of time (LIU et al., 2006) to estimate deep percolation, 
whose parameters were calibrated by MARTINS 
et al. (2013). Further details for the calibration and 
validation procedures of the SIMDualKc model can 
be found in ROSA et al. (2012), PAREDES et al. 
(2014) and PEREIRA et al. (2015).

In the simulation, the soil water content 
was converted to available soil water (ASW), 
which represents the water depth stored in the soil 
available to plants, above the permanent wilting 
point of the soil profile. The total available water 
(TAW) represents the upper limit of the ASW, i.e., 
it corresponds to the water stored at field capacity, 
throughout the root zone, while the fraction of 
readily available water (RAW) represents the lower 
limit of soil water availability, without causing 
water deficit (RAW = p.TAW), where p is the water 
depth that indicates the threshold value, according 
to ALLEN et al. (1998). In this study, the p value 
used was 0.5.

The relationship between the observed 
and simulated data was evaluated through statistical 
indicators, such as regression coefficient (b0) forced 
to the origin and coefficient of determination (R2). As 
proposed by MORIASI et al. (2007), the estimation 
of the residual errors was determined by the root 
mean square error (RMSE). The modelling efficiency 
(EF), proposed by NASH & SUTCLIFFE (1970), 
was used to determine the relative magnitude of the 
residual variance compared to the variance of the 
observed data. These goodness-of-fit indicators are 
described by MARTINS et al. 2013 and GONZÁLEZ 
et al. 2015.

RESULTS   AND   DISCUSSION

In season 1, strategies 100S1 and 81S1 did 
not present water deficit during the crop growth cycle 
(Figure 1), since these treatments aimed to satisfy the 
water requirement of the crop. For strategy 56S1, three 
periods of water deficit were observed: (i) from 76 to 
79 days after sowing (DAS), the crop development 
stage (i.e. increased water demand); (ii) from 88 to 
91 DAS, at the end of the midseason period; (iii) after 
115 DAS, period of plant senescence or late season. 
Strategy 29S1 presented water deficit from 53 DAS 
until the end of the cycle, including flowering and 
grain filling, period of increased water demand and 
greater sensitivity to water deficit.

The variation of the ASW was higher 
in season 2 for all treatments (Table 1), and it is in 
accordance to the ETc act (actual evapotranspiration), 
which decreased proportionally to the increasing 
deficit, i.e., with the decrease in replenishment from 
100 to 29%. The runoff was insignificant and did not 
differ between the seasons, while deep percolation 
was higher in the treatment with the highest water 
replenishment, in both growing seasons.

For season 2, all the irrigation strategies 
presented some level of water deficit (Figure 1). In 
strategy 100S2, there was slight water deficit (for a 
depletion factor of 0.5) starting at 110 DAS, after the 
beginning of plant senescence. In strategies 84S2, 
59S2 and 30S2, the water deficit occurred from 98, 
60 and 55 DAS, respectively, in the late (84S2) and 
midseason crop growth period; while the water deficit 
during the late season caused a small decrease in 
grain yield, in strategies 59S2 and 30S2 the deficit 
was much longer (from day 55 to harvest). Thus, root 
water extraction was severely affected, reducing Tc 
in 22 and 59%, respectively, in relation to the fully 
irrigated treatment, exhibiting differences in the grain 
yield, as shown in table 1.

In Southern Brazil, the sowing of maize in 
season 2 (considered the main growing season) occurs 
in a period where air temperatures and solar radiation 
progressively increase with the crop development, 
starting in October (SANGOI et al., 2010), causing 
a rapid increase in ETo. The development of the 
plants increases the LAI, increasing the transpiration 
requirement, associated with the increase in the 
evaporative demand of the atmosphere, resulting in 
a greater probability of occurrence of water deficit in 
the crop when grown under non-irrigated conditions 
(SERPA et al., 2012). On the other hand, sowing in 
January, as in season 1, the crop develops in a period 
in which the temperatures are lower, compared to 
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season 2, reducing water consumption due to lower 
atmospheric demand, and thus the occurrence of 
water deficit is less probable. Short periods of water 

deficit at flowering and at the beginning of grain 
filling (midseason) cause greater variation in maize 
yield when these stages occur between December 

Figure 1 - Daily comparison between the observed (●) and simulated (▬) data for available soil water (ASW) for 100S1, 81S1, 56S1 
and 29S1 (season 1) and 100S2, 84S2, 59S2 and 30S2 (season 2). The horizontal lines refer to the total available water (TAW, 
▬) and readily available water (RAW, ˗ ˗).
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and January (BERGAMASCHI et al., 2013). The ETc 
was lower in season 1 than in season 2, although no 
differences were observed in grain yield. PAYERO 
et al. (2006) found an excellent correlation between 
grain yield and ETc when there was no stress, but this 
relationship varied from year to year. For GRASSINI 
et al. (2009), high (≈>25°C) and low (≈<21ºC) 
daily average temperatures at pollination and grain 
fill reduce grain yield, because of a reduction in 
the period of the grain fill and an increase in the 
respiratory rate (in the first case), and a reduction 
in the photosynthesis rate (in the second case). The 
observed differences in irrigation depths and ETc as 
well as the yield response in the two growing seasons 
are related to the different meteorological conditions 
observed during the periods.

It was found good accuracy of the 
SIMDualKc model for both seasons (Table 2), since the 
b0 was close to 1.0 for all the treatments, which means 
that the ASW simulated by the model corresponds well 
to the soil water observations. The R2 ranged from 0.86 
to 0.99 for season 1, and from 0.97 to 0.99 for season 
2, indicating that most of the observed variations can 
be explained by the SIMDualKc model. The estimation 
errors were relatively low, with a mean RMSE of 
4.5mm for season 1 and 9.1mm for season 2 for all the 
strategies, which represents 2.7% and 5.6% of the TAW, 
respectively. The EF ranged from 0.85 to 0.99 (season 
1), and from 0.94 to 0.99 (season 2), demonstrating that 
the magnitude of the residual variance is comparable to 
that of the measured data variance.

Analyzing the water balance components 
generated by SIMDualKc for the two growing 
seasons (Table 1), it was observed a 71% reduction 
in the total amount of water applied from 100S1 to 
29S1 in season 1, due to the increased severity of the 
deficit applied, while the total reduction in ETc act was 
only 25% (from 364 to 270mm), and the reduction 
in yield was 42.2%. The lowest reduction in water 
consumption (ETc act) in relation to the amount of 
water applied was a result of the water depth stored 

 

Table 1 - Components of the soil water balance, precipitation, irrigation, deep percolation, runoff, variation of soil water throughout the 
cycle, actual crop evapotranspiration; soil evaporation, crop transpiration and grain yield of maize grown in two seasons, season 
1 (2010/11) and season 2 (2011/12), in Santa Maria, RS. 

T P (mm) I (mm) DP (mm) RO (mm) ∆ASW (mm) ETc act (mm) Y (kg ha-1) Es (mm) Tc (mm) 

--------------------------------------------------------------------------Season 1 (2010/11)-------------------------------------------------------------------- 
100S1 73 389 86 1 -3 364 9190 34 331 
81S1 73 316 33 1 -19 361 8340 31 330 
56S1 73 218 24 1 -89 341 7650 29 313 
29S1 73 113 23 1 -122 270 5312 25 247 
------------------------------------------------------------------------Season 2 (2011/12)---------------------------------------------------------------------- 
100S2 95 412 83 0 -98 522 8888 42 480 
84S2 95 348 28 0 -110 509 8455 38 470 
59S2 95 243 39 0 -122 419 6989 28 391 
30S2 95 125 17 0 -140 330 6174 29 301 

 

*100S1, 81S1, 56S1 and 29S1: different irrigation strategies applied to maize grown in season 1 (2010/11); 100S2, 84S2, 59S2 and 30S2: 
different irrigation strategies applied to maize grown in season 2 (2011/12); T = Treatments; P = Precipitation (mm); I =  net irrigation 
depth (mm); DP = Deep Percolation (mm); RO = runoff (mm); ΔASW: variation of available soil water during the crop cycle (mm); ETc 

act: actual crop evapotranspiration (mm); Y = Yield (kg ha-1); Es = Soil evaporation (mm); Tc = Crop transpiration (mm). 

 

Table 2 - Goodness-of-fit relative to the model simulation of 
soil water content for the irrigation treatments using 
the calibrated parameters, for Season 1 (2010/2011) 
and Season 2 (2011/2012). 

 

 
b R2 RMSE (mm) EF 

---------------------------Season 1 (2010/11)------------------------- 
100S1 1.00 0.97 5.5 0.97 
81S1 1.00 0.86 3.4 0.85 
56S1 1.00 0.93 3.6 0.93 
30S1 1.02 0.99 5 0.99 
---------------------------Season 2 (2011/12)------------------------- 
100S2 1.04 0.99 7.3 0.97 
84S2 1.06 0.97 12.4 0.94 
59S2 1.06 0.99 9.9 0.97 
30S2  1.03 0.99 6.8 0.99 

 
*b and R2 are the coefficients of regression and determination; 
RMSE is the root mean square error; EF is the modelling 
efficiency. 
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in the soil (ASW) at the initial crop growth stage 
(approximately 160mm). There was a reduction of 
70% in the total irrigated depth (Table 1) from 100S2 
to 30S2, reducing the ETc act by 37% and yield by 
30.5%. These differences were caused by the greater 
use of the ASW by the stress-free crop (Table 1), as 
the ASW was close to the TAW during the cycle in the 
stress-free treatments (Figure 1).

A linear relationship was observed between 
the cumulative irrigated depths and grain yield, as 
well as between the applied depths and ETc, for the 
two growing seasons. This corroborates with the 
observations of GIMÉNEZ et al. (2016), who found 
an increase in grain yield and water use efficiency with 
increased ETc. Grain yields were significantly affected 
by irrigation management, so that the less water applied, 
the lower the grain yield. For season 1, treatments 81S1, 
56S1 and 29S1 presented a reduction of 9.3%, 16.8% 
and 42.2% in yield, respectively, compared to 100S1. 
For season 2, grain yield reduced in 44% from the 
most irrigated to the least irrigated treatment, while the 
difference between the largest and the smallest depth 
between these two treatments (100S2 and 30S2) was 
of 287 mm. For season 1, the reduction in grain yield 
between 100S1 and 29S1 was more significant (73%) 
for a smaller variation in the total water that entered the 
system (276mm). The lower response of the crop to the 
application of water in season 2 may have been caused 
by the accidental entry of an unwarranted water depth on 
January 5, 2012. The ETc act was lower in the strategies 
that received less water (30S2 and 29S1), which resulted 
in lower grain yield in season 1 (5312kg ha-1) compared 
to season 2 (6174kg ha-1).

Considering the partitioning of ETc act for both 
seasons, Es was slightly higher than Tc (Table 1) at the 
initial stage of plant development, due to the lower LAI and 
lower fc (ALLEN et al., 1998). Tc increased linearly with 
the increase in plant height and LAI, reaching maximum 
values in the subperiod of flowering-grain fill, stage of 
greater transpiration capacity of plants. However, Es was 
higher in season 2 compared to season 1, representing 1.1 
and 0.28% (on average) of the ETc of this stage for seasons 
2 and 1, respectively. This was as a result of the greater 
availability of energy for evaporation, and its reduction 
in season 1. Both Es and Tc were higher in season 2 in 
comparison to season 1. Both Es and Es/Tc were slightly 
higher in season 1 than in season 2 (Table 1), observing 
a reduction in Es in strategies with water deficit, due to the 
less frequent irrigation application. The values of Es/Tc are 
lower than those reported in the literature (PAREDES et 
al., 2014; GRASSINI et al., 2009). This can be attributed to 
the presence of crop residues on the soil surface and to drip 
irrigation, which provides the partial moistening of the soil.

CONCLUSION

The soil water balance components 
showed that maize grown in season 2 presented crop 
evapotranspiration (ETc) 24% higher than in season 1. 
This shows the greater susceptibility of the maize crop in 
season 2 to water deficit, due to the higher consumption 
of water by the plants in that period, which was on 
average 111mm higher than season 1.

Respect the partitioning of ETc into soil 
evaporation (Es) and crop transpiration (Tc), it was 
found that the subperiod of vegetative development 
was the one that presented the greatest differences 
between the two seasons, and Es and Tc were 63.4 and 
54.5% higher in season 2 compared to season 1 for 
this subperiod, respectively.
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