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ABSTRACT The response of maize to variations in soil availalwater (AW) is a function of the interactions amg

plant, soil and weather conditions. We studied thensitivity of a previously calibrated CSM-CERES-Ma model and
the response of rainfed maize grain yield to soiWAThe study was conducted for conditions in sowkeBrazil. The
model was set for weekly sowings, from August t@t8mber, for a total of 52 sowing dates. At eachvsw date, six
scenarios of soil AW using field capacity estimatad-4 kPa, -6 kPa, -10 kPa, -20 kPa, -33 kPa aretatmined in situ,
were used. For each sowing date, the model was attdor rainfall reductions of 10%, 20%, 30%, 408ad 50%. The
simulated results showed the sensitivity of the mabtb soil AW, which in turn affected grain yieldfanaize among
sowing dates. For the highest yielding sowing deae,eduction of 48.3% in average grain yield wassilated with soil
AW using FC at -4 kPa and FC at -33 kPa. Additiomgl our simulations indicated significant correlath between
grain yield and total crop evapotranspiration andtween grain yield and maximum leaf area index. 8ados of low
rainfall had little effect on yield with high soiRW. Therefore, our simulations indicate that accuginformation on

FC is needed for the simulation of maize grown umdainfed conditions. Our simulations also indicatéhat the best
sowing window for maize in southeastern Brazil raggyfrom Oct 17 to Nov 28.
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INTRODUCTION

Maize ¢Zea mayd..) stands out in Brazilian agriculture. In 20h7aize was planted in 17 million hectares during two
cropping seasons. Currently, Brazil is the thindjést maize producer in the world, with an estidaimduction of 97.7
million tons of grain. The state of Minas GeraisGMis one of the largest maize producer in the trgunepresenting
19% of the volume produced nationally in the summeeason (CONAB, 2017). Due to its economic impagan
worldwide, maize has been widely studied in Brazil abroad. In rainfed maize production, soil-wateailability is
among one of the most important yield-limiting farst According to Bergamaschi and Matzenauer (20dwize is
sensitive to water deficit, and is one of the nadicted crops by rainfall intensity and distriloutin Brazil.

Water is essential to plants (Reichardt and Tim@i,22, and its availability is driven by soil avdila water (AW). The
soil AW is the difference between field capacityCjFand permanent wilting point (PWP). The lattefiere to the water
held in the soil at -1,500 kPa (Brady and Weil, 20Reichardt and Timm, 2012), while the former is usually the water
held at -33 kPa, but it is dependent on multipletdes, such as soil texture and structuherefore, limitations on its
accurate determination are evident.

In field experiments, many variables interact aadnot be controlled, making difficult to isolateetheffects on crops
growth. In addition, field experiments require da&hility of time and resources (Anothai et al., 3DIModeling can help
lessening these issues. The Decision Support SysteAgrotechnology Transfer (DSSAT) (Jones et 2003) is a suite
of programs, including crop models, that facilitateulating the dynamics of water and nutrientdhmsoil, as well as the
simulation of different crop management scenarfide CSM-CERES-Maize model (Jones and Kiniry, 1986DSSAT
has been used worldwide to assist research andettision making of maize producers (Pereira et2811,0). This is
attributed, in part, to its detailed simulationggbwth and development of the maize plant. In doldjtthe CSM-CERES-
Maize model uses the concept of genotype-specdafficients, allowing for the quantitative diffetétion between
cultivars. The objectives of this study were to leste the sensitivity of CSM-CERES-Maize model ditions to
changes in soil available water and its impactainfed maize grown in the Brazilian Cerrado.

METHODS

The study was conducted for conditions of the BigziCerrado biome, represented by the county ¢é $agoas,
Brazil (19° 30' S, 44° 12' W and elevation of 73p Tthe DKB390PRO transgenic single hybrid maizeaggme was used
to simulate maize growth under no-tillage. The pescof adjusting the genotype-specific coefficiemts previously
performed using data from trials conducted undeimapm conditions of growth at two locations: Setegbas and the
Embrapa’s maize breeding program experimental nktindVinas Gerais, Brazil (Andrade et al., 2016).

Data Collection

Soil data

The soil data representing the location of thestuds characterized as a typical Cerrado biomealsair Undisturbed
samples were collected at Embrapa Maize and Sordh@h29' S 44° 10' W) at 0-0.05, 0.05-0.1, 0.1-0.3-0.5, 0.5-0.7,
0.7-0.9 and 0.9-1.1 yeach layer corresponded to a composite sample of nine sub-samples. Then, a soil file was created
using SBuild, a DSSAT tool to facilitate the marigiion of soil profile information and its prepamt in a specific
format (Table 1).

The field capacity (FCTable 1) was determined at field according to Erparél979). A 9 rhbasin was built and
covered with plastic to avoid loss of water via gwation. The delimited area was previously sa@atatp to 1.20 m
depth. Soil potential and soil water content wemnitored daily at depths of 0.05, 0.1, 0.3, 0.5, @.9 and 1.1 m by
using tensiometers for the former and the gravimetethod and a neutron probe for the latter. Wesittered that the soil
water content reached FC when the water flux abtiteom of the rooting zone layer was lower thaa daily reference
evapotranspiration for dry season. In addition,istadbed soil samples were taken to the laboramigdetermine the soll
water retention curve (SWRC), using a tension t&tnenatric potentials at -6 and -10 kPa, and tieh&d’s chamber for
potentials at -30, -100, -500 and -1,500 kPa. B¢ growth factor was determined following a quailite evaluation of
the root system distribution in the experiment&ldi Other soil data were obtained according to $lod Analysis
Methods Handbook (Embrapa, 2017). We adjusted #meGenuchten model (1980) with Mualem restriction 1 - (1 /
n)] to SWRC data, using the RetC software (Van @htan et al., 1991) according to Equation 1:
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Table 1. Soil characteristicsrequired by themodel.
Wilting Field

Organic

Depth point capacity Saturation Root growth Bulk density carbon Clay Silt Nitrogen HHO
m  @md) @Pmd) (Pmd) factor (Mg m) %) %) (%) w

0-0.05 0.311 0.378 0.568 0.9 1.05 2.01 63 19 0.12 .07 6
0.05-0.1 0.309 0.366 0.577 1.0 1.02 2.01 63 22 0.12 6.03
0.1-0.3 0.306 0.374 0.561 1.0 1.07 1.87 68 20 0.10 5.93
0.3-0.5 0.292 0.362 0.599 0.6 0.96 1.60 71 13 0.08 5.40
0.5-0.7 0.260 0.352 0.611 0.3 0.93 1.50 72 13 0.06 5.03

0.7-0.9 0.246 0.340 0.627 0.1 0.89 1.37 79 7 0.06 .035
0.9-1.1 0.233 0.329 0.631 0.1 0.87 1.26 73 13 0.05 5.07

0=9 % -5 @)

+ —
T [L+ (al¥mpm

wheref = water content (fhm™®); 6, = residual water content frm®); 6, = saturated water content {m?); ¥ = soil
water potential (cm o = empirical parameter (chy m, n = empirical parameters. For each depth, the pasmm, ng,
05 andd, were obtained, and the coefficient of determima(i&’) of the model adjustment was obtained (Table 2).

Table 2. Parameter s of the Van Genuchten model and R? of the model adjustment, for each soil layer.

Depth (m) m n a 0. 0, R?
0-0.05 0.077 1.083 2.160 0.568 0.125 0.994
0.05-0.1 0.167 1.200 0.405 0.577 0.252 0.991
0.1-0.3 0.128 1.146 0.901 0.561 0.222 0.995
0.3-0.5 0.150 1.176 0.736 0.599 0.218 0.995
0.5-0.7 0.147 1.172 5.335 0.611 0.201 0.998
0.7-0.9 0.226 1.293 1.110 0.627 0.223 0.998
09-11 0.311 1.451 0.247 0.631 0.223 0.998

M eteorological data

Daily minimum, maximum and average temperaturegrs@diation and rainfall over a period of 33 yedr881-2013)
were obtained from the Embrapa Maize and Sorghutedfelogical Station, in Sete Lagoas, MG, Brazil.

Simulated scenarios

The CSM-CERES-Maize model version 4.6.1.0 (Hoogenbet al., 2015), was used to simulate rainfed engibwth
and yield for conditions in Sete Lagoas, Brazil. Wsed the DSSAT seasonal analysis tool to evaltegeeffects of
meteorological conditions on maize yield during 8&yr period. The model was set to run weekly sgwiates for
rainfed maize; from August 1 to July 24, totaling 52 dates. Thus, for each week, 33 values of grain yieldengenerated
and corrected to 13% grain moisture.

Five soil water content levels were used (eq. Wtt@min FC (m m®) at matric potentials equivalent to -4, -6, -120) -
and -33 kPa. The soil available water (Aidn m™) was calculated as the difference between FC anthanent wilting
point (PWP m® m?). The latter consisted to soil water content &0Q kPa (Table 1). The sixth criterion was thé A
obtained from FC determined situ, and the PWP was the same as in the other scerfaable 3).

In DSSAT, it is also possible to make modificatiansthe historical series of meteorological dathud, we set the
model to change the rainfall data for daily redursi of 10%, 20%, 30%, 40% and 50%, as compardtketoliserved data.
Then, the soil AW scenarios were used in all rdiisizenarios.
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Table 3. Soil available water from soil water content at fixed PWP and different FC strategies.

Scenario Soil AW (mm /)
FC at -4 kPa 120
FC at -6 kPa 105
FC at -10 kPa 89
FC at -20 kPa 70
FC at -33 kPa 58
FCin situ 65

For all simulated scenarios, we assumed a row sgadi0.7 m, with a plant population of 68,000 par We simulated
the sowing depth at 0.06 m and 2,000 kg béstraw left on the soil surface by the previousp, Brachiaria spp The
fertilization at sowing consisted of 40 kg “Hhaf nitrogen, in the form of urea; 140 kg ha? of P,Os, as single
superphosphate and 80 kg'taf K,O as potassium chloride.

The average of the 33 years of simulated yield feamoh sowing date, was used. The sowing windowseaso 10%
maximum grain yield reduction taking as referente tlate of the highest yield (Amaral et al., 20G8)cording to
Equation 2:

p —(1 YSX)*loo 2
= {FYma 2)

where Ps = grain yield break (%)satving date “s”; Ys = grain yield (kg hd) atsowing date “s”; Ymax = maximum
grain yield (kg hd) among all sowing dates.

The statistical analysis was performed with R safav(R Core Team, 2015). Grain yield at each sowleig for 33
years was subjected to Lilliefors normality testalgsis of variance at 5% probability, and mean jgarnson using Scott-
Knott test at 5%.

RESULTSAND DISCUSSION

Climate conditions

According to Képpen (1936), the climate of the oegis classified as Cwa, with dry winters and agertemperature
of the coldest month below 19°C. The annual avetag®erature is 22.4°C and the thermal amplitud®.18C. The
average annual rainfall is 1,382 mm, with a welited rainy season, with maximum average value I# &m in
December and minimum of 8 mm in July (Figure 1)eWinter season (Jun-Aug) accounted for about 2%heftotal
annual rainfall, supporting results provided byrBea and Souza (2011), who described the climb8ete Lagoas.

Effect of sowing date and soil available water oairg yield

The distribution of rainfall (Figure 1) was thewdng factor of the high variation in the averagaigryield among the
sowing dates (Figure 2). For all scenarios of s, the best sowing window was from Oct 17 to N@®; @ith the
highest average yield obtained in October 31. Bsedowing date coincides with the beginning ofrtiry season in the
county (Ferreira and Souza, 2011). The differemeeang the scenarios at each sowing date can kalgirelated to soll
AW (Table 3). Our simulated results are supportgdiéld research demonstrating that water availgbis the most
important factor affecting rainfed maize productiorBrazil (Bergamaschi and Matzenauer, 2014).

The highest average yields obtained correspond&3til, 8,009 and 7,496 kg haor FC at -4 kPa, -6 kPa and -10
kPa, respectively. For FC at -20 kPa, -33 kPa argltu, the highest average yields were, respdytiéeb41, 4,289 and
6,379 kg h& (Figure 2). Thus, increases in soil AW led to sab8al increase in crop yield, as long as thereewe
favorable weather conditions.

Among the scenarios with the highest (FC at -4 ldha)) lowest soil AW (FC at -33 kPa), the reductimmaximum
yield was 48%. Paixao et al. (2016), using a modetipproach to simulate rainfed maize yield in @0nties in Minas
Gerais, reported an average yield of 6,853 k{fba Sete Lagoas on a soil with high water retentapacity (clayed
soil). For a soil with low retention capacity (sasull), the same authors obtained an average gfed408 kg hd, which
represented a reduction of 50% in crop yield.

The response of maize to soil AW on the highedtiig date was obtained using maize yield fromtteatment based
onin situ FC (Figure 3), an approach that has been proven useful in previous studies (Reichardt, 1996; Andrade et al.,
1998; De Jong van Lier, 2000).
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Figure 1. Monthly averages of air temperature (A), solar radiation (B) and rainfall (C).
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Figure 2. Averageyield for different sowing datesand soil AW scenarios. At each date, same letters mean no-difference, at 5%.
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Figure 3. Averageyield asa function of changesin soil AW.

A reduction of 11% in soil AW implied a break o020 kg h& in grain yield. On the other hand, for 85% incees
soil AW, the yield increased 1,922 kg héFigure 3). Therefore, the sensitivity of maizestl AW is much higher when
the field capacity is underestimated as compared situ FC. Our results evidence the capacity of the mtmeroperly
simulate the sensitivity of the maize plant to soihilable water. Our simulated results are supgpobty field research
results reported by Bergamaschi et al. (2006) sEenarios of positive changes in soil AW, the gsaéthd of maize tended
to increase at small rates, suggesting that geligitations of the maize plant response to charigesil available water.

Effect of soil available water on sowing window

For all soil AW scenarios, decreases in yield waighly variable, even during the rainy season, yieltd reductions
were lower when maize was sowed from October Nawember 28 (Figure 4).
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Figure 4. Averagereduction on yield for different sowing dates of therainy season, for each scenario of soil AW.

Accepting a maximum decrease of 10% on vyield, wifigd that the different soil AW shifted the sowjirwindow,
which also affected its duration. For FC at -4 ldRdin situ, the sowing window extended from October 24 to &mler
28, lasting 36 days. For FC at -6 kPa, the sowimglow vary from October 17 to December 12, withadian of 57 days.
For FC at -10 kPa and -20 kPa, the sowing window ¥vam October 17 to December 5 and from OctobettolO
November 28, respectively, both lasting 50 daysaly, for FC at -33 kPa, the sowing window exteshffem October 24
to November 28, lasting only 22 days (Figure 4).

Our simulated results are in agreement with thessl un the Climate Risk Zoning (CRZ) of the BramiliMinistry of
Agriculture, Livestock and Supply, MAPA (Brasil, D), which reports that the local sowing window BIKB 390PRO
in the last summer season (2017-18) extends frotob@c 10 to December 31, totaling 83 days. Paixadal.g2013),
using a similar approach in the same region fohatl simulated sowing windows were also narrowen thase proposed
by the CRZ. However, the modeling approach hasradgas over the CRZ of MAPA, since the user caabéish its own
admitted risk level and get an estimate of the etqubyield (Amaral et al., 2014).

Effect of soil available water on crop physiology

Low soil-water availability implies stomatal cloguand decreased leaf area, reducing photosyntlaesiscrop
evapotranspiration, among other effects (Floss120ah order to determine if the model was capatblsimulating these
effects, we performed a linear regression betweaimn gield and cumulative crop evapotranspiratiod aetween grain
yield and maximum leaf area index (LAI) for eachatment. All regressions between grain yield anuudative crop
evapotranspiration (Etc) were significant at 1%eleyn contrast, the regressions for LAl were digant at 1% level for
FC at -33 kPa and for FC determiniadsitu, while they were significant at 5% for FC at -6ak&nd at -10 kPa, and not
significant for FC at -4 kPa and at -20 kPa (p>D.¢®r all regressions, the Pearson coefficientafelation (r) was
positive, indicating that the yield increased wille increase of Etc and LAI. Strong associationg<0r |<0.9) were
observed between grain yield and crop evapotraatsmir for FC at -10 kPa, at -20 kPa andr-€itu, and between yield
and leaf area index for FC at -33 kPa, while tHeepfssociations were moderate (0.5<]| r [<0.7)egligible (] r [<0.3)
(Table 4).

The relation between water stress and plant granthdevelopment involves various physiological peses that are
influenced by soil available water (Pegorare et2009). The CSM-CERES-Maize model was able to kitaumany of
these processes and effects, suggesting that &ecestimations of field capacity are needed to enshe proper
performance of the model.

Maize response to soil available water

Maize grain yield decreases as rainfall decrea®edll soil AW scenarios. As an example, the resgoof maize to
water (rainfall) is shown ifiigure 5 for the highest yielding sowing date; this trend was similar for other sowing dates.

For the scenario of the highest soil AW (FC at P&k the reduction in grain yield was 24% as rdlinfecreased 50%.
On the other hand, for the scenario of the lowest® (FC at -33 kPa), the reduction in grain vidbr the same change
in rainfall was as high as 72%. Assuming a graéidybreak of 10%, maize production would be recommtee up to 30%
of decrease in rainfall for FC at -4 kPa (7.9% g break), up to 20% for FC at -6 kPa (8.5% ddlg¢ibreak) and
without reduction in rainfall for FC at -10 kPa @aMmf yield break). For the other soil AW scenaritb& grain yield break
was higher than 10% in all conditions (Figure 5).simulations with the CSM-CERES-Maize model undignilar
conditions in Brazilian Cerrado, Magalhdes (2013evved that a grain yield break greater than 1G# reached when
decreases in rainfall were 25% or more. Therefor@pagement strategies should consider soil corts@mvaneasures,
directed to increase soil available water.
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Table 4. Linear regression and Pear son correlation coefficient between cumulative crop evapotranspiration along the cycle (mm) and yield (kg
ha™) and between maximum leaf areaindex (m* m®) and yield (kg ha™) for each scenario of soil AW.

-4 kPa -6 kPa -10 kPa -20 kPa -33 kPa in situ

y = grain yield, x = cumulative evapotranspiration

a 0.0185 0.0206 0.0228 0.0217 0.0192 0.0243
426.23 401.78 374.43 365.90 363.85 349.21

r 0.64 0.69 0.72 0.70 0.69 0.84
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

y = grain yield, x = maximum leaf area index

a 0.00003 0.00008 0.0001 0.0002 0.0005 0.0005
4.4838 4.076 3.492 2.570 0.0007 0.1579

r 0.25 0.39 0.43 0.34 0.76 0.69
p-value 0.158 0.023 0.012 0.054 <0.001 <0.001

Decrease in rainfall (%)

0 10 20 30 40 50
O Q 1 1 1 1 J
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10 € O - 2 o
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Figure5. Grain yield break asa function of reductionsin rainfall depths under six scenarios of soil AW.

CONCLUSIONS

The CSM-CERES-Maize model is sensitive to changesoil available water, which in turn affects gragield of
rainfed maize grown in the Brazilian Cerrado.

Soil available water is the cause of high variatiothe average grain yield of rainfed maize withowing dates.

The model is capable to satisfactorily simulate ¢ffects of water deficit on crop evapotranspinatend leaf area
index.

For scenarios with greater soil AW, rainfall redaot seem to have little effect on grain yield lirea

Our simulated results indicate the importance ¢ditkdl determination of the field capacity for fhrper performance
of the CSM-CERES-Maize model under rainfed condgio
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