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Water deficit is the main factor limiting maize yield in Brazil, and sowing time is
one of the strategies to mitigate this problem. The objective of this study was to
develop a methodology for applying a model based on biophysical processes in
the agricultural zoning of climate risk of productivity (ZarcPro), for maize crop.
The CSM-CERES-Maize model from the DSSAT simulation platform was used. Data
on maize genotypes obtained from cultivar registration trials (VCU) conducted
in different regions of the country were used to parameterize and evaluate the
predictive capacity of the model. Subsequently, the model was used to simulate
maize yield for scenarios with 36 sowing dates, soils with six levels of available
water, and cultivars with three cycle durations. For first-season sowing, the planting
windows generated with ZarcPro are similar to those obtained with the traditional
Zarc. When planting in the second season and with yields of 1,000 or 2,000 kg ha™,
the planting periods are longer in ZarcPro than in Zarc, with the opposite situation
for yields of 6,000 kg ha? or higher. More similar planting periods are observed in
the yield ranging from 3,000 to 4,000 kg ha.

© 2024 SBAgro. All rights reserved.

Introduction

(offseason), the area increased 9%, approaching 15 million
hectares, while production was 60.7 million tons, with an

The area planted with maize in Brazil, in the 2020/2021
harvest season, increased 7.2% compared to the previous
season. However, production in the two main harvest se-
asons reduced by 15.1%, due to the drought, which occur-
red at crucial periods of the crop cycles, and also due to
frosts that took place in the main producing states in the
Center-South region of the country. In the second season

average yield just above 4,000 kg ha™. In the state of Mato
Grosso, the largest national producer in the offseason, it
was found that around 60% of maize crops sown in the ide-
al planting window achieved excellent performance, dri-
ven by the growing investments applied to the crop. On
the other hand, the remaining cropping, sown outside the
ideal window, faced different degrees of water stress due
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to the drought, which generated yield diversity, leading
to an overall reduction of 12% in the state’s productivity
(Anudrio Brasileiro do Milho, 2022).

The growth and development period of maize is limi-
ted by soil-water, air temperature and solar radiation or
luminosity. The crop needs some indices related to these
elements to reach optimal conditions so that it can ex-
press its yield potential (Mantovani et al., 2015). Among
the factors that most limit maize yield, water deficit is the
main one, since drought events were responsible for 77.8%
of the coverage paid by rural insurance in Brazil (Brasil,
2024). In Brazil, maize crop is predominantly carried out
under rainfed conditions, and is therefore subject to possi-
ble water stress resulting from instabilities in the rainfall
regime. Water deficit affects practically all aspects related
to plant development, reducing leaf area and photosyn-
thesis, and interfering with several other processes (Ber-
gamaschi, 1992). The greatest reduction in production
occurs as a result of water deficit during the periods that
include pollination, zygote formation and initial grain de-
velopment (Bergamaschi et al., 2006).

Considering that the photoperiod effect on develop-
ment of tropical maize cultivars is null or minimal, it is the
temperature/heat conditions that have a significant in-
fluence on the duration of the cycle and on the grain yield
of this cereal (Rehagro, 2022). The thermal sum or degree-
-days, based on energy accumulation above a certain base
temperature, is generally used in models that describe the
phenological development and growth of maize. Within
the same maturation group, it is possible to estimate the
occurrence of crop phases, for different genotypes, re-
gions and growing seasons, using air temperature as the
only variable (Bergamaschi; Matzenauer, 2009). Berlato e
Sutili (1978) obtained, as the best minimum basal tempe-
ratures (Tb), 4 °C for early hybrids, 6 °C for medium cycle
ones, and 8 °C for late ones, according to the classification
adopted at the time. However, Kiniry (1991) considered 8
°C and 44 °C as extreme limits for maize phenology, with
maximum growth occurring between 26 °C and 34 °C.
For several genotypes from Australia, Birch et al. (1998)
adopted the following cardinal temperatures to calculate
degree-days: Lower Tb of 8 °C, optimum Tb of 30 °C and
upper Tb of 40 °C.

The occurrence of frost, especially at the end of winter
and beginning of spring, is a likely risk, especially in the
South, Southeast and part of the Central-West regions of
Brazil. As long as the plants’ growing point is below the
soil surface (up to around three fully developed leaves,
V3), frost, hail and windstorms have little or no effect on
the final crop yield. In V6, frosts are more damaging, as
are hail and windstorms, as the plants have their growing
point above ground level (Ritchie et al., 1993). Floods can
occur, but in specific areas that favor this phenomenon.
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However, excessive rainfall during crop establishment or
harvesting can cause considerable damage.

During flowering, the combination of water deficit and
high daytime temperatures affect pollination and initial
grain formation, resulting in a decrease in the number of
grains per ear. Hot nights during this stage can also redu-
ce grain number, affecting grain survival and grain early
development (Ritchie et al., 1993; Nielsen, 2005). On the
other hand, high temperatures, especially at night, can
reduce the net assimilation of plants, due to increased los-
ses through respiration. Brunini et al. (2006) also observed
that high night temperatures can harm crop development,
although choosing appropriate sowing times can avoid
such conditions, including mitigating thermal stress in the
daytime period, during flowering.

Solar radiation is the main factor related to maize
yield. Any other factor that affects the leaf area index and,
consequently, the interception of photosynthetically acti-
ve radiation, will also affect crop yield. Among them, stand
out the water and nitrogen deficit in the soil, the densi-
ty and arrangement of plants in the area (Bergamaschi &
Matzenauer, 2009).

In Brazil, maize is planted off-season, in succession to
the soybean, which is sown in the summer. By doing so,
the maize crop may undergo water stress at the end of
its cycle. In the state of Mato Grosso do Sul, a long-term
field study indicated that a soybean-corn succession, in
which soybean is sown in early October and corn in mid-
-February, results in higher total grain yields and reduces
the climatic risk associated with these crops in the region
(Garcia et al., 2018). On the other hand, in a study carried
with crop modeling, Néia Jinior & Sentelhas (2019) con-
cluded that anticipating the soybean sowing date is the
best strategy to improve the total season production of
corn and soya. Planting at the right period can mitigate
possible deleterious effects of climatic conditions, such
as frost and water stress, among others, especially in the
offseason. Such a cost-free management strategy is better
understood by using crop modeling. There are many mo-
dels available to simulate maize yield. In a large scientific
effort, twenty-three maize models were evaluated regar-
ding their responses to climate change factors. Models’
ensemble results in smaller yield variability than indivi-
dual models (Bassu et al., 2014). Process-based models that
requires high level inputs, like DSSAT, also provided less
variable yield results than do groups of models with low
level inputs (Bassu et al., 2014; Duarte & Sentelhas, 2020).

Agricultural Climate Risk Zoning (Zarc) is a tool used
today in Brazil that allows, based on knowledge of local
weather conditions, type of soil and cultivar used, to defi-
ne sowing windows that reduce the risk of crop yield loss,
including maize (Brasil, 2022). A comprehensive literatu-
re review on the Zarc successful application in Brazil has



been summarized by Cunha & Assad (2001). In its current
format, Zarc does not allow the estimation of expected
yield (EY), which limits some decision making by produ-
cers, insurance companies, institutions that offer credit
and government agencies. Alternative approaches to the
Zarc have been studied but not yet implemented as a pu-
blic policy in the country (Paixdo et al., 2016; Monteiro et
al., 2019; Lima et al., 2020).

An alternative to including yield classes in Zarc is the
use of crop growth models, such as the CSM-CERES-Maize,
belonging to the Decision Support System for Agrotechno-
logy Transfer (DSSAT) (Jones et al., 2003; Hoogenboom et
al., 2017). DSSAT is the most widely used model package to
characterize growth, development, yield, and N uptake of
multiple crop species (Yakoub et al., 2017). 1t is a process-
-based, high input level model (Bassu et al., 2014; Duarte
& Sentelhas, 2020), that can be used in that kind of resear-
ch. It has been applied in studies regarding evaluation of
maize and soybean sowing windows (Dallacort et al., 2006;
Soler et al., 2007) and succession soybean-maize (Andrea
etal., 2019).

Agricultural Zoning of Climatic Risk of Productivity
(ZarcPro) consists of establishing the crop sowing period,
for a given county (municipality), cultivar cycle and level
of water available in the soil, associated with the expected
yield and risk.

The objective of this study was to develop a methodo-
logy for applying a model, based on biophysical processes,
in the ZarcPro for maize crop.

Material and methods

The process-based model, CSM-CERES-Maize, from the
simulation platform DSSAT - Decision Support System for
Agrotechnology Transfer - was used in this study (Jones et
al., 2003; Hoogenboom et al., 2017). In order to paramete-
rize and evaluate the model, data on maize management,
phenology and yield, obtained from trials required to re-
gister cultivars, named VCU trials, conducted in different
seasons and locations in the country, were organized and
compiled. Part of the data was used to parameterize the
model and the remaining was applied to evaluate its pre-
dictive capacity. To run the simulations used in the crop
zoning, historical series of daily weather data, obtained
from different bases or sources, were organized and com-
piled, as well as, soil data from across the country. Details
of the weather database is provided ahead.

After the parameterization and evaluation process, the
CSM-CERES-Maize model was used to simulate maize yield
for the entire national territory, and the historical series
of simulated yield were processed for the different Zarc-
Pro scenarios. At this phase, soil profiles, divided into six
classes of available water (Teixeira et al., 2021), and clima-

te series from 34 years of historical data were considered.
The simulations are representative of the management of
a typical, high-yield maize crop, taking into account deci-
sion criteria, such as soil moisture at sowing and the effect
of frost on the crop. Maps and tables were generated and
evaluated.

Description of the model

The model used in ZarcPro-Milho is the CSM-CERES-
-Maize, from the Decision Support System for Agrotechno-
logy Transfer (DSSAT) platform, which has been developed
and improved for more than 36 years and covers 42 crops
(Hoogenboom et al., 2017). The DSSAT package includes a
database of weather, soil and experimental crop results, as
well as tools and interfaces that facilitate the addition of
new data and the comparison of simulated with observed
results.

The CSM-CERES-Maize model simulates the growth,
development and yield of maize, depending on the dyna-
mics of the soil-plant-atmosphere system. As input, the
model requires daily weather data, soil surface and pro-
file information, and crop management details, as well as
initialization information and its rules. The simulations
are started at or before planting, establishing a sufficient
fallow period so that the management conditions in the
model come close to real conditions. The calculations and
variable value updates take one day. At the end of each
day, the water, nitrogen, phosphorus and carbon balances
are updated, as well as the vegetative and reproductive de-
velopment stages of the crop.

In the case of maize grown in a tropical environment,
the duration of the phenological phases, in days, depends
exclusively on the air temperature, through a thermal sum
system, expressed in degree-days. Each phase or stage of
crop development, from sowing to physiological maturi-
ty, requires a certain value of degree-days to be completed
(parameters P1 and P5 of the CSM-CERES-Maize model).
Likewise, the number of leaves is defined by a parameter
that corresponds to the thermal sum required to release
subsequent leaves (model phyllochron interval, PHINT
parameter). Therefore, the duration of the maize cycle
and the number of leaves depend on the interaction be-
tween the cultivar and climatic conditions. Other model
parameters are related to the number of grains per unit of
planting area (parameter G1) and the unit weight of grains
(parameter G3). Obtaining the values of these parameters
depends on real data, collected in experiments or crop fiel-
ds, carried out under optimal conditions, and an adjust-
ment procedure called parameterization or calibration.
Parameter values are specific to each cultivar.

In all simulations performed in the processes of model
parameterization, evaluation and application, the P2 co-
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efficient (the extent to which development, expressed in
days, is delayed for each hour of increase in photoperiod
above the longest photoperiod in which development pro-
ceeds at a maximum rate, which is considered 12.5 hours)
and PHINT, assumed fixed values of 0.5 days and 45.5 de-
gree-days, respectively.

At the end of the simulation, the model provides a se-
ries of files with detailed data on crop growth, develop-
ment and yield, covering values of dozens of variables, on
a daily basis, accumulated throughout the cycle, or at spe-
cific points in the cycle, allowing, thus, a complete analysis
of the agronomic and biophysical performance of the crop.

Weather database

The climate database used in ZarcPro is made up of his-
torical series obtained from the networks of meteorologi-
cal and rainfall stations, conventional and automatic, from
institutions, such as the National Institute of Meteorology
(Inmet), the HidroWeb system, operated by the National
Water Agency (ANA) and the Center for Weather Forecas-
ting and Climate Studies (CPTEC/INPE), in addition to state
networks maintained by public institutions or companies.
Data on maximum temperature (TMax), minimum tempe-
rature (TMin), incident solar radiation (SRAD) and rainfall
(RAIN) were analyzed, consisted and interpolated into a
grid with spatial resolution of 0.25°x0.25°, covering the
entire country (Xavier et al., 2016).

In the model parameterization and evaluation phases,
daily weather data from the National Institute of Meteoro-
logy (Inmet) of years 2017 to 2020, for each genotype and
location were used. To this purpose, it was used the data-
set of the grid point closest to each location where a VCU
test was conducted.

From the same general climate data base, previously
organized into grid points, historical series were prepared,
containing 34 years of daily data, starting in 1981. These
series, formatted as DSSAT weather files, were used to si-
mulate scenarios of the ZarcPro-Milho for the entire area
of Brazil.

Soil profile database

Soil profile data, available in Embrapa’s BDSolos da-
tabase (https://www.bdsolos.cnptia.embrapa.br/consul-
ta_publica.html), are grouped by biome, first level of soil
class and texture (Santos et al., 2018). The texture of each
soil class, observed at the simulation points (grid points),
was determined considering the soil genesis, obtained
from the geological map of Brazil (Servigo Geoldgico do
Brasil, 2001), according to personal communication from
Miguel Cooper, University of Sdo Paulo, 2019. Values of
permanent wilting point, field capacity and porosity were
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estimated using pedotransfer functions (Tomasella et al.,
2000). The hydraulic conductivity of the saturated soil was
estimated using functions proposed by Tomasella & Hod-
nett (1998). Density and percentage of soil carbon were ob-
tained directly from Embrapa’s BDSolos database.

All soil profiles were described through nine layers,
each maintaining a constant proportion in relation to the
reported depth. All values were interpolated vertically to
determine soil attributes for each layer.

Soil data from the grid point nearest to the locations of
the VCU tests were formatted for DSSAT model and subse-
quently used for model parameterization and evaluation.

In traditional crop zoning, Zarc, three types of soil are
considered: Type 1 (sandy texture), Type 2 (medium textu-
re) and Type 3 (clayey texture), resulting in the soil water
storage capacity of 30 mm, 47 mm and 72 mm, respective-
ly, for a maize crop with a root system of 0.50 m (Brasil,
2022).

In implementing ZarcPro-Milho, it was used the new
methodology for organizing soil data into six classes of
available water (AW). The AW estimate is obtained by ap-
plying the clay, silt and total sand contents to a pedotrans-
fer function, previously adjusted for Brazilian soil condi-
tions, as described in Teixeira et al. (2021).

For ZarcPro purposes, AW classes were adjusted based
on Monteiro et al. (2022): AW1: 0.40 mm cm™; AW2: 0.53
mm cm?; AW3: 0.69 mm cm; AW4: 0.91 mm cm’; AW5:
1.21 mm cm?; and AW6: 1.59 mm cm, Modal soil profi-
les, divided into depths of 0.05 m; 0.10 m; 0.30 m; 0.50 m;
0.70 m; 0.90 m; 1.10 m; 1.50 m and 2.00 m, for each class of
available water, were prepared using, as a basis, a typical
Cerrado soil profile.

In the DSSAT model, the information about the distri-
bution of crop roots is included with the soil data. These
files were filled out considering that the majority of the
maize active roots are concentrated in the 0 to 0.50 m layer
of the soil profile, with root presence decreasing down to
0.70 m.

Maize crop database

Data from 80 genotypes, sown in VCU trials in 20 muni-
cipalities (Table 1; Figure 1), in the first or second agricul-
tural season of 2017/2018, 2018/2019 and 2019/2020, were
organized for use in the parameterization and evaluation
of the model. The information available in the VCU trials
was: location, sowing date, flowering date, harvest date,
plant population, grain moisture at harvest and yield. The
counties of Luis Eduardo Magalhdes - BA; Magalhdes de Al-
meida - MA and Patos de Minas - MG did not have flowe-
ring data. However, there were yield data, which allowed
them to be used in the parameterization and validation of
G2 and G3 coefficients of the model. The first difficulty fa-



ced when using these data was the absence of physiologi-
cal maturity date of the genotypes, essential information
for the parameterization and validation of the simulation
models. To overcome this problem, it was assumed that
the number of days from sowing to physiological maturity
is twice the number of days to reach flowering (Yang et
al., 2016).

Parameterization of the model

Once we had data on the number of days for flowering
(silking) and physiological maturity, for each genotype, in
each year and location, it was possible to adjust the P1 pa-
rameters (period from emergence to floral initiation, ex-
pressed in degree-days above the base temperature of 8
°C, during which the plant does not respond to changes in
photoperiod) and P5 (period from silking to physiological
maturity, expressed in degree-days above the base tempe-
rature of 8 °C) of the model.

The values of these two coefficients were obtained
through a trial-and-error approach, supported by statis-
tical methods. The agreement index (d-stat) (Willmott et
al., 1985) and the root mean square error (RMSE) (Loague
& Green, 1991) were used to assess the quality of the fit.
The P1 parameter was adjusted first, changing, up or down
its initial value, obtained from a preliminary parameteri-
zation (Andrade et al., 2016), and observing how close the
number of days from sowing to silking was of the value

observed in the VCU test. At each attempt, the d-stat and
RMSE statistics were evaluated, seeking to obtain the hi-
ghest d-stat value and the lowest RMSE. The same proce-
dure was used to adjust P5, comparing the number of days,
simulated and observed, from sowing to physiological ma-
turity and also evaluating the d-stat and RMSE statistics.

Yield data obtained from the VCU tests were corrected
to 0% moisture (dry matter), and used to adjust G2 (maxi-
mum possible number of grains per plant) and G3 (grain
filling rate during the phase of linear grain filling rate, un-
der optimal conditions, in mg day™) parameters. As the-
re were no observed data on the number of grains per m?
and unit weight of grains, which are used to adjust G2 and
G3, the same trial and error procedure was used to adjust
these two parameters, simultaneously. We started with G2
and G3 values, obtained in the preliminary calibration (An-
drade et al., 2016), which were increased or reduced, until
the simulated yield approached the observed productivity.
Likewise, d-stat and RMSE statistics were used to evaluate
the goodness of fit. The procedure was repeated, genera-
ting the values of the coefficients P1, P5, G2 and G3, for
each genotype.

After this first parameterization of the model, for each
of the maize genotypes, a second stage was carried out, in
which the yields of the 80 genotypes were simulated, for
the three years of trials and in the 20 locations, conside-
ring a condition without water stress, that is, with full irri-
gation, To assess whether or not there was water stress du-

Table 1. Locations where VCU trials were carried out in Brazil that presented at least yield data.

County State Geo Codel Latst Lonst
Altamira PA 1500602 -6.375 -53.875
Bacabal MA 2101202 -4.125 -44.875
Belterra PA 1501451 -3.125 -54.875
Brejo MA 2102101 -3.625 -42.875
Cascavel PR 4104808 -25.125 -53.375
Correntina BA 2909307 -13.375 -45.375
Goiénia GO 5208707 -16.625 -49.375
Janauba MG 3135100 -15.875 -43.375
Londrina PR 4113700 -23.625 -51.125
Luis Eduardo Magalhaes BA 2919553 -12.125 -46.125
Macapa AP 1600303 0.625 -50.625
Magalhdes de Almeida MA 2106300 -3.375 -42.125
Manaus AM 1302603 -2.625 -60.375
Paraiso de Tocantins TO 1716109 -10.125 -48.875
Patos de Minas MG 3148004 -18.625 -46.625
Pedro Afonso TO 1716505 -9.125 -48.125
Sete Lagoas MG 3167202 -19.375 -44.375
Sobral CE 2312908 -3.875 -40.125
Teresina Pl 2211001 -5.125 -42.875
Vilhena RO 1100304 -12.125 -60.375

'Brazilian Institute of Geography and Statistics (IBGE) code for counties.
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Figure 1. Location of the VCU trials, in Brazil, from where the data used in the model parameterization were obtained.

Mar‘\alu

ring the VCU trials, the simulated yields, under conditions
without water stress, were subtracted from the respective
yields of each genotype, observed in the field, in each year
and location. It was assumed that, where the difference be-
tween these two yields was greater than 500 kg ha, water
stress occurred in some of the growth and development
phases of the crop.

Subsequently, the data observed in the VCU trials, for
genotype, year and location, were divided into two groups:
1) data from trials conducted without water stress, used to
improve the parameterization; and 2) data from trials con-
ducted with some water stress, used to validate the pre-
dictive capacity of the model. 1t is possible that data from
the same genotype, in different locations and years, were
used, both in the parameterization and in the validation
of the model, depending on whether or not water stress
occurred in some location and/or year.

In a third step, the genotypes, which were previou-
sly separated into two groups - with and without water
stress - were again divided into three other subgroups C1,
C2 and C3, according to the thermal sum (degree-days)
from emergence to beginning of the juvenile phase (flo-
ral initiation), corresponding to the P1 coefficient. And
from silking to physiological maturity, corresponding to
the P5 coefficient. The values of the P1 and P5 coefficients
of each genotype in the group without water stress were
added and classified into C1, C2 and C3. Each subgroup C1,
C2 and C3, from each group with and without water stress,
represented cultivars with different thermal sums or cycle
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durations, since the model coefficients, P1 and P5, control
the duration of the phenological phases of the maize crop.

In a fourth step, the model parameters were reca-
librated for each of the subgroups C1, C2 and C3, using
observed data on cultivar, year and location, from trials
conducted without water stress. Note that, this time, the
parameterization was carried out for a group of cultivars
and no longer individually, for each genotype, as previou-
sly. In this way, three sets of values for the coefficients
P1, P5, G2 and G3 were obtained, one for each data sub-
group, corresponding to three cultivars (C1, C2 and C3),
with three different thermal sums (degree-days), equiva-
lent to three cycle durations. To perform the recalibra-
tion, we started with the average values of P1, P5, G2 and
G3, obtained for each genotype, from each subgroup. The
procedure used, of trial and error and evaluation of d-stat
and RMSE statistics, was the same as that used in previous
parameterizations.

Assessment of the model’s predictive capacity

The fifth stage of the model adjustment process, before
its application in ZarcPro-Milho, consisted of evaluating
its predictive capacity, after reparameterization and ge-
neration of coefficients for the three cultivar groups, C1,
C2 and C3. The three groups of observed data, whose VCU
trials were subjected to some water stress, classified accor-
ding to the simulated thermal sum of some phases of the
crop, were used in this stage of the procedure.



Application of the model in ZarcPro-Milho

ZarcPro establishes the sowing period for group of cul-
tivars (C1, C2 and C3) with different cycle lengths, risk le-
vels, available soil water classes and expected (simulated)
yield levels. The simulated maize yield, for each grid point,
was obtained with CSM-CERES-Maize, previously parame-
terized and evaluated, using the base containing 34 years
of daily weather data, six modal soil profiles and coeffi-
cients (parameters) for three maize cultivar groups, ob-
tained during the model parameterization process. Addi-
tionally, the model was fed with management details of a
maize crop that did not suffer other stresses, except water
and thermal, and with decision criteria on soil moisture
conditions at the beginning of the simulations and at the
time of sowing. The model was run for different scenarios
of sowing dates, classes of water available in the soil and
cultivars groups, with different cycles. The simulated yield
data were then used to establish risk levels for different
values of expected productivity, cultivar group, class of
water available in the soil and sowing time. Details of the
procedures are described below.

Management of maize crop

Zarc assumes that the only stresses to which the crop
is subjected are water and thermal stress, the latter repre-
sented by frost and temperature above the limit tolerable
by the crop. It was assumed in ZarcPro-Milho, that the
crop should not be subjected to biotic or abiotic stresses,
in addition to the two already considered. Therefore, the
CSM-CERES-Maize model was fed with management data
capable of preventing maize from suffering any nutritio-
nal stress or being subjected to another type of limitation
that could reduce its yield, such as low stand or insuffi-
cient fertilization. The effect of pests, diseases and weeds
was also not considered.

In the model parameterization and evaluation process,
it was assumed that in the trials the maize crop had a row
spacing of 0.70 m, a planting depth of 0.05 m and a plant
population in accordance with the note in the spreadshe-
et for each VCU trial. Planting fertilizer consisted of 60 kg
ha™ of N and 140 kg ha™ of P,0,, as monoammonium phos-
phate, MAP (NH,H,PO,), plus 80 kg ha'* of K O, as potassium
chloride, all released at 0.08 m depth, next to the maize
row. Top dressing was split at 25 days after sowing and 40
days after sowing (DAS), each with 150 kg ha™ of N, as urea
(CHN,0).

In the phase of applying the model in ZarcPro, it was
considered a population of 68 thousand plants per hectare,
with row spacing of 0.50 m. The other management strate-
gies were the same as those used in the model parameteri-
zation and evaluation process.

All this information was properly incorporated into
the MZX-type of files, for crop management in the model.

Initial conditions required by the model

Every crop growth simulation model, based on biophy-
sical processes, requires information about initial condi-
tions, such as simulation start date, moisture in the soil
profile and details of crop management, including culti-
var data, fertilization, plant population, spacing between
rows, among others.

The simulations were programmed to start three mon-
ths before the maize crop sowing date, assuming that the
soil profile of each of the six AW classes contained 50% of
its available water (Table 2). Through the water balance,
which the model performs daily, the initial soil moisture
conditions tend to get closer to the real situation at the
time of sowing, making the simulations more consistent.

Decision criteria implemented directly in the
model

As a criterion for whether or not to carry out sowing,
the model evaluates whether the water depth stored in the
profile, up to a depth of 0.30 m, expressed as a percentage
of the available water capacity, AWC, is between a lower
limit, defined for each of the six classes of soil, and the
upper limit that is fixed at 100%. The lower limits, esta-
blished for classes of available soil water from one to six,
were 80%, 75%, 70%, 65%, 55% and 50%, respectively. It is
worth mentioning that the available water class “1” has
the lowest water content, corresponding to a soil with a
sandy texture, while the available water class “6” has the
highest moisture content. When applying these decrea-
sing percentages to soils with increasing AW classes, the
values of the water depth stored in the profile necessary to
carry out sowing are 9.6 mm, 11.9 mm, 14.5 mm, 17.7 mm,
19.8 mm and 23.8 mm, respectively.

Another criterion defined in the model for successful
crop establishment was in relation to air temperature,
taken as a proxy for soil temperature. It was assumed that,
if the minimum air temperature, measured in the meteo-
rological shelter, is equal to or lower than 3 °C, for one day
(adapted from Miedema, 1982), including during sowing,
the model definitively stops the growth of the maize plant.
Additionally, for days with the air temperature in the shel-
ter below 8 °C, which is considered the base temperature
for maize, the model stops the growth and development of
the plant, resuming them when the temperature exceeds
this baseline value again.

Simulated scenarios
To obtain simulated grain yields, to be used in the im-
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Table 2. Water content at the lower limit of available water (PWP), at the upper limit of available water (FC) and at the limit of 50% of
available water, for six classes of soil profiles in Brazil.

AW1 Class AW?2 Class
Permanent 50% of AW1 Field capacity Permanent 50% of AW2 Field capacity
wilting point wilting point
(m) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3)
0.05 0.067 0.087 0.107 0.137 0.163 0.190
0.10 0.067 0.087 0.107 0.141 0.168 0.194
0.30 0.075 0.095 0.115 0.170 0.197 0.223
0.50 0.078 0.098 0.117 0.185 0.212 0.238
0.70 0.079 0.100 0.120 0.183 0.209 0.235
0.90 0.078 0.097 0.116 0.168 0.196 0.223
1.10 0.074 0.094 0.114 0.166 0.193 0.220
1.50 0.075 0.095 0.115 0.168 0.194 0.221
2.00 0.075 0.095 0.114 0.168 0.194 0.221
AWS3 Class AWA4 Class
Permanent 50% of AW3 Field capacity Permanent 50% of AW4 Field capacity
wilting point wilting point
(m) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3)
0.05 0.154 0.189 0.223 0.190 0.235 0.281
0.10 0.152 0.186 0.221 0.189 0.234 0.280
0.30 0.150 0.185 0.219 0.197 0.242 0.288
0.50 0.165 0.200 0.235 0.176 0.221 0.267
0.70 0.154 0.188 0.222 0.163 0.208 0.252
0.90 0.148 0.183 0.219 0.147 0.193 0.238
1.10 0.147 0.181 0.215 0.126 0.172 0.218
1.50 0.154 0.189 0.223 0.118 0.164 0.210
2.00 0.153 0.188 0.223 0.105 0.150 0.196
AWS Class AWG Class
Permanent 50% of AW5 Field capacity Permanent 50% of AW6 Field capacity
wilting point wilting point
(m) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3)
0.05 0.187 0.248 0.308 0.228 0.307 0.387
0.10 0.183 0.243 0.304 0.226 0.305 0.385
0.30 0.177 0.237 0.297 0.229 0.309 0.388
0.50 0.191 0.252 0.312 0.238 0.317 0.396
0.70 0.183 0.242 0.302 0.218 0.299 0.379
0.90 0.178 0.237 0.297 0.216 0.296 0.375
1.10 0.170 0.230 0.289 0.227 0.307 0.386
1.50 0.162 0.223 0.284 0.230 0.310 0.389
2.00 0.158 0.218 0.277 0.223 0.303 0.382
plementation of ZarcPro-Milho, several management files combination of three cultivar groups, six soil classes and
were created, which indicated when and how the crop was 36 sowing dates generated 648 scenarios. These scenarios
sown and cultivated. As there are three groups of culti- were simulated for each of the 34 years of the historical
vars, C1, C2 and C3, with different cycles, and six soil clas- series of daily weather data, which corresponds to 22,032
ses, with different levels of available water, there are 18 simulated yield values, which were used to determine the
scenarios, which gave rise to 18 management files in the risk levels for each scenario.
model format (MZX). Verification of the environmental conditions necessa-
To allow the establishment of sowing windows, the ry to carry out sowing, as described in the previous sec-
model was programmed to sow maize every 10 days throu- tion, begins on the third day of a ten-day period. If the cri-

ghout the year, starting on January 3rd and extendinguntil ~  terion is met, planting is carried out, otherwise, the model
December 27th, totaling 36 sowing periods (Table 3). The evaluates the subsequent day and so on until the seventh

Agrometeoros, Passo Fundo, v.32, 027716, 2024.



Table 3. Planned sowing dates throughout the year.

Ten-day periods Sowing date Ten-day periods
number number
1 5/jan. 13
2 15/jan. 14
3 25/jan. 15
4 5/feb. 16
5 15/feb. 17
6 25/feb. 18
7 5/mar. 19
8 15/mar. 20
9 25/mar. 21
10 5/apr. 22
1 15/apr. 23
12 25/apr. 24

Sowing date Ten-day periods Sowing date
number

5/may 25 5/sep.
15/may 26 15/sep.
25/may 27 25/sep.
5/jun. 28 5/oct.
15/jun. 29 15/oct.
25/jun. 30 25/oct.
5/jul. 31 5/nov.
15/jul. 32 15/nov.
25/jul. 33 25/nov.
5/aug. 34 5/dec.
15/aug. 35 15/dec.
25/aug. 36 25/dec.

day of the ten-day period. If the criterion is not met on any
of the five central days of the ten-day period, planting is
not carried out, yield is assumed to be zero and it is passed
on to the next ten-day period. This criterion ensures that
sowing is only carried out if soil moisture is within the li-
mits established for each class of available soil water.

Levels of expected yield (EY) and of climate risk

ZarcPro-Milho considers ten levels of simulated EY,
which vary from one to ten tons of maize per hectare, in
order to range from more restrictive soil and climate con-
ditions and a low level of cultivation technology to more
favorable soil and climate conditions and medium to high
level of cultivation technology. Furthermore, three levels
of climate risk were assumed, 20%; 30% and 40%, in addi-
tion to being unsuitable or outside the sowing window,
with a risk greater than 40%.

The evaluation of this methodology was implemented
in an electronic spreadsheet (Figure 2), wherein, for each
location, 34 simulated yield values were inserted (one for
each year of weather data), for each of the 648 established
scenarios (three groups of cultivars, six classes of water
available in the soil and 36 ten-day periods). For each of
these 648 scenarios, it was determined the empirical pro-
bability of simulated yields lower than each one of the ten
EY levels. These probability values correspond to the risk
levels for obtaining simulated yields lower than the EY le-
vels. Sowing windows were established, considering each
risk level (20%, 30% and 40%), each EY level, each reference
cultivar group and each class of water available in the soil.

The simulations were processed for each location of
a meteorological station. Subsequently, the results were
interpolated and, finally, the risks were assessed for each
municipality in the country. In this last stage, if at least
20% of the county’s area presents a lower risk than those

considered (from 20% to 40%), the county is classified with
that risk, that is, the county is considered suitable for gro-
wing maize. Otherwise, the county is considered unfit. The
risk values for each ten-day period, EY level, soil AW class
and cultivar group were spatialized to generate ZarcPro-
-Milho maps for all over Brazil.

The spreadsheet cells content will be described ahead,
taking Figure 2 as an example.

In cells 1A to 4E, is shown the legend of the risk levels,
with the respective colors that will appear in the cells of
the sowing periods depicted in the same figure. In cells 21
to 6AB, the dates and ten-day periods of the sowing pe-
riod are identified, which may be different for each class of
available soil water and each county. The ten-day period 1
(cell 6S in Figure 2) corresponds to the sowing period from
January 1st to 10th. In cells 7A to 17G, there are the legends
of the scenarios considered in the traditional Zarc: three
groups of cultivars (C1, C2 e C3), three classes of soil AW
(Soil 1, Soil 2 e Soil 3) and three levels of risk, green (up
to 20%), blue (21 to 30%) and yellow (31 to 40%), for Sete
Lagoas - MG.

In cells 71 to 17AB, the sowing windows are shown. The
numbers inside the cells correspond to the ten-day pe-
riods. Note that, in Soil 2 and cultivar from group C1, the
sowing window goes from the ten-day period number 28
(11)) to ten-day period number 4 (11V). Planting in ten-
-day period 28 and 4 presents a risk of 31% to 40% (yellow);
in ten-day period 29 the risk is 21% to 30% (blue) and in
ten-day period 30 to 36 and 1 to 3, the risk is equal to or
less than 20% (green). White cells present a risk greater
than 40%, considered very high and therefore would be a
planting periods not accepted in the Agricultural Activity
Guarantee Program - Proagro and in the Rural Insurance
Premium Subsidy Program - PSR. From line 19 downwards,
the data presented refers to the results of ZarcPro-Milho.
In cells 19A to 21G, there are the legends for the average
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Figure 2. Maize sowing periods, estimated by ZarcPro-Milho, for the soil class with available water AW2 (0.53 mm cm), three groups of
cultivars, different levels of expected yield and three levels of risk, compared to the traditional Zarc, for the county of Sete Lagoas - MG,
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25 C2-AW2-1000- 20%-20%-40% 382 324 324

26

27 C1-AW?2-2000 - 20%-30%-40% 382 324 324

28 (C2-AW?2-2000- 20%-30%-40% 382 324 324

29 C3-AW2-2000- 20%-305%-40% 38.2 324 314

30

31 C1-AW2-3000-20%-30%-40% 324 353

32 C2-AWZ2-3000- 20%-305%-40% 382 324 353

33 C3-AW2-32000- 20%-205%-40% 38.2 324 353

34

35 C1-AW?2-4000- 20%-30%-40% 353 332 324 382
36 C2-AW2-4000-20%-30%-40% 353 353 32.4
37 |C3-AW2 - 4000 - 20%-30%-40% 324 353

32

39 C1-AW?2-5000- 20%-305%-40% 33.2 38.2

A0 C2-AW?2-5000- 20%-30%-40% 38.2

41 C2-AW?2-5000- 20%-30%-40% 353 332 35.3
42

43 [C1-AW2-5000- 20%-20%-40% 38.2

44 [2-AW2-5000- 20%-30%-40% 35.3

45 C3-AW2 - 5000 - 20%-30%-40%

simulated yield, which in the case of figure 2, are for Soil 2
and cultivars from groups C1, C2 and C3.

The average simulated yield in ZarcPro-Milho, for 34
years, without association with risk levels, are presented
in cells 191 to 21AB, for each cultivar group and ten-day
period, for soil with AW2. Cells 23A to 25G contain culti-
var group identifications (C1, C2 and C3), water available
in the soil (AW2), risk level (20%, 30% and 40%) and ex-
pected maize yield level which, in this case, it is 1,000 kg
ha. In cells 231 to 25AB, the sowing periods are marked in
colors for the scenarios identified in cells 23A to 25G. The
numbers inside the cells are the percent probability of the
simulated yield being equal to or lower than the expected
yield (EY), indicated in the legend which, in this case, is
1,000 kg ha, which corresponds to the risk of simulated
yield being exceeded. The colors in cells 231 to 25AB indi-
cate the risk levels as per the legend in cells 1A to 4E. In the
other lines of the spreadsheet, the sowing periods and risk
levels for other EY levels are presented.

Results and discussion

Figure 3 shows the observed and simulated yields of
four maize genotypes, among the 80 used in the paramete-
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rization process. It is observed that, based on the values of
the statistics d-stat and RMSE, the parameterization of the
model (adjustment of the coefficients P1, P5, G2 and G3),
individually, for each genotype, was successful, since the
values of d-stat are above 0.79 and of RMSE are below 1,825
kg ha™. The closer to 1 the d-stat and the lower are the
RMSE, the closer the simulated values are of those obser-
ved (Willmott et al., 1985). 1t is worth mentioning that the
data were obtained from field trials, in which the control
of experimental conditions is not always the most suitable
for modeling purposes. Even under controlled conditions
variations in yield can be observed in field trials (Sadler et
al., 2000).

The values of the coefficients, obtained after repara-
meterization of the model by group of cultivars (C1, C2 and
C3), classified by the thermal sum of some phenological
phases, are presented in Table 4.

The genetic coefficients obtained by adjusting the mo-
del to the VCU trials’ data are in the range of those ob-
served in other studies (Gedanken, 1998; Soler et al., 2007;
Amaral et., 2015; Andrea et al., 2019). The coefficients are
cultivar-specific and it is expected to vary among different
hybrids. Cultivar groups C1, C2 and C3 fit approximately
to a normal-cycle hybrid. Their P1 are smaller and the P2



Figure 3. Observed versus simulated yield, obtained after adjusting the coefficients P1, P5, G2 and G3, individually, for the genotypes

DKB 390, 1IM1807, 1IM1752 and 1Q2359.
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Table 4. Parameters of the simulation model, adjusted for the three cultivar groups (C1, C2 and C3), with different days to silking and

to physiological maturity (cycle).

Parameters of the model

Cultivar P1 P5
(degree-days) (degree-days)
c1 200 (54 DASY) 864 (105 DAS)
C2 230 (56 DAS) 893 (109 DAS)
C3 240 (58 DAS) 910 (111 DAS)

G2 G3 PHINT
(grain plant-1) (mg day-1) (degree-days)
881 551 45,5
884 5,52 45,5
879 5,49 45,5

*DAS: days after sowing. Values in parentheses are the number of days to silking (column 2) and to physiological maturity (column 3).

coefficients are larger than those obtained by Soler et al.
(2007) for a normal-cycle cultivar group. It is noted that
the differences between the group of cultivars (C1, C2 and
C3), considering both the values of the adjusted parame-
ters and the number of days to silking and to physiological
maturity, are small, indicating that the genotypes used in
parameterization are physiologically very similar, with a
tendency to have a shorter cycle. Certainly, an adjustment
to the parameterization will have to be made, possibly
with the inclusion of more data from the Southern region
of the country.

Yield data, number of days to silking and number of
days to physiological maturity, simulated and observed,
after a new parameterization of the model, by group of ge-
notypes, are presented in Figure 4.

This parameterization by group of genotypes conside-
rably favored the model’s ability to predict maize yield,

when compared to the individual parameterization of the
genotypes, as demonstrated by the d-stat and RMSE sta-
tistics (Figures 3 and 4). The mean square error (RMSE) of
the estimated yield ranged from 573 kg ha™ to 711 kg ha*,
while the RMSE of the number of days to silking and the
number of days to physiological maturity ranged from 2.8
days after sowing (DAS) to 4.0 DAS and 6.4 DAS to 9.4 DAS,
respectively.

In the process of evaluating the predictive capability
of the model, the simulated data of yield, number of days
to silking and number of days to physiological maturity,
obtained with the reparametrized model, for the three
groups of cultivars, were compared with the respecti-
ve data observed in the VCU trials, in which some water
stress occurred. Three groups were created, classifying the
data according to the thermal sum of some phases, as was
done in the parameterization process. It is observed (Figu-
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Figure 4. Yield, number of days to flowering and number of days to physiological maturity, simulated and observed, for three cultivar
groups (C1, C2, C3), with three different thermal sums (cycles), after reparameterization of the model.
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re 5) that there was a greater dispersion of yield data, days
to silking and days to physiological maturity, compared to
the parameterization process (Figure 4) without, however,
limiting the model’s application to ZarcPro-Milho. Howe-
ver, Andrea et al. (2019) found that the performance of the
same model was better during the evaluation phase when
data from off-season trials were used in the state of Mato
Grosso, Brazil. They emphasize that the model is sensitive
to crop water stress normally observed in such conditions.

It is worth emphasizing, however, that detailed infor-
mation was not available on the conditions under which
the VCU trials were conducted, meaning that average crop
management data, interpolated soil profile and climate
data, and estimated physiological maturity data had to be
used as input into the model.

The simulated average yield over 34 years in ZarcPro-
-Milho showed significant variation throughout the plan-
ting season, ranging from September to April (from the 1st
to the 10th and 27th to 36th ten-day periods). This varia-
tion was mainly influenced by climatic conditions, parti-
cularly precipitation. Within the same ten-day period, the
differences in simulated average yield between cultivar
groups C1, C2 and C3 were minimal, due to the genetic
similarities of the genotypes, in terms of cycle duration.
The highest average yields, around 6,573 kg ha', were si-
mulated for the 30th ten-day period (October 21st to 31st),
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which coincides with the lowest risk ten-day period for EY
above 3,000 kg ha'. It should be noted that simulated ave-
rage yield data, not linked to risk level, were not sufficient
to make a decision regarding the appropriate sowing pe-
riod for maize, in Sete Lagoas - MG (Figure 2).

Analyzing data on sowing windows, linked to expected
yield (EY) and risk (Figure 2), it is observed that, as EY in-
creases, the sowing period becomes more restrictive, for
all cultivar groups and all risk levels. For EY equal to or
less than 3,000 kg ha, the beginning of the sowing pe-
riod is brought forward by a ten-day period, while for EY
of 1,000 kg ha or less, the sowing window extends over
several ten-day periods, diverging considerably from the
traditional Zarc. Although in the model, based on biophy-
sical processes, there is a restriction for sowing in dry soil,
once the crop is established, the model estimates some
grain production, even if small. It is worth highlighting,
however, that the interannual variability of precipitation
in the region of Sete Lagoas - MG allowed, in several years,
to obtain reasonable simulated yields in sowings carried
out outside the traditional planting period. Average yield
reflects that kind of condition.

On the other hand, for an EY level of 5,000 kg ha, close
to the current average yield of the main crop season, as
estimated by the Brazilian Institute of Geography and Sta-
tistics (IBGE) for Sete Lagoas, MG (IBGE, 2024), the sowing



Figure 5. Assessment of the model’s ability to simulate yield, number of days to silking and number of days to physiological maturity,
after reparameterization, for three cultivar groups (C1, C2 and C3), with three different thermal sums (cycles).
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period determined by ZarcPro-Milho was more restrictive.
This was observed when considering a soil with available
water AW2, compared to the traditional Zarc for a soil with
average water retention, regardless of the cultivar group.

With this new procedure, ZarcPro-Milho, there are
also more ten-day periods with risk levels between 31%
and 40% and, considerably fewer ten-day periods with a
risk level equal to or less than 20%. The highest expected
yield, for a soil with available water AW?2, is 6,000 kg ha™.
However, for this level of EY, the sowing window is only
one ten-day period, with a risk level between 30% and 40%
(Figure 2). Such restrictions are compatible with the reali-
ty of the region, which practically does not produce maize
under rainfed conditions, while the production of biomass
for silage is limited.

When considering a soil with greater available water,
AW4, in the same county, the highest average simulated
yield increased to 7,890 kg ha™ (Figure 6), that is, 20% hi-
gher, compared to the AW2 soil, having occurred with
cultivar group C3 and ten-day period 30 (Figure 2). Large
seasonal variations in average yields and small variations
between cultivar groups were observed, as in the scena-
rios with AW2. The sowing period lengthened, especially
for lower EY levels, although the start of the window was
delayed by a ten-day period as compared to AW2 (Figure

80 90 100110120130140150160 170180190
Observed Days to Phys. Maturity (DAS)

80 90 100110120130140150160 170 180 190
Observed Days to Phys. Maturity (DAS)

2). The reasons for the long maize sowing periods, in the
low yielding scenarios, are the same as those described for
the AW2 scenario.

With the available water level AW4, EYs reached 7,000
kg ha!, with a sowing window not as restrictive as that of
soil with AW2. Furthermore, ten-day periods with a 40%
risk level decreased, while those with a 30% risk level in-
creased. For this level of available water, closer to a typical
Cerrado soil (Andrade, 1987), considering expected yields
between 4,000 kg ha and 5,000 kg ha™, the established so-
wing windows (October 1st to January 31st) came closer
to the traditional Zarc, although with higher risks. For the
EY level of 7,000 kg ha, the sowing window is limited to a
few ten-day periods, with a risk level above 30% (Figure 6).

In Cascavel - PR (spreadsheet not shown), considering
a soil with available water level AW2 and all levels of ex-
pected yield (EY), the beginning of the sowing period must
be in the 23rd ten-day period; in the 25th ten-day period,
in Castro - PR (spreadsheet not presented); and in the 27th
ten-day period, in Sete Lagoas - MG (Figure 2). For the
same level of available water and EYs, the closing of the
sowing periods must be in the 5th, 8th and 10th ten-day
periods, respectively, for Castro, Cascavel and Sete Lagoas.
It is noted that the model was able to interrupt maize so-
wing in the South region, due to low temperatures.
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Figure 6. Maize sowing periods, estimated by ZarcPro-Milho, for the soil class with available water AW4 (0.91 mm cm), three groups of
cultivars, different levels of expected yield and three levels of risk, compared to the traditional Zarc, for the county of Sete Lagoas - MG,

Brazil.
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For a soil with AW4, the opening of the sowing window
was delayed by a ten-day period in Sete Lagoas (Figure 6),
advanced by a ten-day period in Cascavel and by two ten-
-day periods in Castro. The end of the sowing period was
the same as in the AW2 soil in Cascavel and Castro and ex-
tended until the 16th ten-day period in Sete Lagoas. As the
risk of frost in Sete Lagoas is reduced, for very low yields,
the sowing period was considerably extended in this coun-
ty due to the model’s difficulty in penalizing long term
yield due to water stress, as already discussed (Figure 6).
In the soil with AW2, the average yield of the three cultivar
groups, without association with risk, were, respectively,
6,421 kg ha, 6,990 kg ha™ and 8,337 kg ha™, in Sete Lago-
as, Cascavel and Castro. The ten-day periods in which such
average yields occurred were 30, 1 and 35-36, in Sete Lago-
as, Cascavel and Castro, respectively. When the AW4 was
considered, the 34-year average yields increased to 7,761
kg ha', 8,733 kg ha™ and 9,991 kg ha™, respectively for Sete
Lagoas, Cascavel and Castro. The ten-day period with the
highest average yield were the same as those simulated
for the soil with AW2, since crop yield depends more on
climate conditions than on soil water retention. For the
same climatic conditions, the greater availability of water
in the soil played a preponderant role in the expected mai-
ze yield. On the other hand, for the same level of water
availability in the soil, the climatic conditions controlled
the simulated average yield levels.
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Regardless of cultivar group and level of available soil
water, as expected yields (EY) increased, sowing periods
shortened and risk levels increased, as likely. For the AW2
available soil-water scenario, the largest EYs that result in
recommended windows were, respectively, 5,000 kg ha™
to 6,000 kg ha, in Sete Lagoas (Figure 2); from 6,000 kg
ha to 7,000 kg ha™, in Cascavel; and from 7,000 kg ha to
8,000 kg ha, in Castro. In the soil condition of AW4, it is
estimated that it is possible to produce maize with low risk
of loss, even with higher EYs, which increased from 6,000
kg ha to 7,000 kg ha, from 8,000 kg ha to 9,000 kg ha™
and from 9,000 kg ha to 10,000 kg ha, in Sete Lagoas - MG
(Figure 6), Cascavel - PR and Castro - PR, respectively. It
is important to note that such a simulated yield, for a soil
with available water close to that of a typical Cerrado soil,
is above the averages estimated by IBGE (IBGE, 2024), for
the first season. The national yield average was 5,700 kg
ha, in the 2023/2024 season (Cirillo, 2024). Therefore, this
result exemplifies that the model makes estimates of the
climatic potential of crop yield, since the values obtained
are consistent with the levels achieved in the VCU trials,
which are small plots and which, in general, represent the
yield potential of the evaluated genotypes. Additionally,
the VCU data used in model adjustments are geographi-
cally limited.

The model consistently characterized the response of
maize to soils with different levels of available water, so-



wing times and expected yields. For a medium cycle culti-
var (C2), EY of 6,000 kg ha™ and sowing in the first ten-day
period of November, when it went from a soil profile with
available water AW4 to an AW?2 profile, the regions suita-
ble to planting became more restrictive and the distribu-
tion of risk levels also changed, reducing areas with a risk
of 20% and increasing areas unsuitable to maize cultiva-
tion (risk greater than 40%) (Figure 7). Greater soil water
retention favored the increase in areas suitable to maize
cultivation in the states of Rio Grande do Sul, Parand, Mi-
nas Gerais, Bahia, Piauif, Maranhdo, Mato Grosso do Sul,
Mato Grosso, Acre and Amazonas.

The risks and areas unsuitable to planting maize, in a

soil with available water level AW4 and sowing in the first
ten days of November, increased considerably as the EY in-
creased from 5,000 kg ha to 7,000 kg ha'. To obtain higher
yield, the risks are higher (Figure 8). The biggest impact
was in the states of Amazonas, Pard, Ronddnia, Tocantins,
Piaui, Bahia, Minas Gerais, Mato Grosso, Mato Grosso do
Sul, Sdo Paulo, Parand and Rio Grande do Sul.

Comparing the distribution of risks in a soil with avai-
lable water AW4, EY of 6,000 kg ha?, cultivar C2 and so-
wing in the first ten-day of November and the first ten-day
of February, a considerable difference was noted (Figure
9). The areas suitable for planting maize in the off-season
were less restrictive in the Northeast and North, but with

Figure 7. Spatialization of risk levels (blue=20%; green=30%; orange=40% and gray=greater than 40%), obtained by ZarcPro, for maize
cultivation in Brazil, considering a medium cycle cultivar (C2), sowing in the first ten-day of November, expected yield of 6,000 kg ha™

and available soil water level AW?2 (left) and AW4 (right).

Yy

Figure 8. Spatialization of risk levels (blue=20%; green=30%; orange=40% and gray=greater than 40%), obtained by ZarcPro, for maize
cultivation in Brazil, considering a medium cycle cultivar (C2), sowing in the first ten-day of November, EY of 5,000 kg ha™ (left) and

7,000 kg ha (right) and available water level AW4,

Yy
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Figure 9. Spatialization of risk levels (blue=20%; green=30%; orange=40% and gray=greater than 40%), obtained by ZarcPro, for maize
cultivation in Brazil, considering a medium cycle cultivar (C2), sowing in the first ten-day of November (left) and the first ten-day of
February (right), expected yield of 6,000 kg ha and available water level AW4.

risks predominantly in the range of 30 to 40%. On the other
hand, as expected, risks and unsuitable areas increased in
the West of Bahia and in the Center-South region.

The average maize yields, in the second harvest (off-
-season), from 2003 to 2015, which comprises part of the
period considered in the simulations, were 4,167 kg ha™,
4,351 kg ha', 5,257 kg ha™ and 4,796 kg ha™, respectively,
for Brazil, Cascavel - PR, Castro - PR and Sete Lagoas - MG
(IBGE, 2024). 1t is noted that the simulated expected yiel-
ds are higher than the average values estimated by IBGE,
since a technological increase occurred in maize cropping,

with a positive impact on yields, after 2003, a period in
which the VCU data, used in the parameterization of the
model, were collected.

When comparing the ZarcPro-Milho methodology with
that of traditional Zarc, for a yield level of 6,000 kg ha?,
sown in the first ten-day of November, that is, in the first
cropping season, it is observed that there is a coincidence
in the distribution of risks in most regions of Brazil (Figu-
re 10). ZarcPro, for this EY, is more restrictive than Zarc
in the states of Pard, Minas Gerais, Espirito Santo, Mato
Grosso do Sul and Rio Grande do Sul. In Western Bahia and

Figure 10. Spatialization of risk levels (blue=20%; green=30%; orange=40% and gray=greater than 40%) for maize crop in Brazil, consider-
ing a medium cycle cultivar for ZarcPro and a group II cultivar for traditional Zarc, sowing in the first ten-day of November, expected
yield of 6,000 kg ha and available water level AW4 and Soil 2 of medium texture for Zarc, obtained with the ZarcPro methodology (left)

and traditional Zarc (right).
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Southern Maranhao, ZarcPro presented higher risk levels,
compared to traditional Zarc. In the Southwest of Piaui,
the area of low risk for maize production was reduced by
the ZarcPro.

In Figure 11 it can be seen that there is a reasonable
agreement between the areas suitable for growing maize,
sown in the first ten-day period of February (offseason),
generated by ZarcPro, considering an EY of 6,000 kg ha™,
and by Zarc, in the largest part of the country’s regions.
Zarc was more restrictive in Amazonas, Ceara, Minas Ge-
rais, Sdo Paulo, Mato Grosso do Sul and Goids. On the other
hand, the risks were lower with Zarc, in the Central-North
region, compared to ZarcPro. In Minas Gerais, ZarcPro
for an EY of 6,000 kg ha is consistent with what is cur-
rently practiced, as it is known that farmers are success-
fully planting maize offseason in the South, Southwest and
Tridngulo Mineiro regions of that state. Taking Alfenas,
state of Minas Gerais, Brazil, as an example, the county
is fit to plant maize in January and in some ten-day pe-
riods of February. In contrast, Zarc was more restrictive
for planting maize in the state of Sdo Paulo (Figure 11),
although one can sow maize in some ten-day periods of
January in Presidente Prudente, state of Sdo Paulo, Brazil
(Plantio Certo, 2024).

Conclusions

Preliminary simulations, carried out with the model
itself, allow separating data from trials with and without
water stress and also with different cycle characteristics.

The statistical indices obtained in the parameteriza-
tion and evaluation processes are suitable for applying the

model in the Agricultural Zoning of Climate Risk of Maize
Yield (ZarcPro-Milho).

ZarcPro-Milho establishes maize sowing periods con-
sidering cultivar groups with three different cycles, soils
with six available water classes and three risk levels for
eight yield classes.

For maize sowing in the first cropping season, it appe-
ars that the planting periods are similar between the risk
map obtained with ZarcPro and that obtained with tradi-
tional Zarc. When sowing in the second cropping season,
the differences may be greater, depending on the expected
yield considered. At lower expected yields, such as 1,000
or 2,000 kg ha™, sowing periods are longer in ZarcPro than
in Zarc, with the opposite situation occurring for yields of
6,000 kg ha or greater. More similar planting periods are
found for yields ranging from 3,000 to 4,000 kg ha™.
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O déficit hidrico é o principal fator que limita a produtividade de milho no Brasil,
sendo a época de semeadura uma das estratégias para mitigar o problema. O objetivo
do estudo foi desenvolver uma metodologia para aplicacio de um modelo baseado
em processos biofisicos, no zoneamento agricola de risco climatico da produtividade
(zarcPro), do milho. Empregou-se o modelo CSM-CERES-Maize, da plataforma de
simulagdo DSSAT. Dados de gendtipos de milho, obtidos em ensaios de registro de
cultivares (VCU), conduzidos em diferentes regides do pafs, foram utilizados para
parametrizar e avaliar a capacidade preditiva do modelo. Posteriormente, o modelo
foi empregado para simular a produtividade de milho para cendrios de 36 datas de
semeadura, solos com seis niveis de dgua disponivel e cultivares com trés duragdes
de ciclo. Para semeaduras na primeira safra, as janelas de plantio geradas com o
ZarcPro sdo similares as obtidas com o Zarc tradicional. No plantio na segunda safra
e com rendimentos de 1.000 ou 2.000 kg ha, os periodos de plantio sdo maiores
no ZarcPro do que no Zarc, com situacdo inversa em produtividades de 6.000 kg
ha ou maiores. Constata-se perfodos de plantio mais semelhantes no intervalo de
produtividades entre 3.000 e 4.000 kg ha.
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