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ABSTRACT

Determining the optimal sowing window (OSW)
based on climate variability associated with El Nifio-Southern
Oscillation (ENSO) can provide valuable information for
agricultural planning in the tropics. This study aimed to
calibrate, evaluate and apply the CROPGRO-Soybean model
for determining the OSW across the ENSO phases for soybean-
producing areas in the Pard State, northern Brazil. First, the
model was calibrated and evaluated using experimental data
collected in the field, between 2006 and 2009. In this process,
the model estimates showed a good agreement with the observed
data for soybean phenology, growth and yield, demonstrating
potential to simulate the crop yield in this part of the Amazon.
After calibration, the model was used in the seasonal mode to
simulate 18 planting dates, over 39 years and in three locations.
The simulated yields were divided into three ENSO phases. The
set of sowing dates that showed a high frequency (> 80 %) of
yields above 3,500 kg ha! integrated the OSW for each location
and ENSO phases. The OSW duration differed between locations
and ENSO phases, varying more during La Nifia than El Nifio
events. However, regardless of the location or ENSO phase, late
sowing was more suitable, because, besides favoring a greater
frequency of good climate conditions for the development,
growth and high yields, it also favors a lower risk of rainfall
during the harvest period.

RESUMO

Janela 6tima de semeadura da soja ajustada a
variabilidade climatica baseada em El Nifio-Oscilagao
Sul utilizando-se modelagem agrometeorologica

A determinagdo da janela 6tima de semeadura (JOS), de
acordo com a variabilidade climatica associada ao El Nifio-Oscilagao
Sul (ENOS), pode fornecer informagdes valiosas para o planejamento
agricolanos tropicos. Objetivou-se calibrar, avaliar e aplicar o modelo
CROPGRO-Soybean na determinagdo da JOS nas fases de ENOS
para areas produtoras de soja no estado do Pard. Primeiramente,
o modelo foi calibrado e avaliado a partir de dados experimentais
coletados em campo, entre 2006 e 2009. Nesse processo, as
estimativas do modelo mostraram boa concordancia com os dados
observados para fenologia, crescimento e produtividade da soja,
demonstrando potencial para simular o rendimento da cultura nessa
parte da Amazonia. Apds a calibragdo, o modelo foi utilizado no
modo sazonal, para simular 18 datas de semeadura, em 33 anos e trés
locais. Os rendimentos simulados foram separados de acordo com
trés fases ENOS. O conjunto de datas de semeadura que apresentou
alta frequéncia (> 80 %) de rendimentos acima de 3.500 kg ha’!
integrou a JOS para cada local e fase ENOS. A duragao da JOS foi
diferente entre os locais e fases ENOS, variando mais durante eventos
de La Nifia do que de El Nifio. No entanto, independentemente do
local ou da fase ENOS, a semeadura tardia foi mais indicada, pois,
além de favorecer uma maior frequéncia de boas condigdes climaticas
para o desenvolvimento, crescimento e altas produtividades, também
favorece um menor risco de chuvas durante o periodo de colheita.

KEYWORDS: Glycine max, CROPGRO-Soybean model,
climate risk mitigation.

INTRODUCTION

Rainfed agriculture is probably the most
weather-dependent economic activity (Ray et al.
2015). However, in low-latitude regions, where
photoperiod, temperature, humidity and solar radiation
have low variability, rainfall is the greatest source of

PALAVRAS-CHAVES: Glycine max, modelo CROPGRO-
Soybean, mitigagado de riscos climaticos.

risk to crop yield (Lima et al. 2019), especially in the
Amazon, where the vast majority of the agriculture
production is under rainfed conditions, and the rainfall
pattern is strongly modified by the El Nifio-Southern
Oscillation (ENSO) phenomenon (Sousa et al. 2015).

ENSO is a large-scale phenomenon that alters
the weather patterns of several places worldwide,
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causing serious problems for agriculture depending
on its phase (El Nifio or La Nifia) and intensity. In
the Amazon, El Nifio events are generally associated
with intense droughts, whereas La Nifia events are
associated with heavy rainfall and abnormal floods
(Shimizu et al. 2017). The ENSO impacts on the
Amazon climate, in terms of ecology and hydrology,
are well documented (Shimizu et al. 2017, Brum et
al. 2018). However, studies about the ENSO effects
on agricultural yield in the region are scarce, even
with agricultural losses often evidenced in El Nifio
years, such as the reduction in soybean yields in the
States of northern Brazil in 2015 and 2016 (Noia
Junior & Sentelhas 2019)

One of the methods to minimize the negative
effects of climate on the soybean crop is changing
the planting date, thus exposing the crop cycle
to meteorological conditions favorable to high
yields (Lima et al. 2019). In the present study, it
is hypothesized that the optimal sowing window
(OSW) may change according to the ENSO phase
(El Nifo, La Nina and neutral). This hypothesis
has been previously tested and confirmed through
simulations using dynamic crop models that integrate
meteorological elements, soil characteristics and crop
management (Hallinor et al. 2018, Lima et al. 2019,
Noia Junior & Sentelhas 2019), and these studies
emphasize the potential of crop models as a tool for
climate risk analysis.

In this context, the CROPGRO-Soybean
model stands out, as it was developed to simulate the
main physical and physiological processes of soybean
growth based on daily weather conditions, physical
and chemical soil characteristics, crop management
and genetic characteristics of the cultivar (Boote et al.
2001), and has been widely used in several tropical
environments to assess the effects of climate or crop
management on soybean yields (Noéia Junior &
Sentelhas 2019, Reis et al. 2020, Silva et al. 2021).

Thus, this study aimed to calibrate, evaluate
and apply the CROPGRO-Soybean model to
investigate the effects of the ENSO phases on
soybean yield in the Amazon, as well as to define
the OSW, as a strategy to mitigate the climatic risks
of the ENSO phases.

MATERIAL AND METHODS

The study was carried out in Paragominas
(3°05°S; 47°20°W), Santarém (2°38’S; 54°57°W)

and Conceig¢ao do Araguaia (8°16’S; 49°16°W) (all
in the Para State, Brazil), due to their relevance in
the soybean production (IBGE 2017) and for having
a long series of climatic data. To create the climate
files required by the CROPGRO-Soybean model,
long-term daily records (1981-2019) of the maximum
and minimum air temperature values, sunshine hours
and rainfall were obtained from the Brazilian national
meteorology institute (INMET) (Brasil 2022). The
solar radiation values for the three locations were
estimated as a function of sunshine hours using the
equation given by Angstrom-Prescott, with monthly
coefficients adjusted to the Amapa State, northern
Brazil (Belucio et al. 2014).

In the case of Paragominas, since the INMET
weather station was recently installed (2000), it
was necessary to group the weather data from
other sources to equate the number of years in the
climatological series used for the other two locations.
For example, the rainfall data were obtained from
the Brazilian water agency (Brasil 2022) and the
maximum and minimum air temperature data and
sunshine hours from the Empresa Brasileira de
Pesquisa Agropecuaria (Embrapa 2022). Missing
values for temperature (maximum and minimum)
and sunshine hours were obtained from the nearest
weather stations within a radius of 200 km (Bier &
Ferraz 2017).

The soil characterization data used in the
simulations were obtained from previous studies on
natural resources in the Para State, documented in
exploratory maps of Brazilian soils and published by
the Radam Brasil Project (1973-1974) (Brasil 1974).
These studies provided the physical and chemical
characteristics of the soil in layers up to 1-m deep. The
soil water contents at field capacity and permanent
wilting point for each soil layer were estimated using
the Van Genuchten equations [6s =1 + (-0.00037 x
Bd) and 6r = 0.0858 - (0.1671 x sand) + 0.3516 %
clay + 1.1846 x OC + 0.000029 x Bd, where 0s and
Or represent the soil water content at field capacity
and permanent wilting point (m* m?), respectively,
OC is the organic carbon content (g kg') and Bd the
soil density (Mg m)], with parameters adjusted for
tropical soil (Medeiros et al. 2014). Table 1 presents
the physical characteristics and pH of the topsoil (0-
20 cm) of the studied locations.

Experimental data collected from a commercial
production farm in Paragominas were used for model
calibration and evaluation. Data from two crop
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Table 1. Topsoil (0-20 cm) data from three series that are representative for soybean producing regions in the Para State, Brazil.

Municipality Bulk density  Sand Clay Silt pH Source: Radam Brasil project (1973-1974)
Mg m? g kg!
Paragominas 1.27 190 780 30 5.7 Index map SA.22/SA.23
Santarém 1.22 100 820 80 4.5 Index map SA.21
Conceigdo do Araguaia 2.25 210 440 350 6.1 Index map SB.22

seasons (2006 and 2008) were used to calibrate the
model. Similar management practices were used
in both campaigns: row spacing of 0.5 m, planting
density of 22 plants m? and fixed-growth BRS-
Tracaja cultivar, maturity group 9.2. The seeds
were previously treated with Rhizobium inoculant,
fungicides and insecticides. During the sowing
period, the soil was fertilized with 640 kg ha™! of NPK
(2:20:28). The crop phenology was observed daily
using the growth staging method by Fehr & Caviness
(1977). Starting at ten days after planting, destructive
samples with area of 0.5 m? (six replications) were
randomly taken throughout the growing season, at
intervals of 10-20 days. On each sampling date, the
plants were dried in a forced-air oven at 70 °C, until
constant weight, and then partitioned to determine
the leaf, stem, pod and grain weight. The leaf area
index was determined using the leaf disk method, at
the physiological maturity, and six replications with
area of 1 m? each were sampled to determine the
average yield and harvest index (Souza et al. 2011).

For model validation, the yield data of trials
conducted in 2007 and 2009 were used, with the
same cultivar used for calibration under different
planting dates: Feb. 23, 2007 (22 plants m) and
Jan. 17, 2009 (22 plants m?), as well as a more
complete experiment with two planting dates (Feb. 24
and Mar. 14) and four planting densities (10, 20, 30
and 40 plants m?) of the BRS-Sambaiba cultivar - a
conventional cultivar with characteristics (maturity
group and crop cycle) similar to the cultivar used in
the calibration process (BRS-Tracaja).

The CROPGRO-Soybean calibration process
was used to determine a combination of genetic
coefficients of cultivars, with values within realistic
ranges that minimize model errors. The genetic
coefficients were estimated based on the observed
date of the main phenological phases (first flowering,
first pod, first seed and physiological maturity),
growth curves of leaf, stem and pod biomass, leaf area
index and grain yield of the BRS-Tracaja soybean

cultivar. A generic cultivar of the maturity group nine
was used to start the calibration process. An iterative
approach of trial-and-error adjustments was carried
out until there was a reasonable match between the
observed and simulated values, starting with the
parameters for phenology and followed by the crop
growth parameters (Boote et al. 2001).

The accuracy of the genetic coefficients was
determined by comparing the simulated values of
development and growth with their corresponding
observed values, using the normalized root mean
square error: nRMSE = [>"_, 0,-,)* ] x (100/p);
the index of agreement: d=1-[}"._ (v,-Y.)*/2" _,
(|9.-7] +1y,-71)’]; and modeling efficiency: ME =
1->"_, wherenis the total number of observations, y
and y the observed and predicted values, respectively,
and y the overall mean of the observed values. The
model performance was evaluated by comparing the
simulated yield with an independent data set obtained
experimentally under different growth conditions
(Wallach et al. 2014).

The rainfed soybean yield was simulated for
each studied location using the calibrated model in
the seasonal cropping module of the DSSAT 4.6
software. The simulations were performed for the 1st
and 15th days of each month, starting in September
and ending in May, resulting in 18 planting dates, 3
counties and 39 years, totaling 2,106 simulations.
Once yields were simulated for each location,
considering the planting density of 22 plant m, the
results were split into three ENSO phases using the
Oceanic Nino Index (ONI) as an indicator (USA
2017).

The optimal sowing window was then
determined by subgrouping the planting dates with
at least an 80 % probability of simulating high
yields. Considering that the average soybean yield
in the main Brazilian producing States has oscillated
between 2,756 and 3,393 kg ha' (Sentelhas et al.
2015), this study considered yields > 3,500 kg ha’!
as a higher yield threshold.
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RESULTS AND DISCUSSION

Half of the 18 cultivar coefficients that
express the development and growth of soybean in
the CROPGRO-Soybean model were modified, in
addition to two ecotype coefficients. The cultivar
coefficients with higher contrasts in relation to the
generic cultivar were: time between plant emergence
and flower appearance and time between the first
seed appearance and physiological maturity. The
ecotype coefficients expressing the time from the
appearance of the first flower to the last leaf on the
main stem and the rate of appearance of leaves on
the main stem were slightly increased to reproduce
the leaf production characteristics of the BRS-
Tracaja cultivar (Table 2). Except for the slope of the
relative development response to photoperiod with
time and time between plant emergence and flower
appearance, all the other cultivar coefficients were
within the range reported by Boote et al. (2001).

The graphical analysis showed a “good”
agreement to most the observed points throughout the
growth season (Figure 1). The observed disparities
for top biomass and leaf area index from 70 to 105
days after planting (Figures 1A-C) may have been
caused by leaf retention, a physiological disorder not
accounted for by the model. Leaf retention favors the
maintenance of green leaves and stem, what is very
common in rainy years with excessive rainfall during
the maturation period, similarly to that described by
Holshouser (2009). However, no major disagreement
was found between the simulated pod biomass curve

and the respective observed curve from both trials
(Figures 1A and 1B), indicating that leaves retained
due to the physiological disorder seem to have no
biomass translocation activity to seed and, thus, no
effect on the simulated yield.

The model validation was carried out using
soybean yield data obtained from independent
experiments carried out in Paragominas. Simulated
yields ranged from 2,738 to 4,065 kg ha!, and observed
yields from 2,587 to 4,040 kg ha'. The difference
between simulated and observed yields was lower
than 5 %, indicating a slight overestimation. The
graphical analysis also showed that the model tends
to overestimate yield for most growing conditions,
but the deviation was within a £15 % range in all
cases (Figure 2), which is generally acceptable in
crop simulation studies (Vilayvong et al. 2015). In
general, the model performed satisfactorily and could
explain 69 % (EF = 0.69) of the observed variability
from different management practices.

Considering the average monthly rainfall in
Paragominas, Santarém and Conceigdo do Araguaia for
the different ENSO phases, it was evident that in neutral
years it was quite similar to those observed in normal
years (average of all years). The largest differences in
the average monthly rainfall were observed when either
EINifo or La Nifia occurred (Figure 3). For example, in
Paragominas, during El Nifio years, the values ranged
from 13 to 41 % below normal during the whole rainy
season, while, in La Nifia years, they ranged from 24
to 85 % above normal during November, December,
March, April and May (Figure 3A).

Table 2. Cultivar coefficients for the soybean maturity group nine (generic coefficients from the DSSAT software) and the BRS-
Tracajé soybean cultivar (used in the calibration process).

Cultivar trait Unit Generic cultivar BRS-Tracaja

1.'Critical short-day length below which reproductive development progresses h 11.880 11.600
without the effect of day length

2. Slope of the relative developmental response to photoperiod with time h! 0.340 0.355
3. Time between plant emergence and flower appearance (R1) Pd 23.000 30.500
4. Time between first flower and first pod appearance (R3) Pd 10.000 9.000
5. Time between first flower and first seed appearance (R5) Pd 16.000 14.000
6. Time between first seed appearance (R5) and physiological maturity (R7) Pd 37.400 30.000
7. Duration of seed filling for pod cohort under standard growth conditions Pd 23.000 20.500
8. Specific leaf area of the cultivar under standard growth conditions cm? g! 375.000 350.000
9. Maximum size of a full leaf (three leaflets) cm? 180.000 200.000
Ecotype trait

1. Time from the appearance of the first flower to the last leaf on the main stem Pd 9.000 12.000
2. Rate of leaf appearance on the main stem Pd 0.320 0.380

Pd: photothermal day.
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Figure 1. Comparison between simulated and observed (obs) values for top and pod biomass and leaf area index (LAI) for the
BRS-Tracaja cultivar, in 2006 (A and C) and 2008 (B and D), following the model calibration.
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Figure 2. Comparison between simulated and observed values
for yield of the BRS-Tracaja soybean cultivar, under
different crop managements (planting and density
dates), for model evaluation. RMSE%: normalized
root mean square error; d: index of agreement;
ME: modeling efficiency.

The average monthly rainfall pattern in
Santarém differed from that in Paragominas, where
the volume deviation across the ENSO phases was
evident only in the three first months of the year.
During EI Nifio years, in January, it was, on average,
123 mm (59 % lower than normal). This difference
decreased to near zero in April and remained this
way until the next austral summer. A similar trend
was observed during the La Nifia years, but ranging
from 29 to 46 % above normal during the same period
(Figure 3B). The pattern in Conceig¢@o do Araguaia
also differed from that in the other two sites. For
example, large deviations were not observed during
the La Nina years, except in November, when the
volume was 35 % above normal. In contrast, during
the El Niflo years, it ranged from 1 to 37 % below
normal during the rainy season, being lower during
February (Figure 3C).

These results demonstrated that the ENSO
effects differ for each location, being more intense
in Paragominas than in Santarém and Conceic¢ao do
Araguaia. Indeed, during the El Nifio (or La Nifia)
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Figure 3. Average monthly rainfall in Paragominas (A), Santarém (B) and Concei¢do do Araguaia (C) across the El Niflo-Southern
Oscillation phases and for the average of all years. Note: the averages obtained from historical weather data (1981-2019)
were 10 El Niflo years, 11 La Nifia years and 18 neutral years.

years, the Amazon experiences negative (or positive)
rainfall anomalies in almost its whole area. However,
this relationship plays a more important role during
the rainy season (summer and austral fall), when
higher values of rainfall anomalies are usually
observed in the central, northern and northeastern
parts of Brazil (Sousa et al. 2015).

The simulation results indicated that the
OSW length differed for each location and across
the ENSO phases. For example, in Paragominas, it
decreased from 75 days (Dec. 1 - Feb. 15) in neutral
years to 45 days (Dec. 15 - Feb. 1) in El Nifio years
and extended to 120 days (Nov. 1 - Mar. 1) in La
Nifa years. This variation pattern suggests that
the planting dates from Nov. 1 to Dec. 1 and from
Feb. 15 to Mar. 1 represent important and strategic
periods to be considered for minimizing the effects
of extreme ENSO events. The OSW center period
(Dec. 15 - Feb. 1) does not undergo the ENSO
influence (Figures 4A, 4D and 4G). Choosing a

sowing date that shifts the growing season may
expose the crop to water stress or good weather
conditions. A detailed analysis of how the choice of
sowing date affects soybean yield in the Amazonian
production environment is seen in a study by Lima
et al. (2019).

The OSW length variability in Santarém during
El Nifio and La Nifia years showed a similar trend in
relation to Paragominas, but with a different pattern.
The OSW length in Paragominas ranged from center
to the extremities of the suitable window, whereas
this variation was more evident for the early planting
dates in Santarém. During the neutral years, the high
yield probabilities for the planting dates Nov. 15,
Dec. 1 and Dec. 15 were, respectively, 74, 79 and
95 %; however, these probabilities decreased to 25,
25 and 62 %, respectively, during El Nifio events and
increased to 95 % for the three planting dates during
La Nifia events (Figures 4B, 4E and 4H). In summary,
the period between Nov. 15 and Dec. 15 also
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Figure 4. Probabilities for a high yield (> 3,500 kg ha™') of soybean at different planting dates in Paragominas (A, D and G), Santarém
(B, E and H) and Conceigdo do Araguaia (C, F and I), across the ENSO phases. Note: number of simulated crop seasons:
18 neutral years, 10 El Nifio years and 11 La Nifia years (1981-2019).

represents a strategic period for agricultural planning
in the face of a predicted ENSO phenomenon.

Conceigdo do Araguaia showed a low variability
in OSW length across the ENSO phases (75-90
days). No difference was found in the OSW length
between El Nifio and La Nifa events (Figures 4C,
4F and 41), although there was a reduction in the
average monthly rainfall from 2 to 37 % during El
Nifno years (Figure 1C). The high soil clay content
(44 %) probably influenced this result. Woli et al.
(2013) analyzed the ENSO effects on peanut yield
under different soil types in southeastern USA and
concluded that only light-textured or coarse soils with
low water-holding capacities resulted in significant
yield differences. The ENSO did not significantly
influence medium or heavy soils, because they can
hold water for a longer period and maintain adequate
soil moisture levels to sustain plant growth even
under high rainfall variability.

Although Paragominas and Santarém are in
the same climatic zone (Am) of the Koppen’s climate

classification (Alvares et al. 2013), the ENSO seems
to affect them differently. According to Paz et al.
(2012), interactions between physiographic factors,
such as the presence of large forests and/or large
water bodies, and the regional climate can buffer
the ENSO effect. Other studies have also reported
that large areas of the Amazon basin are sensitive
to the effects of deforestation (Nobre et al. 2009).
They agree that the forest accounts for a considerable
portion of the regional water budget.

The vulnerability of soybean yields to extreme
ENSO effects was higher in Paragominas than in the
other two studied sites, because, unlike Santarém and
Conceicdo do Araguaia, Paragominas is not close
to large water bodies, what may have influenced
this result, because regions where physiographic
features are not evident or strong enough to create a
microclimate are more likely to experience significant
ENSO effects (Woli et al. 2013). For these locations,
the OSW determined by the agricultural zoning of
climate risk may be flawed, because its simplified
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methodology is not sensitive to high anomalies of
the climatological normal observed in El Nifio or La
Nifia years (Noia Junior & Sentelhas 2019).

The agricultural zoning of climate risk for
the Para State in the 2019/2020 harvest plan (Brasil
2019) presented a OSW of 52 days (Dec. 10 -
Jan. 31) for Paragominas, 61 days (Dec. 1 - Jan. 31)
for Santarém and 113 days (Oct. 10 - Jan. 31) for
Conceicdo do Araguaia. Comparing these results
with those obtained in this study, a good similarity
was observed for neutral years, given that the results
were practically contained in the OSW determined
by the CROPGRO-Soybean model, indicating that
the simplified agricultural zoning of climate risk
methodology was efficient, especially for places with
a low influence of the ENSO, such as Conceicdo
do Araguaia. On the other hand, the use of the
CROPGRO-Soybean model is more effective in
places with climate variabilities due to the ENSO,
such as Paragominas and Santarém.

Several researchers have investigated the
ENSO effects on simulated yields of important
economic crops, such as peanut, cotton, corn and
soybean, in different locations and planting dates (Paz
et al. 2012, Waongo et al. 2015, Woli et al. 2015),
and concluded that the planting dates that favored a
higher yield and a lower variation coefficient varied
across locations and ENSO phases. These studies
have demonstrated that the risk of crop production at
a given location depends on the planting date and the
current ENSO phase. This approach can accelerate
the production of technological information, with
results that may help policymakers and farmers to
prepare for future threats of climate variability and
change, which are likely to increase in intensity and
frequency (Bilali et al. 2020).

CONCLUSIONS

1. The CROPGRO model satisfactorily simulated the
growth and development of soybean under the soil
and climate conditions of the Amazon. The model
was also sensitive to rainfall variations caused by
the El Nifio-Southern Oscillation (ENSO) phase, as
it coherently simulated an optimal sowing window
for high yields and improved the understanding of
soybean yield risks associated with ENSO-based
climate variability in the area;

2. The hypothesis tested in this study was partially
accepted, as the optimal sowing window for

Conceigdo do Araguaia remained unchanged
between ENSO phases, whereas it shifted
explicitly for Paragominas and Santarém.
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