MODELLING MANAGEMENT STRATEGIES TO
MITIGATE THE EFFECTS OF ALTERATIONS OF
TEMPERATURE AND OF CO, CONCENTRATION ON
MAIZE

Abstract — Ongoing climate change may affect rainfed maize yield in Brazil,
which can be attenuated by some crop management strategies. This work aimed to
evaluate, by using computational modeling, management practices with potential
to mitigate the effects of changes in temperature and CO, concentration on maize
yield. The CSM-CERES-Maize model was applied to simulate the mitigating
potential of using maize cultivars with 0.3 m, 0.5 m and 0.7 m deep root system,
associated with 0 t ha!, 2 t ha' and 4 t ha! of crop residue left on the soil surface.
A set of 33 years of daily weather data, along with soil profile data, were used
to evaluate the approach in 10 regions of the state of Minas Gerais, Brazil. For
most of the regions, the use of mulching and of a maize cultivar with deeper root
system was not capable of attenuating the temperature rise. In contrast, any factor
limiting root growth of maize to a depth of 0.30 m, causes significant yield drop,
even for a scenario of reducing temperature by 3 °C or rising CO, concentration.
In warmer and drier regions, the positive response of maize to the increase in CO,
concentration was more pronounced.
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MODELAGEM DE ESTRATEGIAS DE MANEJO
PARA MITIGAR OS EFEITOS DE ALTERACOES NA
TEMPERATURA E NA CONCENTRACAO DE CO, NO
MILHO

Resumo - As mudancas climéticas em curso podem afetar a produtividade do
milho de sequeiro no Brasil as quais podem ser atenuadas por algumas estratégias
de manejo. Este trabalho teve como objetivo avaliar, utilizando modelagem
computacional, praticas de manejo com potencial para mitigar os efeitos de
mudangas na temperatura ¢ na concentragdo de CO2 na produtividade de milho.
O modelo CSM-CERES-Maize foi aplicado para simular o potencial de mitigacao
do uso de cultivares de milho com profundidade de raiz de 0,3 m, 0,5 m e 0,7 m,
associado a 0 t ha', 2 t ha' e 4 t ha' de palhada deixada na superficie do solo.
Uma série com 33 anos de dados climaticos didrios, juntamente com dados do
perfil do solo, foram utilizados para avaliar a abordagem em 10 regides do estado
de Minas Gerais, Brasil. Para a maioria das regides, o uso de palhada e de cultivar
com sistema radicular mais profundo ndo foi capaz de atenuar o aumento da
temperatura. Em contrapartida, qualquer fator que limita o crescimento radicular
do milho a uma profundidade de 0,30 m, provoca uma queda significativa na
produtividade, mesmo em cenario de reducéo de 3 °C na temperatura ou de aumento
da concentragdo de CO,. Nas regides mais quentes € mais secas, a resposta positiva
do milho ao aumento da concentragdo de CO, foi mais pronunciada.

Palavras-chave: Zea mays L., aquecimento global, DSSAT, profundidade de raiz,

palhada.
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Maize crop is of great relevance for the
Brazilian agribusiness since it is a part of the grain
export agenda in addition to supplying the domestic
market. In the 2018/2019 cropping season the state
of Minas Gerais, Brazil was the second largest maize
producer as regards the first harvest, and the fifth when
considering the two cropping seasons commonly
practiced in the Center-South region of the country
(Acompanhamento da Safra Brasileira [de] Graos,
2020). Most of the maize production system runs
under rainfed conditions, that is, therefore subject
to climate instabilities, which cause inter-annual
fluctuations in yield as registered by the Brazilian
Institute of Geography and Statistics (IBGE, 2020).
An aggravating factor to this problem is the ongoing
climate changes (Intergovernmental Panel on Climate
Change, 2014). The increase in the concentration of
greenhouse gases GHGs in the earth’s atmosphere,
mainly CO,, besides the direct impact on some crop
performance, causes changes especially in the air
temperature (NASA, 2010).

Global agricultural yield is expected to reduce
17% by 2050 (Assad et al., 2019). In tropical and
subtropical regions of Africa and South America a
reduction of 3t ha™! in crop yield is expected due to
the increase in plant maintenance respiration and to
the decrease in soil moisture, both in response to the
rise in temperature (Levis et al., 2018). The increase
in both CO, concentration and temperature can
affect maize production, either by individual or by
combined effect (Maldaner et al., 2014). These effects
can influence traits as phenology, diseases incidence,
evapotranspiration rate and soil water availability.

Changes in temperature directly affect the
growth and development of maize, whose minimum,
optimal and maximum limits are, respectively,
8-10°C, 25-26°C to 30-34°C and 42-44°C (Kiniry et

al., 1991; Cruz et al., 2011). In regions with warmer
climate, such as in the tropics, the temperature often
exceeds the optimum range for maize, resulting in a
shortening of the vegetative and reproductive phases
and an increase in the evapotranspiration rate that
depletes the soil water more quickly and can affect
yield (Levis et al., 2018; Lizaso et al., 2018; Souza et
al., 2019). On the other hand, nighttime temperatures
above 24°C increase the maintenance respiration,
reduce photoassimilate accumulation, causing
a drop in production (Sans and Santana, 2002).
Low temperatures, in turn, reduce the rate of crop
development and in some cases can even paralyze the
entire process (Bergamaschi and Matzenauer, 2014;
Cruz et al., 2011).

A modeling study on climate change carried
out for the Midwest region of Brazil pointed out that,
by the end of the 21st century, there may be a 50
to 89% decrease in yield for the second (offseason)
maize crop sowed late. The high temperatures
shortened the crop cycle and reduced the water use
efficiency (Andrea et al., 2019). In the United Sates,
due to maize adaptation mechanisms, the increase in
the air temperature has caused lower than expected
yield drops, especially for irrigated crops (Butler and
Huybers, 2013).

The increase in the atmospheric carbon
dioxide (CO,) concentration can be beneficial for
the development of several plant species. It favors
photosynthetic activity since this molecule is one of
the substrates for the photosynthesis (Taiz and Zeiger,
2009). Due to the C4 mechanism of maize, the isolated
effect of doubling the CO, concentration is relatively
small on yield, less than 4% (Lin et al., 2017). Deryng
et al. (2016) argue that the impact of temperature
rise on maize yield can be 60%, compensated by

concomitant increase of CO, concentration. However,
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the increase in the concentration of GHGs, including
CO,, favors temperature rise, which can compromise
the crop development. Therefore, the combined effect
of increasing CO, concentration and temperature is
complex and still requires studies (Hatfield et al.,
2011).

Some crop management strategies can be used
to mitigate the effects of climate change on maize
yield, such as the no-tillage system (NTS), cultivars
tolerant to water and temperature stresses (Chapman
et al., 2012; Lin et al., 2017), chemical and physical
correction of the soil profile and the use of crop
residues as mulching (Moraes et al., 2016). The
combined effect of these strategies makes crops more
resilient to climate change.

Crop residue left on the soil surface in the no-
tillage system plays an important role to mitigate
climate change. It reflects a larger fraction of the
incident solar radiation, helps regulate the soil
temperature, reduces water evaporation, increases
infiltration and in the long term favors soil water
retention (Moraes et al., 2016). In a literature review,
Ranaivoson et al. (2017) encountered that 8 t ha'! of
mulching to reduce by 30% the soil water evaporation
and at least 2 t ha! to have the maximum effect of
increasing water infiltration and reducing runoff and
soil loss are required.

The performance of the root system has a
great impact on the economy of commercial maize
production due to its effect on yield under drought
conditions, on the nutrient absorption efficiency
(Béanziger et al., 2000) and on the resilience to soil
pests. Changes in the architecture of the root system
and in the water absorption of cropping systems with
high plant population are correlated with the historical
yield of maize elite cultivars in the United States

(Hammer et al., 2009). Therefore, the root system

traits are important to mitigate the effects of climate
change, which may or not impose conditions of water
and thermal stresses to the crops. Considering that
anatomical and molecular traits contribute to root
performance (Meister et al., 2014), there is a need to
shape maize root for increased stress tolerance and
higher yield in a changing climate (Gong et al., 2015).

Conventional experimentation to evaluate
the response of crops to strategies with potential
to mitigate the effect of climate change is time-
consuming and has a high cost due to intensive use
of'equipment and labor. Process-based models, which
allow the assessment of different crop management
scenarios associated with long-term climate databases,
are appropriate tools to address the problem. Models,
such as those of the Decision Support System for
Agrotechnology Transfer, DSSAT, (Hoogenboom
et al., 2019), have been used for decades to obtain
information on genotype-environment-management
interaction and, more recently, to assess the effects
of climate change on agricultural crops (Rosenzweig
et al., 2014). In a study carried out in the Piracicaba
region, Brazil, Soler et al. (2007) evaluated the
capability of the CSM-CERES-Maize to simulate
growth, development and yield of four maize hybrids
with different maturity periods, all sown offseason.
Salmerdn et al. (2014) used lysimeter and filed trial
to parameterize and evaluate the CSM-CERES-maize
under irrigation and Mediterranean conditions. Later
on, the model was used to evaluate the impact of
rotation of maize cover crops on nitrogen leaching
for different soil types and irrigation management
along with a 14 years rotation at the La Violada basin,
Spain. Jing et al. (2016) used the CSM-CERES-Maize
to consider gaps between potential and real yields
seeking identifying management options to improve

maize production in East Canada. Amaral et al. (2017)
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considered management strategies to improve maize
silage production for family farmers in the region
of Pelotas, Brazil. The seasonal analysis tool of the
CSM-CERES-Maize was applied to evaluate rainfed
maize biomass production.

For Brazil’s conditions, little research (Souza
et al.,, 2019; Magalhaes et al., 2019) has addressed
the problem of adapting maize crops to climate
change, especially issues related to the use of crop
management strategies. Thus, this work was proposed
with the objective of evaluating, using computational
modeling, crop management strategies with potential
to mitigate the effects of changes in the air temperature
and in the atmospheric CO, concentration on maize

crop performance.
Material and Methods

The CSM-CERES-Maize of the DSSAT
(Hoogenboom et al., 2019) suite, version 4.6.1
(Hoogenboom et al., 2014), was used to assess the
potential of crop management strategies to mitigate
possible effects of climate change on maize yield. The
simulations were performed for ten representative
of the
Brazil, which represent mesoregions with distinct

municipalities state of Minas Gerais,
characteristics of both soil and weather: Aimorés,
Machado,

Pompéu, Sete Lagoas, Uberaba and Vigosa.

Araguai, Janatba, Lavras, Paracatu,

To create the soil files required by the model,
soil samples were collected on selected farms or at
experimental stations of Federal Education Institutes
located in each region to determine the physicohydric
and chemical attributes of the soil profiles (0-0.05 m;
0.05-0.20 m; 0.20-0.40 m; 0.40-0.70 m and 0.70-1.00
m) (TABLE 1). A historical series containing 33 years

(1981-2013) of daily weather data of each region was

obtained from the National Institute of Meteorology
(INMET), Brazil. The consistency of the series was
analyzed and the missing data for a period of up to
seven days were filled in by using the WeatherMan
tool (Pickering et al., 1994) of DSSAT. Missing data
for longer periods were filled in with data from nearby
stations with similar elevation. Annual average of
weather data and the elevation of the stations are
shown on table 2.

The model was previously parameterized and
evaluated by using data from field trials carried out
for the single-cross hybrid DKB390PRO at different
places, with and without water stress (Andrade et al.,
2016; Magalhaes et al., 2019). The DKB390PRO is a
short cycle hybrid widely used in several producing
regions of the Minas Gerais state and Brazil (Dekalb,
2016). The calibration coefficients of the hybrid are
presented on table 3.

Preliminary simulations were run using the
historical weather data series allowing establishing,
for each region, the sowing date which provides
the highest grain yield under rainfed conditions, as
follows: September 12" for Lavras, October 3™ for
Vigosa, October 10" for Sete Lagoas, October 17" for
Aimorés, Araguai, Janatba, Paracatu and Pompéu,
October 31 for Machado and January 2" for
Uberaba. Afterwards, for each region, year and best
sowing date, the seasonal analysis tool of DSSAT was
used to simulate the effect of different management
strategies on maize yield.

The simulations were programmed to start
at 30 days before sowing so that the nitrogen and
water balance in the soil better approaches real field
conditions at the sowing date. Concerning the maize
crop management, a inter-row spacing of 0.7 m, a
plant population of 68,000 ha! and a sowing depth

of 0.05 m were considered. More details on the crop
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Table 1. Attributes of the soil profile of different regions of the state of Minas Gerais, Brazil

Lower Upper

Depth ~ limitof  Limitof Iljl]l]npl:r hy::;;llic Bulk — Organic gy Total . e)&Cc:;(l)ll;e
Municipality A\x:::;le A\‘/;:fel;le saturated  conductivity density  carbon nitrogen i)v l:tlel: capacity
(m) (em*em?)  (em*em?®)  (em®em?) (cm h) (g em?) (%) (%) (%) (%) (cmol kg™)
0.05 0.166 0.286 0.512 23.10 1.20 1.48 29.00 38.00 0.19 5.40 4.70
0.20 0.203 0.355 0.464 28.87 1.37 1.19 31.00 39.00 0.14 4.70 4.20
Aimorés 0.40 0.204 0.295 0.391 11.55 1.56 0.74 30.00 22.00 0.14 5.60 4.90
0.70 0.058 0.091 0.466 13.86 1.36 0.15 10.00 10.00 0.10 6.30 0.30
1.00 0.122 0.204 0.332 16.84 1.77 0.07 18.00 11.00 0.10 6.40 2.80
0.05 0.105 0.240 0.466 1.65 1.37 1.27 23.00 52.00 0.12 5.20 4.70
0.20 0.137 0.283 0.357 231 1.61 1.19 25.00 50.00 0.12 5.00 3.90
Araguai 0.40 0.130 0.274 0.381 1.39 1.61 0.59 25.00 52.00 0.08 5.30 3.10
0.70 0.143 0.255 0.312 0.92 1.70 0.37 34.00 45.00 0.06 5.70 3.50
1.00 0.162 0.248 0.324 2.31 1.76 0.22 32.00 41.00 0.04 6.20 5.10
0.05 0.195 0.353 0.446 2.77 1.38 2.15 45.00 27.00 0.26 6.80 9.50
0.20 0.219 0.322 0.392 6.93 1.54 1.19 65.00 18.00 0.22 6.30 6.30
Janatiba 0.40 0.216 0.324 0414 13.86 1.46 0.74 58.00 28.00 0.14 5.90 7.00
0.70 0.211 0.331 0.401 2.77 1.52 0.45 60.00 19.00 0.19 5.70 5.90
1.00 0.180 0.316 0.437 16.17 1.36 0.30 62.00 23.00 0.09 4.80 4.60
0.05 0.179 0.337 0.551 47.68 1.03 2.65 61.00 11.00 0.17 6.80 5.60
0.20 0.207 0.321 0.542 32.51 1.10 1.44 62.00 8.00 0.09 5.50 1.70
Lavras 0.40 0.201 0.326 0.562 23.84 1.05 1.14 67.00 6.00 0.07 5.30 1.10
0.70 0.205 0.329 0.593 39.02 1.01 0.91 66.00 8.00 0.07 5.80 1.10
1.00 0.197 0.280 0.602 43.35 0.93 0.68 67.00 7.00 0.05 5.10 0.60
0.05 0.187 0.344 0.570 7.22 1.04 2.19 59.00 8.00 0.15 6.00 3.50
0.20 0.226 0.337 0.510 16.62 1.19 1.29 64.00 9.00 0.10 5.20 1.80
Machado 0.40 0.228 0.332 0.530 30.34 1.11 0.99 71.00 3.00 0.08 5.80 1.80
0.70 0.251 0.361 0.537 13.00 1.14 0.83 69.00 6.00 0.06 5.40 1.70
1.00 0.221 0.332 0.605 43.35 0.98 0.68 71.00 6.00 0.06 6.00 1.70
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Table 1. Attributes of the soil profile of different regions of the state of Minas Gerais, Brazil. Continued...

0.05 0.254 0.363 0.549 73.69 1.14 227 73.00 19.00 0.17 6.30 4.80

0.20 0.256 0.364 0.545 19.51 1.12 1.06 79.00 15.00 0.11 6.40 3.60

Paracatu 0.40 0.248 0.357 0.576 26.01 1.06 0.99 81.00 15.00 0.10 6.60 3.10
0.70 0.231 0.344 0.590 32.51 1.00 0.68 81.00 14.00 0.08 5.70 2.20

1.00 0.238 0.340 0.596 7.22 1.00 0.60 78.00 16.00 0.08 5.20 1.60

0.05 0.243 0.359 0.502 55.44 1.25 223 61.00 36.00 0.18 5.80 3.00

0.20 0.222 0.333 0.507 97.02 1.17 1.27 61.00 36.00 0.14 6.10 2.10

Pompéu 0.40 0.227 0.372 0.534 36.96 1.13 0.82 64.00 34.00 0.19 5.50 0.70
0.70 0.243 0.397 0.505 27.72 1.19 0.59 67.00 31.00 0.10 5.20 0.30

1.00 0.232 0.349 0.548 41.58 1.11 0.59 66.00 33.00 0.14 5.20 0.00

0.05 0.191 0.300 0.611 46.46 0.91 3.45 68.00 18.00 0.37 6.10 6.00

0.20 0.249 0.362 0.551 38.83 1.05 1.72 77.00 9.00 0.30 6.00 2.70

Sete Lagoas 0.40 0.234 0.359 0.583 13.88 0.97 0.97 79.00 9.00 0.14 5.90 1.80
0.70 0.229 0.354 0.605 21.26 0.93 0.82 79.00 8.00 0.35 5.60 2.50

1.00 0.168 0.276 0.604 18.74 091 0.75 81.00 5.00 0.65 5.50 0.90

0.05 0.110 0.254 0.439 10.84 1.50 1.06 24.00 6.00 0.07 5.20 0.80

0.20 0.117 0.263 0.432 13.44 1.52 0.38 27.00 7.00 0.04 5.50 0.50

Uberaba 0.40 0.110 0.238 0.510 23.41 1.32 0.60 29.00 6.00 0.04 5.60 0.30
0.70 0.113 0.251 0.534 15.61 1.26 0.68 31.00 4.00 0.04 5.50 0.20

1.00 0.127 0.280 0.517 12.14 1.30 0.38 33.00 6.00 0.04 5.70 0.20

0.05 0.227 0.336 0.513 25.34 1.20 1.28 50.00 8.00 0.49 5.40 2.90

0.20 0.263 0.354 0.437 5.72 1.42 0.67 46.00 10.00 0.37 5.50 1.90

Vigosa 0.40 0.286 0.372 0.498 6.85 1.27 0.52 57.00 10.00 0.68 5.60 2.60
0.70 0.310 0.411 0.466 61.19 1.28 0.75 62.00 7.00 0.67 5.70 1.80

1.00 0.346 0.461 0.466 5.71 1.29 0.67 64.00 11.00 0.67 5.50 1.20

Table 2. Elevation of the weather station, average minimum and maximum temperatures, average temperature
and annual rainfall over a period of 33 years (1981-2013) for regions of the state of Minas Gerais, Brazil.

. Average Minimum Ave.r age Average Average Annual
Elevation of the Maximum .
. Weather Station Temperature of 33 Temperature of 33 Temperature of 33 Rainfall of 33
Region catherstatio Years emperature o Years Years
Years

(m) ) (O O (mm)

Aimorés 83 20.3 31.8 26.1 976
Araguai 289 19.6 31.8 25.7 757

Janauba 516 18.9 314 252 811
Lavras 919 15.1 27.3 21.2 1491
Machado 873 14.5 27.4 21.0 1257
Paracatu 712 18.2 29.9 24.1 1483
Pompéu 691 16.9 29.8 23.4 1244
Sete Lagoas 732 15.1 27.3 21.2 1491
Uberaba 737 16.8 29.4 23.1 1660
Vigosa 712 15.8 26.9 21.4 1337
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Table 3. Calibrated parameters of the CSM-CERES-Maize for the single-cross hybrid, DKB390PRO.

Model’s L. . Calibrated
Description Unit
Parameter Value
Thermal sum from emergency to the end of the juvenile
P1 Degree-Day 263
phase
P2 Sensitivity to photoperiod Day 0.5
P5 Thermal sum between flowering and physiological maturity | Degree-Day 1087
G2 Maximum number of grains per plant Number 713
G3 Potential rate of grain filling. Mg day! 4.97
PHINT Thermal sum required for successive appearance of leaves. Degree-Day 45.50

management were reported by Magalhdes et al.
(2019).

The model was set to simulate different
scenarios of crop management strategies that present
the potential to mitigate the effects of climate change,
as follows: (Rz30) — A cultivar with a root system
predominantly concentrated on the 0-0.30 m layer
of the soil profile, equivalent to a cultivar with low
tolerance to AI*" and to low pH, a typical condition
found in an acidic soil that was not properly corrected
for AI** and pH. These conditions represent an
indirect effect, since the model does not simulate the
effect of soil acidity on yield; (Rz50) — A cultivar
with a root system predominantly concentrated on the
0-0.50 m layer of the soil profile; this is the standard
or baseline scenario, typical of a maize crop grown on
the Brazilian cerrado; (Rz70) — A cultivar with a root
system predominantly concentrated on the 0-0.70 m
layer of the soil profile; this condition represents the

use of an improved cultivar with a deeper root system

or a very well-corrected soil profile; this is also an
indirect effect as previously explained; (Cob0) - An
inadequate no-tillage system that does not leave crop
residue or mulching on the soil surface; (Cob2) - A
reasonable-managed no-tillage system that leaves 2 t
ha! of crop residue or mulching on the soil surface;
this represents the standard or baseline scenario;
(Cob4) - A well-managed no-till system that leaves 4
t ha! of crop residue or mulching on the soil surface.

The DSSAT was also programmed to alter
the observed data of minimum and maximum air
temperature and the atmospheric carbon dioxide
concentrations (CO,), as follows: (T-3) - Minimum
and maximum air temperature 3 °C lower than
the baseline; (T-0) - No change in the minimum
and maximum air temperature (baseline); (T+3) -
Minimum and maximum air temperature 3 °C higher
than the baseline; (T+6) - Minimum and maximum
air temperature 6 °C higher than the baseline; (T+9) -

Minimum and maximum air temperature 9 °C higher
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than the baseline; (CO2350) - CO, concentration of
350 ppmv; (CO2380) - CO, concentration of 380
ppmv (baseline); (CO2450) - CO, concentration of
450 ppmv; (C0O2550) - CO, concentration of 550
ppmyv; (CO2650) - CO, concentration of 650 ppmv;
(CO2750) - CO, concentration of 750 ppmv.

The variation of the values for the maximum and
minimum air temperature and for the CO, atmospheric
concentration follow the protocol of the Agricultural
Model Intercomparison and Improvement Project,
AgMIP (Rosenzweig et al., 2013). Annual average
of observed and altered temperature values of each
study region are presented in table 4.

The combination of five levels of air
temperature with three root system depths and with
three amounts of crop residue left on the surface
resulted in 45 scenarios for each one of the ten study

regions. Similarly, the six CO, concentration levels,

associated with the three root systems and with the
three mulching treatments resulted in 54 scenarios
for each region. Simulated results were compared
to assess whether or not the crop management
strategies were effective to mitigate the effects of
climate changes on maize crop performance. The 45
treatments of air temperature and the 54 treatments
of CO, concentration, versus the crop management
strategies, were statistically compared using analysis
of variance (ANOVA) in a factorial scheme in
a randomized block design. Each one of the 33
simulated yield values for each year was considered
a replication. Average comparisons were performed
by the Tukey test at 5% probability. Each region was
evaluated individually, comparing their treatments
(scenarios). The ANOVA and mean comparisons were
performed using the software SISVAR 5.6 (Ferreira,
2011).

Table 4. Average annual values of observed temperature (T0) and of altered temperature for each study region.

Average Temperature of 33 Years (°C)

Region Scenarios
T-3 TO T+3 T+6 T+9
Aimorés 23.1 26.1 29.1 32.1 35.1
Araguai 22.7 25.7 28.7 31.7 34.7
Janauba 22.2 25.2 28.2 31.2 34.2
Lavras 18.2 21.2 24.2 27.2 30.2
Machado 18.0 21.0 24.0 27.0 30.0
Paracatu 21.1 24.1 27.1 30.1 33.1
Pompéu 20.4 23.4 23.4 29.4 324
Sete Lagoas 18.2 21.2 24.2 27.2 30.2
Uberaba 20.1 23.1 26.1 29.1 32.1
Vigosa 18.4 21.4 24.4 27.4 30.4
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Results and Discussion

Crop Management Strategies versus Change in the

Air Temperature

Statistical analyses indicated that no significant
interaction, at 5% probability level, was found between
depth of the root system, temperature and amount of
residue left on the soil surface and also between depth
of the root system and amount of residue in any of the
study regions. However, the interactions between crop
residue and temperature and between root depth and
temperature were significant. Those were unfolded
and the Tukey test at 5% probability was applied to
evaluate the effects on maize yield (tables 5 and 6).

The only region that showed significant
interaction between the amount of crop residue and
changes in temperature was Araguai (table 5). For
scenarios with no change in temperature (T0) or with
a reduction of 3°C (T-3), the maintenance on the soil
surface of 2 or 4 t ha! of residue showed a beneficial
and significant effect on yield, as compared to the
scenario without mulching. Crop residues left on the

soil surface in the no-tillage system reflect a greater

fraction of the incident solar radiation, help with
thermal regulation, reduce water evaporation,
increase infiltration and favor water retention in
the soil (Moraes et al., 2016). In the scenario of
a 3°C (T+3) increase in temperature, a significant
difference was determined only when the amount of
crop residue was increased from 0 to 4 t ha'. On the
other hand, for the other scenarios of temperature
levels (T+6 and T+9), it was found that the yield
did not differ statistically for the amounts of residue
left on the soil surface. At these high levels of
temperature increase, the use of crop residue did not
mitigate the effects on yield, due to shortening of
maize cycle (Figure 1) and possibly because soil-
water evaporation was not sufficiently reduced
(Ranaivoson et al., 2017). Still in Araguai, it was
noted that, regardless of the amount of crop residue
left on the soil surface, maize yield was significantly
affected by all changes in the air temperature (table
5).

The regions of Araguai, Janatba, Lavras,
Machado, Paracatu, Pompéu, Sete Lagoas, Uberaba
and Vicosa showed significant interaction between

changes in temperature and root system depth. In all

Table 5. Comparison of maize yields (kg ha') for different levels of temperature and amounts of crop residue

on the soil surface for Aracuai, Brazil.

. Temperature Amount of Crop Residue (t ha™)
Region
Change 0 2 4

T-3 5080Aa 5893Ba 6112Ba
TO 4365Ab 4905Bb 5097Bb

Aracuai T+3 2462Ac 2730ABc¢ 2858Bc¢
T+6 748Ad 844Ad 887Ad
T+9 33Ae 36Ae 38Ae

Values followed by the same upper-case letter, in the line, and lower-case letter, in the column, do not differ statistically from each other

by the Tukey test at 5% probability.
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Figure 1 — Maize crop cycle for different scenarios of temperature and regions of

the state of Minas Gerais, Brazil.

of these regions and for all scenarios of temperature
change, the deepening of the maize root system from
0.5 m to 0.7 m did not provide significant differences
in yield (table 6). In contrast, any factor that limited
the growth of the root system to 0.30 m depth,
caused statistically significant reductions in yield
for scenarios T-3, TO and T+3, in all regions, except
Araguai and Vigosa. This reinforces the importance of
the adequate correction of soil profile as a mitigation
measure to cope with climate change. In Araguai, a
significant effect on yield of reducing the root depth
from 0.5 m to 0.3 m was obtained only in the scenarios

TO and T-3, while in Vigosa this occurred only for the

temperature reduction scenario (T-3). No significant
effect of the root depth on yield was observed for the
scenarios T+6 ¢ T+9 in Araguai, Janauba, Machado,
Uberaba and Vigosa, while in Lavras, Paracatu,
Pompéu and Sete Lagoas this trend was only verified
for the scenario T+9 (table 6).

The root system is of great relevance in
commercial maize production due to its influence
on yield under drought conditions and also on the
efficiency of nutrient absorption (Bénziger et al.,
2000). In dense crops of maize in the United States,
changes in the root system architecture and in the

water absorption are correlated with the historical
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Table 6. Comparison of maize yields (kg ha™!) for different levels of temperature and
depths of maize root system for the regions of study, Brazil.

. Temperature Depth of Maize Root System (m)
Regions Change 0.3 0.5 0.7
T-3 5277Aa 6042Ba 5766Ba
TO 4366Ab 5017Bb 4983Bb
Aracguai T+3 2487Ac 2772Ac 2790Ac
T+6 778Ad 844Ad 857Ad
T-+9 35Ae 36Ac 36Ac
T-3 4464Aa 6301Ba 6431Ba
TO 4205Aa 5344Bb 5414Bb
Janauba T+3 2603Ab 3289Bc 3337Bc
T+6 983Ac 1276Ad 1295Ad
T+9 124Ad 156Ae 159Ae
T-3 9020Aa 11019Ba  10902Ba
TO 8140Ab 9327Bb 9360Bb
Lavras T+3 5997Ac 6846Bc 6920Bc
T+6 3538Ad 4058Bd 4116Bd
T+9 1164Ae 1369A¢ 1385A¢
T-3 9199Aa 10102Ba  10111Ba
TO 7767ADb 8383Bb 8437BDb
Machado T+3 5684Ac 6121Bc 6181Bc
T+6 3517Ad 3769Ad 3811Ad
T-+9 1134Ae 1220Ae 1236A¢e
T-3 7204Aa 9097Ba 9113Ba
TO 6650ADb 7719Bb 7744Bb
Paracatu T+3 4606Ac 5340Bc 5402Bc
T+6 1934Ad 2377Bd 2416Bd
T+9 360Ae 441Ae 451Ae
T-3 8571Aa 9475Ba 9470Ba
TO 7448 Ab 8235Bb 8251Bb
Pompéu T+3 4955Ac 5508Bc 5558Bc¢
T+6 2015Ad 2426Bd 2454Bd
T-+9 394Ae 459Ac¢ 460Ac
T-3 7729Aa 10043Ba  10065Ba
TO 7436Aa 8559Bb 8569BDb
Sete Lagoas T+3 5332Ab 6355Bc¢c 6395Bc
T+6 2992Ac 3483Bd 3523Bd
T-+9 807Ad 965A¢ 978Ae
T-3 8627Aa 11641Ba 11316Ba
TO 8439Aa 9549Bb 9456Bb
Uberaba T+3 6550Ab 6988Bc 6981Bc
T+6 3195Ac 3501Ad 3502Ad
T-+9 612Ad 706Ae 707Ae
T-3 7264Aa 8090Ba 8149Ba
TO 6436ADb 6745ABb  6851Bb
Vigosa T+3 4662Ac 4918Abc 5080Bc¢
T+6 2345Ad 2515Ad 2700Ad
T-+9 778Ae 806Ae 867Ae

Values followed by the same upper-case letter, in the line, and lower-case, in the column, do not differ
statistically from each other by the Tukey test at 5% probability.
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yield of elite cultivars (Hammer et al., 2009). In Brazil,
the inadequate management of the no-tillage system
has led to the formation of a compacted layer at 0.1 m
to 0.2 m depth (Franchini et al., 2011), which can affect
root growth (Labegalini et al., 2016) and ultimately
compromise the maize yield. In the no-tillage system,
more than 97% of the roots were found in the 0 to 0.2 m
deep layer (Rodrigues et al., 2017), which can increase
the crop’s vulnerability to water stress, especially
undeer conditions of increased air temperature.

It can found that maize responded strongly
to changes in the minimum and maximum air
temperatures, irrespective of the study region (Figure
2). The reduction of 3°C (T-3) in the air temperature,
for the baseline management scenario (Rz50Cob2),
provided an yield increase of 28% in Aimorés, 21%
in Aracuai, 18% in Janatba, 18% in Lavras and 20%
in Machado. On the other hand, a rise of 3°C (T+3),
for the same crop management scenario (Rz50Cob2),
caused a 54%, 45%, 38%, 26% and 27% yield
reduction in the same regions, respectively (Figure 2).
The over-response of maize crop to the 3 °C rise in the
temperature as compared to the reduction of the same
magnitude is evident. The effect of temperature rise
on maize yield was stronger in warmer regions where
temperature is already high (tables 2 and 4).

In the scenario with deeper root system and
greater amount of crop residue on the soil surface
(Rz70Cob4), Aimorés showed a yield reduction of 53%,
while in Aracuai the decrease was 42% (Figures 2A
and 2B). Lavras and Machado presented a yield drop of
24% and 25%, respectively (Figures 2D and 2E). The
reduction in maize yield was even more drastic for the
scenarios of increasing 6 °C (T+6) and 9 °C (T+9) in
temperature (Figure 2). Yield breaks of 91% and 82%
were simulated in Aimorés and Araguai, respectively,

for the T+6 scenario, reaching a 100% drop in Aimorés

for the T+9 scenario (Figures 2A and 2B). This
sharp decrease in yield was obtained even for the
scenario that represents a well-corrected soil profile,
without restriction on root growth (Rz70) and with
a well-established no-till system that leaves 4 t ha™!
of crop residue on the soil surface (Cob4). Even in
regions with a mild climate, as in Machado (tables
2 and 4), with a good amount of crop residue left on
the soil surface and a root system growing without
limitations (Rz70Cob4), the drop in yield may
exceed 50% and 80%, for scenarios T+6 and T+9,
respectively (Figure 2E).

Overall, deepening the maize root system
and increasing the amount of crop residue on the
soil surface, beyond the current levels of crop
system management, did little to mitigate the drop
in yield in response to increased air temperature.
In fact, Ranaivoson et al. (2017) reported that 8 t
ha'! of crop residue is needed to reduce the soil-
water evaporation by 30%, which could mitigate
the effect of increasing air temperature. On the
Brazilian cerrado, a simulation study done for the
municipality of Planaltina reported small impact of
the crop residue left on the soil surface on the water
availability for maize. However, the same work
showed that in a semi-arid ecosystem, with high
variability in the rainfall regime, the maintenance
of a small amount of residue on the soil surface has
been shown to be effective in reducing runoff and
soil-water evaporation, providing greater yield and
less risk of maize yield break (Scopel et al., 2004).

A modeling study on climate change
conducted for the Midwest region of Brazil, pointed
out that at the end of the 21st century there may be a
50% to 89% decrease in maize yield for late-sowing
in the second crop season (Andrea et al., 2019). On

the other hand, due to the adaptation mechanisms

Revista Brasileira de Milho e Sorgo, v.20, 1210, 2021
DOI: https://doi.org/10.18512/rbms2021v20e1210



Modelling management strategies to mitigate the effects ...

13

(A) AIMORES
Change in Temperature (°C)

(B) ARACUAI

Change in Temperature (°C)

T-3 TO0 T+3 T+6 T+9 T-3 T0 T+3 T+6 T+9
30 ) — \ I 30 e B E—
1 & TRz30Cob0 i TRz30Cob0
- 20 <>Rz3OCgb2 © 20 ¢ <>Rz3OCgb2
i\/ 10 —+ ﬁRz3OCOE4 é 10 —+ ﬁRZ3OCOE4
i %Rz50Cob0 r %Rz50Cob0
= 0+ SRo30Cok2 | | 2 0T XR30Cob2
= -10 -+ ~Rz50Cob4 L .10 — ~Rz50Cob4
>~ - —Rz70Cob0 P - —Rz70Cob0
s 20 ¢ oR770Cob2 | | & -20 T ©R770Cob2
g -30 - +§z7()1C0b4 g -30 | +§z701C0b4
g _40 7: aseline g _40 7: aseline
= I = I
o -50 + O -50 +
g 60 g 60
L - - L - =
= 00 % 90 -
-100 - -100 -
(C) JANAUBA (D) LAVRAS
Change in Temperature (°C) Change in Temperature (°C)
T-3 T0 T+3 T+6 T+9 T-3 T0 T+3 T+6 T+9
30 ‘ T ‘ ‘ T ‘ T ‘ } 30 ‘ ‘ ‘ T ‘ T ‘ }
I & ORz30Cob0 I Rz30Cob0
- 20 <>Rz30Cgb2 - 20 ¢ 5Rz30Cgb2
=~ 10 —+ ARz30Cob4 =~ 10 —+ ARz30Cob4
; 0 | *Rz50Cob0 ; 0 - *Rz50Cob0
[l L X*Rz50Cob2 o L X*Rz50Cob2
= -10 -+ ~Rz50Cob4 L 10 — ~Rz50Cob4
>~ T —Rz70Cob0 >~ T ~Rz70Cob0
s 20 ©R770Cob2 s 20 ¢ ©RZ70Cob2
g -30 - +Rz7()1Cob4 g -30 +§z7()1C0b4
g _40 1 Baseline g 40 1 aseline
= I = I
5 -50 + 5 -50 +
g 60 g 601
D - — L - 1
= 90 + = 90 +
-100 + -100 +

Figure 2 — Relative change in maize yield for different scenarios of temperature and

of crop management strategies.
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Figure 2 — Relative change in maize yield for different scenarios of temperature and
of crop management strategies. Continued...
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Figure 2 — Relative change in maize yield for different scenarios of temperature and

of crop management strategies. Continued.

of maize, the increase in air temperature has caused
lower than expected yield losses in the United States,
especially under irrigated conditions (Butler and
Huybers, 2013). The increase in temperature, above
23 °C, causes a reduction in maize yield, which
is even more accentuated when the daily values
exceed 30 °C (Lobell et al., 2011). Several factors
contribute to this yield reduction, among which, the
increase of maintenance respiration, the reduction
of soil moisture (Levis et al., 2018; Lizaso et al.,
2018; Andrea et al., 2019) and the acceleration of
vegetative development (Streck et al., 2012), which
leads to the shortening of the maize cycle. In practice,

fewer cardinal days are spent to achieve the thermal

sums required in each phenological phase of maize,
causing the shortening of the cycle, which by its turn,
reduces the opportunity for the plant to accumulate
and translocate photoassimilates to the grains
(Bergamaschi and Matzenauer, 2014) and, evidently,
affects yield (Cruz et al., 2011). In a modeling study
conducted in Santa Maria, RS, Brazil, it was also
found that the vegetative development of maize is
accelerated due to the increase of temperature (Streck
etal., 2012).

In all the studied regions, a practically linear
reduction in the duration of the maize cycle was
observed in response to temperature rise (Figure 1).

For all scenarios of temperature change, the maize
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cycle duration was considerably shorter in warmer
climate regions, such as in Aimorés, Araguai and
Janauba. In the scenario without temperature change
(TO), the duration of the maize cycle in the regions
of Machado, Aimorés and Paracatu was 138, 112 and
125 days, while for the scenario of 9 °C increase in
the temperature, the cycle should shorten to 95, 62
and 81 days, respectively. Simulations performed for
the municipalities of Rio Verde and Cataldo in the
state of Goias, Brazil, obtained a cycle of 126 days
for a generic maize cultivar of the Aquacrop model.
In warmer municipalities of the state of Mato Grosso,
Brazil, the duration of the maize cycle dropped to 112
days. The study also reported that the cycle is expected
to reduce from two to eight days, in a scenario of
climate change in the short term, and from six to 11

days, in the medium term (Minuzzi and Lopes, 2015).

Crop Management Strategies versus Change in

the CO, Concentration

Statisticalanalysesindicatedthattheinteractions
of root depth with CO, concentration, crop residue on
the soil surface versus CO, concentration, and crop
residue with CO, concentration and with root depth
were not significant at 5% probability. However, the
individual effects on maize yield of the root depth
and of the amount of residue were highly significant.
The same was verified for CO, concentration whose
effect was highly significant at 5%. A comparison of
these effects on maize yield, taking as a baseline the
management strategy consisted of a cultivar with 0.5
m of root depth and a no-till system that leaves 2 t
ha™! of crop residue on the soil surface (Rz50Cob2), is
presented in Figure 3.

In general, for all regions, regardless of the

CO, concentration and the amount of residue on the

soil surface, the root depth of 0.3 m resulted in lower
yield compared to the baseline crop (Figure 3). The
deleterious effect on yield resulted from the shallow
root system is even more drastic in the absence of
mulching and in regions with higher temperature
and less precipitation, such as Araguai and Janatba
(tables 2 and 4 and Figure 3). Even when 2 or 4 t
ha'! of residue was kept on the soil surface, for a root
depth of 0.3 m, the yield drops in Janatba and Araguai
were greater than in the other regions. This is due to
the combined effect of high temperature, with low
rainfall, which causes faster depletion of the water
available in the reduced volume of soil explored by
the roots (Levis et al., 2018; Lizaso et al., 2018).

In regions with high temperature and less
rainfall, such as Araguai and Janauba, the positive
response of maize crop to the increase in CO,
concentration was more pronounced, regardless of
the amount of residue and the deepening of the root
system to 0.5 m and to 0.7 m (Figures 3B and 3C).
Higher CO, concentration reduces the consumptive
use of water due to the decrease in stomatal
conductance of plants (Deryng et al., 2016). For this
reason, the effect of CO, fertilization on C3 and C4
plants is greater in environments under water stress,
compared to those without water limitation (Lobell
et al., 2011; Hatfield et al., 2011). Considering the
baseline management scenario, the increase in CO,
concentration provided a maximum yield increase of
13% in Janatba and 11% in Araguai. The region of
Vigosa presented a similar behavior of Janauba and
Araguai, despite of its higher annual precipitation
of 1327 mm, and a mild climate condition with
maximum and minimum temperatures of 26.9°C
and 15.8°C, respectively. The differentiated response
observed in Vigosa, in comparison to the other regions

with similar temperature and precipitation conditions,
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Figure 3 - Relative change in maize yield for different scenarios of CO7 concentration

and of crop management strategies.
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Figure 3 - Relative change in maize yield for different scenarios of CO» concentration

and of crop management strategies.

is related to the water stress to which the maize crop
was subjected, due to the smaller water availability,
of 46 mm and 66 mm, at the 0-0.5 m and 0-0.70
m soil layers, respectively (table 7). Crops grown
in arid climate benefit the most from elevated CO,
concentration, especially under rainfed conditions
(Deryng et al., 2016).

Possibly the response of the maize crop to
enrichment with CO, has been overestimated since
the concomitant effect of changes in temperature
and CO, concentration was not accounted for in
the simulations. Increased concentration of GHGs,
including CO,, favors the rise of temperature, which
can compromise the crop development. Therefore,
the combined effect of increasing CO, concentration
and temperature is complex and still requires further
studies (Hatfield et al., 2011).

Regardless of the root depth, the increase in
CO, concentration, from 350 to 750 ppmv, and the
amount of crop residue on the soil surface, from 0
to 4 t ha'!, resulted in a continuous increase in yield
(Figure 3). It is worth mentioning that, even for CO,
concentration of 750 ppmv and of 4 t ha! of mulching,
ayield plateau was not reached, suggesting a potential
for increase. In all the regions, the response of maize
crop to variation in the CO, concentration was similar
for the root depths of 0.5 m and 0.7m, irrespective
of the amount of mulching. Therefore, for the study
regions, a root depth of 0.5 m is still sufficient to
guarantee the current levels of maize yield. Regions
with milder climate and higher precipitation showed
less increment in yield in response to increase
in CO, concentration, as compared to the others.

Vanaja et al. (2015) found that, in spite of having a
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Table 7. Soil available water capacity for the three soil layers associated with the root system depths.

Soil Layer
Region 0-0.3m 0-0.5 m 0-0.7 m
(mm)

Aimorés 41 57 64
Araguai 43 71 93
Janauba 34 56 80
Lavras 37 62 87
Machado 35 56 78
Paracatu 33 54 77
Pompéu 35 65 95
Sete Lagoas 34 59 84
Uberaba 43 69 96
Vigosa 28 46 66

C4 photosynthetic pathway, the maize crop was able
to positively respond to a CO, concentration of 550

ppmv.
Conclusions

Considering a baseline scenario, which
assumes a maize crop with a root depth of 0.5 m
and a cropping system that leaves 2 t ha! of crop
residue on the soil surface, a 3 °C increase in the
air temperature causes 26% to 54% yield reduction.
The warmer and drier the region, the higher the yield
reduction in response to the rise in temperature. The
use of mulching is not capable of mitigating the air
temperature increase, except in Araguai where a 3 °C
rise can be attenuated by using 4 t ha! of crop residue
on the soil surface.

Formostofthe studyregions, deepening maize
root from 0.5 m to 0.7 m is not effective to mitigate
the effect of the different levels of temperature rise on
maize yield. Even the combination of a root system of

0.7 m with 4 t ha! of crop residue on the soil surface

does little to mitigate the drop in yield in response
of maize to increased air temperature. In contrast, for
most of the regions, any factor limiting root growth
of maize to a depth of 0.30 m, causes significant yield
drop in scenarios of reducing temperature by 3°C, no
reduction or rising by 3°C.

In general, for all study regions, regardless of
the CO, concentration and the amount of mulching,
the use of a maize cultivar with a root depth of 0.3 m
resulted in lower yield, as compared to the baseline.
In warmer and drier regions, the positive response of
maize to the increase in CO, concentration was more
pronounced, regardless of the amount of crop residue
and of the root depth. The increased maize yield can
reach 13% in the warm and dry region of Janauba.
Regardless of the root depth, the increase in CO,
concentration, from 350 to 750 ppmyv, and the amount
of crop residue on the soil surface, from 0 to 4 t ha'!,

resulted in a continuous increase in yield.
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