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ABSTRACT - Climate change is a current problem in agricultural production. Soybean is one of the main crops produced in the
world, the main source of oil and vegetable protein, and contributes to the planet's food security. However, soybeans are sensitive
to climate variations, such as extreme temperatures and water excess or deficit. Studies with simulation of the future climate and
its impact on soybean yield reported that increased temperature and instability in the rainfall regime harm the production of this
crop, as it alters the physiology of the plant and limits the attainable yield. Meanwhile, studies report that a higher concentration
of CO; in the atmosphere can increase yield, but that would be limited to conditions in which the temperature does not exceed
the optimum range for the crop. In simulation studies, it has been reported that climate change in the medium to long term will
reduce both the planted area and soybean production in Brazil, due to climate variables being above the optimal limits for the
crop. However, there is still room for genetic improvement to adapt future cultivars to future scenarios and mitigate this problem.
In this context, the development of new technologies and their transfer to rural producers will play an important role in
guaranteeing future agricultural production in a climate change scenario.
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CONSEQUENCIAS DAS MUDANCAS CLIMATICAS NA PRODUCAO DE SOJA
BRASILEIRA

RESUMO - As mudancas climéaticas sdo um problema atual na producdo agricola. A soja é umas das principais culturas
produzidas no mundo, principal fonte de 6leo e proteina vegetal, e contribui para seguranca alimentar do planeta. Porém a soja
é sensivel as varia¢des climaticas, como temperaturas extremas e excesso ou déficit de hidrico. Estudos com simulacéo do clima
futuro e seu impacto sobre a produtividade da soja reportaram gque 0 aumento da temperatura e a instabilidade no regime de
chuvas prejudica a producdo dessa cultura, uma vez que altera a fisiologia da planta e limita a produtividade atingivel. Por outro
lado, estudos reportam que a maior concentragdo de CO2 na atmosfera pode aumentar a produtividade, mas isso seria limitado
para condigdes que a temperatura ndo ultrapassasse o intervalo dtimo da cultura. Em estudos com simulagfes tem sido reportado
que as mudancas climaticas no médio a longo prazo reduzirdo tanto a rea plantada quanto a producdo da soja no Brasil, em
virtude das varidveis climaticas se encontrarem acima dos limites 6timos para a cultura. Porém ainda existe espago para o
melhoramento genético adaptar as futuras cultivares aos futuros cenarios e mitigar este problema. Neste contexto, o
desenvolvimento de novas tecnoldgicas e a transferéncia destas para o produtor rural tera um papel importante para garantir a
producdo agricola futura no cenario de mudancas climaticas.

Palavras-chave: Uso da terra, eventos climéaticos extremos, projecdes climaticas.

INTRODUCTION

Soybean is an essential crop for food security and
its demand is growing. Still, due to the limitation of the
expansion of the cultivated area, increase on its production
relies more and more on increasing yield (AYALA et al.,
2016; BATTISTI et al., 2018; SILVA et al., 2021). It is
expected that soybean yield in Brazil need to grow above
the world average to be able to supply the demand. This
presents ongoing challenges for Brazilian soybean because
most of it is grown in rainfed areas (BATTISTI;
SENTELHAS, 2019). Soybean is a plant sensitive to
extreme climatic variations, such as temperatures above
40°C or below 10°C, water deficit and excessive solar

radiation (ALSAJRI et al., 2020; TAN et al., 2021; ZHAO
etal., 2021).

The increase in greenhouse gas emissions
contributed to global warming and various impacts on
agricultural crops (TANURE et al., 2020). Climate change
can modify soybean production negatively, and this affects
the supply and price of soybeans in the main markets,
causing difficulties, especially for the most vulnerable
consumers and for producers (CARAUTA et al., 2021).
Furthermore, since Brazil is one of the largest soybean
producers in the world, possible impacts and risks
associated with climate change need to be estimated so that
preventive control measures can be adopted and thus
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guarantee global food security (CAETANO et al., 2018;
GOULART et al., 2023).

The objective of this review was to summarize
some demands of soybean in relation to climate variables,
to analyze future scenarios about climate change and how
these changes affect soybean production in Brazil. To
achieve this, searches were carried out within the main
known databases, with the keywords ‘soybean and
environmental needs’, ‘soybean ecophysiology’, ‘impacts
of climate change on soybean’ and ‘consequences of
climate change of Brazilian soybean’. Below, the results of
the main verified studies are presented.

Historical and ecophysiological aspects of soybean crop

Soybean (Glycine max L. Merril) belongs to the
Fabaceae family and has its center of origin in the Asian
continent, on the banks of the Yangtze River, in China. It is
an annual plant, with epigeal germination and has
herbaceous size (EMBRAPA, 2023). Its grain is rich in oils
(around 18% to 23%) and proteins (around 33% to 42%)
UMBURANAS, et al., 2022).

In Brazil, soybeans were introduced in Bahia in
1882 by Gustavo D’utra, but the crop did not develop well

Maturity Groups
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due to the lack of cultivar adaptation to the tested
environment. At the same time, the Agronomic Research
Institute (IAC) began studies on this crop. Around 1910,
soybean cultivars were introduced in Brazil in Rio Grande
do Sul from the southern region of the United States, where
it showed good adaptation due to the similarity of latitude
with the region of origin of the introduced cultivars
(BONATO; BONATO, 1987).

Until the 1970s, soybean production was
concentrated in the southern region of Brazil, due to the
cultivars and edaphoclimatic conditions in the region. In the
following decades, the area cultivated with soybeans
expanded in the Brazilian Cerrado region with the
development of more adapted cultivars. The area cultivated
with soybeans in the 2022/2023 growing season was 43.3
million ha (IBGE, 2023).

Commercial soybean cultivars are classified
according to the development cycle, being grouped, and
characterized by the maturity groups, which ranges between
5 to 9 among Brazil territory (Figure 1). This classification
considers the interaction between genotype and
environment (MATSUO et al., 2016; KASTER; FARIAS,
2012).

Latitude

FIGURE 1 - Distribution of relative maturity groups of soybean cultivars in Brazil. Source: Kaster e Farias (2012).

For each  maturity group there are
recommendations regarding the best location and sowing
date, mainly. These recommendations are based on
agricultural zoning of climate risk (ZARC). The ZARC
indicates the best sowing date for the crop to have its full
development without suffering the effect of extreme
climatic events. In general, the soybean sowing in Mid-
South Brazil runs from mid-September to December, and
until February in some regions in North Brazil areas. Each
federation state regulates this sowing window according to
the sanitary break to prevent Soybean Rust (Phakopsora
pachyrhizi) disease. There are several meteorological
factors that impact the agronomic performance of soybeans,
such as the incidence of light (radiation and photoperiod),
humidity, temperature, CO, concentration, mainly.

The incidence of light in the soybean crop is
directly linked to photosynthesis, growth and setting of pods
and grains, among other processes. Saturation of
photosynthetically active radiation happens in 1800 pmol
m2 s, Under conditions of low radiation, the soybean crop
reduces the number of pods per plant, the total soluble sugar
content, accumulates less biomass, as well as reduces
biological nitrogen fixation (LIU et al., 2011).

As for the photoperiod, the soybean crop is a short-
day plant, whose flowering occurs when the plant finds a
photoperiod condition below the critical photoperiod and
represents the transition from the vegetative period to the
reproductive period. As for humidity and precipitation, the
soybean crop needs about 400 to 800 mm of water well
distributed during its growth cycle, the most critical periods
being the germination and emergence phase, as well as
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flowering and grain filling (BREVEDAN; EGLI, 2003;
SILVA et al., 2015). During the reproductive period the
demand for water is around 7 to 8 mm day (FARIAS et al.,
2007). Significant water deficiencies, during flowering and
grain filling, cause stomatal closure and a reduction in the
photosynthetic rate of the plant, consequently, decreases
nitrogenase activity and nitrogen assimilation (TAIZ et al.,
2017). In addition, there is curling and premature fall of
leaves and flowers, and pod abortion (BREVEDAN; EGLI,
2003), which decreases seed quality, affects germination
and vigor.

Temperatures between 20°C and 30°C are optimal
for soybean crop (ALSAJRI et al., 2020). The optimal
temperature for soybean seed germination is 32°C, with the
minimum temperature tolerated for germination being 8°C
and the maximum being 40°C (LAMICHHANE et al.,
2020). At temperatures below 10°C the vegetative and
reproductive development of the soybean crop is null, and
temperatures above 40°C harm flowering and pod fixation.
The minimum temperature for flowering is 13°C. Another
important process affected by temperature is the biological
nitrogen fixation, the appropriate soil temperature for the
formation of nodules is 27°C. High temperatures (>40°C)
can also impair grain/seed maturation (SILVA et al., 2015).
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Projected climate change for Brazil

Soybean is a highly sensitive plant to climate
adversity (BATTISTI et al., 2018; ODEY et al., 2022),
which can be responsible for yield losses in the order of 46
to 74% (BATTISTI; SENTELHAS, 2019). For Brazil,
between 1980 and 2018, there was an average increase in
temperature of 0.5°C per decade, for all regions of the
country, and this value continues to rise (SANTOS et al.,
2020). In the most pessimistic scenarios of CO, from the
Representative Concentration Pathways (RCP 8.5), the
temperature increase in the Brazilian regions may be 2°C by
2052. However, this projection would not be uniform for all
regions of the country, with the North and the Midwest
regions having the highest probability of severe changes in
temperature (CARVALHO et al., 2020; SANTOS et al.,
2020).

This changes in the temperature of the country can
harm soybean cultivation (Figure 2), among which
overheating of plant tissues, lower fixation of flowers
(ODEY et al., 2022), extending pods formation duration,
grain filling duration, as well as decrease potential leaf area
index of the crop (CAETANO et al., 2018; KOTHARI et
al., 2022). Excessive temperatures (>35°C) also reduce the
survival of diazotrophic bacteria, responsible for biological
nitrogen fixation (LI et al., 2016; SITA et al.,, 2017,
SOARES et al., 2021).
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FIGURE 2 - Consequences of climate change on soybean yield.

It is expected that in Brazil, a reduction in rainfall
and, consequently, drought events occur more frequently
(SOARES et al., 2021). However, as well as for
temperature, rainfall presented a regionalized aspect
throughout the country. The pattern of rainfall in the country
proved to be variable, in the period between 1980 and 2018,
for the north of the North region, central-east of the
Northeast region and in the South region there was an

increase in the accumulated rainfall (SANTOS et al., 2020;
ZILLI etal., 2020).

Whereas a scenario of reduced rainfall for the
entire South region, as well as for the Southeast and
Midwest were also reported (FERNANDES et al., 2022;
ZHANG et al., 2021). This represents risks associated with
soybean cultivation, since traditionally the Midwest and
Southeast regions represent most of soybean production
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areas (CONAB, 2023; SILVA et al., 2021). Surveys by the
Intergovernmental Panel on Climate Change (IPCC, 2023)
indicate that, by 2100, rainfall could reduce by 22% in the
Northeast region and part of the Midwest and increase by
25% in the South region. These changes in rainfall can lead
to water scarcity, which reduces leaf area and hinders plant
transpiration, due to stomatal closure, in addition to
promoting pollen sterility and decreasing grain quality
(ODEY etal., 2022).

The enrichment of the atmosphere with CO; also
affects the soybean crop (Figure 2). As a C; metabolism
plant, Rubisco is not close to saturation, so soybean can
have a positive response to the increase in CO; in the
atmosphere (BUNCE, 2015; KUMAGAI et al., 2015). Even
in scenarios where the CO, concentration is 800 pmol mol-,
basically double the current level, yield would be able to
increase by up to 40%, without metabolic changes occurring
in the culture, which indicates an improvement in
photosynthetic efficiency, if only the CO, was changed
(CASALl etal., 2021; LI etal., 2016). This is in accordance
with the works of Ainsworth and Long (2021), according to
them, if there is an increase of 200 ppm of CO; in the
atmosphere, soybeans would be able to increase production
by 18%, however, even in this scenario, if the temperature
increase by 2°C, yield can drop by 10%. The increase in CO-
can help preserve water by reducing stomatal conductance
and, thus, water loss from leaves (SILVA et al., 2021).
However, morphological studies have shown that
photosynthesis tends to reduce in environments with a CO»
concentration greater than 400 ppm, as well as
morphological changes in stomata, in leaf distribution and
anatomical changes in leaves (ZHENG et al., 2019).

Climate change, in addition to causing changes in
rainfall and temperature patterns, also increase the
occurrence of extreme meteorological events (Figure 2) that
can harm soybean cultivation (CARVALHO et al., 2020;
MCTI, 2023; ORTIZ et al., 2021; REN et al., 2018; SILVA
et al., 2021; ZILLI et al., 2020). The areas of the Caatinga
and part of Mato Grosso, Piaui and Bahia states
(MATOPIBA) may experience a higher frequency of
drought, and the South and Southeast may experience a
higher frequency of drought, frost, and hail (CARVALHO
et al., 2020; RIO et al., 2016). Problems with heat and
drought already affect soybean yield by 12.4% around the
world (MATIU et al., 2017).

In addition, heavy rainfall events are also expected
to occur in the main producing regions of the country. It is
known that soybeans have a certain degree of tolerance to
waterlogging (PASLEY et al., 2020). However, if this event
occurs in great intensity, mainly in places with more fragile
soils and, with few conservationist practices, it will cause
high damage to the crop such as loss of seeds, soil dragging
and deposition in lowland areas, erosion and reduced
fertility (CASALI et al., 2021; POWLSON et al., 2016).
This soil degradation that can occur in extreme events
harms agricultural crops, mainly in places without irrigation
because they provide high loss of water retention capacity
of these soils (CASALI et al., 2021).
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Impacts of climate change on the Brazilian soybean area
Around the world, climate change already has
negative impacts on soybeans, in some cases making
cultivation in previously favorable locations unfeasible
(CAETANO et al., 2018; PASLEY et al., 2020; ZHAO et
al., 2021). In Brazil, this problem can be intensified since
the area cultivated with soybeans has expanded to regions
considered marginal (CAETANO et al., 2018; CARUATA
et al., 2021; CASALI et al., 2021; FERNANDES et al.,
2022; ZILLI et al., 2020). The impact of these changes has
been shown to be specific depending on the agricultural
culture and the region considered. Therefore, there is a need
to evaluate between the agricultural areas that allow the
continuity of soybean planting or that may be new areas for
cultivation, in view of the realities of climate change.

There is a risk of reducing the attainable yield of
Brazilian soybean areas by up to 65%, by 2050, the South
region would be the most affected, it would lose a large part
of its capacity to support the crop and the Southeast part of
the Amazon would be a compensation region for this loss
(Figure 3b and Figure 3c) (ASSAD et al., 2016). This could
lead to greater pressures in this biome. By 2100, 72% of the
Brazilian territory may be considered unviable for the crop,
mainly in the North and Northeast regions, but also in part
of the Midwest (Figure 3a, Figure 3b, Figure 3c)
(CAETANO et al., 2018). The Southeast region is the one
with the greatest possibility of gains, due to its technological
contribution (ASSUNCAOQ; CHEIN, 2016; CAETANO et
al., 2018). The North of Brazil would benefit or be less
impacted by climate change because of the more constant
temperature and smaller rainfall variation in them, despite
lower accumulated rainfall (TANURE et al., 2020).

To compensate for yield losses, there may be an
expansion of soybean cultivation in the South of the
Cerrado and the Atlantic Forest and in the Pampas. The new
agricultural frontier of current soybean , MATOPIBA and
the North of the Cerrado would not be suitable for the
expansion of production (ZILLI et al., 2020) (Figure 3a,
Figure 3b, Figure 3c, Figure 3d). In addition, despite the
expansion of the cultivated area in some places, the total
area of the crop in the country can fall by up to 38% and
yield by up to 36%. This projected expansion towards the
southernmost regions can be problematic, due to the great
variability of the water cycle in this region, despite the large
volume of rainfall (BATTISTI; SENTELHAS, 2019; RIO
et al., 2016; ROESCH et al., 2009). Impacts on soybeans
would be more limiting for cultivation in the MATOPIBA
region, since they would make this region more like the
Caatinga (FERNANDES et al., 2022; SILVA et al., 2023).
Observing these data, climate changes can accentuate
regional disparities between municipalities (ASSUNCAO;
CHEIN, 2016), since places that are already traditional in
relation to soybean cultivation have greater capacities to
remain as strong producers and expanding sites can become
even more vulnerable.

Most producing regions in Brazil take advantage
of the sowing period to grow two crops throughout the year
(first and second season), with soybeans generally being the
first. The decrease in the rainfall window and in the amount
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of rain predicted for some regions may make this practice
unfeasible (SILVA et al., 2023). For different future
scenarios in Mato Grosso, the occurrence of two harvests
would be difficult and economically unviable.

Measures to mitigate the impacts of climate change on
soybean

The advance in soybean yield in recent decades
was mainly due breeding new cultivars and improved
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agricultural practices and technologies (ODEY et al., 2022;
SOARES et al., 2021; ZILLI et al., 2020). In the current
scenario, soybeans in Brazil could be 80% more efficient,
yet poor management causes large crop losses every year
(BATTISTI et al. 2018). Thus, to avoid adding agricultural
inefficiencies to the climate change scenario, it is necessary
to improve management.

[ Pantanal
Pampas
Atlantic Forest
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[ Brazilian states

B Soybean area

Soybcan arca (%)
T

Zilli et al., 2020
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FIGURE 3 - a) Map of Brazil containing the current soybean area in each Brazilian biome and state, modified from MapBiomas
(2023), b) scenarios for changing soybean production areas, the ‘+” sign indicates the areas where possible production increases
will occur, or maintenance of the productive potential, the sign of - indicates the areas with possibilities of reduction of the
productive capacity in face of the problems caused by the climatic changes and the arrows, indicate the preferential flows of
migration of the cultures, adapted from Caetano et al. (2018) and Zilli et al. (2020), ¢) main projections of change in soybean
yield in the country and d) main projections of change in the country's cultivated area.

Considering homogeneous zones according to
water availability can be a solution (BATTISTI;
SENTELHAS, 2019), since, in this regard, management can
be adjusted according to the water needs of crops at the best
sowing dates, including selection of resistant cultivars
drought, adequate planting time in relation to rainfall and
irrigation adjustments, when necessary. In addition,
concentrating cultivation in more suitable regions allows
agricultural and environmental resources to be used in the
best possible way (GOULART et al., 2023).

Genetic improvement can modify the leaves to be
smaller, to improve heat dissipation and to have a deeper
root system (SILVA et al., 2021). In this respect, smaller

leaves could also cause less water loss, together with roots
that react better to compacted soil, causing better water use
by the crop. Developing cultivars that are more tolerant to
abiotic stresses will help minimize the impacts of droughts
and high temperatures (CAETANO et al., 2018; SOARES
et al., 2021). However, this tolerance must be accompanied
by increases in yield, since for soybeans to reach the
expected targets, average yield should be 4.1 ton ha* by the
end of the century (ZILLI et al., 2020).

The introduction of management technologies also
helps in this process (CAETANO et al., 2018). Changing
the sowing date is one of the most effective and accessible
ways to carry out (RIO et al., 2016; TAN et al., 2021;
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ZHANG et al., 2021), however, in scenarios where rainfall
becomes scarcer and variable over time, its effectiveness
may decrease, especially for rainfed agriculture, as is the
case with most soybeans in Brazil. In addition, the need for
a sanitary break to reduce the incidence of key pests and
diseases in the crop and the occurrence of two crop cycles
in the rainy season reduce the flexibility of this method.
However, it is expected that, due to the increase in
temperatures, soybeans cycle will shorten, and crop water
consumption will increase (SILVA et al., 2021; TAN et al.,
2021; ZHAO et al., 2021).

The reduced cycle helps in agricultural planning
and, if the water requirement is met, it can help maintain
economic viability in some areas (CARAUTA et al., 2021).
Irrigation can mitigate part of the risk of crop failure due to
water scarcity (CASALI et al., 2021; FERNANDES et al.,
2022; TAN et al., 2021). However, with lower rainfall
scenarios for most of the country, access to surface and
subsurface waters may become limited (SILVA et al., 2023;
ZILLI et al., 2020). The use of sustainable agricultural
practices, such as green fertilizers, crop rotation,
maintenance of natural vegetation cover and no-tillage are
alternatives to try to maintain soybean yield (CAETANO et
al., 2018; FOGUESATTO et al., 2019; GOULART et al.,
2023; SILVA et al., 2021). One of the ways of managing to
reduce the water footprint is to use no-tillage systems, since,
by preserving the soil structure, evapotranspiration is
reduced (AYALA et al., 2016). There are still many
producers who are not convinced of the needs of these
practices (FOGUESATTO et al, 2019), therefore,
conservationist agricultural practices should be more
widely used.

Limitations of climate change in the Brazilian region,
studies, and practical needs

Most studies address the relationships between
how climate can affect crops, and often do not address the
economic aspect and the need for farmers to adapt to the
market (CAETANO et al., 2018; CARAUTA et al., 2021;
NTIAMOAH et al. al., 2022; ZHAO et al., 2021; ZILLI et
al., 2020). When using econometrics to study the future
modifications of soybeans in Ghana, it was observed that
farmers who manage to access credit, even if itis just a little,
have an 8% more chance of increasing their technical
efficiency and consequently their production in the long
term and mitigating losses. of climate change
(NTIAMOAH et al., 2022). A study reported how climate
change can negatively impact the relationship between the
marketing of soybeans between Brazil and China. The
Chinese market is the largest buyer of Brazilian soybeans
and uncertainties associated with possible crop failures can
lead to declines of up to 15% in grain exports (ALI et al.,
2022).

Many farmers still disbelieve in the impacts of
climate change (SILVA et al., 2023). For this reason, they
are reluctant to adopt conservation measures for crops,
which can help to reduce the impacts of these changes.
Therefore, more studies with producers would be necessary,
to draw persona profiles, for public policies or extension
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activities for the dissemination of information and the
necessary strategies for improving agricultural activities in
the face of adverse scenarios (FOGUESATTO et al., 2019).
Many studies use simulation models to estimate
the behavior of crops in the face of climate change,
however, many use only one or another parameter without
standardization (CAETANO et al., 2018; KOTHARI et al.,
2022; SILVA et al,, 2021). Thus, some scenarios are
inconsistent or cannot be compared. In addition, many
consider only climate information and not the relationship
between climate and soil (NTIAMOAMH etal., 2022; SILVA
et al., 2021), especially considering the relationship
between rainfall and water capacity in the soil . It is
necessary to know the dynamics of water within soils as
soils with greater drainage capacity are more susceptible to
climate variations, and the variation in surface water
content, and soil texture, influences soybean yield
(MOREIRA et al., 2023). Soil degradation is an important
factor to simulate soybean yield in climate change scenarios
and should be better considered (CASALI et al., 2021).

CONCLUSIONS

The vast majority of climate scenarios projected
for this decade agree that, in Brazil, temperatures are likely
to grow by up to 2°C on average. However, this growth
would not be uniform in all producing regions. In addition,
rainfall is estimated to be increasingly unpredictable, and
for most producing regions total rainfall tends to decrease,
especially for the new areas of soybean agricultural
expansion, which are marginal production zones. The
occurrence of extreme events tends to be higher. Therefore,
even if the increase in CO; contents can be positive for the
increase in yield, to a certain extent, it is most likely
counterbalanced by the higher temperature and the higher
frequency of excessive and uneven precipitation.

Most of the scenarios projected for this century
indicate that the production areas will become more
unfavorable for soybean production in the country. Soybean
has specific needs for temperature, precipitation, CO2, and
photoperiod. In the country, soybean management has
continuous technologies and genetic improvement aimed at
yield and adaptation to the environment. With the greater
occurrence of adverse weather conditions, producers are
increasingly dependent on these management technologies
and cultivars that are more resistant to abiotic stress, to
mitigate the negative impacts on crops. However, these
increments must be accompanied by good agricultural
practices, which allow the preservation of natural resources,
optimize the use of water, and maintain good health for the
crop.

It is important to have studies in this area, to allow
planning and actions that consider how to adjust the culture
to the changing environment. However, most of them
consider only climatic variables and their interaction with
the local culture. Thus, there is a need to include other
variables that directly impact agricultural decisions, such as
economic variables and the perception of producers in the
face of climate problems, so that more assertive strategies
can be considered.
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