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Abstract: Brazil is one of the main producing and exporting countries of corn and soybean and
a continental country with climatic diversity that allows the cultivation of these crops in various
agricultural systems. Double cropping is a widely adopted system throughout the national territory,
where it is possible to cultivate soybeans at the beginning of the growing season, followed by corn
in succession, in the same growing season. The present study aims to systematize the scientific
knowledge about the impacts of future climate change scenarios on yield and on the double-cropping
system of soybean + corn in Brazil. Systematic review procedures were adopted. The soybean yield
is projected to increase in all regions of Brazil under all climate scenarios. Corn yields under future
climate scenarios are projected to decline, with the subtropical climate region being less affected than
the northern regions. The double-cropping systems of soybean + corn tend to present increasing
climate risks in tropical climate regions. Climate change scenarios point to a delay in the start of the
rainy season that will delay the sowing of soybeans, consequently delaying the sowing of corn in
succession, resulting in fewer rainy days to complete its cycle.

Keywords: agriculture; global warming; crop model; climate change adaptation; tropical climate;
subtropical climate; semi-arid climate; crop yield; phenology

1. Introduction

The last few decades have been marked by a considerable increase in population
worldwide, making the food supply and food security the focus of continuing discussions.
Current food production needs to almost double in the next thirty years to ensure global
food security [1,2]. The need to produce more food is evident every day; however, food
production must occur sustainably. Food production areas should not exert pressure on de-
forestation since forests provide several environmental services for nature and humankind,
such as biodiversity conservation, climate regulation, and carbon sequestration [3,4]. In-
creasing crop yields in consolidated areas is essential to avoid expanding cultivated areas.
In the coming years, intensifying agriculture in consolidated areas could save 0.8 billion
hectares from deforestation [5–8].

Corn (Zea mays) and soybeans (Glycine max) are two primary sources of calories and
protein for humans and animals essential for the world’s food supply. They provide
derivatives for direct and indirect human consumption and serve as a basis for animal
feed and as raw materials to produce biofuels [9]. Brazil occupies a prominent position
worldwide as a food supplier, ranked among the leading exporters of cereals, oilseeds, fruits,
and animal protein. The country is the world’s largest soybean producer, with 36.95 million
hectares grown and 124.8 million tons produced in the 2019–2020 harvest. Brazil is the third
largest corn producer in the world, having grown approximately 18.5 million hectares in
the 2019/2020 harvest and produced 102.5 million tons [10].
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One of the main reasons for these high production levels of corn and soybean is
the possibility of cultivating both crops within the same growing season in an intensive
production system called the double-cropping system. In this system, early soy is sown
at the beginning of the growing season (September/October), and after its harvest (Jan-
uary/February), corn is sown on the same plot. Currently, corn produced in this system
represents 73.2% of the total national production, adding 75 million tons to the national
harvest in the last four decades [10]. Therefore, this intensive production system received
special mention in the latest report [9], which attributed the rapid growth of Brazilian corn
production to the possibility of two harvests in the same growing season, new varieties,
and targeted government support.

Contrary to the need to increase food production, some researchers have warned that
climate change may reduce global food production in the coming decades. Climate change
will positively or negatively affect the yields of crops grown commercially in the many
regions of the world where they are produced, depending on the severity and type of these
changes [11–17]. Future climate change, associated with land use change and population
growth, will put global food security at risk and increase malnutrition, especially in less-
developed countries [18]. In particular, in most of South America and Africa, Australia, and
Central Asia, 50% or more of the population will be at risk of malnutrition when assuming
climate change scenarios and their impacts on food production in the projections [19,20].
There is evidence that climate change has negatively affected the yield of Europe’s main
crops since 1974, although without risks to food security [21]. On the other hand, future
climate change scenarios suggest that the yield of most major crops is expected to increase
by +5% to +15%, depending on the crop and the region of Europe [22].

In addition to decreasing food security and increasing risk of malnutrition, crop
yield losses due to climate change are affecting several countries’ economies, especially
in the least-developed countries, which generate a significant part of their income in this
sector. Climate change caused by the rise in CO2 levels since the pre-industrial period
currently represents an annual loss of USD 22.3 billion for corn, 6.5 billion for soy, 0.8 billion
for rice, and 13.6 billion for wheat worldwide. Yield losses are located mainly in low
latitudes [23]. For the same crops, each degree Celsius increase in the global average
temperature would reduce the global yields of wheat by 6.0%, rice by 3.2%, corn by 7.4%,
and soybean by 3.1% on average [24].

Global climate change has been occurring due to the increase in the concentration of
CO2 in the composition of atmospheric air caused by anthropic action, causing, among
others, an increase in global temperature and changes in the amounts of rain and in the
pattern of rainy seasons, a trend that will be maintained in the coming decades. Projections
indicate that the temperature in Brazil will increase in a generalized way. Some regions
of the country will register greater increases in temperature and frequency of heat waves,
in addition to drier periods, for example, the Midwest, Northeast, and Southern Amazon
regions. In the South, there should be greater volumes of rain, concentrated in short periods
of global warming of 1.5 ◦C. An IPCC Special Report on the impacts of global warming
warned of an increase of 1.5 ◦C above pre-industrial levels and related global greenhouse
gas emission pathways in the context of strengthening the global response to the threat of
climate change, sustainable development, and efforts to eradicate poverty [25].

Datasets analyzed over the past four decades revealed statistically significant warming
patterns in almost all regions of the country and a reduction in consecutive wet days, an
increase in consecutive dry days, and a reduction in total annual precipitation. Climate
projections suggest intensified warming patterns under future scenarios with an increase in
the concentration of atmospheric CO2. Average temperature estimates for the middle and
end of the century will increase by between 1.4 ◦C to 1.9 ◦C and 1.6 ◦C to 3.2 ◦C compared to
the current level, respectively, varying according to representative concentration pathway
scenarios (RCPs) 4.5 and 8.5. Hot days and nights will tend to be more frequent, and the
duration of heat waves is expected to increase in all regions throughout the 21st century [26].
The impact of climate change on precipitation varies according to climate model and region.
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However, projections show a 7.75% increase in the global average annual rainfall by the
end of this century, with an increase in the heavy precipitation index in all regions [27].
In Brazil, precipitation is estimated to increase on consecutive dry days and decrease on
consecutive wet days in almost all regions. According to future scenarios, the frequency
and intensity of extremely high rainfall days in Brazil are expected to increase [26].

Increased temperature and reduced rainfall have been identified as the leading causes
of yield losses in soybean and corn crops. Some studies point to compensatory effects of
the increase in atmospheric CO2 for some commercial crops, especially in C3 plants like
soybean, and less or null in C4 plants like corn [15,28–33]. Regions with colder weather
may benefit from the increase in temperature or have fewer negative impacts on the yield
of these crops, while the warmer regions will experience the greatest losses. Regionalized
studies are required for better understanding [34–36].

Considering the importance of Brazilian soybean and corn production in the context
of global food security, the intensification of food production per unit area, and the possible
impacts that future climate change will have on these crops, it becomes important to
understand the interactions that future climate change will have on soybean and corn
crops and agricultural production systems practiced in Brazil. The present study aims to
systematize the scientific knowledge about the impacts of future climate change on yield,
phenology, and the double-cropping system of soybean + corn in Brazil. As far as we
know, this is the first study to systematize scientific knowledge about the impacts of climate
change on the soybean + corn double-cropping system in Brazil. The findings provide
support regarding the expected impacts and possible strategies for adapting the agricultural
sector to future climate change. Following this introductory section, the materials and
methods are described in the following section. The results and discussions are presented
in the third section. Finally, the fourth section presents the conclusions of the study.

2. Materials and Methods

The present study was carried out using the research synthesis method, particularly
a quantitative synthesis that sought to find numerical values for variables of interest in
scientific articles published in journals indexed to national and international databases as
secondary sources of information [37]. A systematic review was carried out on the selected
articles according to the procedures described below and the research flowchart shown in
Figure 1.

This study adopted the systematic review procedures developed by the Center for
Evidence-Based Conservation (CEBC), restricted by inclusion criteria and defined methods
for literature searches, data extraction, meta-analysis, and synthesis [38]. To support
the smooth running of a systematic review study, first, it is necessary to elaborate on a
research question. This research question needs to meet the established goals, seeking to
investigate the relationship between two events and delimit the variables about the topic
and the criteria for inclusion of the studies. Some suggested components for elaboration are
Population, Intervention, Comparison, Outcome, and Study Type, didactically presented
by the acronym PICOT, as shown in Table 1. The defined components seek to meet the
objective of the study, which is to analyze the impacts that future climate changes will have
on productivity, phenology, and the double-cropping system of soybean + corn crops in
Brazil, delimiting the criteria for inclusion of studies.

Only studies based on crop modeling were included because they have a biophysical
basis and are the recommended method for this type of measurement [39–45]. The crop
models needed to be fed with future climate data. The data are forecast based on CO2 emis-
sion scenarios and modeled by global circulation models (GCM). They present mandatory
quantitative yield data for at least one of the target crops in different time horizons until
the end of the century and to a baseline.



Climate 2024, 12, 42 4 of 21
Climate 2024, 12, x FOR PEER REVIEW 4 of 22 
 

 

 

Figure 1. Overview of the methodological steps followed in carrying out this study. Source: Elabo-

rated by the authors. 

Data referring to management adaptation strategies, changes in crop systems, and 

differences in crop phenology were gathered, presented, and analyzed qualitatively to 

support the analysis of the results and discussions. However, these variables were not 

considered as inclusion or exclusion criteria for the studies in this research. 

The search for articles was carried out in five scientific database platforms: Scopus, 

Web of Science, Science Direct, Scielo Brazil, and Google Scholar. We defined and used an 

appropriate set of terms to retrieve as many articles aligned with the scope of the study as 

possible. The search terms vary according to the specific features of the database plat-

form’s search engine and its sensitivity in retrieving articles on the topic. We defined spe-

cific search terms in order to retrieve articles whose content met the objective of the study. 

In the databases with higher sensitivity, more restrictive terms were used, while in those 

with lower sensitivity, broader terms were used. In the first step of article selection, called 

pre-selection, the title and abstract of the retrieved articles were analyzed, aiming to iden-

tify the presence of the variables needed for the article to be included in the study. In the 

second step of the selection process, the pre-selected articles were read in full to determine 

Figure 1. Overview of the methodological steps followed in carrying out this study. Source: Elabo-
rated by the authors.

Table 1. The acronym PICOT and the definitions of the variables.

P.I.C.O.T. Variable Definition

Population Soybean and corn crops grown in Brazil.

Intervention
Future climate changes projected up to the end of the 21st century with

Global Circulation Models (GCMs), including temperature, precipitation,
and CO2 concentration as variables.

Comparator Current climate (baseline)

Outcomes

Quantitative results of crop yields.

If available, data on the impacts of climate change on crop phenology, crop
system, and possible strategies for adapting crop management.

Types of studies Studies that used crop models to estimate crop yields.
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Data referring to management adaptation strategies, changes in crop systems, and
differences in crop phenology were gathered, presented, and analyzed qualitatively to
support the analysis of the results and discussions. However, these variables were not
considered as inclusion or exclusion criteria for the studies in this research.

The search for articles was carried out in five scientific database platforms: Scopus,
Web of Science, Science Direct, Scielo Brazil, and Google Scholar. We defined and used an
appropriate set of terms to retrieve as many articles aligned with the scope of the study as
possible. The search terms vary according to the specific features of the database platform’s
search engine and its sensitivity in retrieving articles on the topic. We defined specific
search terms in order to retrieve articles whose content met the objective of the study. In
the databases with higher sensitivity, more restrictive terms were used, while in those
with lower sensitivity, broader terms were used. In the first step of article selection, called
pre-selection, the title and abstract of the retrieved articles were analyzed, aiming to identify
the presence of the variables needed for the article to be included in the study. In the second
step of the selection process, the pre-selected articles were read in full to determine if they
met all the inclusion requirements, and when they did not, they were discarded. The search
was carried out until 12 March 2020.

In the Scopus database, the following string of terms “Brazil” and “soybean” or “corn”
or “maize” and “climate change” or “global warming” were searched within the “Abstract,
Keywords and Article Title”, and 246 articles were retrieved. In the Web of Science, the
“topics” used were: “Brazil” and “soybean” and “maize” or “corn” and “climate change”
and “crop model” and “yield”, and 743 articles were retrieved. In the Scielo Brazil database,
the search included the terms “Brazil” and “soybean” or “corn” or “maize” and “climate
change” or “global warming” applied to “All Indexes,” and 622 articles were retrieved. In
the Science Direct platform, the “keywords” field was filled out with the terms “Brazil” and
“maize” or “corn” or “soybean” and “climate change” or “global warming” and “yield”,
and 423 articles were retrieved. Finally, in the Google Scholar platform, the terms “Brazil”
and “climate change” and “soybean” or “corn” or “maize” and “crop model” and “yield”
were typed on the opening page, and 713 articles were found.

As a result of the search in all databases, 2747 related articles were retrieved. After the
pre-selection step, only 39 articles met the selection criteria and were pre-selected for the
next step. After a careful reading and discussion, 21 articles were found that covered all the
requirements determined for inclusion in this systematic review.

Climate impact assessment studies work with a considerable number of variables
and scenarios that differ from each other. Some authors assume many of these variables
within their structure, which can be mentioned as main differences: scenarios of CO2
emissions, global circulation models (GCM), crop models, time horizons, regions, and
climates, including or not the direct effects of the increase in CO2 concentration, crop
systems, sowing dates, cultivars, and other different crop-management strategies. Due to
the large number of variables in each study and the limited availability of data in each
one, creating a quantitative set of data by a systematic analysis becomes a challenging
task subject to the risk of comparing non-comparable data and generating information of
dubious quality.

A qualitative analysis of the yields reported in the articles was performed to avoid such
risks, capturing their specificities and categorizing the information. Crop yield variation
was organized according to the variables found in the studies, except for the management
adaptations, which are qualitatively discussed later. Data were grouped into two groups
that directly impact crop yield. One group referred to the time frame assumed in the
studies (up to the middle of the 21st century and until the end of the 21st century), and the
other referred to the climatic classification of the regions where the studies were conducted.
Studies carried out in the two time frames, or with the two crops, or conducted in different
climatic zones, were cited once for each frame in the same figure. The findings are presented
in a way that indicates the crop model used by the study, if the direct effects of CO2 were
considered, and the study from which the data originated.
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The classification described by [46] was used to group crop yield by climate type
existing in Brazil. These authors classified Brazilian climates in A, B, and C climatic zones
following the Köppen [47] criteria. Zone A or tropical includes the Af (without dry season),
Am (monsoon), Aw (with dry winters), and As (with dry summer) climates. Zone B, called
the dry or semi-arid zone, refers to the Bsh (low latitude and altitude) climate. Zone C,
called the subtropical zone, includes Cfa (with hot summers) and Cfb (with temperate
summers), both without dry season; Cwa (with hot summers), Cwb (with temperate
summers), and Cwc (with cool summers), with dry winters; and Csa (with dry and hot
summer) and Csb (with dry and temperate summer) climates. In the present study, Zone
A is tropical, B is semi-arid, and C is subtropical. Studies that conducted their analysis in
more than one climatic zone and did not present data separated by region were included in
the zone where the largest analysis area was included in their respective research.

3. Results and Discussion

A total of twenty-one articles were selected and included in this systematic review.
The main relevant variables of these studies for this research are presented in Table 2.

Table 2. Summary of the main variables analyzed in the studies: authors, crop studied, crop models
used in simulations, scenarios of assumed CO2 emissions, periods of comparison, and if the direct
effects of CO2 on plants were considered or not.

Ref. Crop Crop Model Co2 Emission Scenarios * Periods CO2 Effects

[48] Corn AquaCrop RCP 4.5 1998/2025/2055 YES
[49] Corn DSSAT RCP 4.5 and 8.5 1995/2025/2055/2085 YES
[50] Corn DSSAT SRES A1 2007/2025 YES
[51] Corn SISDRENA RCP 4.5 and 8.5 1993/2058 NO
[52] Corn DSSAT SRES A1 2012/2040 YES
[53] Corn DSSAT SRES A2, A1 and B1 1997/2077 NO
[54] Corn DSSAT RCP 4.5 and 8.5 2024/2055/2085 NO
[55] Corn AquaCrop RCP 4.5 and 8.5 1993/2023/2055/2085 YES
[56] Corn DSSAT RCP 4.5 and 8.5 2020/2055 YES
[57] Corn DSSAT RCP 4.5 and 8.5 2000/2055/2085 YES
[58] Soybean Inland RCP 8.5 2020/2040 YES
[59] Soybean AquaCrop RCP 4.5 e 8.5 2014/2050/2085 YES
[60] Soybean DSSAT SRES A2 and B2 1975/2028/2056 NO
[61] Soybean DSSAT, APSIM e MONICA SRES A1 1988/2055 YES
[62] Soybean DSSAT e SoySim SRES A1 and RCP 4.5 1995/2020/2070 YES
[63] Soybean AquaCrop RCP 4.5 1998/2025/2055 YES
[64] Soybean + corn MONICA SRES A1 2016/2040 NO
[65] Soybean + corn DSSAT SRES A2 and B2 1975/2085 YES
[66] Soybean + corn AZS BioMA SRES A1 and B1 2000/2020/2050 YES
[67] Soybean + corn Inland RCP 8.5 2005/2050 YES
[68] Soybean + corn DSSAT SRES A2 and B2 1975/2020/2050/2080 YES

Note: * The description of the emission scenarios can be accessed in Appendix A. Source: prepared by authors.

Ten of them evaluated the corn crop exclusively, six evaluated the soybean crop
exclusively, and five evaluated both crops simultaneously, totaling fifteen articles evaluating
corn and eleven evaluating soybeans. Furthermore, among the articles selected for corn,
five carried out their evaluations in two different time frames: up to the middle (2050)
and up to the end of the 21st century (2100); and one in the two different climatic zones
was presented twice each, totaling twenty-one evaluations for corn. The same situation
occurred for soybeans, with four articles carrying out their evaluations in these two time
frames, in addition to one article whose study was conducted in two distinct climatic zones
and was included twice, totaling sixteen articles evaluating soybeans.

Different scenarios of atmospheric CO2 concentration were used for simulation, rep-
resenting moderate (SRES B1, B2, and RCP 4.5) and high emissions (SRES A1, A2, and
RCP 8.5); more information on climate scenarios can be found in Appendix A. These sce-
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narios provide information for a wide range of Global Circulation Models (GCM). For all
scenarios simulated by these models, all climates, and time frames, the temperature is
projected to increase. The precipitation simulation showed some differences. Projections
point to a reduction in the annual volume and shortening of the rainy season in tropical and
semi-arid climates, while the projections for the subtropical climate showed a neutral to a
slight increase in the annual volume of precipitation. Some studies pointed to an increase
in extreme climatic events, such as droughts or heavy rain, in a short time period.

Among the studies, five did not consider the direct effects of increasing the concen-
tration of atmospheric CO2 in crops, three for corn and two for soybeans. Nevertheless,
several authors have reported the beneficial effects of the increase in the concentration
of atmospheric CO2 on commercial crops. In general, these benefits are realized in the
accumulation of biomass and greater yield. Furthermore, such effects have been observed
with greater intensity in plants that use the C3 photosynthesis pathway, such as soybean,
compared to those that use C4, such as corn [69–72].

Almost all the studies evaluated management adaptations to improve crop yields
under climate change scenarios, except for one. The changes in crop-management practices
that appeared most frequently were different sowing dates, cultivar maturation, irrigation,
fertilization, plant density, and drainage systems, by order of relevance. Ten studies
evaluated the impact that climate change will have on the phenological cycle of crops.

The crop model most used was the Agrotechnology Transfer Decision Support System
(DSSAT), which for the two specific crops are CSM-CROPGRO-Soybean and CERES-Maize,
used in fourteen studies. The second model most used was AquaCrop, a model developed
and recommended by FAO, used in four articles. The other models, MONICA, Inland,
AZSBio, Sisdrena, APSIM, and SOYSIM, were used only in one or two cases each. As
previously reported, this tool has been proven to be effective for carrying out these studies,
presenting itself as a fast, practical, and low-cost tool compared to experiments in controlled
environments required to verify how climate changes affect crops. To reinforce the fitness
of these models, in the following sections, the results of some experimental studies are
presented in comparison to the results simulated by the crop models.

3.1. Expected Impacts of Future Climate Changes on Soybean

For the soybean crop, it is possible to observe that most of the analyzed studies
demonstrate that there will be yield gains in future climate change scenarios, as shown in
Figure 2. Among the sixteen studies considered, five demonstrated possibilities of yield
losses, and only one did not present the possibility of yield increases among its variations.
The trend of yield increases captured by the studies did not result in a net negative variation
between the projected maximum gains and losses, with a significant variability in this
indicator. The maximum increase in yield could be +85%, and the maximum projected loss
could be −80%.

The main cause pointed out for the increase in soybean yield is the increase in the
concentration of atmospheric CO2. Several authors have shown the positive effects of extra
CO2 fertilization on C3 plants, such as soybeans [73,74]. Gains of up to a 40% increase in
photosynthetic efficiency were reported [70]. The plant height, leaf area, dry mass, water
use efficiency (WUE), and yield also increased [75]. For this reason and because the CO2
accumulation in the atmosphere is increasing, it is recommended to consider it as a variable
in modeling assessments. Only two studies did not consider the direct effects of the highest
CO2 concentration, one in each climate type. Both assume in their results that there may be
yield losses and gains, a different trend from the increasing trend shown in most studies.
The soybean yield ranges from neutral to an increase of up to 60% when only the studies
that considered the direct effects of CO2 are considered and the maximum and minimum
values for yield variations are disregarded, assuming all the other study variables are
the same.
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each study. Source: prepared by authors.

Nine studies were conducted in the tropical climate. Six of them assume only increased
yield, one only loss, and two consider the possibility of having both losses and gains.
However, some considerations are needed regarding this statement, as some of the studies
presenting losses have methodological specificities that need to be considered.

Among the three studies suggesting the possibility of future yield losses, the negative
result reported by [64] can be attributed to the fact that the direct effects of CO2 were not
considered. The losses found by [58] are attributed to the treatments used since the yield of
early soybeans planted at the beginning of the growing season (25/9) and medium-cycle
soybean varieties planted at the optimum season are evaluated. Losses are caused by the
fact that the study fixes sowing in the first planting season, and the climate models indicate
a delay in the start of the rainy season and a reduction in rainfall volume at the beginning
of the sowing season. When analyzing only soybean sown at the beginning of the rainy
season, which occurs most frequently in the Brazilian tropical region, there are no losses,
further reinforcing the tendency to increase yield. Another study [66] differed from the
others with the highest losses and was the only one that did not present the possibility of
increasing yield in future climate scenarios. The authors explain the losses caused by the
shortening of the soybean cycle, especially in the reproductive phase.

When comparing tropical and subtropical climates, it is possible to state that the
biggest gains and losses projected are found in the tropical climate. One study [58] was
the only one that presented the results in an accessible way, allowing separate analyses
for the two climates considered. This study presented results for several regions of Brazil
and part of Paraguay and Argentina, grouped here according to the prevailing climate in
the respective places. The yield increases will be greater in South Brazil and Argentina
than in Central Brazil, Matopiba, Mato Grosso, and Paraguay, both for the treatment of
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early planting with an early-cycle variety and when planting a medium-cycle cultivar at
the ideal time. Although an agreement of increased yield predominates among the studies
in a subtropical climate, the results presented in Figure 2 suggest more noticeable gains in
the tropical climate, especially beginning in the second half of the 21st century.

As reported, there is an agreement in the findings reported in studies conducted in
the subtropical climate compared to those in the tropical climate. There is less variability
between the maximum and minimum yield reported, with 50% being the greatest yield
increase and 27% being the greatest loss. It must be considered that the study presenting
the greatest loss in the subtropical climate was the only one that did not consider the direct
effects of the increase in the atmospheric CO2 concentration. When this is disregarded,
there is a clear tendency to increase yield. The variation in yield averages between the
evaluated periods is also smaller in the subtropical climate.

Corroborating the yield data presented so far, some studies have reported gains
in soybean yield exposed to high concentrations of CO2 similar to those reported by
the authors under Brazilian conditions determined by modeling [76,77] or experiments
in a controlled environment [78,79]. Although the increase in temperature caused by
the accumulation of atmospheric CO2 causes yield reduction, the beneficial effects of
fertilization with CO2 exceed offset losses and promote yield gains [80,81].

The analyzed studies show a tendency to increase soybean yield over the years, being
more accentuated at the end of the century than in the middle in both climates. This is
possible because most atmospheric CO2 emission scenarios demonstrate the continuity and
increase in emissions in the future, and the soybean crop will benefit from this. This trend is
more evident when analyzing the studies [59,62,63,68] in which time frames are compared
within the same studies, assuming the same research variables. This fact demonstrates an
increasing soybean yield in Brazil since future climate changes must increase over the years.

The forecast is that the phenological cycle of soybeans will be reduced due to future
climate changes. All the studies that made this assessment corroborate this statement.
However, there are some discrepancies regarding the amount of time reduction, ranging
from 2 to 13 days, with the majority showing a reduction from 2 to 7 days. Nevertheless, the
soybean’s phenological cycle will be less affected than the corn cycle. The crop sensitivity
to the photoperiod mainly regulates the soybean cycle, but the temperature also fulfills this
function. Therefore, when the air temperature is above or below the optimum temperature
for the crop, the physiological cycle is shortened or lengthened [82]. Therefore, the increase
in temperature evidenced by the authors explains why the cycle will become shorter.

Contrasting the cycle reduction caused by increasing temperature, ref. [79] showed
that when CO2 increases and other climatic variables are held constant, the phenological
cycle of soybeans tends to lengthen and produce more biomass. This explanation can be
applied to [57], which stated that the soybean cycle tends to become 16% longer, on average,
in future scenarios.

Several authors have demonstrated that management adaptations can positively
impact crop yield compared to the practices currently used. Among the most mentioned
adaptation practices are the adequacy of sowing time, choice of cultivars with a longer
cycle, irrigation, and adequacy of fertilization [58,60,62,65,66,68]. According to [33], sowing
on the ideal date and choosing appropriate genetic material can mitigate yield losses
by temperature.

Concerning management adaptations and the possible increase in yield under future
climate change scenarios, ref. [62] brings some interesting considerations to the debate.
They evaluated irrigation, sowing date, different groups of cultivar maturation, and plant
density in the conditions of the South, comparing two scenarios of future climate change
with the base year. The findings suggest that when the management adaptations are
optimized, they can increase the crop yield. However, the yield increases resulting from
these adjustments were manifested both in the future scenarios and in the base scenario,
except for irrigation, which provided a slightly greater increase in future scenarios (~21%)
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than in the base year (16%). They concluded that changes in crop management would not
increase soy’s resilience to future climate changes compared to current conditions.

3.2. Expected Impacts of Future Climate Changes on Corn

Initially, it is highlighted that most studies showed a reduction in the corn yield under
scenarios of future climate change, as shown in Figure 3. Most of the studies suggest
only the occurrence of yield losses or greater probabilities of yield losses rather than yield
gains in future scenarios. The losses reached up to 88%, while the biggest positive increase
variation was 33%. Note that the variations shown in Figure 3 refer to those found in the
studies, assuming the numerous variables used as a method for their simulation, except for
the management adaptations tested.
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The corn yield losses were more accentuated in tropical and semi-arid climates. In
these two climate zones, yield behaved similarly, and the maximum positive variation
was 20%. Only four studies showed the possibility of increasing yield, while the others
showed generalized yield losses. Average losses vary between −20% and 30% for the
semi-arid climate and between −30% and −40% for the tropical one. In experiments
conducted in a controlled environment similar to tropical and semi-arid climates, ref. [83]
found that grain yield was reduced by 48% with an increase of 3 ◦C in the temperature,
while ref. [84] found a yield reduction of 15% and 23.5% for a 1.5 ◦C and 3 ◦C temperature
increase, respectively. Such a finding is corroborated by [85], who evaluated the effects of
climate change on corn yield in a semi-arid climate and identified a 9% decrease in yield
for each 1 ◦C increase in temperature. Another study [49] identified yield losses of 0.5 to
1.0 t ha−1 for a 1 ◦C increase in temperature in Brazil.

Yet another study [67] was the only one to analyze the impacts of climate change in
two different climate zones and present them separately. It is possible to perceive both the
possibility of gain and loss in the tropical climate, while the yield is projected to increase in
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the subtropical region. The cited study evaluated several sowing times of second-crop corn
from January 13th. The yield results in these regions were negatively affected by the delay
in sowing. In the tropical region, the yield reduction in the later sowing periods was due to
the increase in temperature and the shortening of the rainy season, while in the subtropical
climate, the increase in temperature had less of an effect on late sowing since the milder
warming can be beneficial.

There was a greater diversity of results for the subtropical climate, from an increase
in yield of up to 33% to losses of up to −70%; average losses varied between 0 and
−10%. However, the greatest yield losses appeared in [54,56] conducted in Southeastern
Brazil. These studies were carried out under the Cwa (subtropical dry winter) climatic
classification, while the other studies were carried out in South Brazil under the Cfa (humid
subtropical) climate.

Analyzing the Cfa-south and Cwa-southeast climate classification, it is possible to
verify a tendency varying from neutrality to a slight increase in yield in the southern region
since just one study showed yield reduction. Southern Brazil is the country region with the
lowest average temperatures during the year. Evaluating corn yield using crop modeling
in similar climates, ref. [86] found an increase in yield between 4% and 7%, while the yield
found by [87] varied from 1.5% to 18.7%, both up to the middle of the century. These
results agree with the findings presented here. In a controlled environment experiment,
the corn yield increased by 25% when the temperature increased by 2.1 ◦C, and the CO2
concentration was maintained at 700 ppm [78].

Some studies report that there were no yield gains for corn subjected to higher concen-
trations of atmospheric CO2 [88,89]. However, some studies indicate that under conditions
of water stress, maize shows yield gains under high CO2 concentrations. These gains
come mainly from the stomatal regulation of C4 plants [87,90–93]. Such an explanation is
corroborated by other studies that concluded that the WUE might increase for the first and
second corn-growing seasons in Brazil under future climate change scenarios [48,53]. Data
that counter these findings reporting lower efficiency in the use of water by corn crops are
also found [49]. The trend in yield loss found in the last study was the highest among all
studies evaluated, up to 88%. Higher yield loss may have affected the final WUE since it
represents the ratio between crop yields and water consumption.

It is possible to clearly observe that corn yield losses are accentuated at the end of the
century for all climates. When comparing time horizons within the same studies, we can
identify a tendency to maximize losses in yield over time. Studies reported in [48,49,55,57]
carried out in tropical and semi-arid climates showed yield reduction up to the middle
of the century, and it can be observed that the losses are accentuated until the end of the
century. In [49], the losses are 55% up to the middle of the century for the off-season corn
sown at the earliest possible time. For the end of the century, losses vary between 63% and
78%, reaching 88% when the late sowing is analyzed.

As for corn’s phenological cycle, it is possible to establish that there will be a reduction
in the number of days for the crop to complete its cycle, which was observed in all studies
analyzing it. However, the cycle reduction varied between studies, with a minimum cycle
reduction of 2 days and a maximum of 29 days. This result can be explained by the fact
that the corn crop cycle is regulated by the thermal sum, where the accumulation of degree
days must occur to reach its phenological development stages.

Many authors, such as [48,49,52,55,56,65,66], point out that the reduction in the physi-
ological cycle of corn crops in Brazil due to the increase in temperature will be the leading
cause of yield losses in the future. Both agree that cultivars with longer cycles can alleviate
this problem and mitigate productivity losses, as they remain longer in crops, producing
and accumulating biomass, compensating for losses due to shortened cycles. Given the
evidence presented and their agreement, it is possible to state that using genetic materials
with a longer cycle can reduce the negative impacts of increasing temperature on corn crops.

Other management adaptations recommended as efficient alternatives to mitigate
losses caused by climate change and to increase yield were irrigation, recommended
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by [49,53,55,66], and an appropriate sowing date, cited by [49,50,52,66,68]. Modeling corn
crops in India for the future, ref. [32] identified yield losses of 16%. They reported that by
changing the sowing date, the losses would be much reduced, and when combined with
irrigation, there would be an increase in yield. Thus, good crop-management techniques
have proven to be efficient tools for mitigating the impacts of climate change on corn.
Future studies should consider these as variables, as well as the interaction between them,
since different regions require different crop adaptations in the face of these scenarios.

3.3. Expected Impacts of Future Climate Changes on the Double-Cropping System

In addition to individually affecting the development and yield of soybean and corn
crops, future climate changes may affect the dynamics of cropping systems. Some of the
studies cited in Sections 3.1 and 3.2, in addition to individually analyzing soybean and
corn, analyzed how future climate changes will affect the double-cropping system of these
crops. In the present section, we extend the discussion about the interactions between
soybean–corn crops and climate change scenarios.

In several regions of Brazil, mainly in Matopiba, Midwest, Southern Amazon, and
Central Brazil, all located in the tropical climate zone, the current climatic patterns provide
conditions for the cultivation of soybean and corn within the same growing season, giving
rise to the double-cropping system. The double-cropping system is based on early soybean
sowing at the beginning of the rainy season (September–October). Immediately after the
soybean harvest, the corn is sown (January–February), extending its cycle until there is
moisture in the soil at the end of the rainy season, as shown in Figure 4.

Sowing soybeans soon after the end of the sanitary void and the beginning of the
rainy season and subsequent growing of corn has proved interesting for farmers, given the
enormous expansion in the land area under this system throughout the national territory.
Furthermore, the higher prices received for soybeans harvested earlier and the lower inci-
dence of Asian rust make the double-cropping system economically attractive to farmers,
compensating for the risks inherent to the system [58].

However, some studies analyzed have shown that future climatic conditions will
decrease the ability of tropical regions to support the double-cropping system, as shown
in Figure 4. Basically, the double-cropping system will be affected by reducing both the
rainfall, shortening of the rainy season, and the yield potential of corn sown after soybean,
caused by the increase in temperature. The evidence for this claim will be discussed as
follows. Thus, ref. [64] suggests a reduction in precipitation of 16.9% and 13.5% for the first
and second growing seasons, respectively, because of modeling the future climate scenarios.
This suggests by the middle of the century a delay of 7 and 20 days is expected in sowing
for soybean and corn, respectively.

One study [57] showed a general tendency to delay the sowing of corn because the
sowing and harvesting of soybeans are delayed in the first part of the cropping cycle,
making corn unfeasible as a second crop in some treatments. This is justified by pointing
out negative precipitation anomalies at the beginning of the rainy season and increasing
temperatures between 2.2 ◦C and 4.8 ◦C. Complementing this, ref. [58] affirms that there
is a high probability that the double-cropping system could be successfully cultivated if
the soybean reaches physiological maturity in early January and a mean probability of
success if the physiological maturity is reached by mid-January. After these dates, the
double-cropping system is considered unfeasible. It is suggested that early soybeans be
sown by mid-October in order for corn sowing to take place within the expected season.

Maintaining the sowing of early soybean varieties right at the beginning of the rainy
season can result in yield losses for this crop under future climate change scenarios. Ac-
cording to the trend previously demonstrated, yield losses decrease when sowing delays
and longer cycle varieties are used and can be converted into yield gains [58]. Yield losses
mainly occur due to the delay and irregularity of the rainy season and possible reduc-
tions in precipitation during crop development. The discussion about maintaining the
double-cropping system in Brazil is grounded in the following paradox: it is important
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to sow soybean earlier to enable a second crop with corn, even though it incurs a higher
weather risk, or sow a single crop with the probability of obtaining higher yields at lower
weather risk.
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Figure 4. Time window perspectives for the use of a double-cropping system in tropical and subtrop-
ical climate regions while considering the effect of climate change on precipitation and temperature.
Average temperature and precipitation are plotted against the right axis, showing that in tropical
climate regions, average temperature tends to increase and annual precipitation tends to decrease,
while in subtropical climate regions, average temperature also tends to increase, but precipitation
tends to remain stable. As a result, the time window for the use of the double-cropping system
tends to become narrower in tropical climate regions and wider in subtropical climate regions over
time. The time window is plotted against the left axis, indicating the time interval whose weather
conditions are most favorable for the development of the soybean + corn crop from sowing to harvest.
Considering that the length of the soybean and corn crop cycle does not change over the following
decades, the time required (days) for the full completion of the soybean + corn cycles tends to exceed
the time window in tropical climate regions, increasing the weather and yield loss risks. On the other
hand, in subtropical climate regions, the weather and yield loss risks tend to be progressively reduced
over time and as the time window for soybean + corn cultivation becomes wider due to climate
change. Technological advances in the development of corn and soybean varieties better adapted to
future weather conditions and with shorter cycles may change this scenario. Source: prepared by
the authors.

In the Midwest and Southern Amazonia regions, the yield in the double-cropping
system is simulated to decrease by 10% and 41% for soybean and corn, respectively [64]. In
this study, sowing dates were allowed to freely adjust to the optimum. It was the only study
to implement this. These results differ significantly from those of [58], mainly because the
latter assumed that farmers would adjust their sowing dates to climate changes. They used
fixed sowing dates and found a reduction in the yield of soybean sown at the beginning of
the growing season of 45% in Matopiba and 20.8% in the Midwest region.
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Analyzing the producing regions of Mato Grosso state, ref. [57] found an increase in
soybean yield of 20% to 35%, justified by the extra CO2 fertilization and the rainfall data
simulated by these authors, as previously mentioned. The corn yield is assumed to be
reduced between 15% and 35% as a second crop. The authors found differences in corn
yield between the regions of the same state; that is, in a comparatively smaller geographical
area than the other studies. This raises questions about the limitations in the quality of
information from studies that go beyond their geographical limits to larger areas, using
homogeneous blocks of climate and soil in their simulations. Once again, the importance of
carrying out localized studies is emphasized, taking into account the specific characteristics
of each region.

One study [56] conducted in the main corn-producing regions in Brazil indicated corn
as a second crop, sown on 15 February, showed yield variation between an increase of 5%
to losses of up to −55%. These results are similar to those found by [48], where the negative
yield variation was −1.6% to −27.8% for corn sown on February 10 in Mato Grosso, Mato
Grosso do Sul, and Goiás.

The most accentuated losses for corn as the second crop were found by [49] in a study
at Mato Grosso do Sul, where the losses varied from 80% for sowing on January 25th to 88%
for sowing on February 25th. There is agreement among the previous authors that the
yield of second-crop corn will substantially decrease in all the evaluated regions, which
is accentuated as the sowing of this crop is delayed. The increase in temperature and low
water availability at the end of the cycle are pointed out as the main future aggravating
losses in the yield of second-crop corn.

In addition, the differentiation of sowing times and the use of cultivars with cycles
compatible with the double-cropping system was previously recommended by the authors
as an adaptation measure to reduce yield losses caused by future climate changes. Other
management adaptation possibilities can be adopted, such as drought-tolerant cultivars [64],
irrigation [49], and optimization of sowing and harvesting operations [58]. The latter
authors also suggest the development of new cultivars with high yield potential and
shorter cycles. Technological development will be decisive for the maintenance of the
double-cropping system. New technologies will compensate for the losses caused by
climate change and generate a yield increase of 40% for soybeans and 68% for corn [64].

The double-cropping system adopted mainly in the Brazilian Cerrado region is respon-
sible for increasing the national production of grains, primarily corn that was previously
cultivated in a smaller area compared to soybean. In the past, soybean and corn competed
for the same land area. Technological developments and revolutions in management prac-
tices have made it possible for these two crops to be grown within the same growing season,
helping to increase food security worldwide. The challenges for the future prosperity of this
system are enormous and will again require cooperation between producers, policymakers,
and research organizations, both public and private.

So far, it has been discussed how climate change will affect the dynamics of the double-
cropping system of soybean + corn in the Brazilian tropical climate regarding crop yields. It
will become even more difficult to successfully grow both crops in the same growing season.
However, climate change will also affect the cropping system in the subtropical region of
Brazil. As shown in Section 3, the temperature is projected to increase in all scenarios, and
the rains tend to be neutral to slight increases, enabling better conditions for the adaptation
of a double-cropping system, in this case, a double-cropping system of corn + soybean.

The Cfa climate classification of the subtropical climate prevails in the three southern
states of Brazil. The subtropical climate is characterized by four seasons that are well
defined for the year, with hot summers and cold winters, and with the formation of frosts.
There is no dry season, and rains occur throughout the year with high rainfall volumes [46].
The double-cropping system of corn + soybean consists of sowing corn soon after the end of
winter frosts (August), and immediately after harvesting (December/January), the sowing
of soybean takes place. The low temperatures at the end of winter and the shortening of the
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photoperiod tend to reduce the yield potential of corn and soybean, respectively, compared
to the best sowing time for each crop.

The growing window for summer crops tends to be wider in the subtropical region as
the increase in the temperature predicted by future climate change scenarios is confirmed
(see Figure 4). A wider growing window would provide better conditions for earlier sowing
of corn and its better development, shortening its cycle due to the increase in temperature.
Thus, soybean sowing could also be anticipated for the period just after the corn harvest,
providing better conditions for soybean development. As the temperature increases, the
result tends to be a progressive reduction in the weather risks and an increase in the
yields achieved by the double-cropping system of corn + soybean compared to current
climate conditions.

3.4. Limitations of the Study

This study is limited to evaluating the impacts that climate change has on the yield
of soybeans and corn crops and their cropping systems. Many other crops are grown in
Brazilian climates. We chose corn and soybeans arbitrarily, according to our own interests.
Thus, there is room to expand the analysis of climate change to the yield of other crops.

We used secondary data estimated from different crop models and CO2 concentration
scenarios. Thus, our findings and conclusion are based on computational data generated
from crop models fed with climate data from climate models. The use of computational
mathematical models brings with it several uncertainties to studies. Even though such
tools are suitable for carrying out such studies, the models are undoubted sources of error.
Although crop and climate models have evolved rapidly in recent years, improving their
ability to accurately predict physical systems, continued studies must be performed to
demonstrate the effects of climate change on agricultural crops.

Another limitation concerns the relatively low number of articles that met the selection
criteria defined in the methodology. In addition, the numerous variables associated with
the type of study made it difficult to collect enough data to conduct a more sophisticated
statistical analysis, such as a meta-analysis.

Finally, our analysis lacks a more comprehensive contrast of the effects of climate
change on soybean and corn yields in Brazil with those in other regions with similar
Köppen climate classifications. This discussion would allow us to see whether the same
climate would also affect crop yields.

4. Conclusions

Simulated future climate changes, mainly the increase in temperature expected to
occur in the coming years, will affect corn crops negatively. The tropical and semi-arid
regions will be more affected than the subtropical regions. The corn’s physiological cycle
will be reduced, and consequently, yield will decrease, becoming more accentuated over
the years. Long-cycle cultivars, irrigation, and choosing the best sowing date can be used as
alternatives to minimize these negative impacts. Being a C4 plant, corn will not benefit from
an increase in yield from increasing CO2, but this can make the corn crop more efficient
in water use, increasing yield by the quantity of water, especially when exposed to water
scarcity conditions.

For soybean cultivation in Brazil, future projections indicate that there will be a con-
siderable increase in yield. The leading cause is that the beneficial effects of the higher
atmospheric CO2 concentration will outweigh the deleterious effects of the increase in
temperature. This fact is accentuated up to the end of the century in the evaluated sce-
narios. There will be a reduction in the phenological cycle of the soybean caused by the
increase in temperature. Strategies that can further increase crop yields need to be stud-
ied and recommended carefully but will possibly positively impact crop development
and production.
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In addition to the direct impacts on the yield of soybean and corn crops, future climate
changes will affect the dynamics of the double-cropping system for these crops in different
regions of the country, with negative implications. In the tropical climate, the projection
for early soybean sown at the beginning of the rainy season is of reduced yield. However,
yield increases when sowing is delayed and longer-cycle varieties are sown. Yet, adopting
these techniques benefiting soybean delays the sowing of corn as the second crop, reducing
its yield and making the system unviable. The shortening and delay in the beginning of
the rainy season, reduction in the volume of precipitation, and increase in temperature are
indicated as the leading causes of these changes in the system. The use of new studies that
allow the sowing dates to freely adjust to the optimum in the double-cropping system is
necessary to obtain data closer to reality. Meanwhile, there is the possibility that a new
double-cropping system will emerge and expand in the subtropical climate region under
climate change scenarios.

The climate changes expected to occur in the coming decades will affect the yield of
corn and soybean crops. The yield of soybeans is projected to increase, while that of corn is
projected to decrease. Likewise, this will affect the dynamics of growing these crops, espe-
cially in regions with a tropical climate, where they are grown using the double-cropping
system. The difficulties in continuing with the double-cropping system, considering the
results presented and that historically, soybeans have always been the main crop when
competing with corn, there may be a reduction in the area cultivated with corn in tropical
regions. When this happens, the supply chains based on these two crops, like meat and
biofuel production, will be severely impacted. These stand out among other economic and
technical impacts that will occur because of such changes. Scientists, farmers, and political
actors must pay attention to this fact and seek ways to minimize the negative impacts,
counterbalancing the losses by promoting opportunities for gains, like the adoption of the
double-cropping system of corn + soybean in subtropical climate areas. The possibility
of adopting the double-cropping system in subtropical areas suggested here needs to be
further explored, which is a suggestion for future studies.
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Appendix A

Table A1. Description of the CO2 emission models considered in the selected articles.

CO2 Emission Model Description Source

SRES A1

The A1 family of scenarios describes very rapid economic growth. The global
population peaks at mid-century and declines shortly thereafter. There is also a rapid
introduction of new and more efficient technologies. The main underlying themes are

convergence between regions, capacity building, and increasing social and cultural
interactions, with a substantial reduction in per capita income differences between

regions. The A1 family of scenarios is developed into three groups that describe
alternative directions of technological change in the energy system. The three A1 groups

are distinguished by their technology emphases: fossil energy-intensive (A1FI),
non-fossil energy sources (AIT), or a balance of all sources (A1B).

[94]

SRES A2

Scenario A2 describes a very heterogeneous world. It is based on national
self-sufficiency and the preservation of local identities. Fertility patterns across regions

converge very slowly, resulting in a continued increase in the global population.
Economic development is primarily regionally oriented, and per capita economic
growth and technological change are more fragmented and slower than in other

future stories.

[94]

SRES B1

Scenario B1 describes a converging world with the same global population that peaks at
mid-century and declines shortly thereafter—as in future story A1—but with rapid

changes in economic structures toward a service and information economy, with
reductions in material intensity and the introduction of clean and resource-efficient

technology. Emphasis is on global solutions for economic, social, and environmental
sustainability, including increased equity, but without additional climate initiatives.

[94]

SRES B2

The B2 scenario describes a world where the emphasis is on local solutions for
economic, social, and environmental sustainability. It is a world with continued global

population growth at a slower rate than in the A2 family, intermediate levels of
economic development, and slower and more diversified technological change than in

the B1 and A1 future stories. Although the scenario is also oriented toward
environmental protection and social equity, its focus is local and regional.

[94]

RCP 4.5
The Representative Concentration Pathways (RCPs) describe different 21st century
pathways of greenhouse gas (GHG) emissions and atmospheric concentrations, air

pollutant emissions, and land use. The RCPs cover a wider range than the scenarios
from the Special Report on Emissions Scenarios (SRES) used in previous assessments, as
they also represent scenarios with climate policy. In terms of overall forcing, RCP8.5 is

broadly comparable to the SRES A2/A1FI scenario and RCP4.5 to B1.

[95]

RCP 8.5

References
1. Godfray, H.C.J.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, S.; Thomas, S.M.; Toulmin,

C. Food Security: The Challenge of Feeding 9 Billion People. Science 2010, 327, 812–818. [CrossRef]
2. Loboguerrero, A.; Campbell, B.; Cooper, P.; Hansen, J.; Rosenstock, T.; Wollenberg, E. Food and Earth Systems: Priorities for

Climate Change Adaptation and Mitigation for Agriculture and Food Systems. Sustainability 2019, 11, 1372. [CrossRef]
3. Malhi, Y.; Meir, P.; Brown, S. Forests, carbon and global climate. Philos. Trans. R. Soc. London. Ser. A Math. Phys. Eng. Sci. 2002,

360, 1567–1591. [CrossRef]
4. Watson, J.E.M.; Evans, T.; Venter, O.; Williams, B.; Tulloch, A.; Stewart, C.; Thompson, I.; Ray, J.C.; Murray, K.; Salazar, A.; et al.

The exceptional value of intact forest ecosystems. Nat. Ecol. Evol. 2018, 2, 599–610. [CrossRef]
5. Beltran-Peña, A.; Rosa, L.; D’Odorico, P. Global food self-sufficiency in the 21st century under sustainable intensification of

agriculture. Environ. Res. Lett. 2020, 15, 095004. [CrossRef]
6. Frank, S.; Havlík, P.; Soussana, J.-F.; Levesque, A.; Valin, H.; Wollenberg, E.; Kleinwechter, U.; Fricko, O.; Gusti, M.; Herrero, M.;

et al. Reducing greenhouse gas emissions in agriculture without compromising food security? Environ. Res. Lett. 2017, 12, 105004.
[CrossRef]

7. Strassburg, B.B.N.; Latawiec, A.E.; Barioni, L.G.; Nobre, C.A.; da Silva, V.P.; Valentim, J.F.; Vianna, M.; Assad, E.D. When enough
should be enough: Improving the use of current agricultural lands could meet production demands and spare natural habitats in
Brazil. Glob. Environ. Chang. 2014, 28, 84–97. [CrossRef]

8. Tilman, D.; Balzer, C.; Hill, J.; Befort, B.L. Global food demand and the sustainable intensification of agriculture. Proc. Natl. Acad.
Sci. USA 2011, 108, 20260–20264. [CrossRef]

https://doi.org/10.1126/science.1185383
https://doi.org/10.3390/su11051372
https://doi.org/10.1098/rsta.2002.1020
https://doi.org/10.1038/s41559-018-0490-x
https://doi.org/10.1088/1748-9326/ab9388
https://doi.org/10.1088/1748-9326/aa8c83
https://doi.org/10.1016/j.gloenvcha.2014.06.001
https://doi.org/10.1073/pnas.1116437108


Climate 2024, 12, 42 18 of 21

9. FAO. Food Outlook—Biannual Report on Global Food Markets; Food and Agriculture Organization—FAO: Rome, Italy, 2019.
10. CONAB. Série Histórica Das Safras. Available online: https://www.conab.gov.br/info-agro/safras/serie-historica-das-safras

(accessed on 2 December 2020).
11. Deryng, D.; Conway, D.; Ramankutty, N.; Price, J.; Warren, R. Global crop yield response to extreme heat stress under multiple

climate change futures. Environ. Res. Lett. 2014, 9, 034011. [CrossRef]
12. Khordadi, M.J.; Olesen, J.E.; Alizadeh, A.; Nassiri Mahallati, M.; Ansari, H.; Sanaeinejad, H. Climate change impacts and

adaptation for crop management of winter wheat and maize in the semi-arid region of Iran. Irrig. Drain. 2019, 68, 841–856.
[CrossRef]

13. Leng, G.; Hall, J. Crop yield sensitivity of global major agricultural countries to droughts and the projected changes in the future.
Sci. Total Environ. 2019, 654, 811–821. [CrossRef]

14. Liu, Y.; Tang, L.; Qiu, X.; Liu, B.; Chang, X.; Liu, L.; Zhang, X.; Cao, W.; Zhu, Y. Impacts of 1.5 and 2.0 ◦C global warming on rice
production across China. Agric. For. Meteorol. 2020, 284, 107900. [CrossRef]

15. Sultan, B.; Gaetani, M. Agriculture in West Africa in the Twenty-First Century: Climate Change and Impacts Scenarios, and
Potential for Adaptation. Front. Plant Sci. 2016, 7, 1262. [CrossRef]

16. Ullah, A.; Ahmad, I.; Ahmad, A.; Khaliq, T.; Saeed, U.; Habib-ur-Rahman, M.; Hussain, J.; Ullah, S.; Hoogenboom, G. Assessing
climate change impacts on pearl millet under arid and semi-arid environments using CSM-CERES-Millet model. Environ. Sci.
Pollut. Res. 2019, 26, 6745–6757. [CrossRef]

17. Wang, X.; Zhao, C.; Müller, C.; Wang, C.; Ciais, P.; Janssens, I.; Peñuelas, J.; Asseng, S.; Li, T.; Elliott, J.; et al. Emergent constraint
on crop yield response to warmer temperature from field experiments. Nat. Sustain. 2020, 3, 908–916. [CrossRef]

18. Molotoks, A.; Smith, P.; Dawson, T.P. Impacts of land use, population, and climate change on global food security. Food Energy
Secur. 2021, 10, e261. [CrossRef]

19. Dawson, T.P.; Perryman, A.H.; Osborne, T.M. Modelling impacts of climate change on global food security. Clim. Chang. 2016,
134, 429–440. [CrossRef]

20. Hasegawa, T.; Fujimori, S.; Havlík, P.; Valin, H.; Bodirsky, B.L.; Doelman, J.C.; Fellmann, T.; Kyle, P.; Koopman, J.F.L.; Lotze-
Campen, H.; et al. Risk of increased food insecurity under stringent global climate change mitigation policy. Nat. Clim. Chang.
2018, 8, 699–703. [CrossRef]

21. Ray, D.K.; West, P.C.; Clark, M.; Gerber, J.S.; Prishchepov, A.V.; Chatterjee, S. Climate change has likely already affected global
food production. PLoS ONE 2019, 14, e0217148. [CrossRef]

22. Knox, J.; Daccache, A.; Hess, T.; Haro, D. Meta-analysis of climate impacts and uncertainty on crop yields in Europe. Environ. Res.
Lett. 2016, 11, 113004. [CrossRef]

23. Iizumi, T.; Shiogama, H.; Imada, Y.; Hanasaki, N.; Takikawa, H.; Nishimori, M. Crop production losses associated with
anthropogenic climate change for 1981–2010 compared with preindustrial levels. Int. J. Climatol. 2018, 38, 5405–5417. [CrossRef]

24. Zhao, C.; Liu, B.; Piao, S.; Wang, X.; Lobell, D.B.; Huang, Y.; Huang, M.; Yao, Y.; Bassu, S.; Ciais, P.; et al. Temperature increase
reduces global yields of major crops in four independent estimates. Proc. Natl. Acad. Sci. USA 2017, 114, 9326–9331. [CrossRef]

25. IPCC. Global Warming of 1.5 ◦C. An IPCC Special Report on the Impacts of Global Warming of 1.5 ◦C above Pre-Industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change;
Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P.R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock,
R., et al., Eds.; Intergovernmental Panel on Climate Change—IPCC: Geneva, Switzerland, 2018.

26. Avila-Diaz, A.; Benezoli, V.; Justino, F.; Torres, R.; Wilson, A. Assessing current and future trends of climate extremes across Brazil
based on reanalyses and earth system model projections. Clim. Dyn. 2020, 55, 1403–1426. [CrossRef]

27. Kitoh, A.; Endo, H. Changes in precipitation extremes projected by a 20-km mesh global atmospheric model. Weather Clim.
Extrem. 2016, 11, 41–52. [CrossRef]

28. Chisanga, C.B.; Phiri, E.; Chinene, V.R.N.; Chabala, L.M. Projecting maize yield under local-scale climate change scenarios using
crop models: Sensitivity to sowing dates, cultivar, and nitrogen fertilizer rates. Food Energy Secur. 2020, 9, e231. [CrossRef]

29. Gummadi, S.; Kadiyala, M.D.M.; Rao, K.P.C.; Athanasiadis, I.; Mulwa, R.; Kilavi, M.; Legesse, G.; Amede, T. Simulating adaptation
strategies to offset potential impacts of climate variability and change on maize yields in Embu County, Kenya. PLoS ONE 2020,
15, e0241147. [CrossRef]

30. Jin, Z.; Ainsworth, E.A.; Leakey, A.D.B.; Lobell, D.B. Increasing drought and diminishing benefits of elevated carbon dioxide for
soybean yields across the US Midwest. Glob. Chang. Biol. 2018, 24, e522–e533. [CrossRef]

31. Liu, L.; Basso, B. Impacts of climate variability and adaptation strategies on crop yields and soil organic carbon in the US Midwest.
PLoS ONE 2020, 15, e0225433. [CrossRef]

32. Rao, C.S.; Rao, P.J. Integrated Assessment of Climate Change Impacts on Maize Crop in North Coastal Region of Andhra Pradesh, India;
Springer: Cham, Switzerland, 2019; pp. 699–705.

33. Sima, M.W.; Fang, Q.X.; Burkey, K.O.; Ray, S.J.; Pursley, W.A.; Kersebaum, K.C.; Boote, K.J.; Malone, R.W. Field and model
assessments of irrigated soybean responses to increased air temperature. Agron. J. 2020, 112, 4849–4860. [CrossRef]

34. Holzkämper, A. Varietal adaptations matter for agricultural water use—A simulation study on grain maize in Western Switzerland.
Agric. Water Manag. 2020, 237, 106202. [CrossRef]

https://www.conab.gov.br/info-agro/safras/serie-historica-das-safras
https://doi.org/10.1088/1748-9326/9/3/034011
https://doi.org/10.1002/ird.2373
https://doi.org/10.1016/j.scitotenv.2018.10.434
https://doi.org/10.1016/j.agrformet.2020.107900
https://doi.org/10.3389/fpls.2016.01262
https://doi.org/10.1007/s11356-018-3925-7
https://doi.org/10.1038/s41893-020-0569-7
https://doi.org/10.1002/fes3.261
https://doi.org/10.1007/s10584-014-1277-y
https://doi.org/10.1038/s41558-018-0230-x
https://doi.org/10.1371/journal.pone.0217148
https://doi.org/10.1088/1748-9326/11/11/113004
https://doi.org/10.1002/joc.5818
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1007/s00382-020-05333-z
https://doi.org/10.1016/j.wace.2015.09.001
https://doi.org/10.1002/fes3.231
https://doi.org/10.1371/journal.pone.0241147
https://doi.org/10.1111/gcb.13946
https://doi.org/10.1371/journal.pone.0225433
https://doi.org/10.1002/agj2.20394
https://doi.org/10.1016/j.agwat.2020.106202


Climate 2024, 12, 42 19 of 21

35. Qian, B.; Zhang, X.; Smith, W.; Grant, B.; Jing, Q.; Cannon, A.J.; Neilsen, D.; McConkey, B.; Li, G.; Bonsal, B.; et al. Climate change
impacts on Canadian yields of spring wheat, canola and maize for global warming levels of 1.5 ◦C, 2.0 ◦C, 2.5 ◦C and 3.0 ◦C.
Environ. Res. Lett. 2019, 14, 074005. [CrossRef]

36. Zimmermann, A.; Webber, H.; Zhao, G.; Ewert, F.; Kros, J.; Wolf, J.; Britz, W.; de Vries, W. Climate change impacts on crop
yields, land use and environment in response to crop sowing dates and thermal time requirements. Agric. Syst. 2017, 157, 81–92.
[CrossRef]

37. Schick-Makaroff, K.; MacDonald, M.; Plummer, M.; Burgess, J.; Neander, W. What Synthesis Methodology Should I Use? A
Review and Analysis of Approaches to Research Synthesis. AIMS Public Health 2016, 3, 172–215. [CrossRef]

38. PULLIN, A.S.; STEWART, G.B. Guidelines for Systematic Review in Conservation and Environmental Management. Conserv. Biol.
2006, 20, 1647–1656. [CrossRef]

39. Asseng, S.; Zhu, Y.; Wang, E.; Zhang, W. Crop modeling for climate change impact and adaptation. In Crop Physiology; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 505–546.

40. Di Paola, A.; Valentini, R.; Santini, M. An overview of available crop growth and yield models for studies and assessments in
agriculture. J. Sci. Food Agric. 2016, 96, 709–714. [CrossRef]

41. Kogo, B.K.; Kumar, L.; Koech, R.; Langat, P. Modelling Impacts of Climate Change on Maize (Zea mays L.) Growth and Productivity:
A Review of Models, Outputs and Limitations. J. Geosci. Environ. Prot. 2019, 07, 76–95. [CrossRef]

42. Lobell, D.B.; Asseng, S. Comparing estimates of climate change impacts from process-based and statistical crop models. Environ.
Res. Lett. 2017, 12, 015001. [CrossRef]

43. Roberts, M.J.; Braun, N.O.; Sinclair, T.R.; Lobell, D.B.; Schlenker, W. Comparing and combining process-based crop models and
statistical models with some implications for climate change. Environ. Res. Lett. 2017, 12, 095010. [CrossRef]

44. Stöckle, C.O.; Kemanian, A.R. Can Crop Models Identify Critical Gaps in Genetics, Environment, and Management Interactions?
Front. Plant Sci. 2020, 11, 737. [CrossRef]

45. White, J.W.; Hoogenboom, G.; Kimball, B.A.; Wall, G.W. Methodologies for simulating impacts of climate change on crop
production. F. Crop. Res. 2011, 124, 357–368. [CrossRef]

46. Alvares, C.A.; Stape, J.L.; Sentelhas, P.C.; de Moraes Gonçalves, J.L.; Sparovek, G. Köppen’s climate classification map for Brazil.
Meteorol. Zeitschrift 2013, 22, 711–728. [CrossRef]

47. Köppen, W. Das geographische System der Klimate. In Handbuch der Klimatologie; Köppen, W., Geiger, R., Eds.; Gebrüder
Bornträger: Berlin, Germany, 1936; Part C; pp. 1–44.

48. Minuzzi, R.B.; Lopes, F.Z. Desempenho agronômico do milho em diferentes cenários climáticos no Centro-Oeste do Brasil. Rev.
Bras. Eng. Agrícola e Ambient. 2015, 19, 734–740. [CrossRef]

49. Andrea, M.C.d.S.; Dallacort, R.; Barbieri, J.D.; Tieppo, R.C. Impacts of Future Climate Predictions on Second Season Maize in an
Agrosystem on a Biome Transition Region in Mato Grosso State. Rev. Bras. Meteorol. 2019, 34, 335–347. [CrossRef]

50. Eulenstein, F.; Lana, M.; Luis Schlindwein, S.; Sheudzhen, A.; Tauscke, M.; Behrendt, A.; Guevara, E.; Meira, S. Regionalization of
Maize Responses to Climate Change Scenarios, N Use Efficiency and Adaptation Strategies. Horticulturae 2016, 3, 9. [CrossRef]

51. Costa Resende Ferreira, N.; Honorio Miranda, J. Projected changes in corn crop productivity and profitability in Parana, Brazil.
Environ. Dev. Sustain. 2021, 23, 3236–3250. [CrossRef]

52. Lana, M.A.; Eulenstein, F.; Schlindwein, S.; Guevara, E.; Meira, S.; Wurbs, A.; Sieber, S.; Svoboda, N.; Bonatti, M. Regionalization
of climate scenarios impacts on maize production and the role of cultivar and planting date as an adaptation strategy. Reg.
Environ. Chang. 2016, 16, 1319–1331. [CrossRef]

53. Oliveira, L.A.d.; Miranda, J.H.d.; Cooke, R.A.C. Water management for sugarcane and corn under future climate scenarios in
Brazil. Agric. Water Manag. 2018, 201, 199–206. [CrossRef]

54. Camilo, J.A.; Andrade, C.L.T.; Amaral, T.A.; Tigges, C.H.P.; Melo, M.L.A.; Chou, S.C.; Garcia y Garcia, A. Impact of Climate
Change on Maize Grown in the Brazilian Cerrado. In Proceedings of the 2018 ASABE Annual International Meeting, Detroit, MI,
USA, 29 July 29–1 August 2018; American Society of Agricultural and Biological Engineers: St. Joseph, MI, USA, 2018.

55. Martins, M.A.; Tomasella, J.; Dias, C.G. Maize yield under a changing climate in the Brazilian Northeast: Impacts and adaptation.
Agric. Water Manag. 2019, 216, 339–350. [CrossRef]

56. Souza, T.T.d.; Antolin, L.A.S.; Bianchini, V.d.J.M.; Pereira, R.A.d.A.; Silva, E.H.F.M.; Marin, F.R. Longer crop cycle lengths could
offset the negative effects of climate change on Brazilian maize. Bragantia 2019, 78, 622–631. [CrossRef]

57. Andrea, M.C.d.S.; Dallacort, R.; Tieppo, R.C.; Barbieri, J.D. Assessment of climate change impact on double-cropping systems. SN
Appl. Sci. 2020, 2, 544. [CrossRef]

58. Pires, G.F.; Abrahão, G.M.; Brumatti, L.M.; Oliveira, L.J.C.; Costa, M.H.; Liddicoat, S.; Kato, E.; Ladle, R.J. Increased climate risk in
Brazilian double cropping agriculture systems: Implications for land use in Northern Brazil. Agric. For. Meteorol. 2016, 228–229,
286–298. [CrossRef]

59. da Silva, V.d.P.; Maciel, G.F.; de Souza, E.P.; Braga, C.C.; Holanda, R.M.d. Soybean yield in the Matopiba region under climate
changes. Rev. Bras. Eng. Agrícola Ambient. 2020, 24, 8–14. [CrossRef]

60. do Rio, A.; Sentelhas, P.C.; Farias, J.R.B.; Sibaldelli, R.N.R.; Ferreira, R.C. Alternative sowing dates as a mitigation measure to
reduce climate change impacts on soybean yields in southern Brazil. Int. J. Climatol. 2016, 36, 3664–3672. [CrossRef]

61. Battisti, R.; Sentelhas, P.C.; Parker, P.S.; Nendel, C.; Câmara, G.M.D.S.; Farias, J.R.B.; Basso, C.J. Assessment of crop-management
strategies to improve soybean resilience to climate change in Southern Brazil. Crop Pasture Sci. 2018, 69, 154. [CrossRef]

https://doi.org/10.1088/1748-9326/ab17fb
https://doi.org/10.1016/j.agsy.2017.07.007
https://doi.org/10.3934/publichealth.2016.1.172
https://doi.org/10.1111/j.1523-1739.2006.00485.x
https://doi.org/10.1002/jsfa.7359
https://doi.org/10.4236/gep.2019.78006
https://doi.org/10.1088/1748-9326/aa518a
https://doi.org/10.1088/1748-9326/aa7f33
https://doi.org/10.3389/fpls.2020.00737
https://doi.org/10.1016/j.fcr.2011.07.001
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1590/1807-1929/agriambi.v19n8p734-740
https://doi.org/10.1590/0102-77863340241
https://doi.org/10.3390/horticulturae3010009
https://doi.org/10.1007/s10668-020-00715-z
https://doi.org/10.1007/s10113-015-0860-8
https://doi.org/10.1016/j.agwat.2018.01.019
https://doi.org/10.1016/j.agwat.2019.02.011
https://doi.org/10.1590/1678-4499.20190085
https://doi.org/10.1007/s42452-020-2325-z
https://doi.org/10.1016/j.agrformet.2016.07.005
https://doi.org/10.1590/1807-1929/agriambi.v24n1p8-14
https://doi.org/10.1002/joc.4583
https://doi.org/10.1071/CP17293


Climate 2024, 12, 42 20 of 21

62. Cera, J.C.; Streck, N.A.; Fensterseifer, C.A.J.; Ferraz, S.E.T.; Bexaira, K.P.; Silveira, W.B.; Cardoso, Â.P. Soybean yield in future
climate scenarios for the state of Rio Grande do Sul, Brazil. Pesqui. Agropecuária Bras. 2017, 52, 380–392. [CrossRef]

63. Minuzzi, R.B.; Frederico, C.d.A.; Silva, T.G.F. da Estimation of soybean agronomic performance in climatic scenarios for Southern
Brazil. Rev. Ceres 2017, 64, 567–573. [CrossRef]

64. Hampf, A.C.; Stella, T.; Berg-Mohnicke, M.; Kawohl, T.; Kilian, M.; Nendel, C. Future yields of double-cropping systems in the
Southern Amazon, Brazil, under climate change and technological development. Agric. Syst. 2020, 177, 102707. [CrossRef]

65. Justino, F.; Oliveira, E.C.; Rodrigues, R.d.Á.; Gonçalves, P.H.L.; Souza, P.J.O.P.; Stordal, F.; Marengo, J.; Silva, T.G.d.; Delgado, R.C.;
Lindemann, D.d.S.; et al. Mean and Interannual Variability of Maize and Soybean in Brazil under Global Warming Conditions.
Am. J. Clim. Chang. 2013, 02, 237–253. [CrossRef]

66. Confalonieri, R.; Soliman, A.; Donatelli, M.; Tubiello, F.; Fernandes, E.C.M. Climate Change and Agriculture in Latin America,
2020-2050; World Bank Group: Washington, DC, USA, 2012.

67. Brumatti, L.M.; Pires, G.F.; Santos, A.B. Challenges to the Adaptation of Double Cropping Agricultural Systems in Brazil under
Changes in Climate and Land Cover. Atmosphere 2020, 11, 1310. [CrossRef]

68. Travasso, M.I.; Magrin, G.O.; Baethgen, W.E.; Castaño, J.P.; Rodriguez, G.R.; Pires, J.L.; Gimenez, A.; Cunha, G.; Fernandes, M.
Adaptation Measures for Maize and Soybean in Southeastern South America; AIACC—Assessments of Impacts and Adaptations to
Climate Change: Washington, DC, USA, 2006.

69. Ainsworth, E.A.; Long, S.P. 30 years of free-air carbon dioxide enrichment (FACE): What have we learned about future crop
productivity and its potential for adaptation? Glob. Chang. Biol. 2021, 27, 27–49. [CrossRef]

70. Kimball, B.A. Crop responses to elevated CO2 and interactions with H2O, N, and temperature. Curr. Opin. Plant Biol. 2016, 31,
36–43. [CrossRef]

71. Makowski, D.; Marajo-Petitzon, E.; Durand, J.-L.; Ben-Ari, T. Quantitative synthesis of temperature, CO2, rainfall, and adaptation
effects on global crop yields. Eur. J. Agron. 2020, 115, 126041. [CrossRef]

72. Reich, P.B.; Hobbie, S.E.; Lee, T.D.; Pastore, M.A. Unexpected reversal of C3 versus C4 grass response to elevated CO2 during a
20-year field experiment. Science 2018, 360, 317–320. [CrossRef]

73. Bunce, J.A. Responses of soybeans and wheat to elevated CO2 in free-air and open top chamber systems. F. Crop. Res. 2016, 186,
78–85. [CrossRef]

74. Hao, X.; Gao, J.; Han, X.; Ma, Z.; Merchant, A.; Ju, H.; Li, P.; Yang, W.; Gao, Z.; Lin, E. Effects of open-air elevated atmospheric
CO2 concentration on yield quality of soybean (Glycine max (L.) Merr). Agric. Ecosyst. Environ. 2014, 192, 80–84. [CrossRef]

75. Li, D.; Liu, H.; Qiao, Y.; Wang, Y.; Cai, Z.; Dong, B.; Shi, C.; Liu, Y.; Li, X.; Liu, M. Effects of elevated CO2 on the growth, seed
yield, and water use efficiency of soybean (Glycine max (L.) Merr.) under drought stress. Agric. Water Manag. 2013, 129, 105–112.
[CrossRef]

76. Bishop, K.A.; Betzelberger, A.M.; Long, S.P.; Ainsworth, E.A. Is there potential to adapt soybean (Glycine max Merr.) to future
[CO2]? An analysis of the yield response of 18 genotypes in free-air CO2 enrichment. Plant. Cell Environ. 2015, 38, 1765–1774.
[CrossRef]

77. Jancic Tovjanin, M.; Djurdjevic, V.; Pejic, B.; Novkovic, N.; Mutavdzic, B.; Markovic, M.; Mackic, K. Modeling the impact of
climate change on yield, water requirements, and water use efficiency of maize and soybean grown under moderate continental
climate in the Pannonian lowland. Időjárás 2019, 123, 469–486. [CrossRef]
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