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Abstract

This study assessed potential impacts of climate on the dynamics of soybean-maize systems, a widespread cropping
practice in Central Brazil, in regions of Mato Grosso state. Baseline (historical) and future climate scenarios in the mid and
end of the twenty-first century were locally defined. Climate projections were input in a crop model, which was used to
analyze their impact on first season’s crop (soybean), and more emphasis was given on the second season’s crop, maize
development. In the climate projections, we observed a generalized increase in temperature for all scenarios, with vari-
ability of rainfall amount and pattern. Soybean growth showed a general enlargement of cycle length (average of up
to 16%) and increase of yields (average of up to 34%) in future conditions. Soybean sowing dates and future climate
contributed to the shortening of recommended maize sowing window and yield decreases. At most extreme scenarios
of future climate, only soybean sown at the earliest dates would enable the latest maize sowing dates, bringing the
greatest losses to the latter crop. Estimated maize yields showed relative average variations from baseline of —22.5%
and —32.5% in RCP 4.5 in the mid and end of the century, while variations were of —34% and —55% in RCP 8.5 in the mid
and end of the century, respectively. Timing of soybean sowing dates in a future climate will become more importantin
influencing the dynamics of subsequent maize’s sowing dates and yields under a more extreme and unfavorable climate
for its development.
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1 Introduction

Impacts of climate change on agriculture have been a
widely addressed issue [19, 39] due to the significant role
that climate plays in the variability of agricultural yield
levels [36]. A large share of worldwide studies on climate
change impacts in agriculture is devoted to staple crops
such as maize, soybean, wheat and rice [7, 29, 46], since
variability on their production can potentially affect most
of the world population.

At world level, the effects of climate change on sta-
ple crops are expected to be overall negative [14, 46],

although regionally this can vary substantially with
the crop and climate type [12, 19, 32, 43]. Regions with
temperate climate can experience some yield increase
depending on the crop [12], but warmer climate regions
are more at risk of experiencing decreases in yields, due
to the overall increase in (already warm) average tempera-
tures, which may overcome the variable effect of CO, ferti-
lization [29] and the changes in rainfall patterns.

Crop modeling represents the major share of climate
change impact studies in agriculture [12, 20] due to time
and money constraints that experimental studies of plant
physiology responses to a changing environment impose
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[2, 29]. These crop modeling studies can be somewhat
complex in the sense that climate simulation data (from
general circulation models, GCMs) are usually also used.
The use of these GCMs is intrinsically related to possible
future outcomes of society, resulting in radiative forcing
(Earth’s energy balance) scenarios through the representa-
tive concentration pathways (RCPs) [24].

Studies about climate change impacts on agriculture
in Brazil have been experiencing a recent development [1,
11, 20], although studies that include Mato Grosso state,
a major national agricultural producer, are still scarce or
do not explore many of the state regions [26, 30, 32]. The
state, one of the largest soybean and maize producers in
the country [16] (which is also one of the main worldwide
productions of these grains), is home of the biomes Panta-
nal, Cerrado and Amazédnia, known for their susceptibility
to climate change effects [10, 271.

The double-cropping system is a common practice
in most of Central Brazil, in which two crops, commonly
soybean prior to maize, are cultivated in the same area
during the agricultural year. This system became possible
through the evolution of adapted soybean materials to
Central Brazil [1] as well as a rainy season that may pro-
vide a share of crop’s water requirements. It starts with
soybean at the beginning of the agricultural season (Sep-
tember—October), which is also the beginning of the rains.
Maize, also called as “off-season,” has its sowing directly
dependent on soybean harvest and mandatorily experi-
ences the decrease and end of the rainy season (starting
in March) during its development, also being subject to
a more intense interannual yield variability due to water
stress [5, 18].

Studies have been addressing the impacts of climate
change effects on this double cropping dynamics in Bra-
zilian regions. It has been estimated that in the future
soybean yields may increase, but only if this single crop is
chosen to be cultivated; when opting for the double crop-
ping, soybean would have to be sown earlier, which could
decrease its yields by up to 25% (if sown at the beginning
of typical sowing window) in order to allow the cultivation
of maize [32].

Assessing the impact of climate change on agricultural
output solely by yields may not be sufficient. Future esti-
mations also show a reduction of suitable areas for double
cropping in Central Brazil and Mato Grosso of ~17% due
to changes in rainfall patterns [1]. The assessment of area
added to cropping frequency is able to capture approxi-
mately 70% of changes in agricultural output due to cli-
mate [15]. Double-cropping soybean-maize systems may
benefit from these analyzes by addressing aspects of the
system that go beyond yields exclusively.

The objective of this study was to analyze potential
impacts of projected climate on the dynamics of soybean
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and maize, grown in double-cropping systems in regions
of Mato Grosso. We aim to provide a sense of how climate
change can potentially affect a current agricultural pro-
duction practice beyond their yields, specifically concern-
ing the off-season’s crop. This main objective was accom-
plished through the following: (i) adjustment of a crop
model by means of experimental information; (ii) assess-
ment of baseline and future climate conditions by means
of two RCPs and two periods of the century; (iii) estimation
of soybean and maize development across baseline and
future scenarios; and (iv) assessment of effects from future
climate on crops.

2 Materials and methods

2.1 Assessed regions, crop model, experimental
data and model adjustment

This study covered ten regions in Mato Grosso state,
located in Midwestern Brazil, represented by the munici-
palities of Caceres (MTTA), Cuiaba (MTCU), Canarana
(MTCN), Diamantino (MTDI), Nova Xavantina (MTNX), Pox-
oréo (MTPO), Sinop (MTSI), Sdo José do Rio Claro (MTSJ) e
Tangara da Serra (MTTA) (Fig. 1). Representative climate,
soil and crop management information for each region
was used for their characterization (see details in Online
Resource 1).

Sections 2.1 and 2.2 describe data used in the model
to perform the simulations. Main steps in this process
include model adjustment by means of experimental
data (Sect. 2.1), local environmental data of climate and
soil (Sect. 2.2 and Online Resource 1) and crop manage-
ment (Sect. 2.2).

The Decision Support System for Agrotechnology Transfer
(DSSAT) version 4.7.0.0 [21, 25] was used for soybean (CROP-
GRO soybean) and maize (CSM CERES Maize) simulations.
The software has been long used in Brazilian conditions,
presenting satisfactory results [42] also at climate change
conditions [31]. The model was adjusted and evaluated
by using experimental data from a specific region of Mato
Grosso state (MTTA) for two cropping seasons: 2015/2016
and 2017/2018 (see details of experiments in [8, 38], respec-
tively). Both crops were cultivated in both irrigated and rain-
fed conditions, with optimal management practices. Soy-
bean and maize materials used in experimental conditions
were, respectively, an 8.2 maturity group cultivar and an
early maturity hybrid. Model adjustment process was started
by using DSSAT's soybean default cultivar of group 8 matu-
rity and a maize default short season maturity hybrid. Model
adjustment was performed by automating the estimation
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Fig. 1 Localization of the assessed regions in Mato Grosso, Bra-
zil. Regions in the figure refer to the municipalities of Caceres,
Canarana, Cuiabd, Diamantino, Nova Xavantina, Poxoréo, Ron-

of genetic coefficients and providing the least differences
between simulated and experimental values.

Crop models’ adjustment was performed for irrigated
experiments, while model evaluation was based on rainfed
experiments. For all simulations, optimal crop manage-
ment was considered in which there was no yield reduction
related to nutrition or plant’s health. Model evaluation was
performed by comparing observed and simulated values
of phenology and yield component variables, while slight
changes in some coefficients were made to provide final
adjustments. Soybean and maize simulations in this study
were all performed for rainfed conditions, aiming to provide
understanding on local climate variability impacts on yields.
Further information on crop models adjustment process can
be observed in Online Resource 2.

0 100 200 300 400 km
[ BN | ]

dondpolis, Sdo José do Rio Claro, Sinop and Tangara da Serra. Maps
developed by using QGIS software [34].

2.2 Baseline and future scenarios of climate
and yields

2.2.1 Climate

In this study, “baseline” refers to the period of 1980-2010
[41, 42] of each region. It was represented by observed
daily maximum and minimum temperatures, solar radia-
tion and wind, obtained from the National Institute of
Meteorology [23] and daily rainfall data, which were
obtained from the National Agency of Waters [4]. Observed
daily climate data can be a bottleneck in the country; thus,
due to the fact that some regions did not present the full
thirty-year series, a gridded database (0.25°%x0.25° high-
resolution grids) developed for Brazil and consisting of
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daily climate variables [45], was used for the purpose of
completing the baseline (1980-2010) series. Details of
baseline climate can be observed in Online Resource 3.

The construction of future climate projections started
with the use of the Agricultural Model Intercomparison
and Improvement Project (AgMIP) methodology of Cli-
mate Scenario Generator [39], in which 29 GCMs were
available. According to this methodology, GCMs are used
along with the multiple scenario changes of choice (RCP,
period of the century) and applied to baseline data in
order to provide datasets of local climate projections.
Since the proposed methodology resulted in a large
amount of data, we also used an approach to subset rep-
resentative GCMs projections based on the profile of each
region’s climate [40], also developed within the AgMIP
project. The approach, named Representative Tempera-
ture and Precipitation (T&P) GCM Subsetting Approach,
uses a statistical approach to subset 5 of the projections
from GCMs that represent the profile of the full ensem-
ble of temperature and rain changes (relatively cool/dry,
cool/wet, hot/dry, hot/wet and middle), thus resulting in a
reduced amount of data. The latter approach was applied
in each region and agricultural season, meaning that each
region provided two sets of representative GCMs: for
first and second agricultural seasons. The subset models
were then used to perform the crop simulations. Detailed
identification of all the 29 GCMs used in the subsetting
approach, as well as details of the methodology, can be
found in [40]; summarization of GCMs can be observed
in Online Resource 4. By using this approach, the study
provided estimates representing a broad range of occur-
rences of future climate. Future periods were defined as:
mid of the century (2040-2070) and end of the century
(2070-2100). For each climate scenario, an average [CO,]
was used to run the crop simulations as follows: 360; 495;
532;572; and 803 ppm for baseline; RCP 4.5 for mid; RCP
4.5 for end; RCP 8.5 for mid; and RCP for 8.5 end of the
century, respectively.

2.2.2 Crop’s management

In the baseline period, we used three soybean’s experi-
ments sowing dates that were within the cultivar’s recom-
mended sowing window (October-November) [13] and
considered them as early (October 6), medium (October
21) and late (November 5) sowing dates. By using simu-
lated soybeans’ cycle length at these sowing dates, the
“possible” sowing dates for maize were later defined, also
according to the latter crop’s recommended sowing win-
dow. By doing this, results from this study were intended
to raise awareness on possible outcomes of a changing
climate in the Brazilian double cropping of soybean-maize
systems, giving more emphasis on maize due to its more
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risky period of growth and development during the year
due to the more intense water deficit. Maize sowing win-
dows were then defined according to a 10-day interval,
using as guide a recommended sowing window for an
early maturity hybrid [13] available for all assessed regions.
The adjusted model (see Sect. 2.1), baseline climate data
and sowing dates were used to run the simulations for the
baseline period in conditions wherein the only limitation
was water. These results were then considered as the refer-
ence point for further analysis of future conditions.

Crop simulations for future climate projections were run
for the following time periods and RCPs: 2040-2070 (mid
of the century); 2070-2100 (end of the century); RCP 4.5
and RCP 8.5 forcing scenarios. In terms of sowing dates,
the same approach used in baseline scenario was used
for the scenarios of climate projections, in which maize’s
sowing date was dependent on soybean’s harvest. It was
then possible to assess the impact of future climate on the
dynamics of double-cropping systems and in their yields.

2.3 Assessment of climate-yield relationship
on double-cropping systems

The assessment of average future climate projections was
performed using baseline climate as a reference condition
for each region. Temperature and rainfall changes were
assessed in absolute (°C) and relative (%) terms, respec-
tively, compared to baseline. Emphasis was given on these
variables since these are the main climatic constraints in
regional agriculture.

Analysis comprising of soybean’s performance (sowing
date vs. duration of cycle and yields) and its impact on
maize's development in future scenarios was the main core
of the assessment. While for soybean three representative
sowing dates were used and kept constant in baseline and
in future climate (see soybean results in Online Resource 5),
for maize the sowing dates were dependent on soybean’s
cycle.

Data organization, analysis and visualization as detailed
in Sect. 2 of this study were performed using R software: R
3.5.2[35] and the tidyverse (v1.2.1) package [44].

3 Results

3.1 Climate assessment

3.1.1 Baseline climate

Baseline climate of all assessed regions can be observed in

more detail in Online Resource 3. In this section, we pro-
vided a brief discussion on regional climate conditions and
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emphasized the comparison of climate projections over
baseline conditions.

All assessed regions share the same general aspect of
monthly average temperatures and rainfall over the year,
although slightly varying in absolute levels and their vari-
ability, typical characteristics found in Brazilian Cerrado
biome. During autumn and winter, it is possible to observe
relative decreases in average temperatures (but an overall
warm climate), as also accentuated decreases in rainfall,
characterizing the Aw type of tropical climate with dry
winter, in one of its many occurrences across Brazilian ter-
ritory [3]. Around September, it is possible to observe rela-
tive increases in average temperatures, and rainfall starts
to increase around October, characterizing the rainfall
season until March (spring and summer).

3.1.2 Future climate
Analysis regarding climate projections and crop simula-

tions was performed by using only the subset of GCMs for
each scenario, thus significantly reducing the amount of

input data (see Online Resource 3 for details of the sub-
set of GCMs). In Figs. 2 and 3, it is possible to observe the
monthly average changes of average temperature and
accumulated rainfall, by using the representative GCMs
for each of the assessed scenarios: emissions (RCPs), time
period (mid and end of the century) and regions. These
values can also be found in Online Resource 4.

In terms of temperatures, together with the already
widely known result of a general warmer condition in the
coming decades [24], absolute (°C) temperature increases
were even more accentuated in the end of the year, which
corresponds to late spring—-summer. In RCP 4.5 tempera-
tures have increased by an average of 2.2 and 2.7 °C (mid
and end of the century), while on RCP 8.5 these values
were of 2.9 and 4.8 °C (mid and end of the century) across
all regions.

Regarding rainfall, in relative (%) terms, drier months
(April-May to August-September) presented an overall
neutral-to-negative tendency (no changes to decreases
of rain), while rainy season months presented positive
changes (increases). Relative changes in RCP 4.5 were
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Fig.2 Monthly changes in average temperature (in °C) for the pro-
jected scenarios of a mid of the century, 2040-2070, and b end
of the century, 2070-2100, at RCP 4.5 and RCP 8.5 emission sce-
narios for regions in Mato Grosso state using the baseline climate,
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1980-2010, as reference. Changes were determined by using an
average of the representative GCMs for each region, emission and
time period scenario. Description of the subset of GCMs for each
scenario can be found in Online Resource 4
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Fig. 3 Monthly changes in average cumulative rainfall (in %) for the
projected scenarios of a mid of the century, 2040-2070, and b end
of the century, 2070-2100, at RCP 4.5 and RCP 8.5 emission sce-
narios for regions in Mato Grosso state using the baseline climate,

higher, 43 and 41% (mid and end of the century), while in
RCP 8.5 changes were of 35 and 28%, respectively. Details
of regional average changes can be observed in Online
Resource 4.

3.2 Impacts on maize as a off-season crop
3.2.1 Soybean harvest date and maize sowing windows

In Table 1, it is possible to observe the average length of
each soybean scenario (see Online Resource 5 for more
details of soybean results), which was also used to define
the possible beginning of maize cycle. The possible start
of maize cycle was determined considering the limits of
the recommended sowing window for an early maturity
hybrid.

Maize sowing dates for each scenario were deter-
mined considering the crop’s recommended sowing win-
dow interval (January 1-February 20) by a 10-day inter-
val and labeled as follows: M1 =January 1; M2 =January
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1980-2010, as reference. Changes were determined by using an
average of the representative GCMs for each region, emission and
time period scenario. Description of the subset of GCMs for each
scenario can be found in Online Resource 4

11; M3 =January 21; M4 =February 1; M5 =February 11,
along with previous results from simulated soybean
cycles. By using this approach, sowing dates of projected
climate scenarios would have to fall within this interval
to be considered viable.

The possible starting dates for maize cycle, as shown
in Table 1, indicate a general tendency of delaying
maize starts as the later soybean is sown. This tendency
reaches more accentuated delays in the end of the cen-
tury at RCP 8.5 scenario. Even in baseline conditions, if
soybean is not sown at early dates (i.e., right after the
regulated period of phytosanitary safety in the state,
“sanitary break,” starting September 15), maize’s start at
its earlier dates of January gets compromised. Follow-
ing this approach, almost all projected scenarios could
perform maize sowing at M3-M5, except for the most
severe scenario of emissions in the end of the century,
RCP 8.5, wherein only sowing dates M4 and M5 would
be possible.
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Table 1 Soybean-maize succession dynamics in baseline and projected climate scenarios according to sowing dates in Mato Grosso state

Scenarios Soybean S.D. Month of the year
Period January February March
[CO,] of
century 1 2 3 1 2 3 1
|
Baseline - S2
S3
S1
Mid S2
S3
RCP 4.5
S1
End S2
S3
S1
Mid S2
© N
RCP 8.5
Y
22 .
- ==

Obs: S.D.=sowing date. Mz=maize, referring to its start. Each month was divided into a 10-day period (1=1st to 10th; 2=11th to 20th;
3=21st to the last day of the month) to determine maize’s sowing windows. S1, S2 and S3 indicate soybean’s sowing date (columnwise).
M1-M5 indicate maize recommended sowing date (rowwise) [13] here considered as the first day of each 10-day period and takes into con-
sideration an early maturity hybrid and medium texture to clayey soils all regions. Dark blue indicates soybean up to harvest, and light blue
indicates the possible start of maize cycle. Red-colored “x” indicates possible start of maize cycle, but that falls outside the current recom-
mended range. Soybean cycle length values are an average for all regions. See more details of soybean’s development in each region and

scenario in Online Resource 5

3.2.2 Maize yields over time and under different sowing
dates

Maize sowing dates, as presented in Table 1, were used to
perform yield simulations (Figs. 4, 5). Presented results give
emphasis on the impact of possible recommended sowing
dates under on the evolution of maize yields over time.
The earliest recommended maize sowing dates (M1, M2)
were not used in future climate simulations since none of
soybean'’s simulated scenarios allowed the start of maize’s
cycle to take place in early January. Baseline yields were
not fully represented in Figs. 3 and 4, only an average over
the period, since the main focus was to indicate the effect
of advancing time in yields. The overall range of average
simulated yield values for baseline (5.7-6.0 t ha~' across
regions) is coherent with recent reported values for the
state’s regions [22].

The scatter plots presented in Figs. 4 and 5 show that
absolute yield values under future climate in different sow-
ing dates are mostly below the baseline average yields. The
dispersion of points over the year is mainly determined
by climate variability, which may be more or less intense
depending on the region. Linear regression equations
were fitted for each sowing date of each assessed scenario,
and an ANOVA was performed to assess the effect of time
on maize yields. Despite the variability of estimated yields
over the years, it is possible to observe that in most of the
evaluated scenarios, there is statistical evidence of the
occurrence of decreases in productivity levels over time
up to the end of the century, at the level of 0.05. At RCP
8.5 scenarios, not all sowing dates were possible according
to currently recommended sowing window, such as M3 in
the end of the century (Table 1). In these cases, the effect
was also not always significant.
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Fig.4 Average baseline maize yields (dark red line) and projected
maize yields for RCP 4.5 (left frames) and RCP 8.5 (right frames)
under different sowing dates (colored points) for the following
locations: MTCA (a, b); MTCN (c, d); MTCU (e, f); MTDI (g, h) and
MTNX (i, j) in Mato Grosso state. General average yield values for
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Fig.6 Average relative variation in estimated maize yields from future climate when compared to baseline conditions for regions in Mato

Grosso state

3.2.3 Maize regional yields in projected scenarios

In Fig. 6, it is possible to identify the relative regional pro-
jected maize yields decreases (from baseline). Average
yields in baseline scenario were 5.6; 5.9; 6.0; 5.5; 6.0; 5.6;
5.8;6.0; 5.8; and 5.9 t ha™' for the assessed regions (same
order as presented in Figs. 4 and 5), and the variability
between regional baseline yields was not large (~0.5 t ha™
or < 10%). However, at the projected scenarios, variability
of yields between regions was higher: —23%; —32% and
—34%; —55% for RCP 4.5 (mid; end) and RCP 8.5 (mid; end),
respectively.

In the middle of the century, the overall average of rela-
tive yield decreases from baseline was about 15% (despite
the RCP scenario), while in the end of the century, this
average reached about 35%, evidencing the more nega-
tive effects of more accentuated climatic changes, as RCP
8.5.The largest yield decreases from baseline were found
at the RCP 8.5 for all assessed regions.

When comparing the relative differences from RCP 4.5
to RCP 8.5, in the middle of the century, it was possible to
observe yield decreases varying from 6 to 19.5% across
regions. By the end of the century, differences grew larger
and the decreases varied from 28 to 47% across regions,
evidencing the most pronounced effects of RCP 8.5 when
compared to RCP 4.5, especially in the end of the century.
In the least favorable scenario (RCP 8.5 in the end of the
century), most of assessed regions (seven) even presented
yield decreases of more than 50%, as observed for MTCA,
MTCU, MTDI, MTRO, MTSI, MTSJ and MTTA. These results
are an indication of the accentuated changes promoted
by climate change projections also on regional climate
variability.
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4 Discussion
4.1 Baseline climate and projections

Climate dynamics as presented in baseline scenario, of up
to 5 months of rainy season, has allowed the existence of
a double-cropping agricultural system of soybean-maize
in Mato Grosso in recent years [1]. However, complex inter-
actions between geographic location, deforestation and
atmospheric phenomena have contributed to the change
in rainfall dynamics in both the Amazon border [28] and
the entire state, causing not only a delay in the beginning,
but also an earlier end of the rainy season [6]. Variation in
this particular pattern of annual climate concerning rainfall
(Fig. 3) and temperatures (Fig. 2) will affect and may even
compromise the adequate development of at least one of
the two crops in the double-cropping system [1, 17]. Vari-
ations in climate dynamics added to crop management
decisions, such as late soybean’s sowing dates, will also
delay maize's beginning of the cycle (Table 1) and com-
promise its development under lower amount of rainfall
and higher temperatures.

4.1.1 Crops

Regarding soybean, although the impacts of temperature
increase can be generally negative (in tropical regions,
mostly), especially considering longer events of higher
temperatures at the reproductive phase [33]; some posi-
tive effects of CO, elevation (known as CO, “fertiliza-
tion”) have been present in the past years, and they will
continue to act together in the changing climate (see
Online Resource 5) [41]. However, as observed in Fig. 3,
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the possible changes in the start of the rainy season, on
which the high-yielding soybean development is depend-
ent, also have to be considered. Changes in the transitional
rainfall seasons and their negative impacts on soybean
have already been pointed in a context of climate change
of Central Brazil and regions close to Amazon [1, 6, 28, 35].
The overall yield increases (20-35%) and longer cycles are
comparable with other studies on Brazil’s similar regions
[32].

For maize, estimated impacts of future climate were
more generally negative (Figs. 4, 5) than for soybean. While
an ensemble of crop models is widely known to provide
more reliable (i.e., less variable) results [7] when a certain
number of models is locally used [9], for this particular
crop most studied models do agree in a strong decrease in
yields due especially to temperature increases. Although
an accentuated increase of [CO,] (such as doubling current
concentrations) may even have some slight positive effect
onyields (maize is a C4 plant) [9], the increase in tempera-
tures is in fact the major constraint in negatively impacting
yields. The latter author reports an average of —0.5 t ha™'
of maize yields decrease per °C of temperature increase, as
also indicating that for this crop, temperature is in fact the
most important climatic factor affecting yields in this cen-
tury. The magnitude of off-season maize yield decreases
found in this study is comparable with other studies that
assessed Mato Grosso state or Midwestern Brazil [9, 31],
considering the different methodological approaches.

4.1.2 Double-cropping analysis

At the RCP 4.5 forcing scenario, both in the middle and
end of the century, even with the delayed end of soybean
cycle, all current recommended maize sowing dates for
projected scenarios (M3, M4 and M5) were still possible
(Table 1). However, at the RCP 8.5 scenario, this was only
possible when soybean was sown at an earlier date; if soy-
bean was sown at intermediate or late dates, by the end
of the century this would result in a very late beginning of
maize cycle, which may not even be feasible.

It has already been pointed by studies that if the farmer
wants to implement a double-cropping soybean-maize
system, in most part of Central Brazil, the choice should
be to start with an early soybean sowing (end of Septem-
ber-beginning October) to be able to cultivate maize, in the
context of the whole system’s profit [31]. Currently, the cli-
matic risk of an early soybean (not enough rainfall yet) sow-
ing is still mostly offset by the possibility of harvesting two
subsequent crops [32]. However, projections found in this
study (as also found by [32]) showed that the start of soy-
bean cycle may be compromised by the delay of the rainy
season due to rainfall changing patterns, as also soybean
cycle gets slightly longer due to atmospheric conditions. For

maize, results are even more pessimistic in the sense of the
inevitable yield decreases due to warmer and more variable
rainfall conditions, as found by [26, 37] for several regions
in Brazil, which also include Mato Grosso. This is a potential
threat to the recent implementation of double-cropping sys-
tems (soybean-maize), made possible by adapted genetic
materials and favorable climate in Central Brazil [1]. The
negative effects of RCP 8.5 were also evident on each of the
assessed regions (Fig. 6). The relative decrease in tendency
in all projected scenarios also became evident and quanti-
fied by the regression equation coefficients regarding the
effect of time on yields in each region, also evidencing the
generalized and most accentuated negative effects at the
RCP 8.5 (see Online Resource 4).

5 Conclusions

The present study assessed the impacts of climate change
projections on the dynamics of sowing dates and yields
of soybean-maize in double-cropping systems in several
regions of Mato Grosso, Brazil. In a general overview, tem-
peratures are expected to only present increases, while rain-
fall is expected to present variable changes of both increases
and decreases, depending on the time of the year.

While soybean itself did not suffer negative effects on
yields, even presenting yield increases (with cycle length
enlargement), it was maize that experienced the most
negative effects, having a smaller recommended sowing
window in a more extreme climate, significantly impacting
onyields in a negative manner.

Currently, sowing dates do play a role on off-season
maize yields, especially when considering increasing
water constraints as sowing dates delay. But in the future,
this role will be even more limiting, suggesting that even
changing sowing dates may not be a feasible solution for
growing maize in the double-cropping systems in Mato
Grosso.
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