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ABSTRACT

CONTEXT: Brazil is one of the main producers of common beans (Phaseolus vulgaris L.), which have high
nutritional value as human food. The climate changes predicted in the 21st century might be a possible
threat to the planet’s food security, given the expected population increase, and hence, increased demand
for food.

OBJECTIVE: This study aimed to project the impact of climate change on common bean cropping systems
using an upscaling climate approach and crop modeling to represent the Brazilian production regions.
METHODS: We considered the representative CO, concentration pathway scenarios (RCPs) 4.5 and 8.5
presented by the 5th IPCC Assessment Report from 20 atmospheric global circulation models covering the
main bean-producing region in Brazil. The well-calibrated CROPGRO-Drybean crop model simulated two
representative cultivars of the “black” and “colors” types and three cropping seasons applied by Brazilian
farmers.

RESULTS AND CONCLUSIONS: On average, we found that yield increased by 5.56% and 9.12% for the
RCP 4.5 and 8.5 scenarios, respectively. Increased photosynthetic efficiency due to the increased atmos-
pheric CO; concentration was identified as the main cause of this yield increase. Crop respiration rates in-
creased due to the raised air temperature, and were responsible for increasing the probability (produc-
tion risk) of not meeting the future domestic demands for grains to 10.13% and 8.34% for the RCP 4.5
and 8.5 scenarios, respectively. For the national supply of grains, estimates pointed to a future in which
crop production will probably rely more on area expansion than yield gains by crop intensification.
SIGNIFICANCE: Our findings emphasize the need for new policies for land utilization and investments in
scientific research programs aimed towards genetic adaptation in all main Brazilian crops in the face of
potential climate change.

1. Introduction

populations in developing countries (CIAT, 2016; Pachico, 1989). The
wide range of genetic material growing across the globe (Burle et al.,

The impacts of climate change on food crops have been addressed
by several scientific papers in recent years, focusing on the political,
economic, social, and environmental aspects related to climate change
(Cramer et al., 2001; Shogren and Toman, 2010). In developing coun-
tries, which are usually highly dependent on the agricultural sector, the
effects of an adverse climate on non-adapted cropping systems would
imply a relevant transformation of such agricultural scenarios
(Howden et al., 2007; Mendelsohn and Dinar, 1999).

As a reliable source of vegetable protein and the most important
food legume for direct human consumption worldwide, the common
bean (Phaseolus vulgaris L.) is part of the daily diet in the majority of
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2010; Rodriguez et al., 2016) allows its cultivation in a large range of
environments and seasons.

Among the world's major common bean producers, Brazil is ranked
in third position in terms of grain production (ca. 3 million metric tons
of grains; FAOSTAT, 2018) and second in terms of harvested area (ca.
2.8 million ha planted). In Brazil, the common bean cropping system
encompasses three major sowing seasons (CONAB, 2018a)() as an im-
portant strategy to control market price and to maintain food protein
availability (de Portes, 2012). Brazilian common bean crops are found
in the majority of the country's regions, illustrating not only their eco-
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nomic importance but also their social relevance (Fuscaldi and Prado,
2005).

For developing countries with a high rate of poverty, common
beans have a major role in human nutrition. Thirty, 16, and 15% of
protein intake in Niger, Sudan, and Mali respectively comes from pro-
tein-rich leguminous plants (FAOSTAT, 2013; GPC, 2020). Latin Amer-
ica and Sub-Saharan Africa consume ca. 10.7 and 4.5 kg of common
beans per capita per year (Nedumaran et al., 2015), respectively, show-
ing an increasing trend in recent years (Akibode and Mywish, 2012).
Many of the world's largest common bean consuming countries are also
enlisted in UN efforts to eradicate hunger by the mid-century (United
Nations, 2015), highlighting concerns about maintaining the increase
in consumption rate in order to fulfill this goal.

Beebe et al. (2011) and McClean et al. (2011) highlighted the need
for studies on climate change impacts on common bean crops for de-
veloping countries and proposed a multidisciplinary agenda with the
main goal of increasing crop yields. Godfray et al. (2010) and Wheeler
and von Braun (2013) emphasized the importance of quantifying risks
associated with common bean yields in a world expected to have more
than 9 billion inhabitants by 2050. In Brazil, Heinemann et al. (2017)
performed an analysis of water stress due to low relative air humidity
and predicted increased water stress for common beans in the future.

The complexity of common bean cropping systems in Brazil makes
their in silico representation a complex task and demands a large
amount of basic data. Brazil currently has the data required for this
analysis, such as cropping system data (area, yield, sowing dates, and
genotypes) over a range of climates (Alvares et al., 2013) and soils
(Santos et al., 2018). Despite the importance of crop production to as-
sure the country's food security and recent policies that might increase
common bean exports from Brazil (MAPA, 2018), we are not aware of
any study investigating the future prospects under climate change sce-
narios for common beans in the existing crop area in Brazil using a ro-
bust simulation framework that includes the diversity of cropping sys-
tems, climates, and soil types across the country.

To fill the knowledge gap about climate change effects on common
beans in Brazil, we used a well-calibrated process-based crop model to
simulate future crop availability by the mid-century (2040-2070)
based on climate scenarios provided by the AgMIP (Agricultural Model
Intercomparison and Improvement Project) (Rosenzweig et al., 2018).
Additionally, we used the approach proposed by Aggarwal et al. (2019)
to take into account the technological trends that might also affect
yield through the same timeline analyzed by climate change, thus mak-
ing our projections closer to reality.

2. Material & Methods
2.1. Experimental data and model calibration

Three experiments were performed in distinct seasons, at two loca-
tions, with the commercial “black” and “colors” common bean culti-
vars “BRS Esplendor” and “Pérola”. The main purpose of these trials
was to calibrate and quantify the crop model uncertainty over geno-
types and environments. These experiments were conducted with culti-
vars that commercially represent 81.2% of all Brazilian common bean
production (CONAB, 2018a, 2018b). One experiment (E1) was con-
ducted during the winter season (irrigated) in the Midwest region, at
Goiéas (Latitude 16° 28’ 01” S, Longitude 49° 16’ 59” W), which is con-
sidered a tropical zone, Aw (dry winter), according to the Koppen cli-
mate classification. The second and third experiments (E2 and E3) were
conducted in the Southeast region, in Sdo Paulo (Latitude 22° 42’ 32"
S, Longitude 47° 37’ 45” W), which is considered a humid subtropical
zone, Cw, according to the Koppen climate classification (Alvares et al.,
2013) during the summer and winter seasons.

We applied the CROPGRO model (Boote et al., 1997) to simulate
crop growth and development. This crop model is a generic legume
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model that contains a dry bean module (Heinemann et al., 2017)
adapted from the BEANGRO model (Hoogenboom et al., 1994) and is
available in the DSSAT platform (Jones et al., 2003). Previous studies
on wheat (Martre et al., 2015) , maize (Bassu et al., 2014) and sugar-
cane (Marin et al., 2015) reported that yield assessments at large (coun-
try or global) scales might have their uncertainty reduced by using en-
sembles of multiple crop models, resulting in a more feasible prediction
for climate change scenarios related to agriculture aspects, as pointed
out by Rosenzweig et al. (2018) and Tao et al. (2018). For common
beans, we are not aware of any study showing that this ensemble strat-
egy would benefit the quality of the assessment by reducing the uncer-
tainty of crop yield predictions. Besides, we are not aware of any other
process-based crop model fully available for use in such an ensemble
strategy, besides the CROPGRO-Dry bean model.

To quantify the model uncertainty, we compared the observed data
with simulations of leaf area index (LAI), top weights, and grain
weights, using the root mean square error (RMSE), mean absolute error
(MAE) (Loague and Green, 1991), the index of agreement (d) (Willmott
et al., 2012), and the Nash-Sutcliffe efficiency index (NS), as measures
of goodness-of-fit.

2.2. Cropped areas

In Brazil, common beans are grown in many locations (South,
Southeast, Midwest, and Northeast Brazilian regions), being sown in
up to three seasons, mainly in the Midwest region, where the first and
second seasons (wet and dry seasons) are rainfed and the third season
(winter season) is irrigated (Wander, 2007). Based on the sowing sea-
sons for regions, and on official statistics from national crop surveys,
we selected data from at least 80% of the common bean production re-
gions for our simulations, considering only the main commercial groups
“black” and “color” in the last 5 years (CONAB, 2018a, 2018b). Data
at the municipality scale (IBGE, 2019a) was used to select only counties
with historically important common bean yields, excluding those
where the yield was below 10 Mg per year in the last 5 years.

After defining the regions, we classified similar regions regarding
their environmental features into agroclimatic homogeneous zones
(HZ) (Van Wart et al., 2013). Similarities between zones are indicated
by an index number, which describes a given region by characteristics
such as growing degree-days of a standard crop, temperature and
evapotranspiration seasonality, and an annual aridity index. For each
HZ, we collected daily weather data from NASAPOWER API Client
(Sparks, 2018) from 1988 to 2019.

For soil representation, we extracted data from the Brazilian Soil
Map (EMBRAPA, 2014) and crossed it with each HZ. Soils were filtered
by their relative presence in a given zone, selecting only soils with the
highest coverage. Thus, each HZ is represented by its weather station
and its most important soil profile.

2.3. Future climate scenarios

Following van Vuuren et al. (2011) and Shindell (2013), for our sim-
ulations we considered two representative concentration pathways
(RCP) for atmospheric CO» [CO,]: RCP 4.5, the lower concentration
pathway (526 ppm following Clarke et al. (2007), Smith and Wigley
(2006), and Wise et al. (2009)), and RCP 8.5, the higher concentration
pathway (628 ppm following Riahi et al. (2011) and Moss et al.
(2010)). The reported [CO,] values from both RCPs were inputted in
the crop model as environmental variables representing future scenar-
ios.

Future daily weather data for the 2040-2070 period was generated
from downscaled datasets of 20 global circulation models (GCMs) us-
ing a tool provided by the Agricultural Model Intercomparison and Im-
provement Project (AgMIP, www.agmip.org), which in turn followed
the assumptions and protocols of the fifth phase of the Coupled Model
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Intercomparison Project (CMIP5) (Taylor et al., 2012). Detailed de-
scriptions about each GCM used for climate projections can be found in
Ruane et al. (2015).

2.4. Production risks

Climate change will affect crops from an economic perspective, ac-
cording to the socioeconomic forcing aspects that are expected to
change during the analyzed period (Fernandez and Blanco, 2015). Eco-
nomic aspects thus need to be combined with biophysical crop models
and climate data series to allow estimates of how future variations in
technological trends, together with leguminous and grain demand, will
pose a risk to future food security (Islam et al., 2016). There are a few
useful methods for quantifying technological trends to assist crop
model projections that include inputs obtained from crop-specific and
environmental variables, such as presented in Hampf et al. (2020).
However, for the present study we followed a safer path, by using a
model built using a more complex approach. We decided to make use of
the outputs from the IMPACT model (IFPRI, 2015), which is intended
for scenarios analysis, and in a modular structure integrates crop, hy-
drological and climate models, in addition to land use, price commod-
ity, welfare and other prospects, in accordance with technological im-
provements due to genetic and management practices (Robinson et al.,
2016). Estimates of 2050's grain supply and demand were used to gen-
erate production risk maps.

We defined production risk as the frequency of years in which the
simulated yield was less than the minimum necessary to supply future
country demands. To quantify the risks of not meeting future demand,
area projections at the mid-century were not included, given that ex-
panding production areas will be a limiting factor in an overpopulated
world, and existing cropped areas, theoretically, should not change
(Van Ittersum et al., 2013). Such analysis identified HZs with higher
risk increases, tracking regions that will seek area expansion to fulfill
future demands. This approach not only combines models from differ-
ent subjects but also highlights HZs that might experience shortages,
which is potentially useful information for public policies and private
investments.
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2.5. Model adjustments and data manipulation

To better represent the farmers' decisions when sowing, and follow-
ing Miiller and Robertson (2014) and Hampf et al. (2020), we created a
hydrological trigger algorithm for sowing whenever there was an accu-
mulated rainfall of at least 20 mm on three consecutive days, within
the official sowing window recommended by the Ministry of Agricul-
ture of Brazil (CONAB, 2018a, 2018b). With this procedure, the sowing
date was variable for each season within the official sowing window,
depending on the weather variability, avoiding situations where the
model sowed during dry periods, i.e., leading to crop death, and thus
bringing simulations closer to what farmers usually do in practice. In all
scenarios, the simulations were carried out under potential conditions
to emphasize environmental variability across regions and climate sce-
narios, meaning that farming limitations, such as water and nitrogen
availability from the soil, were not considered in the modeling process.

Due to the high variability among common bean cropping systems
in Brazil, all simulation outputs were grouped for each HZ by weighting
the commercial genotypes, group (black and colors), and the propor-
tions of sowing dates in each region according to official data (CONAB,
2018a, 2018b). The process consisted of observing how much of the
common bean groups (as percentages) was cultivated as well as the
yield in the sowing season for a given HZ. Common bean yields were
presented as a weighted average of a commercial group and sowing
seasons. This was intended to facilitate the interpretation of results for
each HZ, where crops are grown across many seasons and commercial
groups (Pelegrini et al., 2017).

3. Results
3.1. Model parameterization and validation

The model adjustment to observed data showed good statistical ac-
curacy, as the Willmott's index agreement (d) (Willmott et al., 2012)
and Nash-Sutcliffe (NS) efficiency (Nash and Sutcliffe, 1970) indica-
tors presented positive values, showing that the model has better ca-
pacity to represent real data than the simple average of the observa-
tions (Fig. 1). The simulated values of grain weight for the “colors”
group showed the worst performance although it was still considered
satisfactory (Fig. 1 F and Table 1). Fig. 1 (C and F) showed great dis-
parity in the adjustment of observed grain weight values from the Mid-

A B c
<, -2_3 PE ’
= < =
83 = E2
= - -~
: ;.
< 2 :
- £
Zo go 50
D E E_
35 ms ] 2
g g g
B3 — 4 = o=
= E i 2 _.-.. -
32 : g '
< £2 £ !
w1 @ :: L]
[ -1 " Fary
3o 20 &0 :
0 25 30 i3 100 0 25 50 75 100
Days after sowing
Simulated: -+ E1 — E2 = E3 Observed: E1 « E2 = E3

Fig. 1. Scatterplot of simulated and current datasets for model calibration. Leaf Area Index (A and D), tops weight (B and E) and grain weight (C and F), for

commercial group “black” (A, B and C) and “colors” (D, E and F).
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Table 1
Statistical measures of goodness-of-fit of the crop model validation.
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Comm ercial groups LAI (leaf area index)

Tops weight

Grain weight

d NS MAE RMSE R2 d MAE RMSE- R2 d NS MAE RMSE-~ R2
Black 0.85 0.83 0.40 0.60 0.87 0.87 0.83 0.38 0.70 0.90 0.87 0.94 0.12 0.12 0.96
Colors 0.80 0.79 0.46 0.60 0.89 0.88 0.92 0.38 0.53 0.93 0.66 0.25 0.49 0.66 0.68

d: Willmottindex of agreement (Willmottet al., 2012); NS: Nash-Sutcliff index of efficiency (Nash and Sutcliffe, 1970); MAE: mean absolute error; RMSE: root

mean squared error; R%: coefficient of determination.
« Measured in Mg ha~!.

west experiment (E1). This finding may explain what caused the lowest
performance although the curves for the other experiments indicated a
good fit for this same information.

3.2. Homogeneous zones for common beans

We found that 81% of the national common bean areas in Brazil
could be represented in 24 HZs (Fig. 2). Over the last 5 years, the South
and Midwest regions were the main producing states during all crop
seasons. We also found that the southern part of the Northeast is re-
sponsible for 75% of common bean production in the region.

3.3. Sowing dates across Brazil

The hydrological trigger to define sowing dates across crop seasons
was limited by the Brazilian sowing calendar for common beans. The
result of this process, containing the intervals of possible sowing dates,
is shown in Table 2.

Homogeneous
Zones

5801
5901
6601
6701
6801
6901
7101
7301
7401
7501
7601
7701
7702
7801
7901
8201
8301

8401
8501
8601
8701

Latitude

S - South
SE - Southeast
MW - Mid-west

8801

M - North o ——
0 200 400 800 BOO km 9201
NE - Northeast 9601

p— -4

@
Longitude

Fig. 2. Distribution of 24 Homogeneous zones, containing 81 % of produc-
ing regions of common beans in Brazil. HZ are distributed by regions with
social-economical similarities, according to IBGE (201 9b).

Table 2
Sowing dates across seasons for common beans in Brazil.

Comm on beans seasons

Region 1st 2nd 3rd

Southeast 01/0ct-15/0ct 01/Feb-28/Feb 01/May-31/May
Mid-west 01/0ct-31/Oct 01/Feb-28/Feb 01/May-31/May
South 01/Sep-31/Oct 01/Jan-31/Jan 01/May-31/May *
Northeast 01/Nov-30/Nov 01/Feb-28/Feb 01/Apr-15/May

The first season in the South region starts earlier due to the consis-
tent rainfall in mid-September. On the other hand, in the Northeast re-
gion, where sowing dates are set in November, rainfall is scarce until
late October. In the third season, most cropped areas are concentrated
in the Mid-west and southern Northeast regions. The sowing dates for
the Southern region only represent the producers located in the north-
ern part (i.e., Parand). The northeast region has the shortest rainy sea-
son, thus there is a short interval between the first sowing date in the
first season and the last available date in the third one.

3.4. Climate scenarios

Scenarios RCP 4.5 and 8.5 showed an increase in the average tem-
perature in all HZs, ranging from 1.23 to 2.06 °C and from 1.75 to
2.86 °C, respectively, for RCP 4.5 and RCP 8.5 (Fig. 3). Rainfall is pro-
jected to increase at higher latitudes (between 22°S and 33°S) by 4% to
7.5%, but decrease on average by 0.5 to 7% at low latitudes (9-22° S)
(Fig. 3). The HZs in the Northeast (8701, 9601, and 8801) showed
higher temperature variations when compared with those in other re-
gions, although projections showed slight changes in rainfall. Locations
in South Brazil are expected to see increases in rainfall up to 7.5% when
compared to the current annual accumulation. On the other hand, the
Northeast and northern Southeast may see precipitation levels 6.9%
lower than what is observed nowadays. A detailed description of future
climate variability for each specific HZ is presented in the Supplemen-
tary files, as Table 1.

3.5. Production scenarios

The central region of Brazil (Midwest, Northeast, and northern
Southeast) showed the worst scenarios for future grain yield, mainly in
RCP 4.5. Among the seasons in this region, the third season experienced
the highest impact, considering that in the first and second seasons the
beans are mainly planted alongside soybean crops. In addition, the re-
gion is home to the highest producing counties (e.g., Cristalina/GO and
Unai/MG), with an average increase ranging from 2.5 to 5% for RCP
8.5 (Fig. 4).

The Brazilian South region had the highest average yield for both
scenarios. It is expected that with the future projected climate, the re-
gion will have better environmental conditions for crop growth and de-
velopment. Projections of black bean production in Brazil, which is
mainly concentrated in the southern states, showed increases from 5 to
15% in comparison with current yield levels (Fig. 4).

In general, in the Mid-west and Northeast of Brazil, we observed
mostly no change or negative yields when compared with the current
yield; also, this region presented the largest variations around the pro-
jected mean yield in both scenarios, showing the highest level of uncer-
tainty relative to the Southern areas (Fig. 4). A detailed description of
future yield variability for each specific HZ is presented in the Supple-
mentary files, as Table 2.
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Fig. 3. Projected variation for the average period from 2040 to 2070 for air temperature (A and B) and rainfall (C and D) for RCP 4.5 (A, C) and RCP 8.5 (B,

D).
3.6. Future production risks

The predictions of future demand for common beans, technological
increases in yield, and crop area availability in Brazil were projected
based on IMPACT model outputs. These outputs showed a trend for in-
creasing demand with and without climate change for the 2050s. In
Brazil, assuming the 2010 cropped area (4387.1 Mha) in the IMPACT
model under the climate change scenario, future demand is expected to
reach 4986.8 Mg, which means an increase of ca. 44% compared with
current demand (3462.3 Mg). Current yields average 0.88 Mg ha~,
and the IMPACT model projected a technological increase by 2050,
which would leverage yields to 1.35 Mg ha~l, meaning a 65.4% in-
crease (Fig. 5).

Most HZs in Brazil showed an increased risk of not meeting future
demands without expanding cropped areas or increasing investments
for raising yield levels close to the yield potential (Fig. 6). The excep-
tion was the HZ in Northeast Brazil (HZ 9201, Fig. 2), where future de-
mand is subject to a slight decrease in the risk (about 2%), despite yield
projections showing a decrease in average production in both scenarios
(Fig. 5). Northeast (HZ 7901, 8201, and 8301) and central areas of the
South region (HZs 5801, 5901, 6701, 6801, and 7801) showed a mild
risk increase (5 to 10%). Three HZs (7601, 7701, and 7702), represent-
ing key production regions in the Mid-west, Southwest, and South,

were identified as the main higher-risk areas in the future, with pro-
jected risk increases close to 25%.

4, Discussion

The average air temperature increases for RCP 4.5 and 8.5 for com-
mon bean producing regions in Brazil were comparatively higher than
those projected by the United Nations Intergovernmental Panel on Cli-
mate Change for Earth's surface temperature by the mid-twenty-first
century (0.9 to 2.0 °C and 1.4 to 2.6 °C, respectively, for RCPs 4.5 and
8.5) (IPCC, 2014). On average, future scenarios generated by 20 GCMs
have shown a slightly higher increase in maximum temperatures
(205 == 099 °C) compared to minimum temperature
(1.96 = 0.66 °C). The GCMs follow a probabilistic methodology to es-
timate rainfall in the chosen regions, showing an increase in locations
where rainfall is well distributed throughout the year (South and
Southwest), and decreasing in places where rainfall follows a different
regime, such as in the Mid-west and Northeast (Alvares et al., 2013;
Wilks, 2012). In agreement with Mearns et al. (2003) and Rosenzweig
et al. (2018), the use of climate change models applied to agricultural
studies indicated that the main differences in climate variables, air tem-
perature, and rainfall, lie in disparities between locations at high lati-
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Fig. 4. Future mean variability on grain yields compared to the current mean simulated yields (A and B) and their coefficient of variation (CV) over time (C
and D), on RCP 4.5 (left) and RCP 8.5 (right).
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change (CC) scenarios in Brazil.

tudes (higher than 22°) and low latitudes (lower than 22°) (Mearns et
al., 2003; Rosenzweig et al., 2018).

Common beans are C3 metabolic pathway plants, and thus in-
creases in [CO5] imply a reduction in leaf conductance to gas exchange
by decreasing their stomatal aperture (Boote et al., 1997; Field et al.,
1995; Tubiello and Ewert, 2002). Therefore, increasing the availability
of [CO,] for photosynthesis and diminishing losses by transpiration of
mesophilic water could boost crop water productivity, leading to
greater grain yield gains even under events of moderate water stress
(Marin et al., 2014). Hoogenboom et al. (1994) affirmed that the model
used for the simulations acknowledges variations in [CO,], interfering
in photosynthesis and transpiration at the computational level, e.g.
canopy and grain weight increases in response to increments in maxi-
mum leaf photosynthetic rate.

On average, both concentration pathway scenarios showed yield
gains for the majority of producing regions. Yield predictions delivered
by the CROPGRO-Drybean model (Tables 1 and 2 from Supplementary)
showed that future expected variations in rainfall and air temperature
will have a minor impact on grain weight, compared to the effect of in-
creased [CO,]. Process-based crop models in general tend to consider
biological processes when representing plant growing conditions, hence
the physiological implications of greenhouse gases on crops should be
included as an important factor for predictions related to major plant
groups such as the Leguminosae (Ewert et al., 2007).

Although the scenarios showed increases in average crop yield, not
all predictions should be considered optimistic at first sight. By compar-
ing the risk variation of not achieving the level of production needed to
meet future demands relative to current conditions, it is possible to es-
tablish a detailed projection of climate change effects in Brazilian com-
mon bean production. In terms of food security, crop seasons must be
planned to fulfill future crop demands, which are expected to dramati-
cally increase by the mid-twenty-first century (Fedoroff et al., 2010;
Godfray et al., 2010). In the South region, despite a considerable pre-
dicted increase in yield under both climate change scenarios, there are
projected risk increases ranging from 5 to 22%. This implies a negative
impact on local farming systems, which currently account for around
27% of national common bean production (CONAB, 2018a).

The main cause of higher demand and lower yield, despite an in-
crease in yield, is related to air temperature effects on different crop
stages, which limit how much the [CO;] elevation can contribute to
yield gains. Jifon and Wolfe (2005) showed that temperatures over the
optimal range (15 to 26 °C) at the final stages of the development of
the common bean might result in reductions of around 18% of grain dry

mass, even in environments with high [CO,]. Prasad et al. (2002) found
that increases in levels of [CO,] do not compensate for the detrimental
effects of elevated air temperature on the physiological process in re-
productive stages. Similar findings were observed for soybean (Glycine
max (L.) Merrill) (Allen et al., 1996) and peanut (Arachis hypogaea L.)
(Prasad et al., 2003).

The Mid-west region allocates all major country cropped areas
while showing higher current risks of not meeting production demands.
In addition, some locations presented an increase in risks of almost
25%, meaning that production will rely mainly on area expansion and
managing efforts to close the gap between current and potential grain
yields, which has been the main strategy for agricultural improvements
in developing countries under climate change projections (Abraham et
al., 2014). This Brazilian region is of particular interest as it has at least
three crop seasons. The “winter” (third) season was stimulated to take
advantage of irrigated areas that produce soybean in the off-season,
aiming to control prices and keep the market stable throughout the
year for the final consumer (de Portes, 2012). The increasing risk of
production below the expected demand may cause recurrent price fluc-
tuations, directly affecting the demand for the product due to middle-
men activities commonly practiced in grain commercialization, which
in extreme cases, may force producers to replace “winter” common
bean cultivation areas with more profitable crops (Yokoyama, 2002).

Current commercial genotypes may present different responses to
climate change in the different locations in which common bean culti-
vation is practiced due to their phenotypic plasticity. Therefore, we un-
derstand that impact assessments can only be used as guidelines for na-
tional programs of plant breeding aimed at this crop in particular.
Nicotra et al. (2010) reinforced that an understanding of genotype per-
formance in the face of future climate change scenarios is crucial for
developing new cultivars. Ceccarelli et al. (2010) affirmed that breed-
ing programs consider the effects of biotic and abiotic stress, the latter
being caused by environmental factors such as climate, and that studies
on its changes will be essential to quantify what future genetic materi-
als should be prepared to endure. Many other scientific efforts ap-
proaching this theme for other crops also make explicit the importance
of this matter for food security in the twenty-first century (Braun et al.,
2010; Chapman et al., 2012; Ortiz et al., 2008). Thus, it is expected that
the results presented here will aid not only breeding programs for devel-
oping new adapted cultivars, but also public services using information
to support government decisions to guarantee the availability of a
cheap and reliable protein source for poor populations around the
globe.
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5. Conclusion

Yield projections indicate increases in the average yield of common
beans in Brazil, which mostly rely on the projected increases of [CO,]
under the climate change scenarios considered herein. However, risk
projections show that Brazilian production will heavily rely on area ex-
pansion in a future where suitable areas for agriculture will be a major
limitation. Protecting natural ecosystems from agricultural occupation
is currently the subject of intense discussion in Brazil and elsewhere,
raising concerns not only about food security, but also about economic
policies. Efforts in crop management to overcome yield limitations in
the field and studies aimed at improving genetic adaptations for cli-
mate change must be taken into account by local governments if there
is still interest in keeping common beans as a reliable protein source for
poor populations with the minimum additional expansion of new areas
in the mid-twenty-first century climatic scenario.

Uncited references
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

LAS Antolin acknowledges support from “Coordenacdo de Aper-
feicoamento Pessoal de Nivel Superior” (CAPES), due the provided mas-
ter's scholarship provided for the preparation of this scientific paper.

AB Heinemann acknowledges support from “Fundacdo de Amparo
a Pesquisa do Estado de Goias” (FAPEG - PRONEM/FAPEG/CNPq) and
“Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico”
(CNPq - Edital Universal - Processo - 408025/2018-2).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.agsy.2021.103174.

References

Abraham, B., Araya, H., Berhe, T., Edwards, S., Gujja, B., Khadka, R.B., Koma, Y.
S., Sen, D., Sharif, A., Styger, E., Uphoff, N., Verma, A., 2014. The system of
crop intensification: reports from the field on improving agricultural
production, food security, and resilience to climate change for multiple crops.
Agric. Food Secur. 3, 4. https: //doi.org/10.1186/2048-7010-3-4.

Aggarwal, P., Vyas, S., Thornton, P., Campbell, B.M., Kropff, M., 2019.
Importance of considering technology growth in impact assessments of climate
change on agriculture. Glob. Food Sec. 23, 41-48. https: //doi.org/10.1016/j.
gfs.2019.04.002.

Akibode, S., Mywish, M., 2012. Global and regional trends in production, trade
and consumption. Agric. Econ. 1-19.

Allen, L.H., BAKER, J.T., BOOTE, K.J., 1996. The CO2 fertilization effect: higher
carbohydrate production and retention as biomass and seed yield, in: global
climate change and agricultural production: direct and indirect effects of
changing hydrological, pedological and plant physiological processes. Food
Agricult. Org. 65-100.

Alvares, C.A., Stape, J.L., Sentelhas, P.C., De Moraes Gongalves, J.L., Sparovek,
G., 2013. Koppen's climate classification map for Brazil. Meteorol. Z. 22,
711-728. https: //doi.org/10.1127/0941-2948,/2013/0507.

Bassu, S., Brisson, N., Durand, J.L., Boote, K., Lizaso, J., Jones, J.W., Rosenzweig, C.,
Ruane, A.C., Adam, M., Baron, C., Basso, B., Biernath, C., Boogaard, H., Conijn, S.,
Corbeels, M., Deryng, D., De Sanctis, G., Gayler, S., Grassini, P., Hatfield, J., Hoek, S.,
Izaurralde, C., Jongschaap, R., Kemanian, A.R., Kersebaum, K.C., Kim, S.H., Kumar,
N.S., Makowski, D., Miiller, C., Nendel, C., Priesack, E., Pravia, M.V., Sau, F.,
Shcherbak, 1., Tao, F., Teixeira, E., Timlin, D., Waha, K., et al., 2014. How do various
maize crop models vary in their responses to climate change factors?. Global Change
Biology 20 (7), 2301-2320. https://doi.org/10.1111/gcb.12520.

Beebe, S., Ramirez, J., Jarvis, A., Rao, .M., Mosquera, G., Bueno, J.M., Blair, M.
W., 2011. Genetic Improvement of Common Beans and the Challenges of
Climate Change, in: Crop Adaptation to Climate Change. Blackwell Publishing
Ltd, Richmond, Australia, pp. 356-369.

Agricultural Systems xxx (xxxx) 103174

Boote, K.J., Pickering, N.B., Allen, L.H., 1997. Plant Modeling: Advances and Gaps
in our Capability to Predict Future Crop Growth and Yield in Response to
Global Climate Change, in: Advances in Carbon Dioxide Effects Resear ch.
American Society of Agronomy, Crop Science Society of America, Soil Science
Society of America, pp. 179-228. https: //doi.org/10.2134/asas pecpub61.c10.

Braun, H.-J., Atlin, G., Payne, T., 2010. Multi-location testing as a tool to identify
plant response to global climate change. In: Climate Change and Crop
Production. CABI Wallingford, UK, pp. 115-138.

Burle, M.L., Fonseca, J.R., Kami, J.A., Gepts, P., 2010. Microsatellite diversity and
genetic structure among common bean (Phaseolus vulgaris L.) landraces in
Brazil, a secondary center of diversity. Theor. Appl. Genet. 121, 801-813.
https: //doi.org/10.1007/s00122-010-1350-5.

Ceccarelli, S., Grando, S., Maatougui, M., Michael, M., Slash, M., Haghparast, R.,
Rahmanian, M., Taheri, A., Al-Yassin, A., Benbelkacem, A., Labdi, M.,
Mimoun, H., Nachit, M., 2010. Plant breeding and climate changes. J. Agric.
Sci. 148, 627-637. https: //doi.org/10.1017/50021859610000651.

Chapman, S.C., Chakraborty, S., Dreccer, M.F., Howden, S.M., 2012. Plant
adaptation to climate change -opportunities and priorities in breeding. Crop
Pasture Sci. 63, 251. https: //doi.org/10.1071/CP11303.

CIAT Beans | CIAT [WWW Document]. URL https: //ciat.cgiar. org/what-we-do/
breeding-better-crops/beans/ 2016 (accessed 9.25.18)

Clarke, L., Edmonds, J., Jacoby, H., Pitcher, H., Reilly, J., Richels, R., 2007.
Scenarios of Greenhouse Gas Emissions and Atmospheric Concentrations.
Energy Publ, US Dep.

CONAB, 2018a. Monitoramento agricola- Safra 2017/2018. Acompan. da safra
Bras. Graos. 5. pp. 1-178 doi:ISSN 2318-6852.

CONAB, 2018b. Monitoramento agricola- Safra 2017/2018. Acompan. da safra
Bras. graos. 5. p. 155.

Cramer, W., Bondeau, A., Woodward, F.IL., Prentice, I.C., Betts, R.A., Brovkin, V.,
Cox, P.M., Fisher, V., Foley, J.A., Friend, A.D., Kucharik, C., Lomas, M.R.,
Ramankutty, N., Sitch, S., Smith, B., White, A., Young-Molling, C., 2001.
Global response of terrestrial ecosystem structure and function to CO , and
climate change: results from six dynamic global vegetation models. Glob.
Chang. Biol. 7, 357-373. https: //doi.org/10.1046/j.1365-2486.2001.00383.x.

T.A. de Portes Como surgiu o feijdo de terceira safra ou feijdo de inverno ? Um
pouco de histéria [WWW Document]. Grup. Cultiv URL http://www.
grupocultivar. com. br /sistema/uploads/artigos/02-10-12_feijao.pdf 2012
(accessed 11.5.18)

EMBRAPA Sistema de Informac&o de Solos Brasileiros [WWW Document].

URL https: //www.sisolos. cnptia.embrapa.br/ 2014 (accessed 10.15.18)
Ewert, F., Porter, J.R., Rounsevell, M.D.A., Long, S.P., Ainsworth, E.A., Leakey, A.
D.B., Ort, D.R., Nosberger, J., Schimel, D., 2007. Crop models, CO2, and
climate change. Science (80-. ). 315, 459¢-460c. https: //doi.org/10.1126/

science.315.5811.459c¢.

FAOSTAT Protein Supply Quantity [WWW Document]. URL http://www.fao.org/
faostat/en/#data/CC 2013 (accessed 2.18.20)

FAOSTAT Production Quantity - Dry Beans [WWW Document]. URL http://www.
fao.org/faostat/en/#data/QC 2018 (accessed 2.21.20)

Fedoroff, N.V., Battisti, D.S., Beachy, R.N., Cooper, P.J.M., Fischhoff, D.A.,
Hodges, C.N., Knauf, V.C., Lobell, D., Mazur, B.J., Molden, D., Reynolds, M.
P., Ronald, P.C., Rosegrant, M.W., Sanchez, P.A., Vonshak, A., Zhu, J.-K.,
2010. Radically rethinking agriculture for the 21st century. Science 327,
833-834. https: //doi.org/10.1126/science.1186834.

Fernandez, F.J., Blanco, M., 2015. Modelling the economic impacts of climate
change on global and european agriculture. Review of economic structural
approaches. Economics 9. https: //doi.org/10.5018 /economics-ejournal.ja.
2015-10.

Field, C.B., Jackson, R.B., Mooney, H.A., 1995. Stomatal responses to increased
CO2: implications from the plant to the global scale. Plant Cell Environ. 18,
1214-1225. https: //doi.org/10.1111/j.1365-3040.1995.tb00630.x.

Fuscaldi, K., Prado, G., 2005. Andlise econémica da cultura do feijao. (Rev.
Politica Agricola).

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., 2010. Food security:
the challenge of feeding 9 billion people. Science 327, 812-818. https: //doi.
org/10.1126/science.1185383.

GPC What Are Pulses? - Pulses [WWW Document]. URL https: //pulses.org/what-
are-pulses 2020 (accessed 4.9.20)

Hampf, A.C., Stella, T., Berg-Mohnicke, M., Kawohl, T., Kilian, M., Nendel, C.,
2020. Future yields of double-cropping systems in the southern Amazon,
Brazil, under climate change and technological development. Agric. Syst. 177.
https: //doi.org/10.1016/j.agsy.2019.102707.

Heinemann, A.B., Ramirez-Villegas, J., Stone, L.F., Didonet, A.D., 2017. Climate
change determined drought stress profiles in rainfed comm on bean production
systems in Brazil. Agric. For. Meteorol. 246, 64-77. https: //doi.org/10.1016/
J.AGRFORMET.2017.06.005.

Hoogenboom, G., White, J.W., Jones, J.W., Boote, K.J., 1994. BEANGRO: a
process-oriented dry bean model with a versatile user interface. Agron. J. 86,
182. https: //doi.org/10.2134/agronj1994.00021962008600010032x.

Howden, S.M., Soussana, J.-F., Tubiello, F.N., Chhetri, N., Dunlop, M., Meinke,
H., 2007. Adapting agriculture to climate change. Proc. Natl. Acad. Sci. U. S.
A. 104, 19691-19696. https: //doi.org/10.1073/pnas.0701890104.

IBGE Area plantada, 4rea colhida, quantidade produzida e rendimento médio de
feijdo, 13, 22 e 32 safras [WWW Document]. URL https: //sidra.ibge.gov.br/
tabela/1002 2019 (accessed 2.21.20)

IBGE, 2019b. Instituto Brasileiro de Geografia e Estatistica (IBGE). Div. Territ.


https://doi.org/10.1016/j.agsy.2021.103174
https://doi.org/10.1016/j.agsy.2021.103174
https://doi.org/10.1186/2048-7010-3-4
https://doi.org/10.1016/j.gfs.2019.04.002
https://doi.org/10.1016/j.gfs.2019.04.002
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0015
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0015
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0020
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0020
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0020
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0020
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0020
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1111/gcb.12520
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0040
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0040
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0040
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0040
https://doi.org/10.2134/asaspecpub61.c10
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0050
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0050
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0050
https://doi.org/10.1007/s00122-010-1350-5
https://doi.org/10.1017/S0021859610000651
https://doi.org/10.1071/CP11303
https://ciat.cgiar.org/what-we-do/breeding-better-crops/beans/
https://ciat.cgiar.org/what-we-do/breeding-better-crops/beans/
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0075
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0075
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0075
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0080
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0080
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0085
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0085
https://doi.org/10.1046/j.1365-2486.2001.00383.x
http://www.grupocultivar.com.br/sistema/uploads/artigos/02-10-12_feijao.pdf
http://www.grupocultivar.com.br/sistema/uploads/artigos/02-10-12_feijao.pdf
https://www.sisolos.cnptia.embrapa.br/
https://doi.org/10.1126/science.315.5811.459c
https://doi.org/10.1126/science.315.5811.459c
http://www.fao.org/faostat/en/#data/CC
http://www.fao.org/faostat/en/#data/CC
http://www.fao.org/faostat/en/#data/QC
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.1126/science.1186834
https://doi.org/10.5018/economics-ejournal.ja.2015-10
https://doi.org/10.5018/economics-ejournal.ja.2015-10
https://doi.org/10.1111/j.1365-3040.1995.tb00630.x
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0135
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0135
https://doi.org/10.1126/science.1185383
https://doi.org/10.1126/science.1185383
https://pulses.org/what-are-pulses
https://pulses.org/what-are-pulses
https://doi.org/10.1016/j.agsy.2019.102707
https://doi.org/10.1016/J.AGRFORMET.2017.06.005
https://doi.org/10.1016/J.AGRFORMET.2017.06.005
https://doi.org/10.2134/agronj1994.00021962008600010032x
https://doi.org/10.1073/pnas.0701890104
https://sidra.ibge.gov.br/tabela/1002
https://sidra.ibge.gov.br/tabela/1002
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0175

L.A.S. Antolin et al.

IFPRI, 2015. Extended Results from the International Model for Policy Analysis of
Agricultural Commodities and Trade (IMPACT version 3.2.1) for Sulser et al (2015).
Country Level Data.

IPCC, 2014. Climate change 2014: synthesis report. Contrib. Work. Groups I, II III
to fifth assess. Rep. Intergov. Panel Clim. Chang. 151. https: //doi.org/10.
1046/j.1365-2559.2002.1340a. x.

Islam, S., Cenacchi, N., Sulser, T.B., Gbegbelegbe, S., Hareau, G., Kleinwechter,
U., Mason-D’Croz, D., Nedumaran, S., Robertson, R., Robinson, S., Wiebe, K.,
2016. Structural approaches to modeling the impact of climate change and
adaptation technologies on crop yields and food security. Glob. Food Sec. 10,
63-70. https: //doi.org/10.1016/j. gfs. 2016.08.003.

Jifon, J.L., Wolfe, D.W., 2005. High temperature-induced sink limitation alters
growth and photosynthetic acclimation to elevated CO2 in bean ( Phaseolus
vulgaris L.). J. Am. Soc. Hortic. Sci. 130, 515-520.

Jones, J.W., Hoogenboom, G., Porter, C.H., Boote, K.J., Batchelor, W.D., Hunt, L.
A., Wilkens, P.W., Singh, U., Gijsman, A.J., Ritchie, J.T., 2003. The DSSAT
cropping system model. Eur. J. Agron. 18, 235-265. https: //doi.org/10.1016/
$1161-0301(02)00107-7.

Loague, K., Green, R.E., 1991. Statistical and graphical methods for evaluating solute
transport models: overview and application. J. Contam. Hydrol. 7, 51-73.

MAPA, 2018. Plano Nacional De Desenvolvimento Da Cadeia Do Feijdo E Pulses.
Ministério Agric. Pecudria Abastecimenro 1-44.

Marin, F.R., Ribeiro, R.V., Marchiori, P.E.R., 2014. How can crop modeling and
plant physiology help to understand the plant responses to climate change? A
case study with sugarcane. Theor. Exp. Plant Physiol. 26, 49-63. https: //doi.
org/10.1007 /s40626-014-0006-2.

Marin, F.R., Thorburn, P.J., Nassif, D.S.P., Costa, L.G., 2015. Sugarcane model
intercomparison: Structural differences and uncertainties under current and potential
future climates. Environmental Modelling and Software 72, 372-386. https://doi.
org/10.1016/j.envsoft.2015.02.019.

Martre, P., Wallach, D., Asseng, S., Ewert, F., Jones, J.W., Rotter, R.P., Boote, K.J., Ruane,
A.C., Thorburn, P.J., Cammarano, D., Hatfield, J.L., Rosenzweig, C., Aggarwal, P.K.,
Angulo, C., Basso, B., Bertuzzi, P., Biernath, C., Brisson, N., Challinor, A.J., Doltra, J.,
Gayler, S., Goldberg, R., Grant, R.F., Heng, L., Hooker, J., Hunt, L.A., Ingwersen, J.,
Izaurralde, R.C., Kersebaum, K.C., Miiller, C., Kumar, S.N., Nendel, C., O’leary, G.,
Olesen, J.E., Osborne, T.M., Palosuo, T., Priesack, E., Ripoche, D., Semenov, M.A.,
Shcherbak, 1., Steduto, P., Stockle, C.O., Stratonovitch, P., Streck, T., Supit, L., Tao, F.,
Travasso, M., Waha, K., White, J.W., Wolf, J., 2015. Multimodel ensembles of wheat
growth: Many models are better than one. Global Change Biology 21 (2), 911-925.
https://doi.org/10.1111/gcb.12768.

McClean, P.E., Burridge, J., Beebe, S., Rao, .M., Porch, T.G., 2011. Crop
improvement in the era of climate change: an integrated, multi-disciplinary
approach for common bean (Phaseolus vulgaris). Funct. Plant Biol. 38,
927-933. https: //doi.org/10.1071/FP11102.

Mearns, L.O., Giorgi, F., Whetton, P., Pabon, D., Hulme, M., Lal, M., 2003.
Guidelines for Use of Climate Scenarios Developed from Regional Climate
Model Experiments. IPCC Guidel, p. 38.

Mendelsohn, R., Dinar, A., 1999. Climate change, agriculture, and developing
countries: does adaptation matter?. World Bank Res. Obs. 14, 277-293.
https: //doi.org/10.1093/wbro /14.2.277.

Moss, R.H., Edmonds, J.A., Hibbard, K.A., Manning, M.R., Rose, S.K., van
Vuuren, D.P., Carter, T.R., Emori, S., Kainuma, M., Kram, T., Meehl, G.A.,
Mitchell, J.F.B., Nakicenovic, N., Riahi, K., Smith, S.J., Stouffer, R.J.,
Thomson, A.M., Weyant, J.P., Wilbanks, T.J., 2010. The next generation of
scenarios for climate change research and assessment. Nature 463, 747-756.
https: //doi.org/10.1038/nature08823.

Miiller, C., Robertson, R.D., 2014. Projecting future crop productivity for global
economic modeling. Agric. Econ. (United Kingdom) 45, 37-50. https: //doi.org/
10.1111/agec.12088.

Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models
part I — a discussion of principles. J. Hydrol. 10, 282-290. https: //doi.org/10.
1016/0022-1694(70)90255-6.

Nedumaran, S., Abinaya, P., Jyosthnaa, P., Shraavya, B., Parthasarathy, R.,
Bantilan, C., 2015. Grain legumes production, consumption and trade trends in
developing countries. Int. Crop. Res. Inst. Semi-Arid Trop. 64.

Nicotra, A.B., Atkin, O.K., Bonser, S.P., Davidson, A.M., Finnegan, E.J.,
Mathesius, U., Poot, P., Purugganan, M.D., Richards, C.L., Valladares, F., van
Kleunen, M., 2010. Plant phenotypic plasticity in a changing climate. Trends
Plant Sci. 15, 684-692. https: //doi.org/10.1016/J. TPLANTS. 2010.09.008.

Ortiz, R., Sayre, K.D., Govaerts, B., Gupta, R., Subbarao, G.V., Ban, T., Hodson,
D., Dixon, J.M., Ivan Ortiz-Monasterio, J., Reynolds, M., 2008. Climate
change: can wheat beat the heat?. Agric. Ecosyst. Environ. 126, 46-58. https://
doi.org/10.1016/J.AGEE.2008.01.019.

Pachico, D., 1989. Trends in world common bean production. Bean Prod. Probl.
Trop. 10.

Pelegrini, D.F., Bezerra, L.M.C., Hasparyk, R.G., 2017. Dindmica da producéo de
feijdo no Brasil: progresso técnico e fragilidades. Inf. Agropecudrio, Belo
Horiz. 38, 84-91.

Prasad, P.V.V., Boote, K.J., Allen, Jr., L.H.A., Thomas, J.M.G., 2002. Effects of
elevated temperature and carbon dioxide on seed-set and yield of kidney bean
(Phaseolus vulgaris L.). Glob. Chang. Biol. 8, 710-721. https: //doi.org/10.
1046/j.1365-2486.2002.00508.x.

Prasad, P.V.V., Boote, K.J., Allen, L.H., Thomas, J.M.G., 2003. Super-optimal
temperatures are detrimental to peanut (Arachis hypogaea L.) reproductive
processes and yield at both ambient and elevated carbon dioxide. Glob. Chang.
Biol. 9, 1775-1787. https: //doi.org/10.1046/j.1365-2486.2003.00708.x.

Agricultural Systems xxx (xxxx) 103174

Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kindermann, G.,
Nakicenovic, N., Rafaj, P., 2011. RCP 8.5—a scenario of comparatively high
greenhouse gas emissions. Clim. Change 109, 33-57. https: //doi.org/10.1007/
$10584-011-0149-y.

Robinson, S., Mason-D’Croz, D., Sulser, T., Islam, S., Robertson, R., Zhu, T.,
Gueneau, A., Pitois, G., Rosegrant, M.W., 2016. The international model for
policy analysis of agricultural comm odities and trade (IMPACT): model
description for version 3. SSRN Electron. J.. https://doi.org/10.2139/ssrn.
2741234.

Rodriguez, M., Rau, D., Bitocchi, E., Bellucci, E., Biagetti, E., Carboni, A., Gepts,
P., Nanni, L., Papa, R., Attene, G., 2016. Landscape genetics, adaptive
diversity and population structure in Phaseolus vulgaris. New Phytol. 209,
1781-1794. https: //doi.org/10.1111/nph.13713.

Rosenzweig, C., Ruane, A.C., Antle, J., Elliott, J., Ashfaq, M., Chatta, A.A., Ewert,
F., Folberth, C., Hathie, 1., Havlik, P., Hoogenboom, G., Lotze-Campen, H.,
MacCarthy, D.S., Mason-D’Croz, D., Contreras, E.M., Miiller, C., Perez-
Dominguez, 1., Phillips, M., Porter, C., Raymundo, R.M., Sands, R.D.,
Schleussner, C.F., Valdivia, R.O., Valin, H., Wiebe, K., 2018. Coordinating
AgMIP data and models across global and regional scales for 1.5°C and 2.0°C
assessments. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 376. https: //doi.
org/10.1098/rsta.2016.0455.

Ruane, A.C., Winter, J.M., McDermid, S.P., Hudson, N.I., 2015. AgMIP climate
data and scenarios for integrated assessment. Handb. Clim. Chang.
Agroecosyst. 3, 45-78. https://doi.org/10.1142/9781783265640_0003.

Santos, H.G., Jacomine, P.K.T., Anjos, L.H.C., Oliveira, V.A., Lumbreras, J.F.,
Coelho, M.R., Almeida, J.A., Araujo Filho, J.C., Oliveira, J.B., Cunha, T.J.F.,
2018. Sistema brasileiro de classificacdo de solos, Embrapa Solos. Embrapa,
Brasilia, DF, p. 2018.

Shindell, D., 2013. Radiative forcing in the AR5. In: Clim. Chang. 2013 Phys. Sci.
Basis. pp. 1-11.

Shogren, J.F., Toman, M.A., 2010. Climate change policy. In: Public Policies for
Environmental Protection. Routledge, pp. 135-178. https: //doi.org/10.4324/
9781936331482-9.

Smith, S.J., Wigley, T.M.L., 2006. Multi-gas forcing stabilization with minicam.
Energy J. Int. Assoc. Energy Econ.. https: //doi.org/10.2307/23297091.

Sparks, A.H., 2018. Nasapower: a NASA POWER global meteorology, surface solar energy
and climatology data client for R. J. Open Source Softw. 3 (30). https://doi.org/10.
21105/j0ss.01035.

Tao, F., Rotter, R.P., Palosuo, T., Gregorio Herndndez Diaz-Ambrona, C.,
Minguez, M.I., Semenov, M. A., Kersebaum, K.C., Nendel, C., Specka, X.,
Hoffmann, H., Ewert, F., Dambreville, A., Martre, P., Rodriguez, L., Ruiz-
Ramos, M., Gaiser, T., Hohn, J.G., Salo, T., Ferrise, R., Bindi, M.,
Cammarano, D., Schulman, A.H., 2018. Contribution of crop model structure,
parameters and climate projections to uncertainty in climate change impact
assessments. Glob. Chang. Biol. 24, 1291-1307. https: //doi.org/10.1111/gcb.
14019.

Taylor, K.E., Stouffer, R.J., Meehl, G.A., Taylor, K.E., Stouffer, R.J., Meehl, G.A.,
2012. An overview of CMIP5 and the experiment design. Bull. Am. Meteorol.
Soc. 93, 485-498. https: //doi.org/10.1175/BAMS-D-11-00094.1.

Tubiello, F.N., Ewert, F., 2002. Simulating the effects of elevated CO2 on crops:
approaches and applications for climate change. Eur. J. Agron. 18, 57-74.
https: //doi.org/10.1016,/51161-0301(02)00097-7.

United Nations, 2015. The millennium development goals report. United Nations 72
doi:978-92-1-101320-7.

Van Ittersum, M.K., Cassman, K.G., Grassini, P., Wolf, J., Tittonell, P., Hochman,
Z., 2013. Yield gap analysis with local to global relevance-a review. F. Crop.
Res. 143, 4-17. https://doi.org/10.1016/j.fcr.2012.09.009.

van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard,
K., Hurtt, G.C., Kram, T., Krey, V., Lamarque, J.-F., Masui, T., Meinshausen,
M., Nakicenovic, N., Smith, S.J., Rose, S.K., 2011. The representative
concentration pathways: an overview. Clim. Chang. 109, 5-31. https: //doi.
org/10.1007/s10584-011-0148-z.

Van Wart, J., van Bussel, L.G.J., Wolf, J., Licker, R., Grassini, P., Nelson, A.,
Boogaard, H., Gerber, J., Mueller, N.D., Claessens, L., van Ittersum, M.K.,
Cassman, K.G., 2013. Use of agro-climatic zones to upscale simulated crop
yield potential. F. Crop. Res. 143, 44-55. https: //doi.org/10.1016/j.fcr. 2012.
11.023.

Wander, A.E., 2007. Producdo e consumo de feijdo no Brasil, 1975-2005. Inform.
Econ. 37, 7-21.

Wheeler, T., von Braun, J., 2013. Climate change impacts on global food security.
Science 341, 508-513. https://doi.org/10.1126/science.1239402.

Wilks, D.S., 2012. Stochastic weather generators for climate-change downscaling,
part II: multivariable and spatially coherent multisite downscaling. Wiley
Interdiscip. Rev. Clim. Chang. 3, 267-278. https://doi.org/10.1002/wcc.167.

Willmott, C.J., Robeson, S.M., Matsuura, K., 2012. A refined index of model
performance. Int. J. Climatol. 32, 2088-2094. https: //doi.org/10.1002/joc.
2419.

Wise, M., Calvin, K., Thomson, A., Clarke, L., Bond-Lamberty, B., Sands, R.,
Smith, S.J., Janetos, A., Edmonds, J., 2009. Implications of limiting CO2
concentrations for land use and energy. Science 324, 1183-1186. https: //doi.
org/10.1126/science.1168475.

Yokoyama, L.P., 2002. Tendéncias de Mercado e Alternativas de Comercializacdo
do Feijdo. In: Comunicado Técnico, 43. Ministério da Agric. Pecudria e
Abastecimenro, pp. 5-8.


http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0180
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0180
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0180
https://doi.org/10.1046/j.1365-2559.2002.1340a.x
https://doi.org/10.1046/j.1365-2559.2002.1340a.x
https://doi.org/10.1016/j.gfs.2016.08.003
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0195
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0195
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0195
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.1016/S1161-0301(02)00107-7
http://refhub.elsevier.com/S0308-521X(21)00127-X/optQ9wX0eE1UX
http://refhub.elsevier.com/S0308-521X(21)00127-X/optQ9wX0eE1UX
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0205
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0205
https://doi.org/10.1007/s40626-014-0006-2
https://doi.org/10.1007/s40626-014-0006-2
https://doi.org/10.1016/j.envsoft.2015.02.019
https://doi.org/10.1016/j.envsoft.2015.02.019
https://doi.org/10.1111/gcb.12768
https://doi.org/10.1071/FP11102
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0220
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0220
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0220
https://doi.org/10.1093/wbro/14.2.277
https://doi.org/10.1038/nature08823
https://doi.org/10.1111/agec.12088
https://doi.org/10.1111/agec.12088
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/0022-1694(70)90255-6
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0245
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0245
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0245
https://doi.org/10.1016/J.TPLANTS.2010.09.008
https://doi.org/10.1016/J.AGEE.2008.01.019
https://doi.org/10.1016/J.AGEE.2008.01.019
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0260
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0260
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0265
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0265
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0265
https://doi.org/10.1046/j.1365-2486.2002.00508.x
https://doi.org/10.1046/j.1365-2486.2002.00508.x
https://doi.org/10.1046/j.1365-2486.2003.00708.x
https://doi.org/10.1007/s10584-011-0149-y
https://doi.org/10.1007/s10584-011-0149-y
https://doi.org/10.2139/ssrn.2741234
https://doi.org/10.2139/ssrn.2741234
https://doi.org/10.1111/nph.13713
https://doi.org/10.1098/rsta.2016.0455
https://doi.org/10.1098/rsta.2016.0455
https://doi.org/10.1142/9781783265640_0003
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0305
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0305
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0305
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0305
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0310
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0310
https://doi.org/10.4324/9781936331482-9
https://doi.org/10.4324/9781936331482-9
https://doi.org/10.2307/23297091
https://doi.org/10.21105/joss.01035
https://doi.org/10.21105/joss.01035
https://doi.org/10.1111/gcb.14019
https://doi.org/10.1111/gcb.14019
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1016/S1161-0301(02)00097-7
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0345
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0345
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1016/j.fcr.2012.11.023
https://doi.org/10.1016/j.fcr.2012.11.023
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0365
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0365
https://doi.org/10.1126/science.1239402
https://doi.org/10.1002/wcc.167
https://doi.org/10.1002/joc.2419
https://doi.org/10.1002/joc.2419
https://doi.org/10.1126/science.1168475
https://doi.org/10.1126/science.1168475
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0395
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0395
http://refhub.elsevier.com/S0308-521X(21)00127-X/rf0395

	Impact assessment of common bean availability in Brazil under climate change scenarios
	Acknowledgments


	fld57: 
	fld58: 
	fld147: 
	fld178: 
	fld203: 
	fld211: 
	fld212: 
	fld247: 


