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Accepted 27 December 2017 climate change on climatic zoning, i.e., to define aptitude classes for cultivation

and the periods recommended for the sowing times of the common bean in rainfed
conditions for the period 2071 to 2100 in the states of Parand, Santa Catarina and

Rio Grande do Sul, in the south of Brazil. Three climate scenarios were used to

Index terms: evaluate the potential impact of climate change on climatic zoning of the common
Phaseolus vulgaris L. bean crop: current (baseline - 1961-1990) and predicted future climatic conditions
temperature (2071-2100) (A2 and B2). The climatic zoning for the three scenarios (current, A2
PRECIS and B2) were elaborated with the following aptitude classes: suitable and unsuitable
sowing time for crop cultivation. Suitable for cultivation of common bean crop was considered

when at least one 10 day period was indicated for sowing time. In the south of
Brazil there is a spatial and temporal change of area suitable for cultivation and
recommended sowing time by climatic zoning for the common bean crop in the
future scenarios, both optimistic (B2) and pessimistic (A2).
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Introduction position in terms of area, volume produced and economic

value of production. The common bean has an important

In Brazil, the common bean (Phaseolus vulgaris L.) is a role as a source of vegetable protein. In addition, bean is

crop of great economic and social importance. The common one of the major components of the national basic food
bean is one of the grain crops that have a prominent basket.
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Common bean is a crop with short cycle and, therefore,
more sensitive to changes in climatic conditions (Hoffmann
Junior et al., 2007). In general, rainfall, air temperature and
solar radiation are the climatic factors that influence its
grain yield (Didonet & Silva, 2004; Didonet, 2010). Common
bean presents low drought tolerance due to anatomical
and physiological limitations as well as low resilience to
water deficit conditions (Fancelli & Dourado Neto, 1991).
The commercial production of beans occurs when air
temperature ranges between 19 to 22 °C, with maximum
and minimum air temperatures no greater and no lower
than 30.0°C and 8.3°C, respectively (Garcia, 1969). Higher
air temperatures during the flowering period reduce its
production and pollen viability, number of pods per plant,
number of seeds per pod, and grain mass, all of which
negatively affect grain yield (Prasad et al., 2002; Massignam
et al., 1998a).

Recent global studies have shown consistent changes in
rainfall (Zhang et al., 2007) and air temperature in various
parts of the globe (IPCC, 2007). In Brazil, some studies have
estimated the impact of climate change on the culture of
the common bean. The study of the impact of rising air
temperatures on climatic zoning of common bean in the
state of Mato Grosso do Sul showed that the reduction of
crop yield will be more pronounced in areas with soils with
less water storage capacity and with greater increase in air
temperature (Silva et al., 2012). In the states of Goids and
Minas Gerais, the study of economic impacts of climate
change on common bean showed a significant reduction
of areas suitable for planting, and it can promote a strong
impact on the economy of those states (Martins & Assad,
2007).

In Parang, in Santa Catarina, and in Rio Grande do Sul
studies (Camargo, et al., 2006, Marengo & Camargo, 2008;
Minuzzi, 2010; Minuzzi et al., 2011) have also pointed to
an impact on air temperature and rainfall. In general,
these studies indicate an increase in the air temperature,
especially in minimum air temperatures, and an evidence
of the increase in the intensity of rainfall events. The
impacts of climate change on bean production in Central
America for 2050 can be considered drastic, with estimated
reductions of up to 25% of the total volume of production
(Schmidt et al., 2012). In Santa Catarina, the study of the
impacts caused by the homogeneous and linear increase
of 2° C in the next 50 years in maximum, average and
minimum air temperature, and keeping the same rainfall
values, showed that this increase will impact significantly
the productive chain of the common bean (Pandolfo et al.,
2007).

The HadRM3P climate model was used in many studies
as a tool to generate the climate data for many studies
of impact of climate change. According to Marengo
et al. (2009), the HadRM3P regional model has a good
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representation of the current climate in South America.
However, a more detailed study showed that the annual
rainfall in the south of Brazil is slightly overrated by
the regional model HadRM3P, especially in spring and
summer. During winter months, there is no significant
difference between the observed data and simulated data
by the regional model for the Rio Grande do Sul and Santa
Catarina states (Camargo et al., 2011). Air temperatures
simulated by the regional model for the south of Brazil
showed good agreement with the observed data (Camargo,
2010).

The objective of this study is to determine the impacts
of climate change on climatic zoning, i.e., to define
aptitude classes for cultivation and to define the increase,
maintenance and decrease of the periods indicated for the
sowing times of the common bean in rainfed conditions
for the period 2071 to 2100, in the states of Paran4, Santa
Catarina and Rio Grande do Sul, in the south of Brazil.

Material and methods

The states of Parand, Santa Catarina and Rio Grande
do Sul are located in the south of Brazil, between the
longitudes 48° 54’ 54” and 57° 45’ 45” W, and between the
latitudes 23202’ 12” and 33° 19’ 18” S. The total area of the
three states is 576,774.3 km?, representing 6.77% of the
area of the national territory. According to the Koppen
climate classification, there are three climate types: Cfa,
Cfb and Af (Wrege et al.,, 2011). The state of Rio Grande
do Sul is composed of 496 municipalities, the Parana has
399 municipalities and the state of Santa Catarina has 295
municipalities.

Three climate scenarios were used to evaluate the
potential impact of climate change on climatic zoning of the
common bean crop in the south of Brazil: current (baseline -
1961-1990) and predicted future climatic conditions (2071-
2100) based on IPCC Scenarios, described as pessimistic
(A2) and optimistic (B2). The climate model HadRM3P was
used as a tool to generate the daily data of rainfall and
maximum, average and minimum air temperature for the
three climate scenarios like the methodology employed by
Marengo et al. (2009). This model is part of the Integrated
Regional Modeling PRECIS (Providing Regional Climate for
Impacts Studies). This model has a horizontal resolution
of 50km, with 19 levels in the vertical direction (from the
surface up to 30 km in the stratosphere) and 4 levels in
the soil. Nakicenovic et al. (2013) describe scenario A2
with high population growth, medium GDP growth, high
energy consumption, medium to high change in land
use, low availability of resources, slow technological
development, and regional energy. Scenario B2 presents
medium population growth, GDP growth medium, medium
energy consumption change, medium change in land use,



medium availability of resources, medium technological
development, and energy dynamics like usual.

The daily data on total rainfall and on maximum,
average and minimum air temperature for the three
scenarios (current, A2 and B2) were obtained from the
PRECIS model in the scale of 0.5 x 0.5 degrees (50 km x50
km horizontal resolution ~ 10km x 10km). Total monthly
rainfall was interpolated by ordinary kriging and extracted
to grid of 900m x 900m, with the software ArcGis version
9,3 and 10. These geo-referenced elevation grid points in
a mesh with regularly spaced points 90 m were obtained
from the relief map for the south of Brazil made available
by Miranda (2010) on the scale of 1:250,000. An analysis
of consistency was made to eliminate the noises (missing
data with zero points). The resulting grid presented more
than 760,000 points, covering Rio Grande do Sul, Santa
Catarina and Parand.

The maximum, average and minimum air temperatures
were estimated to grid of 900m x 900m by equations of
regression. A total of 108 equations (three climatic variables,
three scenario and twelve months) were adjusted using
multiple linear regression between the maximum, average
and minimum air temperatures (dependent variables)
and the latitude, longitude and altitude (independent
variables) to the South of Brazil.

The climatological water balance used for the
three scenarios (current, A2 and B2) was developed by
Thornthwaite Mather (Thornthwaite and Mather, 1955).
It was assumed that the available water capacity was the
same for the three states and its value was 100 mm. The
potential evapotranspiration has been calculated by the
Thornthwaite method. The climatological water balance
was calculated using the total monthly rainfall and average
monthly air temperature were obtained from the PRECIS
model in the scale of 0.5 x 0.5 degrees (~ 10km x 10km).

The criterion used to estimate water availability was the
water requirement satisfaction index (WRSI). The WRSI is
defined as the ratio between the actual evapotranspiration
and the potential evapotranspiration. The monthly WRSI
values were interpolated by the method of the inverse
square of the distance and they were extracted to the grid
of ZonExpert using the software ArcGis version 9,3 and 10.

The methodology of climatic zoning was based on
climatic risk zoning for the bean crop of the Brazilian
Ministry of Agriculture, Livestock, and Food Supply (Brasil,
2013a; Brasil, 2013b; Brasil, 2013¢). ZonExpert 1.0 (Pandolfo
et al.,, 1999) is software that has been used to define
climatic zoning for all agricultural crops in the Santa
Catarina state and it was used in this work for climatic
zoning of common bean. The climatic zoning for the three
scenarios (current, A2 and B2) was elaborated with the
following aptitude classes: suitable and unsuitable for
crop cultivation. Suitable for cultivation of common bean

crop was considered when at least one 10 day period was
indicated for sowing time.

The number of grid points (760,000) was reduced due to
the excessive processing time for ZonExpert 1.0 software.
A subgrid was generated through a sampling technique
of each municipality. The criterion sampling was used to
randomly select a point georeferenced within a predefined
range for every 100 m for all municipalities. This subgrid
resulted in 6,341points and each point represented a
percentage of the area in relation to the total area of the
municipality.

The possibility of sowing the common bean was
tested for each point of the subgrid georeferenced by the
software in 36 10 day periods by ZonExpert. The criteria to
indicated sowing time by climatic zoning of common bean
were when: the maximum monthly air temperature was
lower than 30°C from the fourth 10 day period after sowing
to the end of the crop cycle, the minimum monthly air
temperature was higher than or equal to 11 °C throughout
the crop cycle, and the monthly (WRST ) was higher than or
equal to 0.65 throughout the crop cycle. In the municipality
sowing time was indicated for 10 day period when at least
20% of the area represented by points of the subgrid were
considered indicated.

The crop cycles of common bean cultivars vary
depending on sowing time and place. A cycle of 90 days
was considered to represent the crop cycle of common
bean cultivars indicated for the three states.

The increase, maintenance and decrease of the
indicated sowing time period were calculated by comparing
the number of 10 day periods with the indicated sowing
time between the current scenario and future scenarios
(A2 and B2).

Results and Discussion

In climatic zoning of the common bean for the
current scenario, all municipalities in the states of
Parand, Santa Catarina and Rio Grande do Sul had area
suitable for crop cultivation, except two municipalities
in the North of Parand. The climatic zoning of the
common bean for the future scenarios A2 and B2 showed
an increase in the number of municipalities with areas
unsuitable for crop cultivation (28 and 27, respectively).
These municipalities were concentrated in the North
of Parand. This spatial change of climatic zoning in
Parand represented a reduction of the area suitable for
common bean cultivation by 3.9% and 3.8% for the future
scenarios A2 and B2, respectively (Figure 1). In contrast,
Pandolfo et al. (2007) using different methodology and
period concluded that some municipalities of Santa
Catarina were considered unsuitable for common bean
cultivation. This study assumed a linear increase of 2°C
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Figure 1. Climatic zoning
for the common bean in
the current (a), A2 (b) and
B2 (c) scenarios in the
states of Parand, Santa
Catarina and Rio Grande
do Sul, Brazil.

Figure 2. Difference in the
number of 10 day periods be-
tween the period of sowing
time indicated for the cur-
rent scenario and scenarios
“A2” (a) and “B2” (b) of the
climatic zoning of the com-
mon bean in the states of Pa-
rand, Santa Catarina and Rio
Grande do Sul, Brazil.

Increase I:l Mantain - Decrease

in the maximum, average and minimum air temperature
over the next 50 years (2007-2057) and no change in the
total rainfall. This restriction of cultivation was due to
an increase in maximum air temperatures and in water
deficit. The increased water deficit resulted from the
increasing potential evapotranspiration with the same
amount of total rainfall. In contrast, the model HadRM3P
pointed to an increase in seasonal and annual rainfall in
the south of Brazil (Camargo et al., 2011) and this increase
of rainfall compensated for the increase of potential
evapotranspiration.

In the future scenarios, the indicated sowing period
was reduced primarily due to an increase in maximum air
temperatures and water deficit in municipalities where
these variables were already high in the current scenario
(Figure 2). High air temperatures at flowering period
combined with water deficit are the main cause of the
reduction in grain yield of common bean (Massignam et al.,
1998). On the other hand, the increase of air temperature in
future scenarios increased the period of indicated sowing
time in municipalities which had low air temperatures in
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the current scenarios. This is due to the decrease of frost
risk.

Overall, the response of the climate change impacts
projected for future scenarios A2 and B2 were different in
the three states (Table 1 and Figure 3). The indicated sowing
time period by climatic zoning for the common bean in
the future scenarios (A2 and B2) reduced significantly in
Parand state. In the state of Rio Grande do Sul there was
a small increase of the indicated sowing time period for
both futures scenarios. In Santa Catarina, there was a small
reduction in the indicated sowing time period for future
scenario A2 and a small increased indicated sowing time
period for future scenario B2. In all three states there was
a significantly temporal change of the indicated sowing
time period by climatic zoning for both future scenarios in
relation to the current scenario.

There was a difference in response of the climatological
variables in determining the sowing times among the
states. In the states of Rio Grande do Sul and Santa Catarina
the minimum air temperature was the most important
climatic variable for determining the indicated sowing



Figure 3. Average number of municipalities with sowing
time indicated for common bean as function of 10 day pe-
riod for the three scenarios in Parand (a), Santa Catarina
(b) and Rio Grande do Sul State, Brazil (c).
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time period for common bean in the current scenario. In
future scenarios, the maximum air temperature became
the most important climatic variable for determining the
indicated sowing time period for common bean. The water
deficit did not restrict the indicated sowing time period for
the current and future scenarios for these two states (Table
2). In the state of Parand the maximum and minimum air
temperatures were the most important climatic variables
to determine the indicated sowing time period for the
culture of the common bean in the current scenario. In
future scenarios the maximum air temperature became the
most important climatological variable following the WRSI
for determining the indicated sowing time period (Table
2). These differences of the impacts of climate change
among the three states could be explained because both
future scenarios of HadRM3P model showed a different
spatial distribution of the increase in air temperature

Table 1. Average number of 10 day periods with sowing
time indicated for the common bean crop in the current
scenario and future scenarios A2 and B2 for the state of
Parand, Santa Catarina and Rio Grande do Sul, Brazil.

Number of 10 day periods
State

Parana 214 13.5 9.7
Santa Catarina 24.0 25.6 22.5
Rio Grande do Sul 19.4 21.0 19.5

Table 2. Average number of 10 day periods with sowing
time not indicated per climatic variable for the common
bean in Parand (PR), Rio Grande do Sul (RS) and Santa Ca-
tarina (SC), the South of Brazil.

. Climatological Scenario
variable
PR WRSI 1.2 24 39
PR Maximum air temperature 7.7 19.7 232
PR Minimum air temperature 7.8 1.3 0.5
RS Maximum air temperature 2.0 12.8 15.9
RS Minimum air temperature 16.4 4.2 1.6
SC Maximum air temperature 0.8 8.1 1.7
SC Minimum air temperature 15.9 5.1 3.0

in the south of Brazil. Parand state shown higher air
temperature anomalies whereas, in the south and south
coast of Rio Grande do Sul showed the smaller anomalies
(Camargo, 2010).

A study of the effect of high air temperatures on
crop yield of common bean concluded that the highest
grain yields were obtained in the range of maximum air
temperatures between 24 and 27 °C (Massignam et al.,
1998). However, there is considerable increased variability
and decreased grain yield when the maximum air
temperatures were above 28 °C. Maximum air temperatures
in many municipalities are already relatively high.
Approximately 63% of municipalities in the three states
had maximum air temperatures above 27 °C during the
indicated sowing time period in the current scenario. This
shows that a small increase in air temperature could have
a significant impact on the grain production of common
bean. In addition, in Parand, the increase in maximum air
temperatures was associated with increased water deficit
in the future scenarios (A2 and B2) (Table 2). According to
Massignam et al. (1998), higher air temperatures and water
deficit during the flowering period are the main causes of
the reduction in grain yield of common bean. These results
suggest that the grain production of common bean in the
south of Brazil tends to decrease as a result of the impact
of rising air temperatures and water deficit in the future
scenarios. However, a simulation study of the impacts
of climate change on the common bean with simulation
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Figure 4. Average daily solar radiation 30 -
per month for Southern Brazil and the

low limit of the optimal solar radiation T 25 |
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models concluded that productivity will increase in
different regions of the state of Minas Gerais, Brazil. This
significant increase in productivity is due to the beneficial
effects of CO, for beans (Silva Junior et al., 2007). In
contrast, Costa et al. (2009), in a study of the impacts of
climate change, increasing CO, and technological trend
of the bean on the state of Minas Gerais, concluded that
the potential productivity between the years 2050 and
2080 will reduce by 30%. This reduction in productivity is
primarily associated with the reduction of the crop cycle
period. These results are in agreement with other studies
(Prasad et al., 2002; Jifon & Wolfe, 2005), which concluded
that the increase in CO, would not compensate for the
negative effects of high air temperatures during the
reproductive phase.

In general, the climatic factors that influence the grain
yield of common bean are air temperature, solar radiation
and rainfall (Didonet & Silva, 2004; Didonet, 2010).
However, the climatic zoning published by several studies
(Massignam et al., 1998b; Caramori et al., 2001; Maluf et
al., 2001) and the Ministry of Agriculture, Livestock and
Food Supply (Brasil, 2013a; Brasil, 2013b; Brasil, 2013c)
for the south of Brazil states did not use solar radiation
as a climatic variable to establish aptitude classes for
climatic zoning. Solar radiation significantly influences
the photosynthesis rate and, consequently, also influences
the crop yield. Therefore, the common bean crop should
be managed to intercept the highest possible amount
of solar radiation, mainly in the vegetative stage. This
strategy aims to maximize biomass production as well
as the number of pods per plant (Didonet & Silva, 2004).
The amount of solar radiation necessary for maximum
photosynthetic rate varies with age and crop. In general,
solar radiation from 13 to 22 MJ m?day® is considered
optimal for the common bean. The photosynthetic rate
remained practically constant when solar radiation was
above 35 MJ m™ day* (Didonet & Silva, 2004). In the current
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scenario, solar radiation was greater than 13 MJ m? day
! during the indicated sowing times for common bean in
the states of South Brazil. However, the period of crop
development could coincide with periods of lower solar
radiation (Figure 4) in the future scenarios (Figure 3). It
was due to the strong change of indicated sowing time
period for common bean, Therefore, future studies should
consider the effect of solar radiation to establish aptitude
classes for climatic zoning and to establish the indicated
sowing time for the common bean crop.

Other effects of climate change impacts in the
production of the common bean could be the indirect
effect of diseases, pests and weeds and these factors should
also be studied. Climate change may cause changes in both
the spatial and the temporal distribution of the disease
and, consequently, control methods must adapt to this
new fact (Ghini et al., 2008). Considering the future climate
scenarios for increasing the air temperature, it may be
concluded that there will be an increase in the degree of
importance of fusarium wilt, caused by Fusarium oxysporum
f. sp. tracheiphilum (Smith) Snyder & Hansen. The growth
and sporulation of this pathogen increase with higher air
temperatures (Pinheiro et al., 2012).

Conclusion

In the south of Brazil there is a spatial and temporal
change of area suitable for cultivation and indicated sowing
time by climatic zoning for the common bean crop in the
future scenarios, both optimistic (B2) and pessimistic (A2).

In the states of Santa Catarina and Rio Grande do Sul,
the minimum air temperature is the main climatic variable
that determines the indicated sowing time for the current
scenario. In contrast, the maximum air temperature
becomes the main climatic variable that determines the
indicated sowing time for the future scenarios.

In the state of Parand, the minimum and maximum air



temperatures are the main variables that determine the
indicated sowing time for the current scenario, whereas
maximum air temperature and water deficit become the
main climatic variable which restrain the indicate sowing
time for common bean for the future scenarios.
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PRECIS

época de semeadura

0 feijdo comum (Phaseolus vulgaris L.) é uma cultura que tem grande importincia
econdmica e social no Brasil. O objetivo deste estudo é determinar os impactos das
mudangas climéticas no zoneamento climatico da cultura do feijdo, ou seja, definir
as classes de aptiddo para o cultivo e os periodos de épocas de semeadura indicados
em condicOes de sequeiro para o periodo 2071-2100, nos Estados do Parand, Santa
Catarina e Rio Grande do Sul, Brasil. Trés cendrios climaticos foram utilizados para
avaliar o impacto potencial das mudancas climdticas no zoneamento climético da
cultura do feijdo: atual 1961-1990 e as condigdes climdticas estimadas para o futuro
(2071-2100) (A2 e B2). O zoneamento climéatico para os trés cendrios (atual, A2 e
B2) foi elaborado com as seguintes classes de aptiddo: cultivo apto e cultivo inapto.
O cultivo apto para a cultura do feijdo foi considerado quando os municipios tive-
ram pelo menos um decéndio com semeadura recomendada. No Sul do Brasil houve
mudanga espacial e temporal da 4rea de cultivo e da época de semeadura indicada
pelo zoneamento climético para a cultura do feijao nos cendrios futuros, tanto no
otimista (B2) como no pessimista (A2).
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