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Abstract

Improvement of planting season and crop growth time, considering climatic and soil needs of plants, is important to increase cassava
(Manihot esculenta) production in Midwestern Brazil. Thus, we sought to develop an agricultural zoning for cassava cultivation in
the Midwest of Brazil in different climate change scenarios. Mean air temperature and precipitation data from localities of the
Midwest of Brazil were obtained from the Brazilian National Institute of Meteorology INMET). Clay (%) data from localities of the
Midwest of Brazil were obtained from SoilGrids. Regions where the air temperature was within the range from 20 to 27 °C were
considered climatically favorable for commercial exploitation of cassava, in addition to precipitation between 1000 and
1500 mm year ', and clay content was less than <35%. Moreover, regions with air temperature below 16 °C and above 38 °C,
precipitation below 1000 mm and above 1500 mm year ', and clay content >35% were considered unsuitable for cassava cultiva-
tion. Raster or matrix images, corresponding to mean annual air temperature, annual precipitation, and clay (soil), were superimposed
to create cassava suitability classes, according to crop requirements. The climate change scenarios were established by changing the
air temperature (°C) and rainfall (mm). The air temperature was increased by 1.5, 3.0, 4.5, and 6.0 °C as adopted by Pirttioja et al.
(Clim Res 65:87-105, 2015). We changed in precipitation — 30, — 15, + 15, and 30% according to the future projections simulated by
the IPCC (2014). Maps were made using geographic information systems. In the states of Mato Grosso do Sul, Mato Grosso, and
Goiés, mean precipitation was around 1200 to 4000 mm year . Northern Mato Grosso showed the highest annual precipitation, with
values above 3500 mm. A large extension of the Midwest region of Brazil is climatically and soil favorable for cassava. The Midwest
is a region with high rainfall, so we recommend planting in well-drained soils to avoid phytosanitary problems. Producers taking this
care can plant cassava in 86.6% of the territory. The climate change scenarios demonstrated different Agriculture zonings for cassava
in the Midwest of Brazil. With the increase in air temperature, greater marginal classes occurred, but cassava is resistant to this
condition. But, this increase in temperature can reduce the cycle and consequently reduce production.

1 Introduction effects and subsidize rural planning (de Oliveira Aparecido
et al. 2020). Besides influencing crop growth, development,
and yield, climate affects relationships between plants with

microorganisms, insects, fungi, and bacteria, favoring or not

Studies on climate influence on agricultural production have
been essential to support crop adaptation to climate variability
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pests and diseases, which require suitable control measures
(Sentelhas and Monteiro 2009).

Thus, the climate is an important factor of agricultural
yield, characterized mainly by the hydro and thermal meteo-
rological elements (Quaye et al. 2018). Therefore, the effects
of climate change will have significant impacts on the yield
and management of agricultural crops (Chatzopoulos and
Lippert 2015; Arshad et al. 2017). The Intergovernmental
Panel on Climate Change (IPCC 2018) declares with high
confidence that global warming is expected to reach 1.5 °C
between 2030 and 2052, mainly attributed to the increase in
greenhouse gas emissions (Adefisan 2018).

Some cultures are more tolerant than others to certain types
of stress and, at each phenological stage, different types of
stress affect each crop species in different ways (Hernandez-
Espinoza and Barrios-Masias 2020). The cassava is an impor-
tant food security crop in many parts of the developing world
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(de Oliveira et al. 2020), bearing in mind that approximately
800 million people in the world eat cassava (Rocha et al.
2020).

Cassava root is the third-largest source of carbohydrate for
human consumption worldwide (Ramcharan et al. 2017). It is
considered important for food security, as its harvest occurs
throughout the year, growing well with a minimal water sup-
ply and being easily propagated (Atwijukire et al. 2019).
Regarding the economic production, table cassava is harvest-
ed, preferably, with one cycle (10 to 12 months), while indus-
trial cassava is harvested with one or two cycles (18 to
24 months) (Silva et al. 2012).

Brazil is the world’s fourth-largest cassava producer
(Moreto et al. 2018; Rocha et al. 2020), with a production of
18.88 million tons in 1.32 million hectares of planted area.
The lowest cassava production is found in the Midwest region,
with 1.19 million tons cultivated in an area of 65,229 ha
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Fig. 1 Spatial distribution of weather stations in Midwestern regions Brazil. DF is Distrito federal, GO is Goias, MS is Mato Grosso do sul, and MT is

Mato Grosso
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(IBGE 2018), while the North region is the largest producer,
with 7.21 million tons.

The Midwest of Brazil is an example of an agricul-
tural frontier region, consolidated as a modern agro-
industrial production area with a robust economic dyna-
mism (Guimardes and Leme 2002). Its high production
potential is related to favorable climatic conditions
(Helfand et al. 2015). The share of agricultural activities
in the Midwest region in the Brazilian gross domestic
product grew from 7.4% in 1970 to 19.5% in 2009
(Castro 2014). Midwest of Brazil is a region where
cassava can be strongly expanded and planted.

Adjusting planting date and crop growth time based
on climatic requirements of plants has a direct relation-
ship with crop production increases. Cassava requires a
warm climate and well-drained soils to enhance its root
development and yield (El-Sharkawy 2007). Although it
is considered a drought-tolerant species, its growth and
productivity are reduced by prolonged periods of
drought (Alves 2006). Plants respond to water stress at
morphological, physiological, cellular, and metabolic
levels. Such responses depend on stress duration and

[ CLIMATE-SoIL CLASSES FOR CASSAVA (Manihot esculenta) ]

|AIR TEMPERATURE (°C)
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High Rainfall
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Fig. 2 Climatic soil classification key used in cassava zoning. Tair is
mean annual air temperature

severity, plant genotype, development stage, and type
of cell or organ in question (Bray 1994).

Since climate elements widely vary in space, an
agroclimatic zoning becomes important for agricultural
planning, mainly for precipitation and air temperature
(de Aparecido et al. 2019). This tool consists of deter-
mining suitable locations for cultivation of a species of
interest, considering its agroclimatic requirements and
macroclimatic information (Pereira et al. 2002). In arcas
where agroclimatic zoning is done, there is a greater
likelihood of success in terms of crop yield (Nabati
et al. 2020).

Some agroclimatic zoning studies have been found in
the literature such as for irrigated rice in the state of
Rio Grande do Sul (Klering et al. 2008), rubber culti-
vation in the Southeast and Midwest of Brazil (Pilau
et al. 2007), and sugarcane in the state of Minas
Gerais (Almeida et al. 2013). The effects of climate
change are environmental, economic, and social for the
country and therefore need to be studied. Given the lack
of studies on cassava agriculture zoning in Brazil, espe-
cially with climate change, our study aimed to develop
agriculture zoning for cassava cultivation in different
climate change scenarios.
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Fig. 3 Scenarios of climatic changes simulated to establish zoning
cassava
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2 Material and methods
2.1 Characterization of the study area

We considered the Midwest region of Brazil composed by the
states of Mato Grosso, Mato Grosso do Sul, and Goias, plus
the Federal District, for agroclimatic zoning of cassava
(Fig. 1). In this region, cassava cultivation is of high interest
for starch agroindustry and as alternative source of income for
family farmers. There, the most prevalent climatic class is Aw,
according to Koppen’s classification, with annual means of
precipitation of 1534.5+336.5 mm and air temperature of
22.1+£2.97°C.

2.2 Climatic data

Monthly air temperature and precipitation data were obtained
from 406 weather stations and database from the Brazilian
National Institute of Meteorology (INMET), National
Department of Construction Works Against Drought
(DNOCS), and Food and Agriculture Organization of the
United Nations (FAO/UN) (FAO 2001). These data were used
to characterize agroclimatic conditions of cassava cultivation
in the region (Fig. 1). For that, we selected the climatic vari-
ables that most influence cassava production (Doorenbos and
Pruitt 1977; Ayoade 1983).

Air temperature data is crucial for linear estimation models
based on correlations between altitude and geographic coor-
dinates (latitude and longitude), obtaining the matrix image of
the mean temperature for the Midwest region through multiple
linear regression (Eq. 1). Precipitation data allowed spatial
interpolation by ordinary kriging method, with statistical fit
to spherical semivariogram model, with a smaller error be-
tween estimations. The input raster of annual mean precipita-
tion zoning in the region was created from the semivariogram
model.

T=0B+pB1xy1+082x~2+83%xZ (1)

wherein T is the mean temperature (°C), 3 is the intercept,
(1 is a coefficient, y is the latitude (decimal degrees), 32 is a
coefficient, y2 is the longitude, 33 is a coefficient, and Z is the
altitude (m).

Table 1  Statistical parameters for multiple linear regression to estimate
mean air temperature (°C) in the Midwest region of Brazil

Parameter Coefficient t statistic P value
Intercept (5) 29.1811 67.78 4.475x 1072
Longitude (72) -0.0323 —4.34 1.838 x 107%
Latitude (7) 0.3254 5437 2.193 x 107187
Altitude (2) -0.0039 -36.55 7.464 % 10130

@ Springer

Altitude data, characterized as digital elevation model
(DEM), were obtained from the Topodata project (de
Morisson and de Fatima 2012), which provides refined
SRTM (shuttle radar topography mission) data by kriging
for the entire Brazilian territory, with a spatial resolution of
30 m.

2.3 Soil data

We used the soil profile information generated by the
SoilGrids system on a 250-m scale to map the clay
content (Hengl et al. 2017). This system provides global
predictions for numerical properties of soil pattern such
as organic carbon, bulk density, cation exchange capac-
ity (CTC), pH, soil texture fractions, and coarse frag-
ments at seven standard depths (0, 5, 15, 30, 60, 100,
and 200 cm).

2.4 Agroclimatic soil zoning

Raster or matrix images, corresponding to mean annual tem-
perature, annual precipitation, and clay (soil), were
superimposed to create cassava suitability classes, according
to crop requirements (Fig. 2). The final zoning map was then
analyzed considering climatically and clay content favorable
regions for cassava. We consider favorable when air temper-
ature required for commercial exploitation of the crop ranges
from 20 to 27 °C, precipitation from 1000 to 1500 mm year ',
and clay content less than <35%. Regions with air tempera-
tures lower than 16 °C and higher than 38 °C, precipitation
lower than 1000 mm and higher than 1500 mm, and clay
content > 35% were considered unsuitable for cassava culti-
vation (Peixoto 2009).

Cassava phenology and planting season were adapted for
the Midwest region based on studies carried out in the region,
such as Alves (2006).
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Fig. 4 Statistical determination to estimate the mean air temperature (°C)
in the Midwest region of Brazil. r is correlation coefficients, d is Willmott
agreement, MAE is mean absolute error
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Table2 Mean monthly air temperature and precipitation in the Midwest region of Brazil

State Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec All

Air temperature (°C)
DF 21.90 21.90 21.50 20.90 19.50 1850 1830  20.20 21.80 22.70 22.50 22.00 20.98
GO 24.02 24.02 23.69 22.94 21.33 2032 2023 2212 23.65 24.61 24.47 24.10 22.96
MS 2517 25.10 24.46 22.60 20.02 18.70  18.72  20.64 22.23 23.68 24.53 24.94 22.57
MT 25.95 25.92 25.70 25.13 23.67 2284 2291 2488 26.21 27.14 26.90 26.33 25.30

Precipitation (mm)
DF 254.00  213.00 194.00  109.00 29.00 6.00 8.00 9.00 42.00 156.00  240.00  272.00  1532.00
GO 29482 23078 21197 11142 37.77 9.22 8.67 1530 53.56  168.09  257.12  301.17  1699.91
MS 20433 17040  149.69 10593 11236  72.82 4772 6235 106.19  183.07 18042  213.00  1608.29
MT 30929  286.12  299.11 148.42 5842 2144 1158 2636 12538  201.51 28343 30486  2075.92

DF Distrito Federal, GO Goias, MS Mato Grosso do Sul, MT Mato Grosso

2.5 Climate change scenarios

The climate change scenarios were established by
changing the air temperature (°C) and rainfall (mm).

The air temperature was increased by 1.5, 3.0, 4.5,
and 6.0 °C as adopted by Pirttioja et al. (2015). We
changed in precipitation —30, — 15, + 15, and 30% ac-
cording to the future projections simulated by the IPCC

60°00"W 55°00"W 50°00"W 45°00'W 60°00"W 55°00"W 50°00'W 45°00"wW 40°00'W
N 1 1 | 1 b)I I 1 1 [}
Tmean (annual) P (annual)
oC (mm) 0
[(:)] o [ J1200-1500 %
= 22' - [ 1.501 - 2.000
o1z B 2.001 - 2.500
M 24.1-26 B 2501 - 3.000
I 26.1-28 I 3.001-3500

I 25.1-30

I 3501 -4.000 ~

1
20°00°S

1.020

Altitude

- Clay content

m

e B -2 L 11-15% P

. [ ] 251-500 B 15-35% "
[ 501 - 750 . -35%
B 751 - 1.000

g B 1010-1.250 it

& B 1 260 - 1.500 e
B 1 510-1.750

£ ik

g g

W'O'Q'W SS‘O!O'W 50‘0"0'W 45’0‘0'W SO'OI‘O'W 55'0'0'W SO‘OIVW 45'0"0‘W 40'0"0'W
Fig. 5 Spatial variability of mean annual air temperature (a), annual precipitation (b), altitude (c), and clay (d) in the Midwest region of Brazil
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(2014). We established the agricultural zoning of cassa-
va for all these 8 scenarios (Fig. 3).

3 Results and discussion

Estimation model performance for mean air temperature in
Midwestern Brazil was satisfactory, with correlation coeffi-
cients (7) of 0.94, Willmott agreement (d) of 0.96, and mean
absolute error (MAE) of 0.31 (Fig. 4). Several authors in the
crop modeling area have demonstrated that correlations above
0.80 are satisfactory (Moreto and Rolim 2015; de Oliveira
Aparecido et al. 2018). The estimation model was significant
at 1%, and its respective coefficients are shown in Table 1.

Mean annual air temperatures in the Midwest ranged from
20.2 to 30 °C (Fig. 5). July is the month with the lowest air
temperature and rain in the Midwest (Table 2). Northern,
northwestern, and northeastern Mato Grosso had the highest
mean annual air temperatures, above 28 °C (Fig. 5(a)).
Southern and eastern Mato Grosso presented milder air tem-
peratures, ranging from 20.2 to 24 °C.

An increased air temperature directly interferes with soil
temperature. Bud sprouting occurs at air temperatures prefer-
ably around 28-30 °C and growth stoppage occurs at soil
temperatures above 37 °C and below 17 °C (El-Sharkawy
2007; Gabriel et al. 2014a).

In the states of Mato Grosso do Sul, Mato Grosso, and Goids,
mean precipitation ranged from 1200 to 4000 mm year '

Fig. 6 Spatial variability of 635100°W:

biomes in the Midwest region of
Brazil
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(Fig. 5(b)). Northern Mato Grosso had the highest annual pre-
cipitation, above 3500 mm. Western Mato Grosso do Sul and
part of its eastern region had the lowest precipitation, between
1200 and 1500 mm yeaf1 (Fig. 5(b)). All states had precipita-
tion levels suitable for cassava development, according to Jiang
et al. (2018). Cassava is commonly grown in areas with precip-
itations below 800 mm year ', with a dry period from 4 to
6 months, which is important for flour storage (Pipatsitee et al.
2018).

The state of Goias has the highest areas located mainly in
the eastern region, with altitude values above 1260 m. On the
other hand, the lowest altitudes occur in northwestern Mato
Grosso and western Mato Grosso do Sul, with values lower
than 250 m (Fig. 5(c)). In the Midwest, the greatest predom-
inance of clay occurs from 15 to 35% (Fig. 5(d)).

Air temperature and precipitation variations in the Midwest
also characterize its regional biome. In this sense, the Amazon
biome predominates in areas with higher precipitations and air
temperatures, while the Pantanal biome is observed in parts of
Mato Grosso and Mato Grosso do Sul where lower water
supply is predominant (Fig. 6). Nevertheless, the Cerrado bi-
ome extends over most of the Midwest region.

The results showed that phenology characteristics are dif-
ferent between Mato Grosso do Sul and the other states
(Fig. 7). Thus, such differences were considered to distinguish
planting seasons and duration of cassava phenological stages.
In the states of Mato Grosso and Goias, stages 1, 2, 3, and 4
were observed in October, while in Mato Grosso do Sul, it
55°0'0"W

50°0'0"W 45°0'0"W
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Agricultural zoning as tool for expansion of cassava in climate change scenarios

only occurred in April, mainly due to high air temperature
needs for root development and beginning of emergence.
Thus, such results show a 6-month difference for cassava de-
velopment between these states. There is also a planting win-
dow between April and the end of October in Mato Grosso do
Sul, mainly because precipitation is more regular for cassava
cultivation in this state. In the other regions, such planting
window occurs between October and the end of March, which

Fig. 7 Phenology of cassava crop
in Mato Grosso do Sul (a) and
Mato Grosso and Goias (b) in the
Midwest region of Brazil
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Fig. 8 Agriculture zoning of cassava for the Midwest region of Brazil. DF is Distrito federal, GO is Goias, MS is Mato Grosso do Sul, and MT is Mato
Grosso

and Poconé—MT are locations in these areas considered  the Federal District were 21718, 15151, 14508, and
suitable for cassava cultivation. These states are major 16431 kg ha ', respectively.

producers according to IBGE (2018). Cassava yields in Much of the region showed high rainfall, so some precau-
the Mato Grosso do Sul, Goias, and Mato Grosso, and tion care must be taken mainly with regard to excess moisture

Table 3  Area of agriculture zoning of cassava for the Midwest region of Brazil in different climate change scenarios

Classes Area (%)
Current P P P P T T T T
(=30%) (=15%) (+15%) (+30%) (+15°C) (H#3.0°C) ((H45°C) (+6.0°C)
Suitable 10.1 58.8 62.8 9.2 1.0 8.5 48 0.1 0.0
Marginal - soil 0.4 49 8.2 0.1 0.0 04 0.4 0.0 0.0
Marginal - high rainfall 76.5 12 22.3 77.4 85.6 73.5 27.5 2.8 0.0
Marginal - high rainfall or soil 8.6 0.0 0.8 8.8 8.9 8.0 7.0 0.4 0.0
Marginal - high rainfall and 0.0 0.0 0.0 0.0 0.0 0.5 1.5 8.1 8.5
temperature or soil
Marginal - high rainfall or 43 1.2 44 44 0.0 8.7 53.5 78.3 81.1
temperature
Marginal - high temperature 0.0 33 0.0 0.0 0.0 0.3 52 9.9 10.0
Marginal - high temperature or soil 0.0 0.0 0.0 0.0 44 0.0 0.0 0.4 04
Marginal - low rainfall 0.0 26.5 1.5 0.0 0.0 0.0 0.0 0.0 0.0
Marginal - low rainfall or soil 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

@ Springer



Agricultural zoning as tool for expansion of cassava in climate change scenarios

in the soil. These regions are considered marginal and this
warns producers regarding decision-making and the crop
management (planting in well-drained soils). Moisture accu-
mulation should be avoided since it causes emergence of dis-
eases in cassava such as root infection by Phytophthora
drechsleri, a fungus that affects young and adult plants (de
Muniz et al. 2006). We observed that 76.5% of the entire
territory showed high rainfall (Table 3) and the most predom-
inate climate in these areas is AW (Fig. 1).
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Restricted areas were found in northwestern of Mato
Grosso due to high air temperatures and precipitations.
Such conditions lead to the rise of diseases such as
those caused by Cercosporidium henningsii,
Cercospora vicosae, and Phaeoramularia manihotis
(Bos 1978), which can drastically reduce production of
cassava in this region. We note that this class represents
4.3% of the Midwest (Table 3) and the Amazon biome
is predominant (Fig. 6).
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The climate change scenarios demonstrated different
Agriculture zonings for cassava in the Midwest of Brazil
(Fig. 9). The largest amount of suitable areas (62.8%) oc-
curred with a 15% reduction in rainfall, and the smallest suit-
able area occurred with an increase of 6 °C. As the air
temperature increases, marginal areas also increase
(Table 3), but it is important to highlight that cassava
resists high temperatures (Gabriel et al. 2014b) and re-
quires little handling, which is why it is so attractive to
small producers in arid regions of Brazil. The problem
of increasing air temperature is the reduction of the
crop cycle, which can promote a reduction in cassava
yield.

4 Conclusions

Agroclimatic zoning is a tool for decision-making and guiding
public policies in these states. A large extension of the
Midwest region of Brazil is climatically and soil favorable
or has little restriction for cassava cultivation due to excess
water. In this region, programs and policies to encourage cas-
sava production must take into account the fact that most of its
territory has restrictions on cassava cultivation due to excess
soil moisture, which can be circumvented by planting area
management.

The Midwest is a region with high rainfall, so we recom-
mend planting in well-drained soils to avoid phytosanitary
problems. In the Midwest, the greatest predominance of clay
occurs from 15 to 35% which contributes to the planting of
cassava. Producers taking this care can plant cassava in 86.6%
of the territory.

The climate change scenarios demonstrated different
Agriculture zonings for cassava in the Midwest of Brazil.
With the increase in air temperature, greater marginal classes
occurred, but cassava is resistant to this condition. But, this
increase in temperature can reduce the cycle and consequently
reduce production.

Funding This study was financially supported by the Science and
Technology of Mato Grosso do Sul - Campus of Navirai, IFMS -
Federal Institute of Education, Navirai, Brazil.
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