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Abstract

Agricultural production is directly related to environmental conditions. Favorable conditions can lead to higher productivity and product quality.
However, climate change may pose a threat to agricultural production worldwide, as an increase in temperature may cause a decrease in the extent
of suitable areas for growing certain crops. Using spatial analysis and data from future climate change scenarios developed by the Intergovernmental
Panel on Climate Change, this study aimed to evaluate the impact of climate change on sugarcane and citrus plantations in the state of Sao Paulo
using agroclimatic zoning mapping. The results of this study demonstrate that both crops can suffer major reductions in areas suitable for cultivation
if there are severe changes in the climate regime. These findings can assist managers and researchers to mitigate these potential impacts and clarify
how climate change affects life on the planet, with a potential reduction in food and bioenergy production.

Keywords: Agroclimatic zoning, Climate change, Sugarcane, Citrus, Bioenergy.

Resumo / Resumen

AVALIACAO DOS IMPACTOS DAS MUDANCAS CLIMATICAS NAS CULTURAS DE CANA-DE-ACUCAR E CITRICOS NO
BRASIL

A produgao agricola esta diretamente relacionada as condigdes ambientais. Condigdes favoraveis

podem levar a maior produtividade e qualidade do produto. No entanto, as alteragdes climaticas podem representar uma ameaga para a produgado
agricola em todo o mundo, uma vez que um aumento da temperatura pode causar uma diminui¢do na extensao de areas adequadas para o cultivo de
certas culturas. Utilizando analises espaciais ¢ dados de cenarios futuros de mudangas climaticas desenvolvidos pelo Painel Intergovernamental
sobre Mudancas Climaticas, este estudo teve como objetivo avaliar o impacto das mudangas climaticas nas plantagdes de cana-de-agicar e citros no
estado de Sdo Paulo por meio do mapeamento do zoneamento agroclimatico. Os resultados deste estudo demonstram que ambas as culturas podem
sofrer grandes redugoes nas areas aptas ao cultivo caso haja mudangas severas no regime climatico. Essas descobertas podem auxiliar gestores e
pesquisadores a mitigar esses potenciais impactos e esclarecer como as mudangas climaticas afetam a vida no planeta, com potencial redugdo na
produgdo de alimentos e bioenergia.

Palavras-chave: Zoneamento agroclimatico, Mudangas climaticas, Cana-de-agtcar, Citros, Bioenergia.

EVALUACION DE LOS IMPACTOS DEL CAMBIO CLIMATICO EN CULTIVOS DE CANA DE AZUCAR Y CITRICOS EN BRASIL

La produccion agricola esta directamente relacionada con las condiciones ambientales. Las condiciones favorables pueden conducir a una mayor
productividad y calidad del producto. Sin embargo, el cambio climatico puede representar una amenaza para la produccion agricola en todo el
mundo, ya que un aumento de la temperatura puede causar una disminucién en la extension de las areas adecuadas para el cultivo de ciertos
cultivos. Utilizando analisis espaciales y datos de escenarios futuros de cambio climatico desarrollados por el Panel Intergubernamental sobre
Cambio Climatico, este estudio tuvo como objetivo evaluar el impacto del cambio climatico en las plantaciones de cafla de azlicar y citricos en el
estado de Sdo Paulo mediante mapeo de zonificacion agroclimatica. Los resultados de este estudio demuestran que ambos cultivos pueden sufrir
importantes reducciones en las superficies aptas para el cultivo si se producen cambios severos en el régimen climatico. Estos hallazgos pueden
ayudar a los administradores e investigadores a mitigar estos impactos potenciales y aclarar como el cambio climatico afecta la vida en el planeta,
con una reduccion potencial en la produccion de alimentos y bioenergia.

Palabras-clave: Zonificacion agroclimatica, Cambio climatico, Caiia de aztcar, Citricos, Bioenergia.
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INTRODUCTION

Climate change has been the subject of research in several areas, given its unprecedented potential
impact on the planet (NATIONS, 2019). Changes in the climate can cause various problems, such as
biodiversity loss, population migrations, and reduction in the quality and quantity of food for people
(WHITMEE et al., 2015). Analyzing future scenarios can be useful for planning activities and
decision-making, both to reduce the impacts on the planet caused by human actions and increase our
resilience to possible changes.

Several studies have been conducted to analyze future scenarios, such as those of the
Intergovernmental Panel on Climate Change (IPCC), which collaborates with researchers worldwide.
Many of these studies have predicted future scenarios that can serve as the basis for assessing the
impacts of climate change on the planet (RIBEIRO et al., 2024; CASSAMO et al., 2023; TAYYEBI et
al., 2023).

In addition to analyzing future scenarios, these studies were used to evaluate current actions and
their impacts on the planet, such as pollutant emissions (ALAHMAD et al., 2023). This type of
assessment is useful for creating or improving public policies including reducing pollutant emissions,
developing and implementing “clean” energy alternatives such as bioenergy, and combating
deforestation.

In agriculture, climate change can have many impacts, whether due to disasters such as floods,
gales, frosts, or sudden temperature changes, with the potential to destroy or reduce productivity. For
example, a change in the average temperature may result in several areas being unsuitable for multiple
crops (FAROOQ et al., 2023).

With a decrease in planting areas, food production across the planet may be affected, causing
hunger and disease in the most vulnerable populations (NGCAMU, 2023). In addition to socioeconomic
problems, the impact of climate change on food production can lead to public health problems. Another
issue is the production of bioenergy, which can be greatly affected.

This study aimed to analyze the impact of climate change on two most important crops produced
in the state of Sao Paulo, Brazil: sugarcane and citrus. For this, agroclimatic zoning mapping was used,
which considers the climatic conditions favorable for the cultivation of these crops. A comparison
between the agroclimatic maps prepared for the current conditions and three possible climate change
scenarios is demonstrated. This study is expected to contribute to research by showing, through
agroclimatic zoning, evidence of how climate change can affect life on the planet, particularly in areas
suitable for food and bioenergy production. The hypothesis verified in this study was that climate
change may cause a reduction in suitable areas for sugarcane and citrus cultivation.

Suitable areas for citrus and sugarcane cultivation are defined by factors such as annual water
deficit (Da) and average annual temperature (Ta). Agroclimatic zones can be established by spatializing
these values.

SUGARCANE CROP

In contrast to other short-cycle crops such as rice and cotton, sugarcane crops can be planted
year-round. The difference in the climatic requirements for this crop lies in the desired end products:
sugar, sugarcane liquor, and fodder. Climatic conditions are more demanding for sugar production than
for other purposes (CIIAGRO, 2019a).

The climatic limitations for sugarcane production are as follows (SAO PAULO, Secretaria da
Agricultura, 1974):
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Average Annual Annual Water Deficit

Temperature (Ta) (Da) Conditions
=il - Suitable
<21°Cand>19°C = Suitable with low thermal restriction

Marginal for liquor and forage; Unsuitable

<19° >18° = : A
e for sugar industry; Thermal restriction

<18°C - Unsuitable for any production type

- > 140 mm Marginal; Requires irrigation

Table 1 - Climatic parameters for sugarcane cultivation

CITRUS CROP

Citrus crops are typically tropical and humid crops, and their climatic requirements may vary
according to the type and species. The climatic conditions necessary for citrus production are classified
as follows (SAO PAULO, Secretaria da Agricultura, 1974):

Average Annual ) . ..
Temperature (Ta) Annual Water Deficit (Da) Conditions
= 175E > 0 and < 60 mm Suitable
HIT%€E > 60 mm Water restrictions
<17°C ) Suitable for robust types only

(Sicilian lemon and sour orange)

Unsuitable or marginal with
- 0 phytosanitary problems; Difficulties
in maturation and harvest

Unsuitable for most citrus; Suitable
>20°C 0 for others (tangerines, tangerines and
ponkan, pomelo and Tahiti lemon)

Table 2 - Climatic parameters for citrus cultivation

RELATED WORK

Given the importance of the environment in agricultural production, studies have been conducted
to evaluate future climate change scenarios. For example, in certain scenarios, a decrease in adequate
areas to produce corn and coffee was identified in the state of Sdo Paulo (ZULLO JUNIOR et al., 2006).
In another study conducted on bean cultivation in the southern states of Brazil, future scenarios of
climate change indicated a possible reduction in suitable areas for cultivation (MASSIGNAM et al.,
2017). For sugarcane production in the state of Sao Paulo, one study found no productivity loss under
different climate change scenarios (PINTO et al., 2018).

A study on the effects of climate change in the city of Piracicaba reported that soybean production
could increase or decrease, based on the conditions used in the simulation (increased temperature and
carbon dioxide) (SILVA et al., 2018).

Based on these studies and the IPCC scenarios, an analysis was conducted on the consequences of
citrus and sugarcane cultivation.
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MATERIALS AND METHODS
STUDY AREA

Sdo Paulo (Figure 1) is the most populous state in Brazil, with 45.5 million inhabitants, and
located in the southeast of the country (IBGE, 2019). According to the Brazilian Ministry of Agriculture,
the value of agricultural production in the state of S@o Paulo represented approximately 12 % of the
country’s production in 2023 (approximately 1,142 trillion Brazilian reais) (BRASIL, 2023).
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Figure 1 - Sdo Paulo State - Brazil

Concerning the sugarcane production, the value produced in the state of S3o Paulo represents
approximately 54 % of the total production in Brazil (713.2 million tons), whereas, for the orange crops,
production in this state represents approximately 77 % of the total production in the country (16,929,631
tons) (CONAB, 2024; IBGE, 2022). The State is part of the citrus belt, which is one of the world's
largest producers of orange juice.

METHODS

Based on Koppen studies (ABREU, 1983), who analyzed and classified climate types, significant
advances were made in the systematization of climatic information, along with a considerable increase
in the production of knowledge. Penck contributed by delineating morphoclimatic zones, establishing
the relationship between climatic zones and terrain morphology (ROSS et al.,, 2022). With the
advancement of techniques such as the use of aerial photography, concepts like land system and land
units emerged, enabling a more detailed analysis of the interaction between climate and landscape
(ZONNEVELD, 1989). This growing understanding of the relationship between climate and landform
made agroclimatic zoning a crucial tool for optimizing agricultural production by applying climatic
knowledge.
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In the context of agroclimatic zoning, the state of Sdo Paulo has different climatic characteristics,
making the spatialization of this information essential for analyzing the impacts of climate change.
Understanding how different regions of the state are affected requires precise climate data and spatial
techniques to model these variations accurately.

For this study, the meteorological time series of 267 cities in the State of Sdo Paulo were obtained
from the Brazilian climatic database (EMBRAPA, 2019), including the data of the “average annual and
monthly temperature in degree Celsius” and “annual and monthly precipitation volume in millimeters.”

From this dataset, a macro was prepared using Microsoft Excel to calculate the water balance and
obtain the annual water deficit for each municipality. After the calculations were performed, the data
were spatialized into a point-shaped shapefile. Each point was located in the central area of the
respective municipality. From this shapefile, the data were spatialized for the entire state using the
kriging method with GIS tool.

Sdo Paulo shows high climatic variability, with marked differences in temperature and
precipitation across its regions. Figure 2 illustrates the temperature and precipitation characteristics in
this state.
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Figure 2 - Average annual temperature and precipitation for the state of Sao Paulo. Source: Authors,
based on data from EMBRAPA (2019)

Table 3 presents four climate scenarios. "Normal" scenario is the period that considers the average
of the historical series. "IPCC1" scenario involves an increase of 1 °C in temperature and 15 % in
rainfall. "IPCC2" scenario involves an increase of 3 °C in temperature and 15 % in rainfall. "IPCC3"
scenario involves an increase of 5.8 °C and 15 % in rainfall.

Eight maps were created to present the agroclimatic zoning for the two crops (sugarcane and
citrus), considering each of the four scenarios described.

The future scenarios described in Table 3 (IPCC1, IPCC2, and IPCC3) are the same as those used
in the study by ZULLO JUNIOR et al. (2006), in which the impacts of climate change on corn and
coffee productions were analyzed.

Scenario Description
Normal Current conditions obtained from the historical series of meteorological data
IPCC1 Increase of 1 °C in Ta and 15 % in annual precipitation volume
IPCC2 Increase of 3 °C in Ta and 15 % in annual precipitation volume
IPCC3 Increase of 5.8 °C in Ta and 15 % in annual precipitation volume

Table 3 - Scenarios to evaluate suitability for citrus and sugarcane crops
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With the climate scenarios established, defining the agroclimatic zones is also necessary. These
were defined based on parameters from the Integrated Center for Agrometeorological Information for
both sugarcane (CITAGRO, 2019a) and citrus (CIIAGRO, 2019b). Five agroclimatic zones were created
for citrus (Table 4) and six for sugarcane (Table 5) cultivations.

Classification Description
Zone 1 Suitable
Zone 2 Suitable with water restrictions
Zone 3 Suitable for some robust types
Zone 4 Unsuitable or marginal fitness with phytosanitary problems
Zone 5 Unsuitable for most citrus types

Table 4 - Suitability classification for citrus crop

Classification Description
Zone 1 Suitable - optimum for cultivation
Zone 2 Suitable with low thermal restriction
Zone 3 Marginal - seasonal water deficif area; Irrigation required
Zone 4 Marginal - absence of dry period; Difficulties in maturation and harvest
Zone 5 Marginal for brandy and forage: Unsuitable for sugar industry: Thermal Restriction
Zone 6 Unsuitable

Table 5 - Suitability classification for sugarcane crop

Based on the defined climate scenarios and criteria for the agroclimatic zones, it was possible to
define the spatialization of these zones in the state of Sdo Paulo. For this, interpolation data of “Ta” and
“Da” were used for both the studied crops throughout the State. The intervals of each of the agroclimatic
zones were defined in a GIS based on the values of "Ta" and "Da" (Tables 1 and 2), enabling their
adequate delimitation.

RESULTS AND DISCUSSIONS
STATISTICAL ANALYSIS

For citriculture (Figure 3), a predominance of Zones 1 and 2 was observed. The other zones
occupy 70 % of the territory and, in IPCC3, it covers >95 %.

6/12 Mercator, Fortaleza, v. 23, €23019, 2024. ISSN:1984-2201
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Figure 3 - Distribution of agroclimatic zones for citrus crops under different climate scenarios

For sugarcane cultivation (Figure 4), under current conditions, >50 % of the area stays in Zone 1,
approximately 20 % in Zone 2, just over 20 % in Zone 3, and
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Scenarios
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Figure 4 - Distribution of agroclimatic zones for sugarcane crops under different climate scenarios

SPATIAL ANALYSIS

For citriculture, notably, in the current scenario, the state of Sdo Paulo is particularly suitable for
cultivation (Figure 5 - A), which explains its significant participation in the total production of the
country. Most of its territory is defined as Zone 1 or Zone 2. Both were suitable for citrus; however,
Zone 2 presented water restrictions. In the southernmost section, where coastal zone predominated, there
were areas defined as Zone 5, owing to the high temperature and humidity conditions, making it suitable
for only some types of citrus, and Zone 4, where high humidity predominated, favors the development
of phytosanitary problems. A small area, defined as Zone 3, is located in the coldest region of Sao Paulo,
Brazil.
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Figure 5 - Suitability analysis for citrus crop in: A - Scenario 1 (normal conditions); B - Scenario 2
(IPCC1); C - Scenario 3 (IPCC2); and D — Scenario 4 (IPCC3).

In the second scenario (IPCC1), where there is an increase of 1 °C in temperature and 15 % in
precipitation (Figure 5 - B), two changes were observed. First is a slight expansion of Zone 1 over Zone
2, and second is the advancement of Zone 5 over Zone 1. This is because of the high humidity and air
temperature. Zone 5 advances because of increased water availability caused by increased rainfall. A
retraction in Zone 3 is observed, owing to the increase in temperature.

In the third scenario (IPCC2), where there is an increase of 3 °C in temperature and 15 % in
precipitation (Figure 5 - C), Zone 2 expands over Zone 1, which in turn, advances over other Zones,
leaving only remnants of Zone 5. This is because of the increased temperature, which resulted in an
increased water deficit throughout the state.

In the fourth scenario (IPCC3), where there is an increase of 5.8 °C in temperature and 15 % in
precipitation (Figure 5 - D), Zone 2 consolidates its expansion over Zone 1, and as a result 95 % of the
state remains in Zone 2.

A study in China that analyzed the IPCC climate change scenarios indicated an expansion in
suitable areas for citrus production. Key climatic factors, particularly temperature and humidity, from
July to December are projected to change in ways that enhance citrus yield across most regions, despite
some variations in quality. These findings suggest that future climatic conditions will favor increased
citrus yields (WANG et al., 2022).

For sugarcane cultivation, notably, in the current scenario (Normal), the state of Sdo Paulo
presents a predominance of suitable areas (Figure 6 - A), defined by Zones 1, 2, and 3. Zone 3, located
further north of the state and requires irrigation. Zone 4 is concentrated in the south of the state, the most
humid area associated with the coast, and is characterized by difficulties in crop maturation. Zone 6 is a
small area in the coldest region of the state. Zone 5, in turn, is associated with some areas of Zones 2 and
6.

The second scenario (IPCC1) presented in Figure 6 - B shows an expansion of Zone 1 over Zone
2, significantly reducing the suitable low thermal area, which becomes a suitable unrestricted area

Mercator, Fortaleza, v. 23, €23019, 2024. ISSN:1984-2201
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consolidating Zone 4. Zone 5 ceased to have a significant presence, and Zone 6 retracted due to the
increased temperatures.

The third scenario (IPCC2) presented in Figure 6 - C shows an advancement of Zone 1 over the
remnants of Zone 2, and areas of Zones 4 and 6. At the same time, Zone 3 advances over Zone 1,
allowing the entire state to cultivate sugarcane, with half of its area in need of irrigation due to water
restrictions.

The fourth scenario (IPCC3) presented in Figure 6 - D, shows a consolidation of the expansion of
Zone 3 over Zone 1, and >85 % of the state belongs to Zone 3, suitable for sugarcane cultivation but
with water restrictions. The remaining area belongs to Zone 1 and is suitable for cultivation.

Although there may be a decrease in the suitable areas for sugarcane cultivation, this does not
necessarily imply a loss of productivity. According to PINTO et al. (2018), sugarcane productivity
models did not show productivity loss under several climate change scenarios. However, as shown in
Figure 6, climate change can increase the demand for sugarcane irrigation in most areas of the state of
Sao Paulo, which can be an economic and environmental problem for the sugarcane cultivation.

A study conducted using data from the Muzaffarnagar district of India analyzed various climatic
variables to assess the effects of climate change on sugarcane production area. Each climatic scenario
was found to potentially increase the sugarcane production in some areas and decrease it in others
(VERMA et al., 2023).

Figure 6 - Suitability analysis for sugarcane crop in: A - Scenario 1 (normal conditions); B - Scenario 2
(IPCC1); C - Scenario 3 (IPCC2); and D — Scenario 4 (IPCC3).

CONCLUSIONS

This study aimed to analyze the potential impacts of climate change on the suitability of
sugarcane and citrus crops in different regions of the state of Sao Paulo. IPCC scenarios were used to
classify the entire state of Sdo Paulo based on the climatic data from 267 locations and their suitability
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for both the crops. Through interpolation of the results and spatial analysis, it was concluded that
without further research to increase crop resilience to climate change, such as genetic improvement,
there will be a reduction in areas naturally suitable for the cultivation of both the crops. This holds true
for the three scenarios analyzed. We also observed an expansion of areas suitable for production with
irrigation. The enhanced water requirements tend to make the production process expensive because of
the increased need for natural resources and technical-productive adaptations. Moreover, highlighting
the economic impacts to which the state is susceptible is important, as it is one of the largest producers
of orange juice in the world and an important producer of sugarcane and its derivatives such as biofuels.

As a limitation, which may be addressed in future studies, we did not consider genetic
modifications in the species or different varieties of species. Other sugarcane and citrus varieties may be
more resilient to changes in temperature and precipitation.

The results of this study may be useful for future research by providing information on the
impacts of climate change on agricultural production throughout the state of Sdo Paulo. In addition,
public policy managers can use these findings for action planning and decision-making to mitigate the
future impacts of climate change.
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