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ABSTRACT 
Lettuce (Lactuca sativa L.) is one of the most produced and consumed 
vegetables in Brazil. As a crop of Mediterranean origin and therefore adapted to 
cool and/or mild climates, it is strongly affected by high temperatures. 
Morphophysiological disorders such as premature bolting and tipburn are 
examples of these impacts. Such problems are expected to worsen under 
projected scenarios of global warming and climate change. Therefore, this study 
aimed to assess the vulnerability of Brazilian lettuce production to two global 
climate change scenarios (RCP 4.5 and RCP 8.5) throughout the 21st century, 
using the regional climate model ETA-HadGEM2-ES, as well as the impacts of 
what we defined here as the Thermal Severity Index, calculated by summing the 
vulnerability indices of mean temperature and maximum temperature. Projections 
of mean temperature (Tmean) and maximum temperature (Tmax) were analyzed 
for the four seasons of the year, generating thematic maps of climate vulnerability 
and the Thermal Severity Index (IS), which integrates both variables. The results 
indicate a generalized warming trend, more pronounced under the RCP 8.5 
scenario, with significant impacts on lettuce production, especially in the Central-
West, Northeast, and Northern regions. Impacts will be greatest during summer 
and spring. By the end of the century, in both scenarios, almost the entire country, 
across all seasons, will present high to very high IS values. Only the Southern 
region and parts of mountainous areas showed high suitability for lettuce 
cultivation. The urgent adoption of climate change adaptation strategies and 
improvements in production system resilience is therefore necessary. As lettuce 
cultivation is highly associated with family farming—largely neglected in current 
climate change actions, this also becomes a matter of climate justice. 
 
Keywords: Climate Emergency. Climate Vulnerability of Agricultural Crops. 
Climate Resilience. Adaptation to Global Climate Change. Climate Modeling. 
 
RESUMO 
A alface (Lactuca sativa L.) é uma das hortaliças mais produzidas e consumidas 
no Brasil. Por ser uma cultura de origem mediterrânea e, consequentemente, de 
clima frio e/ou ameno, tende a sofrer forte impacto em razão da ocorrência de 
elevadas temperaturas. Desordens morfofisiológicas como pendoamento 
precoce e queima-de-bordas são exemplos desse impacto. Tais questões devem 
se agravar com os cenários de aquecimento global e mudanças climáticas 
projetadas. Assim, o presente trabalho teve como objetivo avaliar a 
vulnerabilidade da alfacicultura brasileira frente a dois cenários de mudanças 
climáticas globais (RCP 4.5 e RCP 8.5) ao longo do século XXI, utilizando o 
modelo climático regional ETA-HadGEM2-ES, bem como os impactos do que 
aqui foi denominado como índice de severidade térmica, calculado pela soma 
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dos índices de vulnerabilidade à temperatura média e à temperatura máxima. 
Foram analisadas projeções de temperatura média (Tmed) e máxima (Tmax) 
para as quatro estações do ano, gerando mapas temáticos de vulnerabilidade 
climática e do Índice de Severidade Térmica (IS) que integra ambas as variáveis. 
Os resultados indicam tendência de aquecimento generalizado, mais intenso no 
cenário RCP 8.5, com impactos significativos sobre a produção de alface, 
especialmente nas regiões Centro-Oeste, Nordeste e Norte. Os impactos serão 
maiores durante o verão e a primavera. Ao final do século, em ambos os 
cenários, praticamente todo o país, em todas as estações do ano, apresentarão 
IS alto a muito alto. Apenas a região Sul e partes das regiões serranas brasileiras 
apresentaram elevada aptidão para os cultivos. Faz-se necessário a urgente 
adoção de estratégias de adaptação às mudanças climáticas e melhoria da 
resiliência dos sistemas produtivos. Por se tratar de um cultivo agrícola muito 
associado a agricultura familiar, pouco englobada pelas ações atuais referentes 
às mudanças climáticas, torna-se também uma questão de justiça climática. 
 
Palavras-chave: Emergência Climática. Vulnerabilidade Climática de Cultivos 
Agrícolas. Resiliência Climática. Adaptação às Mudanças Climáticas Globais. 
Modelagem Climática. 
 
RESUMEN 
La lechuga (Lactuca sativa L.) es una de las hortalizas más producidas y consu-
midas en Brasil. Al ser un cultivo de origen mediterráneo y, por lo tanto, adaptado 
a climas frescos y/o templados, se ve muy afectado por las altas temperaturas. 
Los trastornos morfofisiológicos, como el espigado prematuro y el quemado de 
las puntas, son ejemplos de estos impactos. Se prevé que estos problemas em-
peoren en los escenarios previstos de calentamiento global y cambio climático. 
Por lo tanto, el objetivo de este estudio fue evaluar la vulnerabilidad de la pro-
ducción brasileña de lechuga ante dos escenarios de cambio climático global 
(RCP 4.5 y RCP 8.5) a lo largo del siglo XXI, utilizando el modelo climático regi-
onal ETA-HadGEM2-ES, así como los impactos de lo que aquí definimos como 
Índice de Severidad Térmica, calculado sumando los índices de vulnerabilidad 
de la temperatura media y la temperatura máxima. Se analizaron las proyeccio-
nes de la temperatura media (Tmean) y la temperatura máxima (Tmax) para las 
cuatro estaciones del año, generando mapas temáticos de vulnerabilidad climá-
tica y el Índice de Severidad Térmica (IS), que integra ambas variables. Los re-
sultados indican una tendencia generalizada al calentamiento, más pronunciada 
en el escenario RCP 8.5, con impactos significativos en la producción de le-
chuga, especialmente en las regiones Centro-Oeste, Nordeste y Norte. Los im-
pactos serán mayores durante el verano y la primavera. A finales de siglo, en 
ambos escenarios, casi todo el país, en todas las estaciones, presentará valores 
de IS altos o muy altos. Solo la región meridional y algunas zonas montañosas 
mostraron una alta idoneidad para el cultivo de lechuga. Por lo tanto, es necesa-
rio adoptar urgentemente estrategias de adaptación al cambio climático y mejo-
rar la resiliencia de los sistemas de producción. Dado que el cultivo de lechuga 
está muy relacionado con la agricultura familiar, que en gran medida se ha des-
cuidado en las medidas actuales contra el cambio climático, esto también se 
convierte en una cuestión de justicia climática. 
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Palabras clave: Emergencia Climática. Vulnerabilidad Climática de los Cultivos 
Agrícolas. Resiliencia Climática. Adaptación al Cambio Climático Global. Mode-
lización Climática. 
 

 

1 INTRODUCTION 

 

Lettuce (Lactuca sativa L.) is one of the most produced and consumed 

vegetables in Brazil and worldwide (CNA, 2017). Among leafy vegetables, it is 

the most important globally (Sala & Costa, 2012). Several indicators highlight its 

relevance to horticulture, such as being the second crop in fertilizer revenue, 

averaging US$ 90.33 million, and representing 15% of the total value for this 

group of crops. The financial turnover of the vegetable chain with seeds and 

seedlings amounts to US$ 17.07 million for seeds and US$ 52.48 million for 

seedlings, with the majority (70%) commercially obtained as seedlings. The 

cultivated area in Brazil is 91,172 hectares, the second largest among 

vegetables, with an average yield of 18.6 tons per hectare and total production of 

1,701,872 tons (CNA, 2017). Lettuce holds high socioeconomic importance, 

strongly linked to family farming but also present in large-scale agribusiness, 

generating around five jobs per hectare (Resende et al., 2007), which 

corresponds to a labor/cost ratio of 17% (CNA, 2017). 

This crop is of Mediterranean origin, later domesticated and adapted to 

tropical conditions. Although studies such as Lafta et al. (2017) indicate that 

lettuce achieves its best development under cooler climates (±18 °C), lettuce 

production has been adapted to tropical environments through adjustments in 

production systems, such as the development and availability of heat-tolerant 

genetic material (Sala & Costa, 2012). Plant breeding is also a crucial factor for 

adaptation to Global Climate Change (GCC). 

According to Embrapa (2019), lettuce cultivation in tropical regions should 

be conducted under temperatures between 15 °C and 25 °C. Temperatures 

above 25 °C and long photoperiods may reduce the time to reach the 

reproductive stage, thus inducing premature bolting (Resende et al., 2007), while 

temperatures below 15 °C can limit plant growth (Ket et al., 2018). Another aspect 
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to consider regarding GCC is the potential for increased prevalence or even 

emergence of phytopathogens. For example, temperatures between 22 °C and 

26 °C associated with elevated atmospheric CO₂ levels may favor the 

development of Allophoma tropica, a fungal species that could emerge under 

GCC conditions. Furthermore, damages caused by this pathogen may become 

more severe due to the interaction between high temperatures and increased 

CO₂ concentration (Gullino et al., 2017). Temperatures above 30 °C can inhibit 

seed germination, promote premature bolting, tipburn, and poor plant 

development (Lafta et al., 2021). 

Lima et al. (2024), when evaluating the performance of 11 commercial 

tropicalized cultivars targeted to the Brazilian market, found that only three 

showed satisfactory commercial yield when grown under 30 °C/25 °C day/night 

temperatures and a 12-hour photoperiod for 45 days. These conditions simulated 

the mean temperature (Tmean) projected for Brazil under GCC by the end of the 

century. The main morphophysiological disorders observed were leaf chlorosis, 

premature bolting, tipburn, generalized necrosis, and plant death. Fernandes et 

al. (2019) also observed distinct adaptability among cultivars to heat, reinforcing 

cultivar selection as a strategy to increase resilience and adaptation to climate 

change. 

Representative Concentration Pathways (RCPs) were proposed by the 

Intergovernmental Panel on Climate Change (IPCC, 2014). These scenarios are 

based on greenhouse gas (GHG) concentration pathways in the atmosphere and 

their associated radiative forcing (expressed in W/m² by 2100). For this study, we 

selected the moderate emissions scenario RCP 4.5 (global mean temperature 

increase between 2.0 °C and 3.0 °C) and the high emissions scenario RCP 8.5 

(increase between 4.0 °C and 5.5 °C), compared with the historical baseline 

(Climate Projections, 2025). However, these values reflect global averages; 

regional or local projections require adapted climate models. For understanding 

GCC impacts on the economic activities of a country or region, projections at 

regional or local scales are therefore essential (Chou et al., 2014a). 

Indeed, observed data already indicate an increase in global mean 

temperature. Between 2011 and 2020, compared to the pre-industrial period 
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(1850–1900), the rise reached 1.1 °C (IPCC, 2023). The Paris Agreement set a 

limit of 1.5 °C to avoid climate collapse (IPCC, 2018). However, 2024 was the 

first year to surpass this limit, reaching 1.6 °C globally (Copernicus, 2025a), and 

January 2025 registered 1.75 °C (Copernicus, 2025b), raising concerns about 

losing this critical window of opportunity. 

For Brazil, projections are concerning, and observed trends already point 

to intensified warming. Marengo (2018) reported a marked increase in climate 

extremes in recent decades. In 2019, capitals in the Central-West and South 

registered temperatures up to 9 °C above the historical average. Cardoso et al. 

(2022), when projecting future climate scenarios for southern Rio Grande do Sul, 

found annual temperature increases reaching 0.95 °C. 

Assad & Assad (2024) noted that at the local scale, significant changes 

have occurred in variables such as precipitation, maximum (Tmax), mean, and 

minimum temperatures, relative humidity, and surface winds. They highlight that 

higher temperatures exert stronger negative impacts on C3 photosynthetic plants 

than on C4 plants. Lettuce, like most vegetables, belongs to the first group. 

The ETA Regional Climate Model, used by the National Institute for Space 

Research (INPE), provides spatial resolution for South America and the 

Caribbean ranging from 5 km to 40 km, offering greater detail than Global 

Circulation Models (GCMs) (Chou et al., 2014a). By increasing spatial and 

temporal resolution, regional models refine the scenarios provided by GCMs, 

making them widely used to assess GCC impacts on water resource 

management, ecosystems, and agriculture at regional scales (Marengo, 2007). 

Through the Climate Projections portal (INPE, 2025), INPE makes available the 

generation and download of GeoTIFF maps produced by the ETA model coupled 

with GCMs, covering the historical period (1961–2005), near future (present–

2040), mid-century (2041–2070), and end-of-century (2071–2100), under RCP 

4.5 and RCP 8.5, thus facilitating impact assessments using Geographic 

Information Systems (GIS). 

Given this context, the objective of the present study was to evaluate the 

impacts of projected thermal severity under two climate change scenarios (RCP 
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4.5 and RCP 8.5) throughout the 21st century on lettuce crops in Brazil, using the 

regional model ETA-HadGEM2-ES. 

 

2 MATERIAL AND METHODS 

 

2.1 SOFTWARE AND DATA ACQUISITION 

 

For this study, we used the open-source software QGIS version 3.42.3. 

Climate modeling was carried out using the regional model ETA-HadGEM2-ES, 

which has been widely applied for the Brazilian territory (Chou, 2025). This model 

allows more detailed forecasting of phenomena associated with fronts, 

orography, sea breezes, and severe storms, which can be summarized as 

mesoscale systems (Chou, 2025). 

Regarding its applicability for climate change projections, Chou et al. 

(2014a) reported that the model operates with a spatial resolution of 20 km for 

most of South America, Central America, and the Caribbean. A finer 5 km 

resolution is possible but limited due to high computational demand. GCMs such 

as HadGEM2-ES are used to enable downscaling (INPE, 2025). Simulations with 

the ETA model are available on the Climate Projections Platform 

(http://pclima.inpe.br/analise/), where they can be downloaded as raster GeoTIFF 

images. 

For this work, GeoTIFF images were downloaded under the following 

scenarios: historical, RCP 4.5, and RCP 8.5, including values of mean and 

maximum temperature up to 2100. Seasonal frequency was considered: 

summer, autumn, winter, and spring. The generation of thematic maps for each 

variable constituted the first processing stage. 

 

2.2 CLIMATE VULNERABILITY MAPPING 

 

The second stage consisted of producing lettuce crop vulnerability maps 

based on mean and maximum temperature. We adopted the assumption that 

most lettuce production systems in Brazil are conventional and field-based (Henz 

http://pclima.inpe.br/analise/
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& Suinaga, 2009; Santos, 2018), which increases their exposure to projected 

climate conditions. Furthermore, much of the production is carried out by family 

farmers, who generally have limited resources for resilience-building and climate 

adaptation. 

The vulnerability maps were generated through an automated workflow 

using Python scripts developed with the support of Generative Artificial 

Intelligence tools (AI – ChatGPT and GitHub Copilot). Scripts were executed in 

the PyQGIS environment to produce thematic maps. The automation process for 

generating vulnerability maps, along with the scripts produced via Prompt 

Engineering and Command Chaining, is described in Figure 1. Processing was 

conducted in batches of maps for each scenario, period, and season, which 

increased productivity and reduced working time. 

Following FAIR principles (Findable, Accessible, Interoperable, and 

Reusable) of open science (Go FAIR, 2016; Fick & Hijmans, 2017), all scripts 

used are available in a Zenodo repository (Lima et al., 2025a). Thematic maps of 

temperature are available in Lima et al. (2025b). Scripts were registered under 

an open BSD 3-Clause license. As input layers, we used GeoTIFF images from 

climate projections and, for masking, the boundaries of Brazilian territory 

downloaded from the Brazilian Institute of Geography and Statistics (IBGE – 

https://www.ibge.gov.br/geociencias/cartas-e-mapas/mapas-de-

referencia/15816-politico.html?=&t=downloads). An example of a Python script 

developed with AI support and applied in the processing workflow is shown in 

Table 1. 

  

https://www.ibge.gov.br/geociencias/cartas-e-mapas/mapas-de-referencia/15816-politico.html?=&t=downloads
https://www.ibge.gov.br/geociencias/cartas-e-mapas/mapas-de-referencia/15816-politico.html?=&t=downloads
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Figure 1. Workflow processes used in the automated generation of lettuce vulnerability maps to 
minimum, mean, and maximum temperature in Brazil. 

 
Source: Authors (2025). 

 

Table 1. Example of a Python script developed with AI and collaborative platforms for 
automating the generation of vulnerability maps used in this study. 

import os 

from qgis.core import ( 

QgsProject, 

QgsProcessingFeedback, 

QgsRasterLayer) 

import qgis.utils 

import processing 

# Permite ao usuário selecionar manualmente uma camada raster no QGIS 

raster_layer = qgis.utils.iface.activeLayer() 

# Verifica se a camada selecionada é um raster 

if raster_layer is None or not isinstance(raster_layer, QgsRasterLayer): 

print("Erro: Nenhuma camada raster válida selecionada. Selecione uma camada raster 
no painel de camadas do QGIS e tente novamente.") 

else: 

print(f"Raster selecionado: {raster_layer.name()}") 

# Extrai o nome do arquivo raster sem extensão 

raster_source = raster_layer.source() 

raster_filename = os.path.basename(raster_source) 

raster_name_without_ext = os.path.splitext(raster_filename)[0] 

# Define o caminho de saída 

output_directory = "E:/Mudanças Climáticas/Nova geografia da produção de 
hortaliças/Imagens Raster BR/Vulnerabilidade" 

os.makedirs(output_directory, exist_ok=True) 

output_filename = f"{raster_name_without_ext}_vulnerabilidade.tif" 

output_path = os.path.join(output_directory, output_filename) 

# Prepara o nome da banda para a expressão da calculadora raster 
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raster_calc_name = f'"{raster_layer.name()}@1"' 

# Expressão para reclassificação por faixas de temperatura 

expression = ( 

f"(({raster_calc_name} >= 0.0000 AND {raster_calc_name} <= 5.0000) * 5) + " 

f"(({raster_calc_name} > 5.0000 AND {raster_calc_name} <= 10.0000) * 4) + " 

f"(({raster_calc_name} > 10.0000 AND {raster_calc_name} <= 15.0000) * 2) + 
"f"(({raster_calc_name} > 15.0000 AND {raster_calc_name} <= 25.0000) * 1) + " 

f"(({raster_calc_name} > 25.0000 AND {raster_calc_name} <= 30.0000) * 3) + " 

f"(({raster_calc_name} > 30.0000 AND {raster_calc_name} <= 35.0000) * 4) + " 

f"(({raster_calc_name} > 35.0000 AND {raster_calc_name} <= 50.0000) * 5)") 

# Configuração dos parâmetros para o processamento 

params = { 

'EXPRESSION': expression, 

'LAYERS': raster_layer, 

'CELLSIZE': 0, 

'EXTENT': raster_layer.extent(), 

'CRS': raster_layer.crs(), 

'OUTPUT': output_path} 

# Execução do processamento no QGIS 

try: 

feedback = QgsProcessingFeedback() 

result = processing.run("qgis:rastercalculator", params, feedback=feedback) 

if result and 'OUTPUT' in result: 

output_layer = QgsRasterLayer(output_path, 
f"{raster_name_without_ext}_vulnerabilidade") 

QgsProject.instance().addMapLayer(output_layer) 

print(f"Processo concluído com sucesso! O raster reclassificado foi salvo como: 
{output_filename}") 

print("Arquivo carregado no QGIS automaticamente.") 

else: 

print("Erro: O processamento não retornou saída válida.") 

except Exception as e: 

print(f"Erro no processamento: {str(e)}") 

Source: Authors (2025). 

 

2.3 RECLASSIFICATION FOR CLIMATE VULNERABILITY MAPS 

 

For generating future climate vulnerability maps, spatial algebra 

reclassification was applied to the raster layers. Reclassification for mean and 

maximum temperature followed the criteria shown in Tables 2 and 3. The 

reclassified rasters were then renamed and assigned standardized color palettes. 

Layouts for each vulnerability map were produced and deposited on Embrapa’s 

GeoInfo platform (https://geoinfo.dados.embrapa.br/) and in a Zenodo repository 

(Lima et al., 2025c). 

https://geoinfo.dados.embrapa.br/
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The vulnerability classes for Tmean (Table 2) and Tmax (Table 3) are 

listed below. For classification, we considered the predominance of tropicalized 

lettuce cultivars in most of the country. 

 

Table 2. Classes of mean temperature used to determine the vulnerability of Brazilian lettuce 
cultivation to this climatic variable. 

Mean temperature 
(°C) 

Vulnerability 
class 

≤ 5.00 Very high 

> 5.01 – ≤ 10.00 High 

> 10.01 – ≤ 15.00 Low 

> 15.01 – ≤ 25.00 Very low 

> 25.01 – ≤ 30.00 Moderate 

> 30.01 – ≤ 35.00 High 

> 35.00 Very high 

Source: Authors (2025). 

 

Table 3. Classes of maximum temperature used to determine the vulnerability of Brazilian 
lettuce cultivation to this climatic variable. 

Maximum temperature 
(°C) 

Vulnerability 
class 

≤ 25.00 Low 

> 25.01 – ≤ 30.00 Moderate 

> 30.01 – ≤ 35.00 High 

> 35.00 Very high 

Source: Authors (2025). 

 

2.4 CALCULATION AND MAPPING OF THE THERMAL SEVERITY INDEX 

 

The Thermal Severity Index (SI) was designed to integrate both variables 

analyzed (Tmean and Tmax), providing greater robustness to the vulnerability 

assessment of lettuce production under climate change. The formula used for IS 

calculation is provided below. Thermal severity maps were also deposited in the 

GEOINFO platform and in a Zenodo repository (Lima et al., 2025c). Mapping 

procedures followed the same methodology described previously. 
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Figure 2. Diagram showing the relationship between vulnerability to average temperature 
(Tmed) and maximum temperature (Tmax), as well as the classification of the Thermal Severity 

Index (IS). 

 
Source: Authors (2025). 

 

2.5 USE OF ARTIFICIAL INTELLIGENCE TOOLS AND STATISTICAL 

ANALYSES 

 

As mentioned earlier, AI tools were used to support the automated 

mapping workflow through Python script generation. They were also applied to 

assist in analyzing large datasets, using specific prompts. The AI tool used was 

Data Analyst (OpenAI). In total, 56 temperature maps, 56 vulnerability maps, and 

28 IS maps were generated, amounting to 140 maps, in addition to 140 

accompanying .txt files containing statistical data for each map, totaling 280 files 

analyzed. AI was also used as a support tool for generating charts and tables, as 

well as preliminary technical interpretations. However, it is important to 

emphasize that all processes are supervised, adjusted, and corrected by humans 

when necessary. Finally, AI tools are used as support to translate the text for 

English. 
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3 RESULTS AND DISCUSSION 

 

The results reveal a concerning scenario, with significant increases in both 

climatic variables analyzed and, consequently, their negative effects on lettuce 

production systems. A generalized warming trend was observed across all 

evaluated periods and for all four seasons of the year. Below, we briefly discuss 

the projections for mean temperature (Tmean) and maximum temperature 

(Tmax), as these results have already been the focus of several other studies 

(Hamada, 2015; Soares, 2015; Silva et al., 2023; Valverde et al., 2023). Recent 

IPCC reports also point to this trend (IPCC, 2021; 2023). The following discussion 

emphasizes the consequences of these climatic anomalies for Brazilian lettuce 

production and explores possible strategies for strengthening resilience and 

adaptation. 

Projections from the regional ETA-HadGEM2-ES model for the entire 

Brazilian territory indicated substantial increases in Tmean and Tmax anomalies 

throughout the 21st century under both scenarios (Figures 2 and 3). Seasonal 

variations were pronounced, with greater intensity under the RCP 8.5 scenario. 

Similar patterns were observed by Cardoso et al. (2022), who evaluated Tmean 

and precipitation under RCP 4.5 and RCP 8.5 using the ETA model coupled with 

three global models for southern Rio Grande do Sul. Other studies, such as Silva 

et al. (2020) and Valverde et al. (2023), also reported comparable outcomes. 

The analysis of Tmean projections showed values close to or even 

exceeding 6 °C across all seasons under RCP 8.5 by the end of the century. 

Under RCP 4.5, values surpassed 3 °C in autumn and approached this threshold 

in the other seasons. Tmax projections indicated increases close to 8 °C in 

summer and above 7 °C in the other seasons under the high-emission scenario. 

For RCP 4.5, values were near or above 3 °C by the end of the century. These 

results are consistent with Hamada (2015) and Soares (2015). 

In practical terms, average Tmean and Tmax at the end of the century may 

reach the following values in RCP4.5: Tmean; summer – 27.61 °C (min. 18.71 

°C; max. 34.39 °C); autumn – 26.77 °C (15.94–32.55 °C); winter – 25.44 °C 

(11.16–30.55 °C); spring – 28.51 °C (15.08–33.91 °C). Tmax; summer – 33.07 
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°C (23.04–41.17 °C); autumn – 32.17 °C (21.20–38.85 °C); winter – 31.39 °C 

(15.35–37.12 °C); spring – 34.75 °C (19.77–40.38 °C). For RCP 8.5, projected 

values were: Tmean; summer – 30.87 °C (20.84–38.01 °C); autumn – 29.99 °C 

(18.40–35.53 °C); winter – 28.65 °C (13.75–33.98 °C); spring – 31.65 °C (17.83–

37.45 °C). Tmax; summer – 37.07 °C (25.42–45.05 °C); autumn – 36.00 °C 

(23.99–42.50 °C); winter – 34.89 °C (17.94–40.46 °C); spring – 38.42 °C (21.10–

44.58 °C). 

These results are consistent with the likelihood of extreme temperature 

events suggested by Fontolan et al. (2019), who evaluated such events in 

Campinas, São Paulo, using two regional models. Resulting vulnerability indices 

are particularly alarming. The spatial distribution of these data can be found in 

the maps deposited in the Zenodo repository (Lima et al., 2025b). 

An example of Tmax evolution over the century in the RCP 8.5 spring 

scenario is shown in Figure 4. Spatial patterns of Tmean and Tmax across all 

scenarios and periods followed a consistent trend, with the greatest increases 

occurring across the Central-West, Northeast, and Northern regions. The lowest 

temperatures are expected in the South, with some mountainous areas in the 

Southeast showing similar conditions. However, even for the South, Tmax 

projections indicated a substantial increase (3.82 °C) by the end of the century 

compared to the historical baseline. Results from Santos et al. (2020) support 

these findings, with higher temperatures projected for the Central-West, 

Northeast, and North, exceeding 4 °C. Figures 3 and 4 illustrate projected 

anomalies of mean and maximum temperature across Brazil under different 

periods and RCP scenarios, compared with the historical baseline. 
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Figure 3. Average temperature anomalies projected by the ETA-HADGEM2-ES model for Brazil 
in the three periods evaluated (2011–2040; 2041–2070; 2071–2100) under moderate 

greenhouse gas emissions (RCP 4.5) and high emissions (RCP 8.5), compared to the historical 
baseline (1961–2005). 

 
Source: Authors (2025). 

 
Figure 4. Maximum temperature anomalies projected by the ETA-HADGEM2-ES model for 
Brazil in the three periods evaluated (2011–2040; 2041–2070; 2071–2100) under moderate 

greenhouse gas emissions (RCP 4.5) and high emissions (RCP 8.5), compared to the historical 
baseline (1961–2005). 

 
Source: Authors (2025). 
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3.1 VULNERABILITY TO MEAN TEMPERATURE (TMEAN) 

 

Future vulnerability of Brazilian lettuce production to mean temperature 

under both climate change scenarios and across all four seasons and three time 

periods is presented in Tables 4. The full set of maps is available on the GeoInfo 

platform and in a Zenodo repository under CC BY 4.0 license (Lima et al., 2025c). 

 

Table 4. Evolution of projected vulnerability classes throughout the 21st century for Brazilian 
lettuce crops to projected average temperature for the four seasons of the year in the RCP 4.5 

and RCP 8.5 scenarios, determined from projections using the ETA-HADGEM2-ES model. 

Scenari
o 

Period Very 
low 

Low Moderat
e 

High Very 
high 

Summer 

- Historical 56.02 0 43.98 0 0 

RCP 4.5 
Present 
to 2040 12.28 0 82.15 5.56 0 

RCP 4.5 
2041 to 

2070 5.08 0 74.27 20.29 0.36 

RCP 4.5 
2071 to 

2100 4.76 0 83.93 11.32 0 

RCP 8.5 
Present 
to 2040 10.72 0 81.15 8.13 0 

RCP 8.5 
2041 to 

2070 5.08 0 74.27 20.29 0.36 

RCP 8.5 
2071 to 

2100 0.86 0 19.34 74.03 5.77 

Autumn 

- Histórico 71.85 0.06 28.09 0 0 

RCP 4.5 
Present 
to 2040 24.4 0.01 74.38 1.22 0 

RCP 4.5 
2041 to 

2070 13.37 0 81.98 4.64 0 

RCP 4.5 
2071 to 

2100 16.08 0 80.84 3.08 0 

RCP 8.5 
Present 
to 2040 16.62 0 80.74 2.64 0 

RCP 8.5 
2041 to 

2070 10.75 0 79.94 9.31 0 

RCP 8.5 
2071 to 

2100 4.03 0 28.28 65.95 1.74 

Winter 

- Histórico 75.84 4.06 20.07 0.03 0 

RCP 4.5 
Present 
to 2040 37.36 1.22 61.42 0 0 

RCP 4.5 
2041 to 
2070 31.55 0.63 67.69 0.13 0 

RCP 4.5 
2071 to 
2100 27.52 0.62 71.38 0.48 0 

RCP 8.5 
Present 
to 2040 30.22 0.66 69.06 0.06 0 
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RCP 8.5 
2041 to 
2070 20.89 0.24 72.83 6.04 0 

RCP 8.5 
2071 to 
2100 12.32 0.03 31.2 56.46 0 

Spring 

- Histórico 26.45 0.08 73.25 0.22 0 

RCP 4.5 
Present 
to 2040 17.85 0.01 70.21 11.93 0 

RCP 4.5 
2041 to 
2070 13.71 0 54.58 31.71 0 

RCP 4.5 
2071 to 
2100 11.57 0 43.09 45.34 0 

RCP 8.5 
Present 
to 2040 16.82 0 63.02 20.16 0 

RCP 8.5 
2041 to 
2070 11.62 0 33.09 55.17 0.11 

RCP 8.5 
2071 to 
2100 5.44 0 15.78 57.74 21.04 

Source: Authors (2025). 

 

Data showed that under RCP 4.5, the effects of Tmean on lettuce crops 

are significantly constrained. By 2100, in summer, projections indicate 

predominance of moderate vulnerability (83.93% of the national area), with 

4.76% classified as very low and 11.32% as high. Under RCP 8.5, high 

vulnerability areas dominate, reaching 74.03%. 

For RCP 4.5, moderate vulnerability predominates across all seasons 

(80.84% in autumn; 71.3% in winter), except spring, where high vulnerability 

dominates (45.39%) by the end of the century. Under RCP 8.5, high vulnerability 

predominates by 2100 in autumn (65.95%), winter (56.45%), and spring 

(57.74%). In spring, a considerable share of the territory (21.04%) is classified as 

very high vulnerability, while autumn and winter also retain relevant portions 

classified as moderate (31.2% and 28.28%, respectively). 

 

3.2 VULNERABILITY TO MAXIMUM TEMPERATURE (TMAX) 

 

The vulnerability to Tmax showed an even more concerning evolution 

under both RCP scenarios (Table 5). Under RCP 4.5, by 2100, 79.66% of the 

territory is projected as high vulnerability in summer, 75.9% in autumn, and 

64.15% in winter. In spring, very high vulnerability predominates, reaching 62.6%. 
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Table 5. Evolution of projected vulnerability classes throughout the 21st century for Brazilian 
lettuce crops to maximum temperature for the four seasons of the year in the RCP 4.5 and RCP 

8.5 scenarios, determined from projections using the ETA-HADGEM2-ES model. 

Scenario Period Low Moderate High Very 
high 

Summer 

- Histórico 0.82 57.36 40.44 1.38 

RCP 4.5 
Present 
to 2040 0.04 11.75 79.88 8.32 

RCP 4.5 
2041 to 
2070 0.03 4.92 83.4 11.65 

RCP 4.5 
2071 to 
2100 0.01 2.89 79.66 17.44 

RCP 8.5 
Present 
to 2040 0.04 5.87 79.87 14.22 

RCP 8.5 
2041 to 
2070 0.01 2.23 59.34 38.42 

RCP 8.5 
2071 to 
2100 0 0.39 11.89 87.72 

Autumn 

- Histórico 5.32 70.33 23.99 0.36 

RCP 4.5 
Present 
to 2040 0.91 24.41 70.95 3.73 

RCP 4.5 
2041 to 
2070 0.61 16.77 75.91 6.71 

RCP 4.5 
2071 to 
2100 0.31 10.58 75.9 13.21 

RCP 8.5 
Present 
to 2040 0.38 14.1 76.93 8.59 

RCP 8.5 
2041 to 
2070 0.2 7.51 72.22 20.06 

RCP 8.5 
2071 to 
2100 0.02 2.17 22.91 74.9 

Winter 

- Histórico 12.83 52.33 34.84 0 

RCP 4.5 
Present 
to 2040 8.18 27.48 64.15 0.19 

RCP 4.5 
2041 to 
2070 7.09 18.69 68.32 5.9 

RCP 4.5 
2071 to 
2100 6.55 14.24 64.15 15.06 

RCP 8.5 
Present 
to 2040 6.66 18.07 68.83 6.44 

RCP 8.5 
2041 to 
2070 5.41 10.18 55.11 29.3 

RCP 8.5 
2071 to 
2100 3.49 5.75 25.53 65.22 

Spring 

- Histórico 4.45 18.83 68.75 7.97 

RCP 4.5 
Present 
to 2040 1.93 10.54 55.85 31.68 

RCP 4.5 
2041 to 
2070 1.52 7.2 39.2 52.07 

RCP 4.5 
2071 to 
2100 1.42 6.5 29.48 62.6 
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RCP 8.5 
Present 
to 2040 1.71 9.06 44.52 44.71 

RCP 8.5 
2041 to 
2070 1.17 5.85 22.73 70.25 

RCP 8.5 
2071 to 
2100 0.36 3.59 11.42 84.63 

Source: Authors (2025). 

 

Under RCP 8.5, very high vulnerability predominates across all seasons 

by the end of the century (87.72% in summer; 74.9% in autumn; 65.22% in winter; 

and 84.63% in spring). 

These results reveal a clear worsening of climate risks for lettuce 

production in Brazil, unless measures to enhance resilience and adaptation to 

climate change are adopted. 

 

3.3 THERMAL SEVERITY INDEX (IS) 

 

The severity of these risks is further confirmed by the Thermal Severity 

Index (IS), which combines Tmean vulnerability (1–5 scale) and Tmax 

vulnerability (1–4 scale). Figure 6 shows the evolution of IS values across the 21st 

century for all seasons and both RCP scenarios compared with the historical 

baseline. 
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Figure 6. Temporal evolution of the Severity Index (IS) throughout the 21st century under 
climate change scenarios for the four annual seasons in Brazil. 

 
Source: Authors (2025). 

 

There is a consistent trend of increasing IS throughout the century, 

regardless of season or scenario. By 2071–2100, IS values reached 6.72 in 

spring under RCP 4.5 and 7.70 in summer under RCP 8.5 (Table 7). The lowest 

values were observed in winter (5.29 in RCP 4.5; 6.80 in RCP 8.5). The largest 

increases relative to the historical period were found in autumn for both scenarios 

(+1.97 in RCP 4.5; +3.60 in RCP 8.5). These findings demonstrate that although 

lettuce production is significantly affected in both scenarios, impacts are 

considerably reduced under moderate emissions (RCP 4.5). 

 

Table 7. Comparison of severity indices between values determined for the end of the century in 
different scenarios and the historical period. 

Season Historica
l 

RCP 
4.5 

RCP 
8.5 

RCP4.5 vs 
Historical 

RCP8.5 vs 
Historical 

Summer 4.30 6.16 7.70 +1.86 +3.40 

Autumn 3.74 5.71 7.34 +1.97 +3.60 

Winter 3.65 5.29 6.80 +1.64 +3.15 

Spring 5.25 6.72 7.66 +1.47 +2.41 

Source: Authors (2025). 
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Spatial distribution of IS maps (Figures 7–10) reinforces these findings: 

under RCP 4.5, thermal impacts are significantly mitigated in summer, autumn, 

and winter, but spring projections remain concerning. Under RCP 8.5, large red 

zones dominate almost the entire country in all seasons by the end of the century. 

In spring and summer, these critical conditions appear as early as the mid-century 

period (2041–2070). 
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Figure 7. Comparison between projected severity indices for lettuce crops in summer during the historical period, 2011–2040, 2041–2070, and 2071–
2100, under the RCP 4.5 and RCP 8.5 scenarios in Brazil. 

 
Source: Authors (2025). 
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Figure 8. Comparison between projected severity indices for lettuce crops in autumn during the historical period, 2011–2040, 2041–2070, and 2071–
2100, under the RCP 4.5 and RCP 8.5 scenarios in Brazil. 

 
Source: Authors (2025). 
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Figure 9. Comparison between projected severity indices for lettuce crops in spring during the historical period, 2011–2040, 2041–2070, and 2071–
2100, under the RCP 4.5 and RCP 8.5 scenarios in Brazil. 

 
Source: Authors (2025). 
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Figure 10. Comparison between projected severity indices for lettuce crops in winter during the historical period, 2011–2040, 2041–2070, and 2071–
2100, under the RCP 4.5 and RCP 8.5 scenarios in Brazil. 

 
Source: Authors (2025). 
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It is not an exaggeration to state that a new geography of lettuce cultivation 

must be considered for Brazil under climate change scenarios. Major producing 

regions, such as those in the South and Southeast, will be heavily impacted, with 

production restricted by the end of the century (especially under RCP 8.5) to 

mountainous areas and the far south of the country, unless mitigation, resilience, 

and adaptation strategies are implemented. Other important production areas, 

such as the Federal District, where lettuce is the leading vegetable in cultivated 

area (Emater-DF, 2024), will be even more affected, as they are in the Central-

West—a region projected to face severe impacts. 

 

3.4 MORPHOPHYSIOLOGICAL AND AGRONOMIC IMPACTS 

 

Morphophysiological disorders observed under simulated GCC thermal 

regimes include premature bolting, leaf chlorosis, tipburn, leaf necrosis, and even 

stand loss (plant mortality) (Lima et al., 2024). Other studies have reported 

reduced mineral fertilizer efficiency (Bento et al., 2020), increased irrigation 

requirements (Eekhout et al., 2024), and difficulties in head formation in iceberg-

type lettuces (Sala & Costa, 2012). Kobori et al. (2012) also reported poor 

seedling formation, irregular stands, low seed germination, seedling death, leaf 

bitterness due to latex accumulation, apical meristem loss, and boron deficiency 

symptoms. 

 

3.5 ADAPTATION AND RESILIENCE STRATEGIES 

 

Given this scenario, urgent strategies must be adopted to enhance the 

resilience and adaptation of lettuce production systems. Key recommendations 

must include: 

● Improved climate mapping: Employing multiple GCMs alongside the 

ETA model and incorporating higher-resolution datasets such as Wor-

ldClim v2.1 (1 km² resolution) (Fick & Hijmans, 2017), as well as more 

recent CMIP6 models; 
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● Plant breeding: Developing heat-tolerant cultivars with stable mor-

phophysiological responses. Desirable traits include delayed flowering, 

bolting resistance, and lower susceptibility to physiological disorders (Pe-

reira et al., 2024); 

● Production system adjustments: Incorporating protected environments 

(e.g., shaded screens, controlled environments), improved irrigation and 

nutrient management, soil cover, conservation tillage, mulching, and mi-

croclimate adjustments to mitigate thermal stress (Pereira et al., 2024); 

● Use of biological inputs: Arbuscular mycorrhizal fungi, rhizobacteria, and 

endophytic microorganisms have demonstrated potential to improve nutri-

ent uptake, enhance photosynthetic efficiency, and promote antioxidant 

activity under heat stress (Junrami et al., 2022; Tang et al., 2022; Anand 

et al., 2023). For lettuce specifically, Bento et al. (2020) and Lima et al. 

(2024) showed positive impacts of biofertilizers in improving growth, vigor, 

and physiological resilience under heat stress. 

 

3.6 POLICY AND SUSTAINABLE DEVELOPMENT IMPLICATIONS 

 

This study aligns strongly with Brazilian public policies such as the ABC+ 

Plan (Sectoral Plan for Adaptation to Climate Change and Low-Carbon 

Emissions in Agriculture, 2020–2030), the National Adaptation Plan, and the 

National Climate Change Policy. It also contributes to the Sustainable 

Development Goals (SDGs), particularly SDG 1 (No Poverty), SDG 2 (Zero 

Hunger and Sustainable Agriculture), SDG 10 (Reduced Inequalities), and SDG 

13 (Climate Action). 

 

4 CONCLUSIONS 

 

The results obtained in this study are alarming and reinforce the urgent 

need for mitigation, adaptation, and resilience strategies in lettuce production 

systems across Brazil. Thermal projections indicate strong adverse effects on 

lettuce cultivation under both evaluated scenarios (RCP 4.5 and RCP 8.5), with 
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greater intensity under the high-emission scenario (RCP 8.5). By the end of the 

century, almost the entire Brazilian territory will face high to very high levels of 

vulnerability, as expressed by the Thermal Severity Index (IS). 

Spatially, the Central-West, Northeast, and Northern regions will be the 

most affected, followed by the Southeast. The Southern region and some 

mountainous areas will be less affected and may represent refuges for lettuce 

production. Seasonally, the greatest impacts will occur in summer and spring. 

Therefore, it is not an exaggeration to state that a new geography of lettuce 

cultivation in Brazil will be necessary in the coming decades. Without adaptation, 

mitigation, and resilience measures, lettuce production—one of the country’s 

main vegetable crops—will face increasing challenges, directly affecting family 

farming and food security. 

Urgent adaptation measures include the development of heat-tolerant 

cultivars, the use of protected cultivation systems, improvements in soil and water 

management, and the use of bio-inputs. These measures must be integrated into 

agricultural public policies, aligned with the ABC+ Plan and the Sustainable 

Development Goals. 

Finally, the study highlights that adaptation strategies in lettuce production 

are also a matter of climate justice: a large share of production is carried out by 

family farmers, who are highly vulnerable and often excluded from adaptation and 

resilience actions currently implemented in Brazil. 
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