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Abstract
Climate change, global warming, and natural resource depletion pose significant challenges to global beef cattle farming, 
with animal heat stress emerging as a widespread limitation. This is particularly critical in Brazil, a major global beef pro-
ducer and exporter that supplies a substantial portion of the world's food. This study investigated the impact of seasonality 
changes on beef cattle welfare under various climate change scenarios, using the Temperature-Humidity Index (THI). Our 
analysis employed CMIP6 ensemble models for historical data and future projections, with a specific focus on the SSP5-8.5 
scenario. The research focused on Brazil's most productive cattle farming regions. Historically, the North and Mid-West 
regions exhibited the highest THI values, mostly between September and December. Projections show low values of THI 
anomaly in the short-term (2021–2040). However, the medium-term (2041–2060) reveals a significant increase in THI 
anomalies in the Mid-West and North, with some regions approaching 30 days per month of extreme THI (values > 94). The 
long-term (2061–2080) represents the worst-case scenario, with high THI anomalies persisting year-round across most of 
Brazil. States like Acre, Amazonas, Goiás, Mato Grosso, Pará, and Rondônia are projected to experience 28–31 days per 
month of extreme THI during critical periods (September-December), while Paraná remains relatively low. The findings 
underscore an urgent need for robust adaptation strategies, including genetic improvement, integrated crop-livestock systems, 
and precision livestock farming technologies, alongside national mitigation efforts, to ensure the long-term viability and 
sustainability of Brazilian beef production.
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Introduction

Climate change and extreme weather events affect various 
sectors (Ferreira et al. 2021, 2023) and regions globally, 
but their impacts are not uniformly distributed, making 

regional assessments essential. Simultaneously, with popu-
lation growth, the demand for animal products is projected 
to increase, especially in developing countries. This necessi-
tates scaling and optimizing livestock production in response 
to climate change (Wankar et al. 2024). Beef cattle farming 
is a cornerstone of Brazilian agribusiness and holds a promi-
nent position on the world stage. Brazil boasts the largest 
commercial cattle herd globally, representing about 12% 
of the world's total, leads beef exports, and ranks second 
worldwide in production volume (ABIEC 2025). Brazil's 
beef industry primarily relies on pasture-fed cattle (Millen 
et al. 2011), which makes them highly susceptible to adverse 
environmental conditions (Wankar et al. 2024).

Recent studies highlight the increasing importance of sus-
tainability in animal production. This presents a multifaceted 
concern, given the paradox among climate change, growing 
demand for animal-derived foods, animal welfare, sustain-
ability, technological innovations, and environmental issues 
associated with high food production demands (Andrade 
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et al. 2024; Silveira et al. 2024). The connection between 
the environment and animal welfare is primarily established 
through providing an adequate and controllable environ-
ment for the animals (Li et al. 2023). Animal productivity 
peaks under specific environmental conditions. When air 
temperature and relative humidity fall below or rise above 
their respective thermal comfort thresholds, efficiency and, 
consequently, profitability, are compromised. This occurs 
because nutrients are diverted to maintain a safe body tem-
perature (Baumgard & Rhoads 2012).

Outside their thermoneutral zone, homeothermic animals 
respond to heat stress by increasing heat loss and reducing 
heat production in an attempt to prevent an increase in body 
temperature (Thornton et al. 2021). Metabolic responses 
include increased respiration and sweating rates, and a 
decrease in feed intake. These physiological events can sig-
nificantly contribute to the occurrence of metabolic disor-
ders in heat-stressed animals (Lacetera 2019). The effects of 
heat stress include reduced production, reproduction, fertil-
ity, and animal welfare, as well as increased susceptibility to 
diseases and, in some cases, higher mortality rates (Herbut 
et al. 2021). This exacerbates a global scenario already fac-
ing serious food security concerns in the context of climate 
change. Therefore, the increasing spread of extreme heat 
stress risk in the future will seriously challenge the viability 
of raising animals outdoors, even those with higher resist-
ance to heat stress (Ferreira et al. 2024).

In this context, climate models are vital tools for assess-
ing the impacts of climate change. Projections from Phase 
Six of the Coupled Model Intercomparison Project (CMIP6) 
provide climate scenarios based on different Shared Socio-
Economic Pathways (SSPs), and are widely used to assess 
climate change impacts across various sectors (Thornton 
et al. 2021; Zeng et al. 2022), including animal production 
(Ferreira et al. 2024). Using climate projections, heat stress 
indices can be calculated to investigate the impact of cli-
mate change on livestock across different regions and spe-
cies (Berman 2019; Ferreira et al. 2024).

With the escalating impacts of climate change, animals 
worldwide are increasingly falling outside this optimal ther-
mal zone. This necessitates expending additional energy for 
thermoregulation, which can consequently reduce the effec-
tiveness of production processes (Joy et al. 2020; Godde 
et al. 2021). Therefore, when exposed to heat stress, ani-
mals struggle to dissipate sufficient heat to maintain homeo-
thermy, leading to increases in respiration, pulse, heart rate, 
and body temperatures (Nardone et al. 2010; Kadzere et al. 
2002). This can result in reduced feed intake, decreased 
reproductive efficiency, and alterations in mortality rates 
and immune system function (Das et al. 2016; Sejian et al. 
2018). Such challenges present an additional threat to global 
food security, particularly in a changing climate.

As highlighted by Cheng et al. (2022), adaptation meas-
ures are crucial for sustaining the growing demand for live-
stock products. The relevance of these measures depends 
on specific climatic conditions, local production manage-
ment, and the ability to ensure animal comfort and welfare. 
Simultaneously, mitigation strategies are vital for limiting 
the future intensification of climate change.

The Temperature-Humidity Index (THI) is one of the 
most widely adopted indices for analyzing heat stress in vari-
ous productive animal species (Ferreira et al. 2024; Wankar 
et al. 2024). Despite their relevance, measures related to 
animal welfare, as well as environmental and economic fac-
tors, remain underexplored in the context of climate change 
(Hempel et al. 2019). This paper aims to assess the potential 
impacts of climate change on beef cattle welfare by exam-
ining how changes in seasonal temperature and humidity 
affect heat stress exposure, as indicated by the Tempera-
ture-Humidity Index (THI) and its associated thresholds for 
severe stress. Using CMIP6 ensemble models, we analyze 
historical climate data and future projections across short, 
medium, and long-term time frames (2021–2080), with a 
focus on the SSP5-8.5 scenario, which represents a business-
as-usual trajectory. This approach indirectly evaluates wel-
fare impacts by calculating the number of days per year that 
beef cattle experience extreme heat stress, providing critical 
insights into future risks to animal welfare in Brazil's major 
cattle farming regions. The analysis covers all of Brazil, with 
a specific focus on the Mid-West and Southeast, as well as 
the Northern states, which are vulnerable to deforestation 
driven by the expansion of livestock farming in the Amazon.

Material and methods

Datasets: CMIP6 climate change projections

Projections from Phase Six of the Coupled Model Intercom-
parison Project (CMIP6) provide climate scenarios based on 
different Shared Socio-Economic Pathways (SSP) (O’Neill 
et al. 2014, Oliveira et al. 2022). The SSP scenarios were 
created from long-term integrations with possible green-
house gas emission (GGE) scenarios in the atmosphere and 
their impacts on climate variables. These scenarios can be 
used to investigate the implications of long-term climate 
change, aiding in the design of robust policies within com-
plex, uncertain systems (Hall et al. 2016; Harrison et al. 
2015; O’Neill et al. 2014). Their widespread use in the 
literature also facilitates comparison with other research 
findings. For this study, we constructed an ensemble model 
using four CMIP6 models. This ensemble represents the 
daily median values across these models. More information 
on the specific models is provided in Table 1.
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We evaluate the impacts of climate change on beef cat-
tle, using historical simulations (from 1991 to 2010) and 
climate projections (scenario SSP5-8.5, from 2021 to 2080). 
The baseline period was chosen to consider the most recent 
climatology (20-years) and the availability of data from the 
climate models. The scenario SSP5-8.5 is considered as a 
pessimist scenario, with a higher increase of temperature 
by the end of the century, compared to other scenarios. The 
projections were divided into short- (2021–2040), medium- 
(2041–2060) and long-term (2061–2080). The key variables 
used in this methodology are daily temperature (tas) and 
near-surface relative humidity (hurs). These datasets will be 
used to calculate the Temperature-Humidity Index (THI), as 
detailed in Section 2.3.

Study area: Brazil

Brazil is divided in five geographical regions: North, South, 
Southeast, Center-West, and Northeast, which contains 26 
states and 1 Federal District. Given the country's large ter-
ritorial extension, both animal production practices and ther-
mal environments vary significantly across these regions.

In 2024, Brazil maintained its status as the largest holder 
of the commercial beef cattle herd globally, estimated at 194 
million head (11.6% of the world's herd) (ABIEC 2025). In 
the same year, 39.27 million heads of beef cattle were slaugh-
tered, marking a substantial 15.2% increase from the previous 
year (IBGE 2025). Among the main destinations for Brazilian 
beef exported in 2024 (considering revenue), they were China, 

Table 1   Climate models used to 
create the ensemble model

Model Institution More information

CanESM5 Canadian Centre for Climate Modelling and Analysis  Swart et al. 2019
GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (GFDL)  Horowitz et al. 

(2018)
MPI-ESM1-2-LR Max-Planck Institut für Meteorologie  Wieners et al. 2019
MRI-ESM2-0 Japan Meteorological Research Institute  Yukimoto et al. 2019

Fig. 1   Slaughtered cattle in 
Brazil (per state) in the second 
quarter of 2024. IBGE 2025
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the United States and the United Arab Emirates, with 46.2%, 
7.9% and 4.7%, respectively (ABIEC 2025).

Figure 1 illustrates the number of cattle slaughtered per 
state in the second quarter of 2024 (IBGE 2025). The states 
with higher total production were Mato Grosso (MT), Mato 
Grosso do Sul (MS), Goiás (GO) in the Mid-West, and Minas 
Gerais (MG) and São Paulo (SP) in Southeast. For strategic 
research purposes, we also evaluated states like Tocantins 
(TO, North), Bahia (BA, Northeast) and Paraná (PR, South) 
due to their significant productivity. Additionally, Amazonas 
(AM), Acre (AC), Pará (PA) and Rondônia (RO) in the North 
region were included because they encompass parts of the 
Amazon rainforest, making them vulnerable to deforestation 
driven by the expansion of livestock farming in Brazil.

Projections from the Organisation for Economic Co-opera-
tion and Development (OECD 2023) indicate continued growth 
in global beef production over the next ten years, reaching a 
record of 77.8 million tonnes by 2032. Among major global 
producers, Brazil is projected to experience the fifth-highest 
growth, at 4.52%. The OECD also anticipates that global beef 

consumption will reach 77.6 million tonnes by 2032, a 5.68 
million tonnes increase from 2023. This rise is primarily attrib-
uted to population growth, as per capita beef consumption is 
expected to remain relatively stable at 5.91 kg/year.

Temperature humidity index (THI)

Various methods exist to evaluate the risk of heat stress in 
production animals. These often include thermal indices 
that combine ambient temperature and relative humidity 
measurements to quantify an animal's thermal comfort or 
discomfort (Oliveira et al. 2022; Cesca et al. 2021; Herbut 
et al. 2018). The thermal environment, encompassing air 
temperature, humidity, and air movement, is a primary cli-
matic factor influencing animal production (Ames 1980). 
Animals typically exhibit optimal performance and mini-
mal energy expenditure within a specific thermal neutral 
zone (Nardone et al. 2010). When an animal experiences 
an individual stressor, its phenotypic response is called 
acclimation (Nardone et al. 2010).

Fig. 2   Monthly THI climatology, from 1991 to 2010, in Brazil



Regional Environmental Change           (2026) 26:64 	 Page 5 of 15     64 

The environmental conditions inducing heat stress 
can be quantified using the Temperature-Humidity Index 
(THI), which combines ambient temperature and relative 
humidity (NRC 1971). The THI is calculated as follows:

where T is the air temperature (°C), RH is the relative 
humidity (%) and THI is the Temperature-humidity index.

The THI has been widely applied in studies globally 
to identify thermal stress in livestock (Andrade et  al. 
2022; Kang et al. 2020; North et al. 2023; Ferreira et al. 
2024). It is important to note that THI thresholds vary by 
animal species, as each possesses different mechanisms 
for coping with high temperatures and humidity. For 
beef cattle, literature (Mader et al. 2006; Valente et al. 
2015) indicates the onset of a moderate stress level at 
THI 72, high stress at 82, and extreme stress at 94. The 
THI extreme stress onset level (> 94) was used to evalu-
ate the impact of climate change on livestock in Brazil. 
We calculated the number of days experiencing extreme 
stress for beef cattle based on historical simulations and 
future projections from CMIP6 data. This data was used 

(1)
THI = (1.8 ∗ T + 32) − [(0.55 − 0.0055 ∗ RH) ∗ (1.8 + T − 26)]

to construct a climatology of days with extreme stress for 
each time-slice.

Results and discussions

Seasonality changes of THI

We assessed the impact of climate change on beef cat-
tle heat stress by calculating the Temperature-Humidity 
Index (THI) monthly for the historical period of 1991 to 
2010 (Fig. 2). Our analysis revealed significant spatial and 
temporal variability in THI across Brazil. Consistently, 
the North and Mid-West regions exhibited the highest 
THI values, while the South experienced the lowest. This 
pattern aligns with the established temperature and rela-
tive humidity gradients across South America. Notably, 
between September and December, the North and Mid-
West regions frequently recorded THI values exceeding 
80, indicating high thermal stress. These months typi-
cally coincide with a prolonged dry season in these areas, 
characterized by high air temperatures and low relative 

Fig. 3   Monthly THI anomaly, considering the short-term period simulations from 2021 to 2040, in Brazil
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humidity. It's important to recall that the Mid-West region, 
home to major beef-producing states like Mato Grosso 
(MT), Mato Grosso do Sul (MS), and Goiás (GO), is par-
ticularly affected by these conditions.

This section presents the anomalies (the difference 
between future and historical simulated climatology) for 
the short-term (Fig. 3), medium-term (Fig. 4), and long-
term (Fig. 5) periods. Figure 3 shows that in the short-term 
(2021–2040), the THI anomaly is very small, indicating 
minimal changes in the index when compared to the his-
torical period.

In the medium-term (Fig. 4), the months of January to 
May show a small increase in the THI anomaly, and this 
increase is observed across the entire Brazilian territory. 
From June onwards, a more significant increase in the THI 
anomaly is identified in the Mid-West and North regions, 
spreading to the South and Southeast regions around Sep-
tember to November. Therefore, the most critical period for 
increasing THI anomalies occurs between September and 
November.

Figure 5 shows the highest THI occurrence compared 
to the short and medium-term projections. This indicates 

a significant increase in the THI towards the end of the 
century, aligning with projected increases in tempera-
ture and changes in relative humidity. Consequently, the 
2061–2080 time-slice represents the worst-case scenario, 
when the North and Mid-West regions are projected to be 
the most severely affected, experiencing substantial THI 
increases. However, it's important to note that all regions 
will be strongly impacted in this time-slice, including the 
Southeast and parts of the South and Northeast of Brazil. 
Moreover, under this scenario, elevated THI anomalies 
are projected to persist across different months, based on 
climatological values.

Climate simulations for three future scenarios (2050, 
2075, and 2100) were conducted by Silveira et al. (2026) 
to identify key characteristics that could strengthen rumi-
nants' adaptive response to climate change. According to 
the authors, ruminants raised in the Southern Hemisphere 
are projected to exhibit an increase in rectal temperature 
as a physiological response to new climatic conditions. 
Furthermore, the authors emphasize that the degree of 
phenotypic plasticity in beef cattle will be a determining 
factor for the species' adaptation to climate changes.

Fig. 4   Monthly THI anomaly, considering the medium-term period simulations from 2041 to 2060
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Number of days with extreme THI

To quantify the impact of climate change on beef cattle, we 
calculated the number of days with extreme THI, mean-
ing values of THI exceeding the threshold of 94. Figure 6 
below illustrates the monthly climatology of the number 
of days per month with extreme THI (ndaysTHI) for the 
historical period (1991–2010).

Figure 6 illustrates that the North and Mid-West regions 
historically experience the highest number of days with 
extreme THI (ndaysTHI) between September and Novem-
ber. October stands out as particularly critical, showing 
the highest prevalence of days with high temperatures 
and low relative humidity. It's important to note that the 
period from August to November is characterized by pro-
longed dry spells in these regions. These harsh climatic 
conditions can negatively impact these animals, leading 
to respiratory problems and a deterioration of their local 
environment. Recommended mitigation measures include 
providing shade, implementing integrated crop-livestock 
systems (ICLS), and utilizing sprinklers (Liu et al. 2024; 
Rodrigues et al. 2023).

Figures 7, 8, and 9 present the monthly anomalies of nday-
sTHI (number of days with extreme THI). Figure 7 shows 
that in the 2021–2040 period, when compared to the histori-
cal period, some regions in the states of Amazonas and Pará 
are affected by extreme THI for most of the year (August to 
March). This pattern was also observed in the 2041–2060 
period, but with even higher values (approaching 30 days per 
month with extreme THI) in some regions between August and 
March. The 2041–2060 time-slice also highlights a large central 
area of Brazil being affected by extreme THI. This widespread 
impact extends to states such as Mato Grosso, Mato Grosso do 
Sul, Goiás, Tocantins, Roraima, among others.

Figure 9 shows the monthly anomaly of ndaysTHI for 
the 2061–2080 period. Under this scenario, most areas of 
Brazil could be affected by extreme THI at different times 
of the year. The sole exception is the southern region of 
Brazil, where ndaysTHI is projected to remain relatively 
low throughout the century according to climate projections. 
Generally, the months of September to December will con-
tinue to be the most critical for animal welfare, although 
ndaysTHI is projected to increase across the entire year 
when compared to the historical period.

Fig. 5   Monthly THI anomaly, considering the long-term period simulations from 2061 to 2080
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Our findings align with McIntosh et al. (2023), who used 
the THI to evaluate the impact of global warming on animal 
production systems in regions of Baja California, Mexico. 
The authors identified a risk of heat stress during summer 
and emphasized the importance of adopting management 
strategies to reduce the thermal load on domestic animals, 
particularly in northern Baja California, as an essential 
measure for maintaining productivity.

Currently, we observe in Brazil a trend of livestock expan-
sion into Amazonian regions. However, this study indicates 
that expanding beef-cattle activities into these areas will 
not be advantageous in the long term, primarily due to the 
severe impact of extreme THI on animal production. In this 
context, one adaptation measure could involve shifting beef 
cattle production towards the South of Brazil and parts of the 
Northeast region, where the number of days with extreme 
THI (ndaysTHI) remains relatively low compared to other 
regions. It's crucial to highlight, however, that these afore-
mentioned regions lack the sufficient land area to accom-
modate Brazil's entire beef cattle production. Therefore, 
this underscores the need for more efficient and widespread 
adaptation measures. Among these adaptation strategies, we 

can include animal genetic improvement and the implemen-
tation of integrated crop-livestock systems (ICLS), among 
others. Furthermore, it's essential that mitigation measures 
be applied nationwide to minimize GGE and reduce climate 
change impacts.

Extreme THI per state

We calculated the number of days per month with extreme 
THI for each state. It's worth noting, however, that for larger 
states, this analysis might underestimate the total number 
of extreme THI days. This is because, in some cases, only a 
portion of the state is severely affected by high THI, while 
other parts are not. Figure 10 shows the number of days 
with extreme THI for various Brazilian states. The monthly 
average values are presented for each time-slice: 1991–2010, 
2021–2040, 2041–2060, and 2061–2080. The 90th percen-
tile is also indicated to represent the worst-case scenario.

For the periods 2021–2040 and 2041–2060, the larg-
est increase in the number of days with extreme THI was 
observed in Rondônia, with an increase of 17 and 27 days, 

Fig. 6   Monthly climatology of the number of days with extreme THI (ndaysTHI), from 1991 to 2010
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respectively, during the 31-day month of October, reaching 
31 days with extreme THI.

Considering the 2061–2080 scenario, the state of Acre 
(AC) may experience an increase in ndaysTHI between 
August and December, peaking at 31 days with extreme THI 
in October by the end of the century. In Amazonas (AM), 
the ndaysTHI increase is lowest in June (7 days) and highest 
in November (28 days), compared to the historical period. 
This state is projected to have some of the highest nday-
sTHI values, exceeding 15 days with extreme THI in nine 
months of the year, with all days between September and 
November tending to extreme THI. In Bahia (BA), the most 
significant increase in ndaysTHI occurs between November 
and December, with a peak of about 16 days in November. 
For the state of Goiás (GO), the highest values are found 
between September and November, with a peak increase of 
up to 25 ndaysTHI in October compared to the historical 
period (resulting in approximately 30 days of extreme THI 
values in that month).

Under the 2061–2080 scenario, projections indicate that 
Mato Grosso (MT) could experience an increase in days with 
extreme THI between September and December, with a peak 
increase of around 26 days in December. It's notable that in 
this state, between September and October, the ndaysTHI 

value could range from 28 to 31 days. In Mato Grosso do 
Sul (MS), compared to the historical period, an increase 
in ndaysTHI is estimated between September and March, 
with a 23-day rise occurring between October and December 
(resulting in 24 to 27 days with extreme THI during these 
months). Minas Gerais (MG) is expected to experience an 
increase of 10 to 11 days with extreme THI in October and 
November. For Pará (PA), a trend of increasing in ndaysTHI 
is observed across all months of the year. Historically, Pará 
already had very high values of ndaysTHI between Septem-
ber and November (ranging from 12 to 26 days per month in 
historical simulations). As a result of climate change, high 
THI values are expected year-round, with extreme THI tend-
ing to occur daily between September and November. As 
shown in Fig. 10, among the states analyzed, Paraná (PR) 
stands out for its consistently low values of extreme THI 
days, both in the historical period and in future projections.

The states of Rondônia, Acre, and Goiás are notable 
because, while they didn't show high numbers of extreme 
heat stress days historically, they are projected to experi-
ence a significant increase in ndaysTHI in the future, par-
ticularly between September and November. In Rondônia, 
ndaysTHI values for the 2061–2080 period could reach high 
numbers between September and November (30, 31, and 

Fig. 7   Monthly anomaly of the number of days with extreme THI (ndaysTHI), considering the short-term period simulations from 2021 to 2040
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29 days, respectively). São Paulo, along with Minas Gerais 
(MG) and Bahia (BA), had low ndaysTHI values historically 
but show a moderate increase in future projections. For São 
Paulo, this increase translates to 8 to 10 days in October 
and November. Finally, Tocantins, similar to Pará, already 
exhibited high extreme THI values in the historical period, 
and these values are projected to increase even further in 
the future. In Tocantins, the largest increase in ndaysTHI is 
found in November, with all days in October and November 
projected to experience extreme THI.

Therefore, we conclude that heat stress is projected to 
increase in the future, especially between September and 
December, across a great part of Brazil. It's important to 
note that constant, extreme heat stress can severely impact 
an animal's reproductive cycle, reduce feed intake and meat 
quality, and eventually lead to death (Silanikove 2000).

It is important to emphasize that the number of days with 
extreme heat stress was determined using established THI 
thresholds, which were applied as a proxy for assessing 
beef cattle welfare. This approach provides an innovative 
and scalable means of estimating the potential impacts of 
climate change on animal welfare across large spatial and 
temporal domains. However, this methodology has inherent 
limitations, as it considers only air temperature and relative 

humidity. In addition, the applied thresholds do not account 
for other critical factors influencing animal welfare, such as 
genetic variability, short-term weather fluctuations, nutri-
tional status, and management practices. Despite these limi-
tations, the results highlight the urgent need for the develop-
ment of more comprehensive methodological frameworks 
capable of better representing animal welfare and more accu-
rately quantifying climate change impacts, thereby offering 
stronger scientific support for the design and implementation 
of effective adaptation strategies.

Sustainable and resilient practices for livestock 
adaptation to climate change

Projections from various studies indicate that, with climate 
change, natural resource depletion, and increased GGE, beef 
cattle production will be a constant challenge. This challenge 
can only be minimized by maintaining a sustainable produc-
tion and optimizing the use of natural resources (McIntosh 
et al. 2023; Wankar et al. 2024). We expect that extensive 
pasture-based systems will remain the primary production 
system in tropical regions, given the phenotypic plasticity 
of these animals (Silveira et al. 2026).

Fig. 8   Monthly anomaly of the number of days with extreme THI,, considering the medium-term period simulations from 2041 to 2060
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Although beef cattle show significant tolerance to 
heat stress, it's essential to adopt climate change adapta-
tion measures that do not contribute to the expansion of 
degraded areas. Key strategies include integrated crop-
livestock systems (ICLS), proper pasture management, 
genetic selection of animals more resilient to heat stress, 
improving animal welfare and environmental conditions, 
and implementing technologies that reduce the carbon 
footprint of the activity. When integrated, these strate-
gies contribute to the resilience of production systems 
and align Brazilian livestock farming with the Sustain-
able Development Goals (SDGs). We highlight that the 
increasing temperatures can significantly affect the perfor-
mance of crops commonly used in integrated crop–live-
stock systems (ICLS), such as maize, soybean, sorghum, 
and forage grasses (Ferreira et al. 2021; Resende et al. 
2019). In this context, climate warming will likely alter 
crop phenology, reduce yields, and increase water stress, 
particularly during critical growth stages (Ferreira and 
Miranda 2020, 2023). However, ICLS also offers adap-
tive advantages, including improved soil organic mat-
ter, greater water retention, and microclimate regulation, 
which can mitigate some negative effects of heat stress on 
crops (Delandmeter et al. 2024). Moreover, the adoption 

of heat- and drought-tolerant crop cultivars, adjustments in 
planting dates, crop diversification, and the use of tropical 
forage species better adapted to high temperatures are key 
adaptation strategies within ICLS (Ferreira et al. 2023).

The adoption of protocols focused on animal adaptabil-
ity has become increasingly relevant in livestock production 
systems. This drives continuous efforts in developing more 
heat and disease-resistant animal breeds and lineages, espe-
cially through the use of genetically adapted resources for 
the specific conditions of the Southern Hemisphere (Silveira 
et al. 2026). Delandmeter et al. (2024) studied ICLS with 
the aim of ensuring high and stable yields while minimizing 
environmental impacts. The authors observed that moder-
ate and light grazing intensities (pasture heights of 30 and 
40 cm) resulted in the greatest increase in soil organic car-
bon compared to no-grazing treatments. They also noted that 
these improvements were accompanied by greater resilience 
to moderate and extreme climatic events, benefiting forage 
production and beef cattle weight gain. Due to its satisfac-
tory results, ICLS has been considered a key solution for 
the various challenges imposed on current agriculture and 
livestock farming by climate change.

In this context, recovering degraded pastures in Brazil 
represents a promising strategy for advancing sustainable 

Fig. 9   Monthly anomaly of the number of days with extreme THI, considering the long-term period simulations from 2061 to 2080
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agricultural practices, reconciling agricultural production 
with environmental conservation (Rodrigues et al. 2023). 
Although rising temperatures and more frequent climate 
extremes may limit pasture recovery, studies suggest that 
targeted restoration practices—such as the use of heat- and 
drought-tolerant forage species, improved soil manage-
ment to enhance water retention and soil organic matter, 
and integrated crop–livestock systems—can enhance pasture 
resilience even under warmer climates (Volaire et al. 2014). 
Key benefits include improved soil quality, the generation of 
higher value-added products, strengthened qualification of 
rural labor, and job creation. Another aspect to consider is 
the increasing need for cooling systems, such as sprinklers 
for cattle; however, attention must be paid to the growing 
water usage and electricity costs (Ferreira et al. 2024). The 
alternative of more intensive integration of mechanized 
systems powered by renewable energy sources should also 
reduce costs and potential increases in GGE.

Simultaneously, water plays a fundamental role in vari-
ous metabolic processes and is crucial for ensuring animal 
welfare. Inadequate drinking water conditions not only harm 
cattle welfare and health but also increase the incidence of 
intestinal diseases, leading to significant economic losses in 
livestock production (Li et al. 2023). In this context, select-
ing breeds more adapted to the environment becomes an 
essential strategy to mitigate the adverse effects of climate 

change. According to McIntosh et al. (2023), traditional or 
hybrid cattle breeds with a history of adaptation to grazing in 
a specific location are more likely to achieve climate change 
adaptation goals than breeds without such a history.

Precision livestock farming (PLF) technologies have 
emerged as a promising solution for sustainable livestock 
production (Papakonstantinou et al. 2024). Digital plat-
forms based on big data and the Internet of Things (IoT) 
have shown promise in optimizing real-time monitoring 
of the breeding environment, animal behavior, and health. 
These tools, combined with predictive models, will enable 
responses to climate change, better management of natural 
resources, and improved animal welfare. The integration of 
automated data collection systems, such as environmental 
sensors and smart cameras, will allow for more comprehen-
sive and accurate analyses of production systems. The major 
challenge, therefore, is to facilitate their accessibility to rural 
producers, ensuring wider dissemination and demonstrating 
their great potential (Silveira et al. 2024). The development 
and application of methods that link climatic data to disease 
occurrence should be implemented to prevent and/or control 
climate-associated diseases (Lacetera 2019).

However, such efforts can be compromised by unsustain-
able environmental practices, such as the deforestation of the 
Amazon for cattle ranching expansion. This intensifies climate 
change and, consequently, increases risks to animal and human 

Fig. 10   Number of days with extreme THI, considering the short- (2021–2040), medium- (2041–2060) and long-term (2061–2080) simulations
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health. Furthermore, as shown by the results obtained here, this 
area will suffer severely from the impacts of increased THI. 
It's also important to mention that this practice contributes sig-
nificantly to biodiversity loss, GGE, and ecological imbalance. 
Additionally, by destroying large forest areas, the preservation 
of essential natural resources, such as the water cycle and cli-
mate regulation, is compromised, affecting both the environ-
ment and the quality of life for future generations.

Therefore, the major challenge is to ensure that innova-
tions and sustainable strategies truly reach rural producers 
in an accessible and practical manner, promoting their wide-
spread and effective adoption. Maintaining the three pillars 
of sustainability—economic, social, and environmental— 
becomes essential to enable a more efficient beef production 
chain that is resilient to climate change, environmentally 
responsible, ensures greater animal welfare, and achieves 
high long-term profitability. Consolidating this path requires 
integrated public policies, investments in technical training, 
and incentives for adopting sustainable technologies, ensur-
ing that Brazilian livestock farming progresses in a way that 
is compatible with the SDGs and the society demands.

Conclusions

The results presented in this article indicate an increase in 
extreme heat stress across large areas of Brazil, primarily in 
the North and Mid-West regions, and mostly between Sep-
tember and December. The detailed findings in this research 
provide practical support that can contribute to adaptation pol-
icies. These policies can foster future sustainable production 
systems linked to the challenges of the 2030 Agenda, aligning 
with the Sustainable Development Goals (SDGs) such as food 
security, biodiversity conservation, water security, and climate 
change adaptation and mitigation. Equally important, effective 
agricultural policy is needed to enhance the climate resilience 
of livestock production, along with the introduction of adapta-
tion measures that include simplifying procedures for obtain-
ing subsidies and credit rates that will enable the adoption 
of favorable sustainable systems. Beyond considering future 
consequences, it's essential to establish actions focused on the 
recovery of already degraded areas, ensuring a more balanced 
and regenerative use of natural resources.

Given the complexity of the challenges posed by climate 
change to beef cattle farming, future research should delve 
deeper into the analysis of specific mitigation and adaptation 
strategies for different biomes and production systems. Inte-
grated studies combining climate modeling, animal genomics, 
pasture management, and precision livestock farming tech-
nologies could offer more effective and regionalized solutions.
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